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1. Introduction 

The European Commission (EC) called for urgent action on antimicrobial resistance (AMR) 

in November 2023. The fight against AMR was set as top priority for the Commission and 

defined as an integral part of many actions under the European Health Union [1]. This fol-

lowed the adoption of the ‘Council Recommendation on stepping up EU actions to combat 

antimicrobial resistance in a One Health Approach’ in June 2023 [2].  

Antimicrobials are substances that kill or inhibit the growths of microorganisms, i.e. bacte-

ria, parasites or fungi. Microorganisms that are able to grow in the presence of an antimi-

crobial are referred to as resistant to that substance [3]. Antibiotics are specifically used for 

the treatment of bacterial infections and were originally defined as antibacterial sub-

stances produced by a microorganism. However, since antibiotics have also been produced 

(semi)-synthetically, this strict definition was broadened [4].  

After the discovery of the first antibiotic agents by Alexander Fleming in 1929 (penicillin) 

and Selman A. Waksman in 1941 (streptomycin), clinical relevance was rapidly explored [3]. 

The selective toxicity of antibiotics is of great importance as they act on specific target 

structures of certain microorganisms (e.g. plasma membrane, protein synthesis) [5]. The 

success of antibiotics in treating infectious diseases has been accompanied by their over-

use. In addition, antibiotics have not only been used to treat bacterial infections in humans 

and animals, they have also been used in agriculture to stimulate growth and prevent in-

fections. Massive antibiotic overuse and misuse contributed to selection of bacterial strains 

which have acquired strategies to evade susceptibility to these agents, making them re-

sistant [3, 4]. New antimicrobial agents need to be developed to counteract evolving AMR 

to combat microbial infections in the future. This need is further exacerbated by the evo-

lution of multidrug-resistant (MDR) bacteria [6].  

AMR is a major issue for the public health. According to the European Centre for Disease 

Prevention and Control (ECDC) report on the health burden of infections with antibiotic-

resistant bacteria in the EU/EEA, 35,000 deaths per year are associated with infections with 

resistant bacteria [7]. Globally, 4.29 million deaths per year are associated with resistant 

bacteria, of which 1.27 million deaths are directly attributed to resistant bacteria [8]. The 

Health Emergency Preparedness and Response Authority (HERA) identified AMR as one of 

three high impact health threats [9]. The relevance of AMR and the need to combat it is 
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highlighted by the WHO (World Health Organisation) initiative ‘World AMR Awareness 

Week’ (WAAW) which is held from 18th to 24th November every year [10]. The ECDC sup-

ports this event, holding the annual ‘European Antibiotic Awareness Day’ (EAAD) on 18th 

November [11]. The International Coalition of Medicines Regulatory Authorities (ICMRA) 

emphasises that a ‘One Health’ approach is required to combat AMR, considering public 

and animal health and the environment [12]. In view of this, the topics of the EU strategy 

to tackle AMR are: 1. More restrictive use of antimicrobial agents; 2. Ensuring the availabil-

ity of antibiotics; 3. Addressing AMR globally; and 4. Funding of research and technological 

innovation into AMR [13]. 

This thesis analyses the implications of AMR, focusing on bacterial resistance to antibiotics. 

It also shows, with a focus on trends at EU level, how the need for new antibacterial sub-

stances can be met in the future. Two main topics are evaluated: First, current research 

and development (R&D) of new antibiotic substances or novel alternatives are described. 

This includes recent marketing authorisations (MAs), marketing authorisation applications 

(MAAs) and preclinical and clinical development stages. Data analysis was limited to devel-

opments from 2017 onwards, i.e. the implementation of the ‘European One Health Action 

Plan against Antimicrobial Resistance (AMR)’. Second, regulatory measures which help to 

address the issue of AMR in a One Health approach are elucidated. Both topics are inter-

twined and must be observed hand in hand. Pharmaceutical R&D are costly and ultimately 

the costs of drug development are intended to be disbursed by sales of that pharmaceutical 

after obtaining a MA. However, for antimicrobials sales are limited since the use of these 

substances is restricted by prescription. Moreover, the use will be restricted even further 

in the future to prevent overuse and misuse [13]. Additionally, sales expectations of anti-

biotics are limited by the fact that antibiotics at best lead to the healing of an infection after 

a relatively short treatment period of only days to weeks [14]. Hence, research and devel-

opment need to be more attractive for all stakeholders, including the pharmaceutical in-

dustry, smaller companies, foundations and academia. This can be achieved, for example, 

by providing incentives and regulatory guidance not only during drug R&D, but also during 

the processes of obtaining and maintaining a MA. Of note, the access and supply of tradi-

tional effective antibiotics is just as important. Overall, prudent use of antibiotics, infection 

prevention and control measures, and global collaboration to address AMR in a One Health 

approach will be critical to the overall goal of combating AMR.  
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2. Methods 

2.1. Literature Search 

The main resources used for the literature research were the PubMed Database of the Na-

tional Library of Medicine of the National Cener for Biotechnology Information (NCBI), EUR-

Lex, the library, webpage and PharmNet.Bund portal of the Federal Institute of Drugs and 

Medical Devices (Bundesinstitut für Arzneimittel und Medizinprodukte, BfArM), webpages 

of EMA (European Medicines Agency), ECDC, WHO, EC (European Commission), and RKI 

(Robert Koch Institute). 

 

2.2. New Marketing Authorisation (MA) Applications (MAA) for Antibacterials and 

Bacterial Vaccines (2017-2024) 

2.2.1. MAs: Cortellis Clarivate 

Data on new MAs approved by the EMA via the centralised procedure (CP) since 2017, was 

obtained using the Cortellis Regulatory Intelligence Report (RIR). The data was extracted to 

Excel and the following filters were applied:  

- “Therapeutic Area” = “Infections”;  

- “EC Opinion” = “from 2017”; 

- Excluding the term “virus” in “Indication”; 

- Excluding the term “COVID” in “Indication”. 

Filtering for the term “antibacterial” in indication only resulted in incomplete results since 

this automatically excluded bacterial vaccines and antimycobacterial agents. To circumvent 

the problem that filtering in Excel is only possible for two terms per column, indications for 

antiviral agents and agents against COVID were excluded using the filtering tool in Excel. 

Antifungals were then manually excluded from the results lists. The remaining datasets 

were manually screened for indications associated with antibiotic treatments for bacterial 

infections or vaccines against bacterial infections. Duplicate data was eliminated.  

 

2.2.2. MAs: EMA 

Information on new MAs authorised by the EMA via CP obtained from Cortellis was verified 

using the EMA webpage search (Link) [15]. The following filters were applied: “human”, 

“medicines”, “marketing authorisation date: from 01/01/2017 to 15/02/2024”. Additional 

https://www.ema.europa.eu/en/search
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filters “antibacterials for systemic use” or “vaccines” or “antimycobacterials” or “pneumo-

coccus” or “other antibacterials” or “immune sera and immunoglobins” were applied. Since 

these search criteria did not yield identical results to the Cortellis search, further searches 

with the exact name of the medicinal product or active substances were conducted to ver-

ify the Cortellis results in the EMA database. All MAs identified by Cortellis were ultimately 

identified in the EMA database. Additional information, such as ATC (Anatomical Therapeu-

tic Chemical) Code was obtained from product information texts provided in the EMA da-

tabase. 

 

2.2.3. MAs: Germany 

The national medicinal product database of Germany (AMIce) was screened for new MAs 

from January 2017 until February 2024. No MAs authorised via MRP/DCP/purely national 

procedure with ATC Code J01/J04/J06/J07 containing new active substances were identi-

fied (Link) [16]. 

 

2.2.4. MAAs: EMA 

Information on ‘Applications for new human medicines under evaluation by the CHMP’ was 

retrieved from the EMA webpage (Link) [17].  

 

2.3. Clinical Trials with Antibiotics 

2.3.1. CTIS 

CTIS (Clinical Trials Information System) was searched for trials conducted under the Clini-

cal Trials Regulation (CTR) (EU) No 536/2014. The database can be accessed via Link [18]. 

The following filter was applied: “Diseases [C] – bacterial infections and mycoses [C01]”. 

 

2.3.2. EU Clinical Trials Register 

The EU Clinical Trials Register was searched for trials under the Clinical Trials Directive 

2001/20/EC. The database can be accesses via Link [19]. 

 

https://portal.dimdi.de/amguifree/?accessid=amis_off_am_ppv&lang=de
https://www.ema.europa.eu/en/medicines/medicines-human-use-under-evaluation
https://euclinicaltrials.eu/search-for-clinical-trials/?lang=en
https://www.clinicaltrialsregister.eu/ctr-search/search
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2.4. Shortages  

2.4.1. EMA (EU/EEA) 

Information on supply shortages for the EU were obtained from EMA shortages catalogue 

(Link). Results were filtered for ongoing shortages for antibiotics [20].  

 

2.4.2. PharmNet.Bund (BfArM, Germany) 

Information on supply shortages (excluding vaccines) on a national level for Germany were 

retrieved from PharmNet.Bund Portal which is hosted by BfArM (Link) [21]. Results were 

filtered for ongoing shortages with ATC Code J01xx. 

 

3. Antibiotics and Antimicrobial Resistance (AMR) – Now and Then 

3.1. Antibiotics 

3.1.1. History and Discovery 

According to historical evidence, the usefulness of antimicrobial substances was already 

known in ancient cultures, even though the underlying microbiological principles behind it 

were not [22, 23]. The antibiotic era began in the 19th century when Louis Pasteur and later 

Robert Koch described the causal relationship between a certain microorganism and a cor-

responding disease [24]. This principle was further confirmed by Paul Ehrlich in 1909 who 

discovered Salvarsan, and later Neosalvarsan, the first antibacterials against Treponema 

pallidum, the causative agent of syphilis [22]. Due to risks associated with the presence of 

arsenic in these drugs, they were superseded by Prontosil, containing the broad-spectrum 

antibacterial substance sulfonamide, discovered by Gerhard Domagk in 1930 [22, 24]. In 

1929 Alexander Fleming was the first to discover that a substance produced by the fungus 

Penicillium notatum (i.e. penicillin) limited the growth of colonies of the bacterium Staph-

ylococcus aureus (S. aureus) [3, 4]. In contrast to the previously identified antimicrobial 

agents, which were chemically synthesised, penicillin was the first true antibiotic in a strict 

sense, i.e. an antibacterial substance produced by a microorganism. However, the clinical 

relevance of penicillin was only discovered in 1940 when Florey, Chain and Heatley identi-

fied and isolated penicillin and studied the therapeutic effects, such as treatment of Strep-

tococcus pyogenes infected wounds [4]. Penicillin was the first industrially manufactured 

https://www.ema.europa.eu/en/human-regulatory-overview/post-authorisation/medicine-shortages-and-availability-issues/public-information-medicine-shortages
https://anwendungen.pharmnet-bund.de/lieferengpassmeldungen/faces/public/meldungen.xhtml
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antibiotic which obtained great importance in the treatment of infectious diseases [3]. The 

findings on penicillin led Selman A. Waksman to intensify his research on soil bacteria which 

resulted in the discovery of more antibiotic agents, namely actinomycin produced by Acti-

nomycetes species and streptomycin produced by Streptomyces griseus. The latter com-

pound was the first effective agent against Mycobacterium tuberculosis (M. tuberculosis), 

the causative agent of tuberculosis [4]. Later, Waksman discovered chloramphenicol, tet-

racycline, and erythromycin in soil samples [25]. Figure 1 displays a timeline of the discov-

ery of various antibiotic substances, their origin and the occurrence of bacterial resistances. 

The time between ~1940 and ~1970 is considered as ‘Golden Age’ of the antibiotic era. 

Over twenty antibiotic classes were discovered during this time [24]. Antibiotics have been 

derived from several different sources, such as from Actinomycetes, other bacteria, or 

fungi. Moreover, (semi)-synthetic production has also been used [22, 26]. The quick and 

relatively easy discovery of numerous antibiotic substances resulted in excessive use of 

these drugs and first bacterial resistances towards these agents were soon observed [22, 

24]. The decrease in identification of new antibiotic substances after the end of the golden 

antibiotic age in combination with increasing emergence of resistances highlight the need 

for action: New effective antibacterials are required, but the factors that lead to increased 

occurrence of resistance must also be addressed. 
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Figure 1 - Discovery of Antibiotics of different Origin and related AMR; Timeline from 1900 to 2010. 

Legend: MRSA: methicillin-resistant S. aureus; NP: natural product; VRE: vancomycin-resistant enterococci; VRSA: vanco-
mycin-resistant S. aureus. Source [22] 

 

3.1.2. Mode of Action 

Antibiotics belong to the class of antiinfective agents, i.e. medicinal products used to treat 

infectious diseases. Infections can be caused by several different pathogenic microorgan-

isms, i.e. bacteria, viruses, fungi and parasites [27]. Antibiotics are specifically used for the 

treatment of bacterial infections. They kill bacteria or inhibit their growth by, e.g. (1) inter-

ference with cell wall synthesis, (2) disturbance of plasma membrane integrity, (3) inhibi-

tion of nucleic acid synthesis (DNA/RNA), (4) interference with ribosomal function/ protein 

biosynthesis, or (5) inhibition of metabolic pathways (e.g. folate synthesis) [5, 24, 25]. An-

tibiotics are classified according to their mode of action. Figure 2 presents examples of se-

lected antibiotic substances and their bacterial targets. Examples for antibiotics which act 

on cell wall synthesis are β-lactams (e.g. penicillin, cephalosporins). The protein biosynthe-

sis is targeted by tetracyclines, macrolides, and chloramphenicol; Nucleic acid synthesis is 

inhibited by quinolones, and rifampin; And folate synthesis is targeted by sulfonamides 

[28]. 
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Figure 2 - Mechanism of Action 
of specific Antibiotics. 

Adapted from [28] 

 

 

 

Depending on the antibiotic per se, the bacterial target and the concentration, the effects 

of an antibiotic can be bactericidal or bacteriostatic [5]. Antibiotics acting on the protein 

synthesis machinery of a bacterium tend to exert bacteriostatic effects (e.g. tetracyclines). 

On the other hand, if cell wall synthesis or membrane integrity is attacked, antibiotics are 

more likely to act bactericidal (e.g. β-lactams) [29]. Antibiotics can exert their effects on a 

narrow- or broad-spectrum of target microorganisms. The latter being effective against 

Gram-positive and Gram-negative bacteria. Due to fundamental differences in the struc-

ture of eukaryotic (e.g. human) cells versus prokaryotic (e.g. bacteria) cells, antibiotics are 

able to specifically target structures which are only present in bacterial cells [5]. Neverthe-

less, adverse effects are not excluded and they can be classified into to the following cate-

gories: (1) hypersensitivity reaction; (2) direct toxic effects; (3) change in microbial flora; 

(4) microbial lysis [30]. These effects can be dose-related , but have also been observed to 

be idiosyncratic [26]. 

 

3.2. The Rise of Antimicrobial Resistances 

3.2.1. History and Discovery 

AMR is defined as the ability of microorganisms or cells to grow in the presence of antimi-

crobials [3]. The ability of the microorganism to do so can either be innate or acquired. 

Innate resistance of bacteria to antibiotics is achieved by specific features of the bacterium 

which prevent the antibiotic from exerting its toxic effect. Examples include the composi-

tion of the outer membrane of Gram-negative bacteria which prevents certain antibiotics 
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from entering the bacterial cell and ultimately reaching its intracellular target. On the other 

hand, acquired AMR describes the implication that a bacterium previously susceptible to 

an antibiotic substance develops the ability to evade the toxic effects [26]. If resistance is 

acquired in the presence of an antibiotic, this is referred to as inducible resistance. Chlo-

ramphenicol can trigger certain Gram-positive bacteria to produce chloramphenicol acetyl-

transferase which leads to inactivation of the antibiotic [5]. As depicted in Figure 1, ac-

quired resistances were detected soon after clinical introduction of the first antibiotic sub-

stances. Shortly after the discovery of penicillin and sulfonamides, first resistances were 

observed [22]. Over time, more resistant bacteria were discovered, including multidrug-

resistant bacteria such as MRSA and VRE [6].  

 

3.2.2. Bacterial Mechanisms to Evade Susceptibility to Antimicrobials 

The bacterial mechanism of adaption to a toxic environment by either mutation or acqui-

sition of new genetic material is a natural process [30]. The presence of vast amounts of 

antibiotics in the environment increases the genetic selection pressure on bacteria, accel-

erating the emergence of AMR [4]. As depicted in Figure 3, bacterial resistance against an-

tibiotics can be achieved via several different mechanisms, i.e. (1) reduced permeability; 

(2) active transport of antibiotics; (3) target alteration, modification and protection; (4) in-

activation and modification of the drug, and (5) target bypass [31].  

 

Figure 3 – Overview on selected Mechanisms of Bacterial Resistance against Antibiotics. 

Source [31] 
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There are two processes which lead to generation of resistant bacteria: Mutation and hor-

izontal gene transfer (HGT) between different bacterial cells. Bacteria which have acquired 

traits and characteristics to withstand a hostile environment are favoured in their growth 

due to natural selection. Since bacteria have a rather short generation time, random, but 

effective, mutations are likely to occur. Point mutations resulting in target alteration can 

already reduce the binding affinity of an antibiotic to its bacterial target, thereby conferring 

resistance [32]. Mutations in penicillin-binding proteins (PBP) in Escherichia coli (E. coli) are 

associated with decreased susceptibility to β-lactam antibiotics [31]. Via HGT, genetic in-

formation can be transferred between different bacterial cells. This can be achieved by 

conjugation, natural transformation (integration of naked DNA) and phage-mediated trans-

duction [32]. During conjugation close cell-to-cell contact is formed and genetic infor-

mation (mobile genetic elements (MGE): plasmids, transposons, integrons) is shared be-

tween two bacterial cells [33]. These mechanisms are highly effective in transferring re-

sistance genes and thereby play a crucial role in bacterial defence evolution [32]. In addi-

tion to these genetic mechanisms, bacteria also use cellular mechanisms for the protection 

against antibiotics. These include the formation of biofilms and persister cells that reside 

and rest within a biofilm [31]. This principle has been observed for tuberculosis and leprae 

[29]. MDR bacteria often utilise a combination of several resistance mechanisms [31].  

 

3.2.3. EUCAST (European Committee on Antimicrobial Susceptibility Testing) 

Categorisation of a certain microorganism as susceptible or resistant to a specific antibiotic 

is determined using clinical breakpoints defined by EUCAST. Antimicrobial susceptibility 

testing (AST) determines the minimum inhibitory concentrations (MIC) of an antibiotic re-

quired for the inhibition of bacterial growth. EUCAST clinical MIC breakpoint tables are up-

dated annually und published online on the EUCAST webpage [33]. This information is also 

provided in the SmPC (Summary of Product Characteristics) of antibacterial medicinal prod-

ucts. 
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3.3. AMR – The Silent Pandemic 

AMR is a major issue for the public health and is often referred to as ‘silent pandemic’. 

However, increasing numbers of AMR-associated deaths and the emergence of AMR raise 

awareness on this important health issue. The EC called for ‘urgent action on AMR’ and set 

AMR as top priority for the Commission in connection with the campaign on the European 

Antibiotic Awareness Day (EAAD) [1]. As depicted in Figure 4, globally 4.29 million deaths 

per year are associated with resistant bacteria, of which 1.27 million deaths are directly 

attributed to resistant bacteria [8]. AMR was recognised by HERA as one of three high im-

pact health threats [9]. 

 

Figure 4 - Global AMR-attributable and -associated deaths compared to other deaths in 2019. 

Source [34] 

 

According to an ECDC report on the health burden of infections with antibiotic-resistant 

bacteria in the EU/EEA, every year 35,000 deaths are associated with infections by resistant 

bacteria [7]. The AMR-associated costs for the healthcare system of the EU/EEA are esti-

mated at €1.5 billion per year [13]. The ECDC report on ‘Assessing the health burden of 

infections with antibiotic-resistant bacteria in the EU/EEA, 2016-2020’ estimates the bur-

den of infection of certain antibiotic-resistant bacteria by linking the infection caused by 

these pathogens to attributable deaths per 100,000 population by country in the EU/EEA. 

Figure 5 presents the data from the report for the year 2020 [7]. The number of attributable 

deaths varies greatly among pathogens and among countries, indicating that the topic of 

AMR is very diverse. Therefore, national measures against AMR are required to be specifi-

cally tailored to the needs of each country. However, the overall target of fighting AMR is 

still to be considered on an international One Health approach. 
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Figure 5 - Estimations of 
the burden of infections 
with antibiotic-resistant 
bacteria per country in 
the EU/EEA in 2020 [at-
tributable deaths per 100 
000 population]. 

Source [7] 

 

 

The unavailability of traditional antibiotics due to supply shortages, especially for the treat-

ment of infections in children, brings further attention to the fragile system of antimicrobi-

als, and more specifically antibiotics.  

Most recently, the review of the pharmaceutical legislation in the EU was communicated. 

The topic of AMR is specifically addressed in the communication from the EC on the ‘Re-

form of the pharmaceutical legislation and measures addressing antimicrobial resistance’ 

and the ‘Council Recommendation on stepping up EU actions to combat antimicrobial re-

sistance in a One Health approach’ [2, 35]. The main topics of the EU pharmaceutical strat-

egy to tackle AMR are: 1. More restrictive use of antimicrobial agents; 2. The availability of 

antibiotics; 3. Addressing AMR globally; 4. Funding of research and technological innova-

tion into AMR [13]. 
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3.3.1. Status Quo of AMR in the EU/EEA 

In the recently published annual epidemiological report on antimicrobial resistance in the 

EU/EEA for 2022 by the EARS-Net (European Antimicrobial Resistance Surveillance Net-

work), the AMR situation was analysed based on bacteria retrieved from blood or cerebro-

spinal fluid samples in EU/EAA member states. The data collected and reported via national 

surveillance systems of EU/EEA member states is used to address AMR under coordination 

of the ECDC. The focus of the EARS-Net AMR surveillance activity is on invasive isolates of 

eight key bacterial species (E. coli, Klebsiella pneumoniae (K. pneumoniae), Pseudomonas 

aeruginosa (P. aeruginosa), Acinetobacter species, Streptococcus pneumoniae (S. pneu-

moniae), S. aureus, Enterococcus faecalis (E. faecalis) and Enterococcus faecium (E. fae-

cium)). The following detection frequencies were obtained in 2022 for the EU/EEA: E. coli 

39.2%, S. aureus 22.1%, K. pneumoniae 12.3%, E. faecalis 8.2%, P. aeruginosa 6.1%, E. fae-

cium 5.9%, S. pneumoniae 3.7% and Acinetobacter spp. 2.5% [36]. A summary of the ana-

lysed data from 2022 is depicted in Table 1. The table is adapted from the above mentioned 

report and shows incidences of various resistant bacteria ([36]). Percentages are calculated 

as population-weighted mean in order to compensate for the issue that the total number 

of reported isolates by country might not reflect population size. Comparing the trend data 

(2018-2022) obtained for the different species over time, it is apparent that the overall rate 

of AMR tends to decrease, although remaining at high levels. However, for carbapenem-

resistant K. pneumoniae, piperacillin-tazobactam resistant P. aeruginosa, penicillin non-

wild-type and macrolide-resistant S. pneumoniae, and vancomycin- resistant E. faecium an 

overall increase of population-weighted mean AMR is observed. Of note, there is a wide 

variability in AMR percentages across EU/EAA countries for 2022. This might be due to the 

fact that infection prevention and control (IPC) strategies were successfully implemented 

by some countries, which could be an opportunity for other countries to follow their lead 

[36].  

Data obtained for MRSA, third-generation cephalosporin-resistant E. coli and carbapenem-

resistant K. pneumoniae were further analysed in the report since these resistant bacteria 

are specifically considered in the ‘Council Recommendation on stepping up EU actions to 

combat antimicrobial resistance in a One Health approach’ as with recommended targets 

for antimicrobial consumption (AMC) and AMR. The Council recommends to reduce the 
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total incidence of bloodstream infections with MRSA by 15%, third-generation cephalo-

sporin-resistant E. coli by 10% and carbapenem-resistant K. pneumoniae by 5% until 2030 

compared to the baseline year of 2019 [2]. Table 2 presents the analysed data in the EARS-

Net report as estimated total incidences of bloodstream infections with special focus on 

the bacteria addressed by the Council Recommendation. As this defines 2019 as baseline 

year, the respective numbers are highlighted in bold in Table 2. Trend data suggests that 

incidences for MRSA and E. coli are decreasing. However, for carbapenem-resistant 

K. pneumoniae a strong increase is observed. This rather concerning increase in combina-

tion with the great variance of population-weighed percentages (0.0% in Finland to 72.0% 

in Greece) for carbapenem-resistant K. pneumoniae shows that further actions need to be 

taken to address the issue of AMR in the future [36].  
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Table 1 - Isolates with AMR phenotype in the EU/EEA [%], by bacterial species and antimicrobial group/agent, population-weighted EU/EEA mean and trend (2018–2022). 

Adapted from [36] 

57.0 56.6 54.6 53.1 53.4 32.5−68.6 ↓

15.7 15.6 14.9 13.8 14.3 5.8−40.2 ↓

0.1 0.3 0.2 0.2 0.2 0.0−1.5 -

26.4 24.7 23.8 21.9 22.0 9.9−46.4 ↓

11.2 10.8 10.9 9.6 9.7 4.4−24.3 ↓

6.4 6.1 5.7 5.1 5.1 1.5−14.2 ↓

34.4 34.1 33.9 34.3 32.7 3.1−78.5 ↓

8.5 9.0 10.0 11.6 10.9 0.0−72.0 ↑

34.3 34.0 33.9 33.6 32.0 5.7−78.7 ↓

24.7 24.5 23.7 23.7 22.5 0.0−67.9 ↓

21.6 21.5 21.0 21.2 20.0 0.0−66.2 ↓

18.5 18.6 18.8 18.7 19.3 3.8−50.5 ↑

15.5 15.7 15.5 15.7 16.2 2.1−56.6 -

18.8 18.1 17.9 18.1 18.6 2.4−53.9 -

21.2 20.5 19.6 18.7 18.6 2.8−49.2 ↓

12.9 12.6 9.4 8.9 8.9 0.0−42.2 NA

14.1 13.5 13.6 12.6 13.4 0.0−47.7 NA

36.4 36.9 37.9 39.9 36.3 1.0−98.6 -

41.1 40.9 41.7 43.0 38.8 0.0−98.6 -

35.2 36.9 37.0 39.6 34.1 0.0−96.2 -

32.4 33.6 34.0 36.8 31.8 0.0−96.2 -

17.8 17.2 16.7 15.8 15.2 1.1−50.8 ↓

14.0 13.2 15.5 16.2 16.3 2.8−46.7 ↑

16.6 15.9 16.8 18.3 17.9 3.4−36.1 ↑

8.6 8.0 8.9 9.8 9.7 0.8−33.3 ↑

27.1 25.3 29.0 28.9 25.3 6.7−100.0 -

16.2 17.7 16.8 17.2 17.6 0.0−67.7 ↑Enterococcus faecium Vancomycin resistance

Streptococcus pneumoniae

Penicillin non-wild-type

Macrolide (azithromycin/clarithromycin/erythromycin) resistance

Combined penicillin non-wild-type and resistance to macrolides

Enterococcus faecalis High-level gentamicin resistance

Acinetobacter species

Carbapenem (imipenem/meropenem) resistance

Fluoroquinolone (ciprofloxacin/levofloxacin) resistance

Aminoglycoside (gentamicin/netilmicin/tobramycin) resistance

Combined resistance to carbapenems, fluoroquinolones and aminoglycosides

Staphylococcus aureus MRSA

Pseudomonas aeruginosa

Piperacillin-tazobactam resistance

Ceftazidime resistance

Carbapenem (imipenem/meropenem) resistance

Fluoroquinolone (ciprofloxacin/levofloxacin) resistance

Aminoglycoside (gentamicin/netilmicin/tobramycin) resistance

Combined resistance to ≥3 antimicrobial groups (among piperacillin-tazobactam, 

ceftazidime, carbapenems, fluoroquinolones and aminoglycosides)

Klebsiella pneumoniae

Third-generation cephalosporin (cefotaxime/ceftriaxone/ceftazidime) resistance

Carbapenem (imipenem/meropenem) resistance

Fluoroquinolone (ciprofloxacin/levofloxacin/ofloxacin) resistance

Aminoglycoside (gentamicin/netilmicin/tobramycin) resistance

Combined resistance to third-generation cephalosporins, fluoroquinolones, and 

aminoglycosides

2022

[%]

2022

EU/EEA 

range [%]

Trend 

2018–2022

Escherichia coli

Aminopenicillin (amoxicillin/ampicillin) resistance

Third-generation cephalosporin (cefotaxime/ceftriaxone/ceftazidime) resistance

Carbapenem (imipenem/meropenem) resistance

Fluoroquinolone (ciprofloxacin/levofloxacin/ofloxacin) resistance

Aminoglycoside (gentamicin/netilmicin/tobramycin) resistance

Combined resistance to third-generation cephalosporins, fluoroquinolones, and 

aminoglycosides

Bacterial species Antimicrobial group/agent resistance

2018

[%]

2019

[%]

2020

[%]

2021

[%]
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Table 2 - Estimated total incidence of bloodstream infections (number per 100 000 population); trend (2018−2022); change 
2019−2022 [%], by bacterial species and antimicrobial group/agent, EU/EEA. 

Adapted from [36] 

 

 

3.3.2. WHO Priority Pathogens 

The findings described for the EU/EAA correlate with a report published in 2017 by the 

WHO which gives recommendations on prioritisation of research and development on an-

tibiotics against critical drug-resistant bacterial infections [37]. M. tuberculosis, the causa-

tive agent of tuberculosis, is on top of this list (incl. multi- and extensively drug-resistant 

strains). Additionally, this report ranks resistant bacteria of concern into three different 

priority categories (i.e. critical, high, medium) which is summarised in Table 3. Bacteria 

ranked with critical priority are Gram-negative MDR bacteria that cause severe infections 

(bloodstream infections and pneumonia) [37]. These infections are especially of concern 

since they are associated with healthcare-associated infections and show increased mor-

tality and morbidity [38]. In consensus with the ‘Council Recommendation on stepping up 

EU actions to combat antimicrobial resistance in a One Health approach’ E. coli and K. pneu-

moniae are considered of critical priority. However, MRSA is only of high priority according 

to the WHO list. 

 

 

 

 

 

 

 

2018 2019

(baseline 

year)

2020 2021 2022 Trend 

2018–2022

Change 

2019−2022 

(%)

5.80 5.63 5.41 4.76 4.94 ↓ -12.2

10.10 10.42 8.69 7.54 8.67 ↓ -16.8

1.87 2.18 3.18 3.70 3.26 ↑ +49.7

Escherichia coli

Third-generation cephalosporin 

(cefotaxime/ceftriaxone/ 

ceftazidime) resistance

Klebsiella 

pneumoniae

Carbapenem 

(imipenem/meropenem) 

resistance

Bacterial species
Antimicrobial group/agent 

resistance

Estimated incidence of isolates from bloodstream infections with resistance 

phenotype (number per 100 000 population)

Staphylococcus 

aureus
MRSA
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Table 3 - WHO Priority Pathogens Categorisation. 

Adapted from [37] 

Critical priority o Acinetobacter baumannii, carbapenem-resistant; 
o Pseudomonas aeruginosa, carbapenem-resistant; 
o Enterobacteriaceae, carbapenem-resistant, 3rd generation cephalo-

sporin-resistant; e.g. Klebsiella spp., E. coli, Serratia spp., and Proteus 
spp. 

High priority o Enterococcus faecium, vancomycin-resistant; 
o Helicobacter pylori, clarithromycin-resistant; 
o Salmonella spp., fluoroquinolone-resistant; 
o S. aureus, vancomycin-resistant, methicillin-resistant; 
o Campylobacter spp., fluoroquinolone-resistant; 
o Neisseria gonorrhoeae, 3rd generation cephalosporin-resistant, fluoro-

quinolone-resistant. 

Medium priority o Streptococcus pneumoniae, penicillin-non-susceptible; 
o Haemophilus influenzae, ampicillin-resistant; 
o Shigella spp., fluoroquinolone-resistant. 

 

 

3.3.3. WHO AWaRe Classification of Antibiotics 

In 2017, the WHO published the AWaRe (Access, Watch, Reserve) classification which clas-

sifies antibiotics into three categories, i.e. Access, Watch and Reserve. This list is updated 

every two years [39, 40]. The antibiotics are categorised based on clinical relevance and 

possible influence on increased AMR emergence. Antibiotics belonging to the Access clas-

sification are narrow-range antibiotics with few side-effects, e.g. amoxicillin and ampicillin 

[40]. Watch antibiotics exert a broader range and are recommended for more severe infec-

tions, including infections with pathogens that are likely to be resistant to Access antibiot-

ics. Examples for Watch antibiotics are azithromycin and ciprofloxacin. Reserve antibiotics 

are strictly limited as last-choice antibiotics and should only be used to treat confirmed 

MDR bacterial infections [39–41]. Many of the listed antibiotics are effective against infec-

tions caused by pathogens classified as critical or high priority pathogens according to the 

WHO Priority Pathogens List described above [37]. Examples are cefiderocol and colistin 

which can be used for the treatment of carbapenem-resistant Enterobacteriaceae [40]. The 

AWaRe classification is intended as a tool assisting the monitoring of antibiotic consump-

tion and prescription, thereby ultimately functioning as a read-out and measure for the 
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effectiveness of antibiotic stewardship programmes which aim to promote prudent antibi-

otic use [42]. Moreover, WHO declared that 60% of globally consumed antibiotics should 

belong to the Access class. The WHO published ‘The WHO AWaRe (Access, Watch, Reserve) 

antibiotic book’ in 2022 which gives further clinical guidance and recommendations on an-

tibiotic treatment options and prescriptions to further promote prudent use of antibiotics 

[41].  

 

3.3.4. Challenges in Antibiotic Therapy 

3.3.4.1. Reasons for Emergence of AMR 

As explained in the previous chapters, bacterial mechanisms of acquisition of resistance are 

versatile. A major driver of AMR is the presence of large amount of antibiotics in the envi-

ronment due to antibiotic overuse and misuse, exerting selection pressure on bacteria [43]. 

This includes the use of antibiotics against infections which are not susceptible to the anti-

biotic (e.g. virus infections) or using too low doses or too short durations in the treatment 

of bacterial infections. The lack of compulsory prescription of antimicrobial agents in some 

countries outside the EU further increases the potential for overuse and misuse of antibi-

otics. This is accompanied by with the use of falsified medicines which can, for example, 

contain too low doses of the declared active substances [29]. 

Environmental contamination with antibiotics due to use as growth stimulant and for pre-

vention of infections in agriculture is a huge factor leading to increased AMC and AMR [43]. 

Although the use as animal growth enhancer is prohibited in Europe, consumption of anti-

biotics in food-producing animals is still a major issue [43]. It is estimated that antimicrobial 

use in food-producing animals accounts for 73% of global antimicrobial sales [44]. Accord-

ing to a joint report by EDCD, EFSA (European Food Safety Authority), EMA, and OECD (Or-

ganisation for Economic Cooperation and Development) on antimicrobial resistance in the 

EU/EEA, AMC in food-producing animals decreased by 43% between 2011 and 2020 [45]. 

This is an important trend, since a clear correlation was established between resistance in 

bacteria from humans, resistance in bacteria from food-producing animals and AMC in an-

imals as determined in the ‘Third joint inter-agency report on integrated analysis of con-

sumption of antimicrobial agents and occurrence of antimicrobial resistance in bacteria 

from humans and food-producing animals in the EU/EEA’ (JIACRA III) by ECDC, EFSA and 

EMA [46]. This was further confirmed in the recently published JIACRA IV report on 2019-
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2021 (February 2024). Key findings of this report include decreased AMR in countries that 

reduced AMC in humans and animals and a correlation between increased susceptibility of 

E. coli to antibiotics in humans and animals and decreased overall AMC [47, 48]. Human 

antibiotic consumption is analysed in the ‘Annual Epidemiological Report for 2022’ on ‘An-

timicrobial consumption in the EU/EEA’ published by the ECDC and based on data reported 

to the European Surveillance of Antimicrobial Consumption Network (ESAC-Net) [42]. This 

report evaluates the mean total consumption (i.e. community plus hospital sectors) of an-

tibacterials for systemic use, corresponding to the ATC group J01. Considering the data 

from 2019 (baseline year according to the ‘Council Recommendation on stepping up EU 

actions to combat antimicrobial resistance in a One Health approach’ [2]), the decrease in 

mean total consumption of antibacterials for systemic use is only 2.5%. The overall con-

sumption between 2013 and 2022 in the EU/EEA decreased by 10% [42]. Figure 6 (adapted 

from the mentioned report) shows the community consumption of antibiotics for systemic 

use in the EU/EEA for 2022 as population-weighted mean determined as DDD (defined daily 

doses) which estimates the proportion of the population treated daily with antimicrobials. 

A DDD per 1,000 inhabitants per day of overall consumed antibiotics for systemic use of 

19.4 was determined for the EU/EEA in 2022. As shown in Figure 6, the determined DDD 

for antibiotics consumed within the community sector showed wide variation between 

countries: from 9.1 DDD in the Netherlands to 33.5 DDD in Cyprus. This great variance is 

further emphasised when comparing the relative change (2019-2022) of total antibiotic 

consumption: e.g. -14.9% for Finland, and +24.1% for Bulgaria. Also of concern is the fact 

that an increased use of broad-spectrum antibiotics was determined between 2013 and 

2022 [42].  
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Figure 6 - Community consumption of antibacterials for systemic use (ATC group J01), EU/EEA countries, 2022 (expressed 
as DDD per 1 000 inhabitants per day). 

Source [42] 

 

3.3.4.2. Availability of Antibiotics 

Overuse and misuse of antibiotics and the resulting emergence of AMR, are accompanied 

by a constant need for new therapeutic alternatives for bacterial infections. However, tra-

ditional effective antibiotics are subject to limited availability as well. Currently, the EMA 

shortages catalogue lists a shortage for amoxicillin and amoxicillin/clavulanic acid in various 

presentations [20]. On a national level for Germany, shortages are listed via the 

PharmNet.Bund Portal for all medicinal products authorised in Germany (excluding vac-

cines) which is hosted by BfArM. As of 28th February 2024, there are 97 notifications on 

ongoing shortages listed for systemic antibiotics (ATC Code J01xx) [21]. Due to a signifi-

cantly increased demand for antibiotics since autumn 2022 and resulting critical supply 

shortages especially for paediatric formulations, the Federal Ministry of Health (Bundes-

ministerium für Gesundheit, BMG) announced a critical supply shortage situation for syrups 

containing antibiotics for children on 25th April 2023 for Germany (“Versorgungsmangel” 

according to § 79(5) Medicinal Products Act (“Arzneimittelgesetz”, AMG)). Since this critical 
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situation is observed for almost all EU member states and also internationally, compensa-

tion via importation is limited [49]. Of note, shortages of classic (generic) antibiotics are not 

only due to increased demand, but are influenced by several factors. Issues are, for exam-

ple, unsecure supply chains relying on only few manufacturers and market withdrawals due 

to commercial reasons. As a result of unavailable narrow-spectrum antibiotics, the use of 

broad-spectrum antibiotics is increased. Considering newly approved antibacterials, there 

is a delay between authorisation and market launch. Moreover, distribution within EU 

member states varies [50]. This is confirmed by vfa (Verband Forschender Arzneimittelher-

steller e.V.). According to the information provided, several newly authorised antibacterial 

products are, however, not yet commercialised (as of 2022/2023) [51]. 

 

3.3.4.3. Need for New Antimicrobial Substances 

The fact that AMR is rising and it is estimated that by 2050 10 million deaths per year are 

linked to AMR, makes the need for new antimicrobials apparent [52]. Considering that not 

only the effectiveness of traditional antibiotics is decreasing due to emerging AMR, but also 

availability of classical treatment options is limited due to supply shortages, the need for 

novel therapeutics is further highlighted. Antibiotic treatment is crucial for the positive out-

come of several standard medical treatments, such as surgeries, cancer chemotherapy, and 

transplantations [53]. Since there is a constant race between new antibacterial agents and 

acquired bacterial resistances from an evolutionary point of view, new strategies are re-

quired to target bacterial pathogens in the future.  

Limited completely new classes of antibiotics were discovered in the last ten years. Most 

newly developed antibacterial substances are similar to the already available antibiotics 

and only differ by certain chemical adaptations [54]. However, with evolving technical im-

provements such as the use of artificial intelligence and new genetic opportunities (e.g. 

CRISPR-CAS), research on new antibacterial strategies is rising. Using artificial intelligence 

for the detection of new antimicrobial substances and possible targets is straightforward 

and will enhance and assist in AMR research [55]. 

The following chapters will discuss the current status of antibacterial medicinal products 

(new MAs and ((pre-)clinical development) and promising research areas for future antibi-

otic substances. Furthermore, since pharmaceutical R&D and the process of obtaining and 
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maintaining a marketing authorisation are a highly complex and costly processes, regula-

tory measures intended to foster R&D, access and supply are described and evaluated. 

 

4. Results and Discussion 

4.1. New Approaches in Research and in Legislative Challenges 

4.1.1. New MAs since 2017 

Using the Cortellis RIR tool, all centrally authorised MAs of the last ~7 years (EC opinion 

from 2017 until February 2024) were extracted. Using the filters described in 2.2.1 all MAs 

were identified, which were either indicated for the systemic treatment of bacterial infec-

tions or for the prevention of bacterial infection (i.e. vaccines). The whole extract from Cor-

tellis is shown in Annex I, a summary is presented in Table 4. In total 19 MAs were identified 

that have been authorised via the central procedure since 2017: 

o thirteen complete MAs,  

o one hybrid MA;  

o three generic MAs;  

o two fixed combination MA:  

o one MA with one known active substance in combination with one new ac-

tive substance; 

o one MA with one known active substance in combination with two new ac-

tive substance; 

o thirteen MAs with new active substances,  

o seven biologics,  

o five MAs indicated for immunisation;  

o twelve MAs have a paediatric indication;  

o three MAs have an orphan designation;  

o no MA was eligible for PRIME;  

o one MA was conditionally approved;  

o one MA was approved under exceptional circumstances; 

o one MA has just obtained a positive CHMP opinion, with pending EC decision. 
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Most newly authorised antibacterials are classified as Reserve or Watch according to the 

WHO Classification list which is coloured in Table 4 accordingly (Access: n=1; Watch: n=3; 

Reserve: n=7). 

The identified MAs can be classified into the following groups: (1) antibacterial agents (ATC 

J01xx); (2) antibiotics against mycobacteria (ATC J04xx); (3) agents targeting a bacterial 

toxin (ATC J06xx); and (4) vaccines against bacteria (ATC J07xx).  

Of the identified MAs, only vaborbactam represents a new antibiotic class since it classifies 

as beta-lactamase inhibitor belonging to the new class of cyclic boronates [56]. Lefamulin 

is the first systemically administered pleuromutilin approved for humans, but topical for-

mulations have been used in humans before. Moreover, it has been used in veterinary 

medicine [54, 57]. 

 

Table 4 - New MAs (CP) for Antibiotics since 2017 and WHO AWaRe Classification of antibacterial for systemic use. 

Legend: green = Access; yellow = Watch; orange = Reserve. 

ATC 
Code 

Antibiotic Name Active Substance MA Date 

J01 ANTIBACTERIALS FOR SYSTEMIC USE 

J01DE51 Exblifep cefepime dihydrochloride monohydrate, 

enmetazobactam 

CHMP Opinion: 

25/01/2024 

J01DH03 Ertapenem Sun ertapenem 15/07/2022 

J01GB06 Arikayce liposomal amikacin sulfate 27/10/2020 

J01XX12 Xenleta lefamulin acetate 27/07/2020 

J01DI04 Fetcroja cefiderocol sulfate tosilate 23/04/2020 

J01AA12 Tigecycline Accord tigecycline 17/04/2020 

J01DH56 Recarbrio imipenem monohydrate, cilastatin so-
dium, relebactam monohydrate 

13/02/2020 

J01MA23 Quofenix delafloxacin meglumine 16/12/2019 

J01GB01 Vantobra tobramycin 18/02/2019 

J01DH52 Vaborem meropenem trihydrate, vaborbactam 20/11/2018 

J01AA13 Xerava eravacycline 20/09/2018 

J01XX09 Daptomycin Hospira daptomycin 22/03/2017 

J04 ANTIMYCOBACTERIALS 

J04AK08 Dovprela pretomanid 31/07/2020 
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ATC 
Code 

Antibiotic Name Active Substance MA Date 

J06 IMMUNE SERA AND IMMUNOGLOBULINS 

J06BB22 Nyxthracis nyxthracis 18/11/2020 

J06BB21 Zinplava bezlotoxumab 18/01/2017 

J07A BACTERIAL VACCINES 

J07AL02 Prevenar 20 pneumococcal polysaccharide conjugate 
vaccine (20-valent, adsorbed) 

14/02/2022 

J07AL02 Vaxneuvance pneumococcal polysaccharide conjugate 
vaccine (adsorbed) 

13/12/2021 

J07AH08 MenQuadfi meningococcal group A, C, W-135 and Y 
conjugate vaccine 

18/11/2020 

J07AE02 Vaxchora vibrio cholerae, strain cvd 103-hgr, live 01/04/2020 

J07AH09 Trumenba meningococcal group B vaccine (recombi-
nant, adsorbed) 

24/05/2017 

 

MAAs for antibiotics per se do not fall under the mandatory scope of the central procedure 

(Article 3(1) of Regulation (EC) No 726/2004 [58]), unless they obtain an orphan designa-

tion. They can fall under the optional scope (Art. 3(2) of Regulation (EC) No 726/2004) in 

the context of a new active substance (Art. 3(2a)), or if the “…medicinal product constitutes 

a significant therapeutic, scientific or technical innovation…” (Art. 3(2b)) [58]. Moreover, 

generics of centrally authorised MAs are also covered by the optional scope of the CP. The 

national MA database of Germany (AMIce) was screened for new MAs from January 2017 

until February 2024. No MAs authorised via MRP/DCP/purely national procedure with ATC 

Code J01/J04/J06/J07 containing new active substances were identified. This possibly indi-

cates that for novel antibiotics most likely CP is chosen.  

According to the information from EMA website on ‘Applications for new human medicines 

under evaluation by the CHMP’ (Feb 2024), one MAA with the therapeutic area antibacte-

rials for systemic use and one meningococcal vaccine are currently under evaluation (as of 

February 2024) (Annex II) [17]. One medicinal product (Exblifep) obtained a positive CHMP 

opinion only very recently on 25th January 2024. The EC decision is still pending (as of 

28/02/2024) [59]. 

 

4.1.2. (Pre-) Clinical Development 

Ongoing and completed clinical trials which are/were conducted in the EU/EEA can be 

searched in the two European Databases (1) EU Clinical Trials Register (for trials under the 
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Clinical Trials Directive (CTD) 2001/20/EC [60]) and in (2) CTIS (Clinical Trials Information 

System) for trials under the Clinical Trials Regulation (CTR) ((EU) No 536/2014 [61]) [18, 19]. 

The EU Clinical Trials Register does not contain information on phase I trials, unless they 

are part of an agreed PIP (paediatric investigation plan). Moreover, the Register contains 

information on all clinical trials under the CTD from 1st May 2004 onwards, and also on 

trials conducted outside the EU/EEA if they are part of a PIP. Unfortunately, the limited 

filter features provided in the EU Clinical Trials Register Search engine, rendered a search 

for clinical trials with novel antibiotics unfeasible. Therefore, data on products in the clinical 

pipeline obtained from other sources (vfa [51], WHO Report on ‘2021 Antibacterial agents 

in clinical and preclinical development’ [54] and others [62, 63]) was verified using the 

search for the exact name of the investigational medicinal product (IMP). 

CTIS only contains information on new clinical trials under the CTR from 31st January 2022 

and information on transitioned clinical trials under the CTD.  

In CTIS 27 clinical trials with the therapeutic area ‘Diseases [C] – bacterial infections and 

mycoses [C01]’ were identified (as of 01/03/2024). Only three of those studies investigate 

the effect of new active substances or combinations with known active substances:  

o (1) A Phase I study on a combination of ceftibuten (CTB) and PF-07338233 (avibac-

tam prodrug) on bioavailability (authorised, not yet started, EUCT number 2023-

507117-10-00 [64]);  

o (2) a Phase II study to describe the safety and immunogenicity of a multivalent 

pneumococcal conjugate vaccine in healthy toddlers (authorised, started, EUCT 

number:2023-505154-18-00 [65]);  

o and (3) a Phase II study to evaluate efficacy, safety, tolerability of CAL02 (a novel 

antitoxin liposomal agent) in patients (authorised, started, EUCT number:2022-

502049-91-00 [66]).  

A recently (2022) published report by the WHO on ‘2021 Antibacterial agents in clinical and 

preclinical development: an overview and analysis’ summarises the global activities on R&D 

on new antibiotics over the past years (2017- 1st November 2021) [54]. In total, 80 antibi-

otics in the global clinical pipeline were identified. Of these, 46 substances are considered 
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as traditional antibiotics, and 34 substances belong to the class of non-traditional antibiot-

ics, such as microbiome-modulating agents or bacteriophages. Most up-to-date and inter-

active data on the clinical pipeline can be retrieved from an WHO Global Observatory on 

Health R&D online tool [67]. Of the 46 traditional antibacterials, 28 candidates target WHO 

priority list pathogens, 13 target M. tuberculosis, and 5 target Clostridium difficile (C. dif-

ficile). Similar to the newly authorised antibacterials, also the antibacterials which are in 

clinical development mostly belong to already established antibiotic classes. One of these 

substances has filed for a MAA at EMA in the meantime and obtained a positive EMA opin-

ion only very recently on 25th January 2024 (Exblifep) [59]. Of the 34 non-traditional anti-

bacterials, 21 candidates target WHO priority list pathogens, 1 targets M. tuberculosis, and 

12 target C. difficile [67].  

The aforementioned WHO report also summarises the pre-clinical developments on a 

global level [54]. Of a total of 217 agents which are currently under development (Figure 

7), the majority comprises direct acting small molecules (41.5%). However, research on an-

timicrobial peptides (AMPs) and bacteriophage approaches covers the second (15.2%) and 

third (12.9%) largest groups, respectively [68]. These novel antibacterials are presented in 

more detail in the following sections. 

 

Figure 7 - Categorisation of Antibiotics in Pre-clinical Development. 

Source [68] 

 

The development of antibacterial agents is accompanied by several challenges. The first 

hurdle is the identification of a promising lead compound, which is followed by the just as 

challenging second step, i.e. compound optimisation to increase antibacterial activity, 

safety and tolerability. Optimisation of antibacterial activity has to be achieved without 

negatively affecting the bacterial cell penetration of the investigated substance or suscep-

tibility to bacterial efflux pumps. Moreover, the relatively high blood levels of antibacterials 

which are required to inhibit bacterial growth and to prevent the occurrence of resistance 
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during treatment, are accompanied by issues with safety and tolerability [69, 70]. Mimick-

ing the in vivo cellular environment during infection in in vitro models is challenging as the 

cellular environment can greatly influence bioactivity of an antibacterial compound [70]. 

Ultimately, promising antibacterial candidates should show high in vivo efficacy against a 

broad spectrum of pathogens with only minimal harmful effects to human targets [71]. The 

development of novel antibacterials face even further challenges due to their diverse mode 

of action. Alternative in vitro models are typically required and the suitability of current in 

vivo models is still to be determined. In addition, usually standard validated preclinical 

pharmacokinetic (PK) and pharmacodynamic (PD) models cannot be applied for novel an-

tibacterials [72].  

 

4.1.3. Novel Approaches for Antibacterial Treatment 

Several new approaches in the fighting of bacterial infections in times of increasing AMR 

are currently investigated (Figure 8). In the following chapters bacteriophages, AMPs (an-

timicrobial peptides), antibodies and antibody–antibiotic conjugates (AACs), antisense-

based antimicrobials and microbiome-modulating therapeutics are presented in more de-

tail. In comparison to traditional antibiotics, the structural diversity of the novel approaches 

tends to be more complex [73]. Nevertheless, the increasing number of potential targets 

might help to overcome the issue of AMR in the future. 

 

 

Figure 8 - Alternative antibiotic agents with different complexity. 

Adapted from [73] 
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4.1.3.1. Bacteriophages and Phage-derived Enzymes 

Bacteriophages are viruses that infect bacteria. They attach to the bacterial surface and 

inject their genetic material into the bacterial cell. The bacterial machinery is hijacked, 

thereby producing phage components which are assembled and released from the bacte-

rial cell upon phage-triggered lysis. The newly synthesised phage progeny can then infect 

further bacterial cells. Phages can specifically target certain bacteria, e.g. S. aureus, P. ae-

ruginosa, Shigella, and Salmonella. They can be used for the directed treatment of bacterial 

infections by triggering lysis of only the pathogenic bacteria. Moreover, the phage genetic 

material could be adapted using genetic engineering techniques. However, there are sev-

eral drawbacks for potential phage therapy. Since phages are highly specific to bacteria, 

the susceptibility of the to be targeted bacterial pathogen would need to be determined 

prior to phage administration. Since testing is time consuming, bacterial cocktails would 

need to be applied; however, this might decrease efficacy. Moreover, since phages are 

highly immunogenic, application at individual patient level might be limited to a one-time 

only approach, since the immune system of the patient would recognise and trigger clear-

ance of phages which are administered for the second time. Factors which are also required 

to be considered are bacterial resistances to phages or the possible production of endotox-

ins which could lead to sepsis [74]. Moreover, since tempered phages employ HGT between 

bacterial cells (contributing to bacterial resistance), only lytic phages should be used for 

therapy [75]. Phage therapy has been used in Eastern Europe and the former Soviet Union 

on individual patient level with promising results, but clinical trials have missed to prove 

efficacy so far [73]. No bacteriophage therapeutic has obtained a MA in the EU yet. This is 

in part due to issues associated with regards to GMP (Good Manufacturing Practice) and 

GCP (Good Clinical Practice). In 2015-2017, a first GMP- and GCP-compliant phase I/II clin-

ical trial was conducted in France and Belgium evaluating the efficacy and safety of topical 

applications of a cocktail of anti-P. aeruginosa bacteriophages on infected third-degree 

wounds compared with standard of care (‘PhagoBurn’, EudraCT number 2014-000714-65 

[76]). The study failed to prove efficacy of the bacteriophage cocktail, mostly likely due to 

too low levels of mixture applied to the wounds due to stability problems after manufac-

turing of the bacteriophage cocktail [77].  

Although large scale proof of efficacy in clinical use is still to be determined, bacteriophages 

might nevertheless provide suitable potential for the fighting of bacterial pathogens. This 
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could be achieved by not using the phage per se as antibacterial agent, but utilising the 

mechanisms by which way they kill bacteria as therapeutic alternatives, i.e. phage-derived 

enzymes. One example are endolysins which disrupt the bacterial cell wall [73]. The endo-

lysin exebacase has been successfully used in a phase II trial against MRSA when applied on 

top of standard-of-care antibiotic treatment (EudraCT Number: 2016-003059-31 [78]) [79]. 

However, a phase III trial did not show efficacy and was stopped for futility following in-

terim efficacy analysis by the DSMB (Data and Safety Monitoring Board) (ClinicalTrials.gov 

ID NCT04160468) [73, 80]. 

The relevance of regulatory hurdles for large scale use of bacteriophage therapies were 

discussed in a workshop organised by EMA (‘Workshop on the therapeutic use of bacterio-

phages’) in 2015 [75, 81]. According to Directive 2001/83/EC bacteriophages belong to the 

class of biological products [82]. However, they do not qualify as ATMPs (Advanced therapy 

medicinal products) according to Regulation (EC) No 1394/2007 [83]. A change in bacterio-

phage strain or composition of a phage cocktail would qualify as extension application (An-

nex I of Commission Regulation (EC) No 1234/2008, Variation Regulation [84]). Similar ap-

proaches as for human influenza and corona virus seasonal adaptions were suggested for 

bacteriophage strain or phage cocktail adaptions (i.e. classification as type II variation ra-

ther than as extension application) in order to be more flexible when reacting to newly 

developing bacterial resistances [75]. 

The relevance of possible bacteriophage-based treatment options is underlined by the fact 

that the EMA only recently adopted the new ‘Guideline on quality, safety and efficacy of 

veterinary medicinal products specifically designed for phage therapy’ 

(EMA/CVMP/NTWP/32862/2022) [85].  

 

4.1.3.2. Antimicrobial peptides (AMPs) 

AMPs are produced by a wide variety of organisms, including humans, animals and plants. 

They are considered the first line of defence of the innate immune system and show anti-

microbial activity towards bacteria, fungi and viruses [86]. Over 3000 AMPs have been dis-

covered so far [87]. Most AMPs are rather small, i.e. less than 100 amino acids. They act via 

disintegration of the bacterial cell membrane due to their amphipathic and cationic nature, 

resulting in bacterial death. Because of this rather unspecific mode of action, they exert 
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their effect on a broad-spectrum of membranes. Associated with this is an increased tox-

icity to eukaryotic cells. Moreover, immunogenicity and drug resistance also need to be 

considered. To overcome possible side effects, it might be promising to (semi)-synthetically 

synthesise AMPs in order to render these molecules less toxic to eukaryotic cells. By utilis-

ing the membrane disintegrative effect of AMPs on bacterial cells, combination therapies 

of AMPs with classic antibiotics have shown to be effective [86]. 

Several AMPs are already clinically used for the treatment of bacterial infections, i.e. dap-

tomycin, gramicidin, tyrothricin, colistin, vancomycin, oritavancin and dalbavancin [29, 87]. 

Both latter AMPs obtained MAs in the EU only quite recently in 2015 (Table 4). Colistin, 

daptomycin, oritavancin and dalbavancin are all classified as Reserve antibiotics according 

to the WHO AWaRe Classification. Vancomycin is classified as Watch antibiotic [40]. Gram-

icidin and tyrothricin are not included in the WHO AWaRe classification list since they are 

not used for systemic infections, but only applied locally, due to high toxicity [29]. 

 

4.1.3.3. Antibodies and Antibody–Antibiotic Conjugates (AACs) 

Antibodies designed for antibacterial treatment can neutralise bacteria-secreted toxins or 

they can directly target the bacterial cell membrane [53]. Two toxin-neutralising antibodies 

have been recently approved by the EMA, i.e. Nyxthracis (obiltoxaximab, MA November 

2020) and Zinplava (bezlotoxumab, MA January 2017) (Table 4). Obiltoxaximab binds the 

protective antigen of the anthrax toxin of Bacillus anthracis, thereby preventing the intra-

cellular entry of the toxin [88]. Bezlotoxumab binds and neutralises C. difficile toxin B. 

Moreover, due to passive immunisation against the toxin, CDI (C. difficile infection) recur-

rence is prevented [89]. 

Another approach is to link antibiotics to antibodies (AACs). The antibody epitope recog-

nises and binds extracellular bacteria. The AAC-bacteria complex is then taken up by Fc-

receptor mediated phagocytosis or via bacterial entry mechanisms into the host cell. Upon 

cleavage of the antibody-antibiotic link within the phagolysosome, the antibiotic is released 

and can directly target the bacterium within the host cell. Thereby, side effects on gut mi-

crobiota are limited [73]. This has only been investigated in phase I clinical trials so far [90, 

91]. AACs have also been designed to target biofilm formation, but this has not been tested 

in clinical trials yet [90, 92]. 
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4.1.3.4. Antisense-based Antimicrobials 

Antisense single-stranded nucleic acid oligomers can bind to complimentary mRNA (mes-

senger ribonucleic acid) sequences [73, 74]. These short antisense oligomers (ASO) can be 

designed to specifically target and silence essential bacterial genes which leads to inhibition 

of bacterial growth. Increased stability is achieved by linking the desired nucleobases to a 

pseudo-peptide backbone, thereby creating peptide nucleic acids (PNAs). Entry into the 

bacterial cell is obtained by utilising species-specific cell-penetrating peptides [93]. 

Knowledge on possible genetically relevant targets of bacteria has increased due to new 

methods such as next-generation and high-throughput RNA sequencing (RNA-seq) [94]. In 

vitro and in vivo data show that targeting of bacterial resistance genes with antisense oli-

gonucleotides can in fact re-sensitise bacteria towards certain antibiotics [73]. However, 

little is known regarding resistance mechanisms and host responses in case the ASO 

reaches the nucleus of an eukaryotic cell [94]. Currently, no antisense therapies are inves-

tigated in clinical trials [73].  

 

4.1.3.5. Microbiome-modulating Agents 

The mammalian microbiome of the gut comprises more than 1000 microbial species. Clas-

sic antibiotic treatment often is accompanied by changes to the composition of the pa-

tient’s gut microbiota, since antibiotics do not specifically only target pathogenic bacteria. 

This often renders the patient more prone to infections with drug-resistant bacteria [74]. 

Microbiota-modifying therapies are used to restore the microbiota of patients suffering 

from C. difficile infections [95]. This can either be achieved by administration of pre- or 

probiotics, or via faecal transplant treatment (FTT) [74]. Several clinical trials investigating 

the effects of FFT are ongoing. However, the high complexity of these products and incom-

plete knowledge of the microbiota are challenging factors for the clinical development [95]. 

 

4.1.4. Regulatory Measures - A Pharmaceutical Strategy for Europe 

The Pharmaceutical Strategy for Europe was adopted in November 2020. This strategy is 

based on four pillars: (1) fulfilling unmet medical needs and ensuring accessibility and af-

fordability of medicines; (2) supporting a competitive and innovative European pharma-

ceutical industry; (3) ensuring diversified and secure supply chains; environmentally sus-

tainable pharmaceuticals; crisis preparedness and response mechanisms; (4) ensuring a 
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strong EU voice globally. Flagship initiatives specifically addressing AMR highlight the pro-

motion of innovative R&D approaches, implementation of new types of incentives, promo-

tion of prudent use of antibiotics and raising public awareness on AMR [96]. These topics 

are further addressed in the review of the pharmaceutical legislation. The EC adopted a 

proposal for the reform of the EU pharmaceutical legislation in April 2023. This update shall 

revise and replace the existing general pharmaceutical legislation, i.e. Regulation 

726/2004, Directive 2001/83/EC, the legislation on medicines for children (Regulation 

1901/2006) and for rare diseases (Regulation 141/2000/EC) [97]. The aim of this revision is 

to establish a more patient-centred approach, e.g. by improving access and supply with 

safe, effective and affordable medicinal products. In addition, industry interests are con-

sidered as research and innovation shall be fostered and administrative burdens during 

regulatory processes shall decrease. AMR shall be addressed in a One Health approach, 

also generally considering the environmental impacts of pharmaceuticals [35, 98]. 

Along with this, the Council adopted the ‘Recommendation on stepping up EU actions to 

combat antimicrobial resistance in a One Health approach’ in June 2023 [2]. Several rec-

ommendations are provided that shall be targeted in the future in the fighting of AMR. The 

objectives are to (1) strengthen national action plans against AMR; (2) reinforce surveil-

lance and monitoring of AMR and antimicrobial consumption; (3) strengthen infection pre-

vention and control; (4) strengthen antimicrobial stewardship and prudent use of antimi-

crobials; (5) recommend targets for antimicrobial consumption and antimicrobial re-

sistance; (6) improve awareness, education and training; (7) foster R&D and incentives for 

innovation and access to antimicrobials and other AMR medical countermeasures; (8) in-

crease cooperation; and (9) enhance global action [2, 99].  

This recommendation aims to complement the ‘A European One Health Action Plan against 

Antimicrobial Resistance (AMR)’ published by the EC in 2017 [99, 100]. Within the 2023 

‘Study on a future-proofing analysis of the 2017 EU AMR Action Plan’ further need for im-

provements of several topics was identified [101]. These issues are addressed by the ‘Rec-

ommendation on stepping up EU actions to combat antimicrobial resistance in a One 

Health approach’ [2]. The strategies described in the above-mentioned recommenda-

tions/plans are further evaluated in the following chapters. 
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4.1.4.1. The ‘One Health’ Approach 

The One Health Approach is defined by the One Health High Level Expert Panel (OHHLEP) 

as “…an integrated, unifying approach that aims to sustainably balance and optimize the 

health of people, animals, and ecosystems. It recognizes the health of humans, domestic 

and wild animals, plants, and the wider environment (including ecosystems) are closely 

linked and interdependent…” [102]. This is thought as a global baseline consensus, as there 

is a broad level of interpretation of the widely used term One Health [103].  

The Quadripartite Organisations, i.e. the Food and Agriculture Organization of the United 

Nations (FAO), the United Nations Environment Programme (UNEP), the World Organisa-

tion for Animal Health (WOAH) and the WHO developed the ‘One Health Joint Plan of Ac-

tion (2022–2026)’ (OH JPA) to further strengthen the global One Health approach [104]. 

AMR qualifies as a central topic which should be addressed in a One Health approach since 

it is greatly dependent on human, animal, and environmental interaction. Moreover, AMR 

is considered a cross-border threat that requires interaction on an international level [2].  

 

4.1.4.2. Action Plans against AMR 

In 2015, the World Health Assembly (WHA) adopted the Global Action Plan on AMR (WHO 

GAP) developed by WHO with the contribution of FAO and WOAH. This plan represents an 

international consensus recognising AMR as a global health threat which needs to be ad-

dressed in order to ensure that it will still be possible to treat microbial infections in the 

future. This plan helps to develop national action plans by setting out key objectives which 

are to be considered on a national level [105]. The already established ‘Action plan against 

the rising threats from Antimicrobial Resistance’ in force in the EU as of 2011 ([106]) served 

as a basis for the development of the action plan implementing the requirements described 

in the WHO GAP, i.e. the ‘European One Health Action Plan against Antimicrobial Re-

sistance (AMR)’ in 2017 [105]. On a national level, Germany already established the 

‘Deutsche Antibiotika-Resistenzstrategie’ (DART) in 2008. In order to implement improve-

ments according to the WHO GAP and the EU Action Plan, DART 2020 followed [107]. Re-

cently, DART 2023 was published [108]. The five key objectives which are common to all 

AMR action plans are:  

 



 

 34 

o Improving AMR awareness and understanding;  

o Strengthening AMR surveillance;  

o Reducing incidence of infections;  

o Optimising use of antimicrobial medicines in human and animal health; and  

o Making an economic case for sustainable AMR-related investments [38, 45].  

As obtained from an OECD analysis and the 2022 overview report by the EC’s Directorate-

General for Health and Food Safety (DG-SANTE), there are country-specific foci of national 

action plans. Of note, the implementation of the measures described in the national action 

plans varies among countries [45, 109]. All officially approved national AMR action plans 

can be obtained from the online WHO Library [110]. In order to monitor the status of na-

tional action plan implementation the annual ‘Tripartite antimicrobial resistance country 

self-assessment survey’ (TrACSS) was established. Results from these surveys can be ob-

tained from a global database hosted by the WHO [111]. To assess the implementation of 

national action plans in the EU/EEA the ‘Study on the barriers to effective development and 

implementation of national policies on antimicrobial resistance’ was conducted and re-

cently published by the EC in 2023. The main issue identified in this study is insufficient 

funding for implementing the measures foreseen in the national action plans to combat 

AMR [112].  

 

4.1.4.3. Surveillance and Monitoring of AMR and AMC 

In order to be able to make estimations of increasing or decreasing AMR or AMC, proper 

surveillance mechanisms are required [100]. Along with the implementation of the WHO 

GAP the need for standardised international assessment of AMR data was recognised. In 

order to provide reliable data from all countries, the Global Antimicrobial Resistance and 

Use Surveillance System (GLASS) was established to foster AMR surveillance using a stand-

ardised approach. This was later expanded to also include data an AMC [113]. As of October 

2023, 132 countries are participating in GLASS [114]. 

Most recently in January 2024, the ‘Antimicrobial Sales and Use (ASU) Platform’ hosted by 

the EMA was implemented. Data on antibiotic sales and use in animals will now be submit-

ted annually by the EU/EEA countries via this platform. This will further help to address 

AMR in a One Health approach [115].  
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Generally, conclusions on the effectiveness of specific measures used to tackle AMR and 

AMC can only be evaluated if extensive surveillance is continued and the data quality pro-

vided by the national reporting systems is high and reliable. However, the implementation 

of measures, as foreseen in national action plans, has partly failed because of insufficient 

funding [112]. In order to generate robust data, surveillance and monitoring should be fur-

ther expanded. Moreover, the level of detail should be increased when evaluating AMR 

and AMC [2]. So far, community- and hospital-associated human AMC is monitored in the 

ESAC-Net report, however, not all national surveillance systems provide information on 

consumption using this level of detail [42]. Currently, the EARS-Net surveillance report pro-

vides AMR information on invasive isolates from human blood or cerebrospinal fluid sam-

ples [36]. This could be expanded to other isolates from clinical microbiology laboratories. 

Moreover, AMC and AMR in plant health, wastewater and the environment should also be 

taken into account [2]. Overall, it should be aimed at establishing a more integrated sur-

veillance system which helps to gather complete and reliable data on all aspects of AMR 

and AMC in a true One Health Approach. 

 

4.1.4.4. Infection Prevention and Control 

Proper sanitary measures are essential for the prevention of infections [38]. The develop-

ment of infection prevention and control (IPC) guidelines in human health will address this 

topic especially with regards to vulnerable healthcare settings and long-term care facilities 

[2]. Since IPC is also relevant for animal health, measures should be taken which improve 

the health and welfare of food-producing animals. This also includes proper manure and 

wastewater management to reduce environmental exposure to substances with antimicro-

bial properties [2, 100].  

Further promising strategies against AMR are prophylactic vaccinations against bacterial 

infections and implementing national immunisation programmes [2]. Vaccines against tet-

anus (Clostridium tetani), pertussis (Bordetella pertussis), diphtheria (Corynebacterium 

diphtheriae) and tuberculosis (M. tuberculosis) have been successfully used for years [116, 

117]. Vaccines are promising tools which can help to reduce AMR. Most recent MAs for 

bacterial vaccines covered S. pneumoniae and Vibrio cholerae. R&D targeting S. aureus and 

other pathogens will provide further opportunities, resulting in optimisation of the use of 

vaccines against AMR [117]. Of note, vaccination not only exerts a benefit to the individual 
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person by providing protection against infection by a certain bacterium, it also provides 

positive effects on population level, since abundance of the respective pathogen and pos-

sible resistance genes is decreased [118]. 

 

4.1.4.5. Prudent Use of Antimicrobials (Antimicrobial Stewardship, Aware-

ness, Education and Training) 

Since overuse and misuse of antibiotics are major drivers for AMR, the promotion of pru-

dent use of antimicrobials is an important pillar in the fighting of AMR. Developing EU 

guidelines for the treatment of infections in humans in accordance with the WHO AWaRe 

antibiotic book [41] will help to endorse appropriate antibiotic use. This can be achieved 

by providing detailed information on diagnostic tests, use of the suitable antibiotic, and 

treatment regimens [2]. Currently, diagnostics of infections are costly and time-consuming. 

Therefore, the development of straightforward diagnostic alternatives that are rapid and 

less costly might be feasible. Ultimately, the determination of the exact bacterial species 

causing an infection helps choosing the right antibiotic with the narrowest spectrum as 

possible. In addition, unnecessary antibacterial treatment of virus infections would thus be 

avoided [52, 100].  

Together with the implementation of the EU action plan against AMR, the EC adopted the 

‘EU Guidelines on the prudent use of antimicrobials in human health’ specifically address-

ing the promotion of more prudent use of antibiotics in humans [119]. Antimicrobial stew-

ardship programmes promote considered antimicrobial prescription. They should be ac-

companied by education, training and raising awareness on AMR among healthcare pro-

fessionals and the public [119]. This includes the safe disposal of unused, expired and left-

over antimicrobials [2]. The decrease in MRSA levels since 2018 (presented in the EARS-Net 

annual epidemiological report) might show that successful measures were in fact engaged. 

However, as a very versatile distribution among countries was observed, ranging from 1.1% 

in Norway to 50.8% in Cyprus, the need for specific country-tailored actions becomes ap-

parent. National data on AMR and AMC should be evaluated in relation to the nationally 

applied measures targeting AMR and AMC in order to determine their efficiency. Sharing 

this information on an international level would provide great benefit for other countries 

as it provides an important indicator how to successfully address AMR and AMC. The higher 
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public awareness regarding MRSA needs to be widened towards the threat of AMR in gen-

eral. To highlight the relevance of AMR, the ECDC founded the EAAD (European Antibiotic 

Awareness Day) which takes place during the WHO initiative WAAW (World AMR Aware-

ness Week) [11]. The update of the pharmaceutical legislation will implement measures for 

prudent use of antimicrobials directly into the marketing authorisation process. This in-

cludes the prescription status, adequate pack sizes and monitoring and reporting of AMR 

[35]. 

 

4.1.4.6. Targets for AMR and AMC 

Specific targets are recommended by the Council which will help to evaluate if the 

measures taken against AMR are in fact working. On one hand, precise targets for AMC and 

AMR are anticipated. On the other hand, general aspects such as IPC, antimicrobial stew-

ardship and reduction of antimicrobial sales in animal farming, agriculture and aquaculture 

are highlighted [2]. The recommended targets include: 

o To reduce the total consumption of antibiotics in humans (as DDD per 1000 inhab-

itants per day) in the community and in combined hospital sectors in the EU by 

20% compared with 2019; 

o At least 65% of antibiotics used in humans should belong to the WHO Access 

group by 2030; 

o MRSA: To reduce total incidence of bloodstream infections (number per 100,000 

population) in the EU by 15% compared with 2019; 

o Third generation cephalosporins-resistant E. coli: To reduce total incidence of 

bloodstream infections (number per 100,000 population) in the EU by 10% com-

pared with 2019; 

o Carbapenem-resistant K. pneumoniae: To reduce total incidence of bloodstream 

infections (number per 100,000 population) in the EU by 5% compared with 2019 

[2]. 

Since the actual AMC and AMR levels differ greatly amongst EU member states, country-

specific targets are provided in the annex of the Council Recommendation [2]. 
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4.1.4.7. Promotion of R&D; Incentives for Innovation; Access and Supply; AMR 

Medical Countermeasures 

The development of pharmaceuticals is a very costly process. Since the use of antibiotics is 

strictly limited, the return of investment based on sales volumes and price is small for phar-

maceutical companies, especially in comparison with other therapeutic areas, such as can-

cer [14, 120, 121]. These issues resulted in withdrawal of big pharmaceutical companies 

from antibiotic R&D [14]. According to WHO statistics, currently, antibiotic R&D is mostly 

dominated by micro-, small- and medium-sized enterprises (SMEs) [54]. During the work-

shop on ‘New incentives to improve the accessibility and availability of antimicrobial me-

dicinal products’, held on 26th October 2022 before the European Parliament’s Health 

Working Group it was emphasised to abandon the link of financial return of investment for 

companies from sale volumes for antibiotics [50]. Several factors influenced and resulted 

in an overall decrease in antibacterial R&D, i.e. (1) the availability of cheap generic antibac-

terials; (2) relatively short duration of treatment of acute bacterial infections; (3) costly 

R&D; (4) stewardship measures which promote prudent use of antibiotics and classification 

as last line treatment option for new antibiotics; and (5) lack of funding for phase II and 

phase III clinical trials [57]. In order to still be able to treat bacterial infections in the future, 

completely new thinking with regards to pharmaceutical R&D, financial revenue and access 

and supply is required. Moreover, the diversity of the mechanisms applied by bacteria to 

evade eradication by antibiotic treatment should be considered during R&D of antibiotics. 

Hence, innovative and clinically differentiated antibacterials are required in the future to 

still be able to cope with emerging AMR in the long run [57].  

Although several new antibacterials were authorised in the last decades, only few belong 

to a new antibiotic class, the majority are derivates of known classes. Most recently au-

thorised antibacterials have been classified as Reserve or Watch according to the WHO 

AWaRe Classification and only one antibacterial belongs to the WHO Access class (Table 4). 

This highlights that newly approved antibiotics are likely to be classified as last-resort anti-

biotics which are only used when no other treatment options are available [54]. This in-

creasing number of last-line treatment options is important in view of strengthening the 

healthcare system. However, the prospect that actual sales volumes will be very low as a 

result to this classification offers limited financial attractiveness to pharmaceutical compa-

nies.  
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Although 80 antibacterial agents in the clinical pipeline and 217 agents in the pre-clinical 

pipeline were identified in the 2022 report by the WHO, the (pre-) clinical pipelines are not 

considered to be sufficient to address future antibiotic needs. This applies especially to the 

lack of antibiotic agents targeting carbapenem-resistant A. baumannii and P. aeruginosa 

[54]. One issue is that the newly authorised products mainly do not belong to new antibiotic 

classes with innovative mode of actions and are therefore considered to be highly suscep-

tible to evolving AMR [57]. It has been estimated that 5-20 truly novel and innovative anti-

biotics are required in clinical development to address the future need for new antibiotics. 

Considering the high number of discontinued candidates during early R&D, this would re-

quire at least 200 discovery programmes [38, 63].  

In an attempt to compensate for increasing AMR, several novel approaches are currently 

investigated. Some of these are presented in chapter 4.1.3 of this thesis, i.e. bacterio-

phages, AMPs, antibodies and AACs, PNAs and microbiome-modulating agents. Of note, 

there are more non-traditional antibiotics which target for example bacterial virulence, ad-

hesion, or biofilm formation [54]. Non-traditional antibacterials authorised in the last dec-

ade are for example the bacterial toxin-neutralising antibody products Nyxthracis 

(obiltoxaximab, MA November 2020) and Zinplava (bezlotoxumab, MA January 2017). The 

use of non-traditional antibacterials as adjuvants to traditional antibiotics is also investi-

gated [72]. Since non-traditional antibacterials are rather complex biological products, the 

design and conduct of clinical studies is especially challenging. Pathogen-specific non-tra-

ditional antibacterials require extensive diagnostics prior to administration of the IMP. 

Moreover, the compliance with GMP, dose-finding and patient-tailored approaches further 

impede entry into clinical phase [72].  

The majority of products of the pre-clinical pipeline are developed in Europe (52%). Inter-

estingly, 38% of these developers categorise as micro-size (<10 employees), 36% as small-

size (11-50 employees), 16% as medium-size (51-500 employees) and only 10% as large-

size enterprises (>500 employees) according to WHO [67]. This indicates that newly devel-

oped funding mechanisms in Europe for SMEs in the future could be of great success, since 

apparently the necessary expertise to develop novel antibacterials is available in Europe. 

Moreover, measures specifically targeting the needs of SMEs would be of great benefit 
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since these are the stakeholders mostly involved in early R&D of antibacterials. Neverthe-

less, support during clinical stages of drug development should not be underestimated 

since study design can be challenging for non-traditional antibacterials [57].  

The fact that the current clinical and preclinical antibiotic pipeline is not considered suffi-

cient to compensate for emerging AMR in the future, highlights the need for effective R&D 

incentives [54]. These include incentives for the development and the access to antimicro-

bials and other AMR medical countermeasures such as vaccines and diagnostic tools. On 

one hand, push incentives that help to bring antimicrobials to the market via funding of 

research and innovation are required. On the other hand, pull incentives need to be estab-

lished to ensure access to effective antimicrobials and reward successful development. Fi-

nancing could be accomplished by novel incentive models such as milestone prices which 

are coupled to the successful completion of specific steps during development [122]. Novel 

incentive models for funding of antimicrobial R&D are part of the Commission Communi-

cation on the ‘Reform of the pharmaceutical legislation and measures addressing antimi-

crobial resistance’ and the Council Recommendation ‘on stepping up EU actions to combat 

antimicrobial resistance in a One Health approach’ [2, 35]. The classic incentives, such as 

data protection, accelerated assessment, orphan designation, and PRIME scheme, are con-

sidered inappropriate for promotion of antimicrobial research, which can be concluded 

from the insufficiently filled (pre-) clinical pipelines. Two different types of pull incentives 

for antimicrobials are suggested in the Commission Communication on the ‘Reform of the 

pharmaceutical legislation and measures addressing antimicrobial resistance’, i.e. transfer-

able data exclusivity vouchers and mechanisms which guarantee revenue. Developers of 

novel antimicrobials which are qualified to obtain the innovative voucher can benefit from 

an additional year of regulatory data protection for any of their products or they can sell 

the voucher. Granting of the voucher will be limited to specific antimicrobials, e.g. against 

pathogens of the WHO priority list. It is proposed that the voucher scheme will be tested 

for 15 years, and is limited to a total of 10 vouchers [35].SMEs might only profit by selling 

their voucher to other companies. Since this will most likely be possible only after obtaining 

a MA for the product, it needs to be considered that at this point, all costly R&D stages are 

already completed. This would mean that the capital from selling the voucher could only 

be used for the development of yet another product in the pipeline of the SME, given that 
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there actually is another promising candidate in the pipeline. However, for larger pharma-

ceutical companies the transfer of data exclusivity to other products of the portfolio of the 

MAH (marketing authorisation holder) is very favourable. Data exclusivity could be ex-

panded for products which generate the most benefit for the MAH, considering that the 

entry of generics to that product is delayed. However, this is associated with increased 

costs for the healthcare system, since the entry of generics to the market helps to lower 

the price of a pharmaceutical. This is also highly criticised by the ReAct Group, a global AMR 

network [123]. The exact means how such a voucher would be transferred to another prod-

uct must be elucidated in detail before implementation of such incentive mechanisms. Fac-

tors such as the exact timepoint of transfer are questionable. This is associated with higher 

risks for pharmaceutical companies specialised on the authorisation of generics, since mar-

ket entry of the to-be-authorised generic will be delayed, in worst case on relatively short 

notice. This is especially difficult since the timing of a generic MAA is highly dependent on 

expiry of data protection periods of originators. 

Similar uncertainties also apply to the second pull incentive strategy suggested in the Com-

mission Communication on the reform of the pharmaceutical legislation, i.e. mechanisms 

which guarantee revenue. These incentives are intended to increase the expected revenue 

for developers [35]. The European Commission ‘Study on bringing AMR Medical Counter-

measures to the Market’ evaluated four different pull incentives that may help increase the 

expected revenue for antimicrobial developers: revenue guarantee, small market entry re-

ward combined with revenue guarantee, milestone-based reward, lump-sum market entry 

reward [124]. Depending on the development stage, different funding models are consid-

ered feasible. At the pre-clinical stage, combinations of push and pull incentives were found 

to be most effective. Moreover, the more advanced the development of a product, the less 

funding is required to reach the profitable range [124]. The aforementioned pull incentives 

raise various questions which are to be considered at a national and international level. In 

theory, guaranteed revenue sounds promising. However, the exact realisation will be chal-

lenging. Factors which have to be considered include: (1) How is the actual monetary value 

of a novel antimicrobial calculated? (2) Who calculates this value? (3) How are additional 

fundings considered? (4) Are national HTA (health technology assessment) processes con-

sidered in the calculation? (5) How are possible mistakes in the calculation addressed if a 

product shows to be more/less profitable than expected? Moreover, in reality the sales of 
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a newly launched pharmaceutical often compensate for the losses of a pharmaceutical 

company which are due to discontinued or failed other substances in their R&D pipeline. 

The aforementioned study suggests to implement a central EU entity such as a common 

HTA which could assess the developers R&D costs, the patient and societal value and de-

cide on the individual incentive award [124]. As national HTA is complex, the definition of 

an EU-wide patient and societal value is challenging. Moreover, further difficulties are the 

definition of eligibility criteria and limiting the number of potential EU-funded incentives in 

order to not stress the funding system too much. The patient and societal value should be 

larger than the paid incentive [124]. Overall, diverse incentive mechanisms are required in 

the future to address the specific needs of developers during antimicrobial development. 

Product-tailored approaches and the combination of push and pull incentives which sup-

port R&D at various stages will most likely have the most beneficial effect, resulting in in-

creased availability of new and old antibiotics [124]. In addition, post-authorisation pro-

cesses regarding market access and supply need to be targeted. Therefore, funding mech-

anisms should focus on procurement, i.e. result in more antimicrobials which are available 

on the market and ultimately reach the patient.  

Of note, the revision of the EU pharmaceutical legislation aims to drive innovation for a 

competitive pharmaceutical industry in general. Hence, developers of antimicrobials will 

benefit from these measures in addition to the measures specifically directed at AMR R&D. 

These general measures include: (1) implementation of an effective incentives framework 

for innovation, access and addressing unmet medical needs; (2) rewarding innovation in 

areas of unmet medical need by boosting regulatory support for the development of prom-

ising medicines; and (3) improving the regulatory system for Europe to remain an attractive 

place to invest and innovate [35]. The current regulatory protection model of 8 years of 

regulatory data protection, 2 years of market protection, extension up to 11 years if a new 

therapeutic indication is added after the initial marketing authorisation, six-month exten-

sion of SPC (supplementary protection certificate) due to a conducted the paediatric devel-

opment plan and 10 years of market exclusivity for orphans will be changed in the reform 

of the EU pharmaceutical legislation. The regulatory data protection will decrease to 6 

years. However, new additional conditional protection periods shall be implemented, for 

example, 2 years additional regulatory protection for market launch in all Member States 

[35]. However, this new regulatory protection model has been criticised by the European 
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Federation of Pharmaceutical Industries and Associations (EFPIA) and other industry rep-

resentatives who argue that this will slow down R&D of new medicines in Europe as poten-

tially reduced protection periods will make the EU less attractive for pharmaceutical R&D 

[125–127]. 

In order to simplify authorisation processes and help to reduce the regulatory burden to 

companies especially for medicines addressing unmet medical needs in the future, general 

regulatory support mechanisms shall be implemented. These include early regulatory sup-

port by EMA, rolling-reviews, temporary emergency marketing authorisation for public 

health emergencies, simplifying regulatory procedures and optimising EMA structure, re-

ducing assessment times by EMA and digitalisation [35]. Increased regulatory support could 

compliment funding models by establishing increased global cooperation, for example by 

promoting alignment of global regulatory requirements and sharing of knowledge and dis-

semination of best practices [124]. Several strategies for the promotion of R&D of antibi-

otics are already implemented by the EMA, i.e. early dialogue with developers, guidance 

on the use of pharmacokinetics and pharmacodynamics in the development of antibacte-

rial medicinal products, guidance on the evaluation of medicinal products indicated for 

treatment of bacterial infections, and support on the exploration of new therapeutic op-

tions for difficult-to-treat infections due to MDR bacteria (e.g. an EMA-hosted workshop 

on the therapeutic potential of bacteriophages). Developers are encouraged to contact 

EMA’s Innovation Task Force (ITF) during all development stages in order to facilitate an 

early dialogue during ITF briefing meetings to provide informal basic regulatory guidance 

[128]. This opportunity is especially advertised for SMEs, academics and researchers since 

they comprise the main developers for new antimicrobials in early development stages and 

might benefit the most from the discussion of scientific, legal and regulatory issues and 

requirements [129]. Moreover, EMA refers to the possibility for parallel scientific advice by 

EMA and FDA (Food and Drug Administration) for developers of antibiotics. In addition, 

efforts are made by the EMA, the FDA and the Japanese Pharmaceuticals and Medical De-

vices Agency (PMDA) to provide guidance on clinical trials with aligned data requirements 

[128].  

Several EU initiatives have provided funding for the promotion of EU health, research and 

innovation regarding AMR, i.e. Horizon 2020, Horizon Europe and the EU4Health Pro-

gramme [13]. The EU supported international Joint Programming Initiative on AMR 
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(JPIAMR) helps to coordinate national research funding and to align global AMR research 

[130]. Several government-supported programmes, including as CARB-X (Combating Anti-

biotic Resistant Bacteria Biopharmaceutical Accelerator), GARDP (Global Antibiotic Re-

search & Development Partnership) and ND4BB (New Drugs 4 Bad Bugs) have already been 

implemented [124]. The latter was established by the Innovative Medicines Initiative (IMI) 

upon initiative of the 2011 EU Action Plan on AMR. This partnership between industry, ac-

ademia and biotech organisations was established to fight AMR in Europe. To do so, cur-

rently eight projects are financed with a total budget of €650 million. The funded projects 

aim to develop antibiotics and include research topics on basic science, drug discovery, 

clinical trials and economic models [131]. Increased public funding and a network of public-

private-partnerships (PPPs) can help to overcome the underfinanced early development 

stages in the future [120]. 

In December, the German Federal Ministry of Health presented the key points of the 

planned Medical Research Act (“Medizinforschungsgesetz”) which aims to improve condi-

tions for pharmaceutical development and foster drug R&D in Germany. Special focus is 

applied to early R&D on antibiotics and funding of new production facilities in order to 

enhance and expand Germany's attractiveness as a location for the pharmaceutical indus-

try and to ensure a reliable supply with critical medicinal products [132–134]. In an effort 

to further promote research, development and market launch of new antibiotics that are 

effective against MDR bacteria, additional financial and economic incentives are provided 

for new antibiotics designated as reserve antibiotics within the meaning of § 35a of the 

SGB V (German Social Code, Book V; Sozialgesetzbuch Fünftes Buch). These antibiotics are 

exempted from the additional benefit assessment requirement by the Federal Joint Com-

mittee (GBA, Gemeinsamer Bundesausschuss). RKI and BfArM developed criteria for classi-

fying an antibiotic as a reserve antibiotic based on the WHO Priority Pathogen list consid-

ering further criteria addressing the national needs of Germany. This non-exhaustive list 

was introduced in 2021 and was updated in February 2024 to now contain 25 MDR bacterial 

pathogens or pathogen-resistance combinations that are considered relevant for Germany 

[135, 136]. 

In an attempt to increase antibacterial treatment options, other strategies such as the com-

bination or repurposing of older medicinal products, changing the formulation, the route 

of administration or indication are also pursued. Improving of older products, for example 
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by developing of new paediatric or oral formulations, contributes to this [54]. Studies on 

antibiotic cycling and mixing did not show a benefit [137]. In contrast to this, sequential 

antibiotic therapy showed promising effects [138]. Generally, the authorisation of addi-

tional generic products helps to strengthen supply with traditional antibiotics and should 

not be underestimated. The relevance of the need for access to and supply of traditional 

antibiotics is highlighted by the large number of reports listed in the BfArM shortage data-

base and the critical shortage situation of syrups containing antibiotics for children [49]. 

The ‘Council recommendation on stepping up EU actions to combat antimicrobial re-

sistance in a One Health approach’ highlights the importance of continuous access and sup-

ply with already authorised antimicrobials and other AMR medical countermeasures. 

Therefore, access and supply shall be secured and shortages shall be avoided, for example 

by implementing targeted antibiotic stockpiling actions and improved demand forecasts 

[2].  

 

4.1.4.8. Global Cooperation and Action 

Since AMR is most efficiently addressed using a One Health Approach, global cooperation 

and action are fundamental. The ECDC, the European Chemicals Agency (ECHA), the Euro-

pean Environment Agency (EEA), EFSA and EMA established a One Health cross-agency task 

force supporting the One Health approach in Europe [139]. 

The ‘Council recommendation on stepping up EU actions to combat antimicrobial re-

sistance in a One Health approach’ furthermore encourages to continue AMR data report-

ing to GLASS and actively using the EU AMR One Health Network, for example to share and 

exchange national action plans on AMR. Moreover, the topic of AMR shall be addressed in 

the context of negotiations of the WHO international agreement on pandemic prevention, 

preparedness and response accord and low-and-middle income countries shall be sup-

ported on AMR actions. In order to facilitate global coordination, cooperation with the 

United Nations, G7, G20 and with the quadripartite organisations shall be enhanced [2]. In 

order to make best possible use of research resources, setting research priorities is straight-

forward and is most efficient and promising when globally coordinated. Sharing of 

knowledge on antibacterial research topics via databases (e.g. AntibioticDB hosted by 

GARDP [140]) and compound libraries helps to efficiently bundle resources [122].  
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5. Conclusion and Outlook 

Fighting AMR must be considered on several levels. First, the reasons for increasing emer-

gence of AMR are required to be tackled. Second, antibiotic R&D needs to be strengthened 

and must become more (financially) attractive in the future. At last, affordable newly de-

veloped and also traditional antibiotics must reach the patient via secure supply chains. 

Ultimately, all these measures are required to be addressed in a One Health approach, on 

a national level, but also on international level since AMR is a cross-border issue and human 

and animal health and the environment are intertwined. The ‘European One Health Action 

Plan against Antimicrobial Resistance (AMR)’ implemented in 2017, the pharmaceutical 

strategy for Europe, including the revision of the pharmaceutical legislation and the ‘Rec-

ommendation on stepping up EU actions to combat antimicrobial resistance in a One 

Health approach’ aim to address these topics. Novel incentive models are suggested which 

aim to promote and reward antibacterial R&D by delinking the financial return of invest-

ment for companies from sale volumes for antibiotics. Overall, product-specific push and 

pull incentives tailored to the needs of the specific R&D stage and the developer are re-

quired. This will foster research and innovation and will ultimately help to overcome the 

lack of new antibacterials [124]. Promising novel antibacterial research strategies have 

been identified, such as bacteriophages, or bacteria-specific or bacterial toxin-specific an-

tibodies. Some novel therapeutics have already reached MA, MAA or clinical testing 

phases. However, issues with GMP, GCP requirements or translation issues to later devel-

opment stages are still holding back others at preclinical or earlier development stages [72, 

73]. General regulatory support mechanisms with simplified authorisation processes 

should reduce the regulatory burden to companies especially for medicines addressing un-

met medical needs. Antibiotic stewardship programmes which promote prudent use of an-

timicrobials in humans, animals and the environment and effective IPC measures are re-

quired since antibiotic overuse and misuse are major drivers for AMR [2]. This is accompa-

nied by the Zero Pollution Action Plan and the Farm to Fork Strategy which target a 50% 

reduction in overall EU sales of antimicrobials for farmed animals and in aquaculture until 

2023 and the Regulations on veterinary medicinal products and on medicated feed. These 

measures play an important role in addressing AMR in a One Health approach [141]. In 

addition, access to and supply with newly developed, as well as traditional antibiotics must 
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be ensured. Governmental support in investing in secure supply chains will benefit the 

healthcare system in the long run. Moreover, considering the global One Health approach, 

access and supply should not be limited to specific countries, since the availability of effec-

tive antimicrobials is crucial to the whole world. Therefore, global cooperation and coordi-

nation is required to provide support to low- and-middle income countries. Nevertheless, 

since AMR is diverse and shows large national differences, country-specific approaches are 

required which ultimately follow the same overall global goal, i.e. tackling AMR. Of note, 

these considerations also apply to antimicrobials that are active against parasitic and fungal 

infections. 
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6. Summary 

The discovery of the first antibiotic penicillin in 1929 by Alexander Fleming was shortly fol-

lowed by the identification of penicillin-resistant bacteria. During the golden era of antibi-

otics from 1940 to 1970, numerous antibacterial substances were identified and the occur-

rence of further resistances was observed. The decline in the identification of new antibi-

otic substances from 1970 onwards and increasing emergence of AMR pose a growing 

threat to human and animal health and the environment. Since the bacterial processes of 

acquiring resistance are part of natural evolution, there is a constant need for new effective 

therapeutics for the treatment of bacterial infections. The number of antimicrobial com-

pounds currently under development is considered not sufficient to compensate for the 

increased amount of antibiotics that will be needed in the future to successfully treat 

(multi)drug-resistant bacterial infections. Several new strategies to combat bacteria have 

been developed. These include the use of bacteriophages, bacteria- or bacterial toxin-spe-

cific antibodies and others. In order to address the issue of increasing AMR, the ‘European 

One Health Action Plan against Antimicrobial Resistance (AMR)’ has been implemented in 

2017. AMR is a key component of the revision of the pharmaceutical legislation and the 

‘Recommendation on stepping up EU actions to combat antimicrobial resistance in a One 

Health approach’. They aim to (1) strengthen national action plans against AMR; (2) rein-

force surveillance and monitoring of AMR and antimicrobial consumption; (3) strengthen 

infection prevention and control; (4) strengthen antimicrobial stewardship and prudent use 

of antimicrobials; (5) recommend targets for antimicrobial consumption and antimicrobial 

resistance; (6) improve awareness, education and training; (7) foster R&D and incentives 

for innovation and access to antimicrobials and other AMR medical countermeasures; (8) 

increase cooperation; (9) enhance global action. Fighting AMR must be considered on sev-

eral levels. First, the reasons for increasing emergence of AMR are required to be tackled. 

Second, antibiotic R&D needs to be strengthened and must become more (financially) at-

tractive in the future. At last, affordable newly developed and also traditional antibiotics 

must reach the patient via secure supply chains. Ultimately, all these measures are required 

to be addressed in a One Health approach, on a national level, but also on international 

level since AMR is a cross-border issue and human and animal health and the environment 

are intertwined. The pharmaceutical strategy for Europe aims to address all these topics. 
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This thesis analyses the current antibiotic (pre-) clinical R&D pipelines and evaluates the 

planned regulatory measures which shall combat AMR. 

  



 

 50 

References 

1. Directorate-General for Health and Food Safety (2023) European Commission calls for 

urgent action on antimicrobial resistance. https://health.ec.europa.eu/latest-up-

dates/european-commission-calls-urgent-action-antimicrobial-resistance-2023-11-

17_en. Accessed 4 February 2024. 

2. COUNCIL (ed.) (2023) Council Recommendation on stepping up EU actions to combat 

antimicrobial resistance in a One Health approach 2023/C 220/01. Brussels: Official 

Journal of the European Union. 

3. (1999) Lexikon der Biologie in fünfzehn Bänden.<NZ> 1. Heidelberg: Spektrum Akd. Verl. 

4. Sköld O (2011) Antibiotics and antibiotic resistance. Hoboken, N.J.: Wiley. 

5. Singleton P (2004) Bacteria in biology, biotechnology and medicine, 6th edn. Hoboken, 

NJ: Wiley. 

6. Thakare R, Kesharwani P, Dasgupta A, Srinivas N, Chopra S (2020) Antibiotics: past, pre-

sent, and future, in: Drug Discovery Targeting Drug-Resistant Bacteria, pp. 1–8: Elsevier. 

7. European Centre for Disease Prevention and Control (ed.) (2022) Assessing the health 

burden of infections with antibiotic-resistant bacteria in the EU/EEA, 2016-2020. Stock-

holm: ECDC. 

8. (2022) Global burden of bacterial antimicrobial resistance in 2019: a systematic analy-

sis. Lancet (London, England) 399(10325), 629–655. 10.1016/S0140-6736(21)02724-0. 

9. HERA, Health Emergency Preparedness and Response Authority (2022) Health Union: 

Identifying top 3 priority health threats. 

10. WHO (2023) World AMR Awareness Week: preventing antimicrobial resistance to-

gether. https://www.who.int/news/item/17-11-2023-world-amr-awareness-week--

preventing-antimicrobial-resistance-together. Accessed 28 February 2024. 

11. European Centre for Disease Prevention and Control (2023) European Antibiotic Aware-

ness Day (EAAD) 2023. https://www.ecdc.europa.eu/en/news-events/european-anti-

biotic-awareness-day-eaad-2023. Accessed 28 February 2024. 

12. International Coalition of Medicines Regulatory Authorities (2022) Antimicrobial Re-

sistance Best Practices: Working Group Report and Case Studies. 

13. Directorate-General for Health and Food Safety (2023) Tackling antimicrobial resistance 

in a one health approach. Luxembourg: Publications Office of the European Union. 



 

 51 

14. Plackett B (2020) Why big pharma has abandoned antibiotics. Nature 586(7830), S50-

S52. 10.1038/d41586-020-02884-3. 

15. European Medicines Agency (2024) Search. https://www.ema.europa.eu/en/search. 

Accessed 28 February 2024. 

16. Bundesinstitut für Arzneimittel und Medizinprodukte (2024) AMIce Öffentlicher Teil. 

https://portal.dimdi.de/amguifree/?accessid=amis_off_am_ppv&lang=de. Accessed 

16 February 2024. 

17. European Medicines Agency (2024) Medicines for human use under evaluation - 

Monthly lists - 2024: EMA/58689/2024. https://www.ema.europa.eu/en/medi-

cines/medicines-human-use-under-evaluation. Accessed 28 February 2024. 

18. European Medicines Agency Clinical trials in the European Union: Clinical Trials Regula-

tion (EU) No 536/2014. https://euclinicaltrials.eu/search-for-clinical-trials/?lang=en. 

Accessed 1 March 2024. 

19. European Medicines Agency EU Clinical Trials Register. https://www.clinicaltrialsregis-

ter.eu/ctr-search/search. Accessed 28 February 2024. 

20. European Medicines Agency Public information on medicine shortages: EMA shortages 

catalogue. https://www.ema.europa.eu/en/human-regulatory-overview/post-authori-

sation/medicine-shortages-and-availability-issues/public-information-medicine-short-

ages. Accessed 28 February 2024. 

21. PharmNet.Bund Veröffentlichte Lieferengpassmeldungen. https://anwen-

dungen.pharmnet-bund.de/lieferengpassmeldungen/faces/public/meldungen.xhtml. 

Accessed 28 February 2024. 

22. Hutchings MI, Truman AW, Wilkinson B (2019) Antibiotics: past, present and future. 

Current opinion in microbiology 51, 72–80. 10.1016/j.mib.2019.10.008. 

23. Durand GA, Raoult D, Dubourg G (2019) Antibiotic discovery: history, methods and per-

spectives. International Journal of Antimicrobial Agents 53(4), 371–382. 

10.1016/j.ijantimicag.2018.11.010. 

24. Uddin TM, Chakraborty AJ, Khusro A, Zidan BRM, Mitra S, Emran TB, Dhama K, Ripon 

MKH, Gajdács M, Sahibzada MUK, Hossain MJ, Koirala N (2021) Antibiotic resistance in 

microbes: History, mechanisms, therapeutic strategies and future prospects. Journal of 

Infection and Public Health 14(12), 1750–1766. 10.1016/j.jiph.2021.10.020. 



 

 52 

25. Neu HC, Gootz TD (1996) Medical Microbiology: Antimicrobial Chemotherapy, 4th edn. 

Galveston (TX). 

26. Hugo WB, Russell AD (repr. 2000, 1998) Pharmaceutical microbiology, 6th edn. Osney 

Mead, Oxford: Blackwell Science. 

27. Bundesministerium für Gesundheit (2024) Antibiotika-Resistenzen: Die wichtigsten Be-

griffe. https://www.bundesgesundheitsministerium.de/themen/praevention/antibio-

tika-resistenzen/die-wichtigsten-begriffe.html. Accessed 15 February 2024. 

28. Kapoor G, Saigal S, Elongavan A (2017) Action and resistance mechanisms of antibiotics: 

A guide for clinicians. Journal of Anaesthesiology, Clinical Pharmacology 33(3), 300–305. 

10.4103/joacp.JOACP_349_15. 

29. Mutschler E, Geisslinger G, Kroemer HK, Ruth P, Schäfer-Korting M (eds.) (2008) 

Mutschler Arzneimittelwirkungen: Lehrbuch der Pharmakologie und Toxikologie, 9th 

edn. Stuttgart: Wissenschaftliche Verlagsgesellschaft. 

30. Dhara AK, Nayak AK (2023) Introduction to antibiotic therapy, in: Antibiotics - Thera-

peutic Spectrum and Limitations, pp. 3–18: Elsevier. 

31. Darby EM, Trampari E, Siasat P, Gaya MS, Alav I, Webber MA, Blair JMA (2023) Molec-

ular mechanisms of antibiotic resistance revisited. Nature reviews. Microbiology 21(5), 

280–295. 10.1038/s41579-022-00820-y. 

32. Smith WPJ, Wucher BR, Nadell CD, Foster KR (2023) Bacterial defences: mechanisms, 

evolution and antimicrobial resistance. Nature reviews. Microbiology 21(8), 519–534. 

10.1038/s41579-023-00877-3. 

33. Munita JM, Arias CA (2016) Mechanisms of Antibiotic Resistance. Microbiology spec-

trum 4(2). 10.1128/microbiolspec.vmbf-0016-2015. 

34. Antimicrobial Resistance Collaborators, Institute for Health Metrics and Evaluation, 

Robert Koch-Institut (2022) The burden of antimicrobial resistance in G7 countries and 

globally: AN URGENT CALL FOR ACTION: Robert Koch-Institut. 

35. European Commission (ed.) (2023) COMMUNICATION FROM THE COMMISSION TO THE 

EUROPEAN PARLIAMENT, THE COUNCIL, THE EUROPEAN ECONOMIC AND SOCIAL COM-

MITTEE AND THE COMMITTEE OF THE REGIONS: Reform of the pharmaceutical legisla-

tion and measures addressing antimicrobial resistance. Brussels. 

36. European Centre for Disease Prevention and Control (2023) Antimicrobial resistance in 

the EU/EEA (EARS-Net) - Annual Epidemiological Report 2022. Stockholm. 



 

 53 

37. World Health Organization (WHO) (2017) Prioritization of pathogens to guide discovery, 

research and development of new antibiotics for drug-resistant bacterial infections, in-

cluding tuberculosis. 2017(WHO/EMP/IAU/2017.12). (Licence: CC BY-NC-SA 3.0 IGO). 

Geneva. 

38. Sarethy IP, Srivastava N, Chaturvedi S, Chauhan N, Danquah M (2023) Chapter 14 - Ra-

tional use of antibiotics—Save antibiotics for future generations, in: Dhara AK (ed.) An-

tibiotics - Therapeutic Spectrum and Limitations, pp. 329–354. San Diego: Elsevier Sci-

ence & Technology. 

39. World Health Organization (2023) The selection and use of essential medicines 2023: 

Executive summary of the report of the 24th WHO Expert Committee on the Selection 

and Use of Essential Medicines, 24 - 28 April 2023. Geneva. 

40. World Health Organization (2023) Web Annex C. WHO AWaRe (access, watch, reserve) 

classification of antibiotics for evaluation and monitoring of use, 2023, in: WHO (ed.) 

The selection and use of essential medicines 2023: Executive summary of the report of 

the 24th WHO Expert Committee on the Selection and Use of Essential Medicines, 24 - 

28 April 2023. Geneva. 

41. World Health Organization (2022) The WHO AWaRe (Access, Watch, Reserve) antibiotic 

book. Geneva. 

42. European Centre for Disease Prevention and Control (2023) Antimicrobial consumption 

in the EU/EEA (ESAC-Net) - Annual Epidemiological Report 2022. Stockholm. 

43. Zeuko'o Menkem E (2023) Chapter 16 - Antibiotic resistance—A global crisis, in: Dhara 

AK (ed.) Antibiotics - Therapeutic Spectrum and Limitations, pp. 375–389. San Diego: 

Elsevier Science & Technology. 

44. Tiseo K, Huber L, Gilbert M, Robinson TP, van Boeckel TP (2020) Global Trends in Anti-

microbial Use in Food Animals from 2017 to 2030. Antibiotics 9(12), 918. 10.3390/anti-

biotics9120918. 

45. ECDC, EFSA, EMA, OECD (2022) Antimicrobial Resistance in the EU/EEA - A One Health 

response. 

46. EFSA (2021) Third joint inter-agency report on integrated analysis of consumption of 

antimicrobial agents and occurrence of antimicrobial resistance in bacteria from hu-

mans and food-producing animals in the EU/EEA: JIACRA III 2016-2018. EFSA journal. 

European Food Safety Authority 19(6), e06712. 10.2903/j.efsa.2021.6712. 



 

 54 

47. European Medicines Agency (2024) Analysis of antimicrobial consumption and re-

sistance ('JIACRA' reports). https://www.ema.europa.eu/en/veterinary-regulatory-

overview/antimicrobial-resistance-veterinary-medicine/analysis-antimicrobial-con-

sumption-resistance-jiacra-reports. Accessed 1 March 2024. 

48. EFSA (2024) Antimicrobial consumption and resistance in bacteria from humans and 

food-producing animals: Fourth joint inter-agency report on integrated analysis of an-

timicrobial agent consumption and occurrence of antimicrobial resistance in bacteria 

from humans and food-producing animals in the EU/EEA JIACRA IV - 2019-2021. EFSA 

journal. European Food Safety Authority 22(2), e8589. 10.2903/j.efsa.2024.8589. 

49. Bundesinstitut für Arzneimittel und Medizinprodukte (2024) Antibiotika für Kinder: In-

formationen zur Verfügbarkeit von Antibiotikasäften und Empfehlungen zur Abmilde-

rung möglicher Engpässe. https://www.bfarm.de/DE/Arzneimittel/Arzneimittelinfor-

mationen/Lieferengpaesse/Antibiotika.html. Accessed 28 February 2024. 

50. Moulac M, Theuretzbacher U (2023) Antimicrobial resistance – New incentives to im-

prove the accessibility and availability of antimicrobial medicinal products - HWG work-

shop proceedings: publication for the Committee on Environment, Public Health and 

Food Safety, Policy Department for Economic, Scientific and Quality of Life Policies. Lu-

xembourg: Publications Office. 

51. Verband Forschender Arzneimittelhersteller e.V. (2023) Neue Antibiotika und Impf-

stoffe gegen Bakterien in Entwicklung. https://www.vfa.de/de/arzneimittel-for-

schung/woran-wir-forschen/antibakterielle-pipeline.html. Accessed 28 February 2024. 

52. Review on Antimicrobial Resistance (2016) Tackling drug-resistant infections globally: 

Final report and recommendations. 

53. Vitale M (2023) Antibiotic Resistance: Do We Need Only Cutting-Edge Methods, or Can 

New Visions Such as One Health Be More Useful for Learning from Nature? Antibiotics 

12(12). 10.3390/antibiotics12121694. 

54. World Health Organization (2022) 2021 ANTIBACTERIAL AGENTS IN CLINICAL AND PRE-

CLINICAL DEVELOPMENT: an overview and analysis. Geneva. 

55. Miethke M, Pieroni M, Weber T, Brönstrup M, Hammann P, Halby L, Arimondo PB, Gla-

ser P, Aigle B, Bode HB, Moreira R, Li Y, Luzhetskyy A, Medema MH, Pernodet J-L, Stadler 

M, Tormo JR, Genilloud O, Truman AW, Weissman KJ, Takano E, Sabatini S, Stegmann 

E, Brötz-Oesterhelt H, Wohlleben W, Seemann M, Empting M, Hirsch AKH, Loretz B, Lehr 



 

 55 

C-M, Titz A, Herrmann J, Jaeger T, Alt S, Hesterkamp T, Winterhalter M, Schiefer A, Pfarr 

K, Hoerauf A, Graz H, Graz M, Lindvall M, Ramurthy S, Karlén A, van Dongen M, Petkovic 

H, Keller A, Peyrane F, Donadio S, Fraisse L, Piddock LJV, Gilbert IH, Moser HE, Müller R 

(2021) Towards the sustainable discovery and development of new antibiotics. Nat Rev 

Chem 5(10), 726–749. 10.1038/s41570-021-00313-1. 

56. European Medicines Agency (2018) Vabomere EPAR - Public assessment report: 

EMA/CHMP/700663/2018. 

57. Butler MS, Gigante V, Sati H, Paulin S, Al-Sulaiman L, Rex JH, Fernandes P, Arias CA, Paul 

M, Thwaites GE, Czaplewski L, Alm RA, Lienhardt C, Spigelman M, Silver LL, Ohmagari N, 

Kozlov R, Harbarth S, Beyer P (2022) Analysis of the Clinical Pipeline of Treatments for 

Drug-Resistant Bacterial Infections: Despite Progress, More Action Is Needed. Antimi-

crobial agents and chemotherapy 66(3), e0199121. 10.1128/AAC.01991-21. 

58. THE EUROPEAN PARLIAMENT AND THE COUNCIL (2004) Regulation (EC) No 726/2004 

of the European Parliament and of the Council of 31 March 2004 laying down Union 

procedures for the authorisation and supervision of medicinal products for human use 

and establishing a European Medicines Agency (Consolidated text). 

59. European Medicines Agency (2024) Meeting highlights from the Committee for Medic-

inal Products for Human Use (CHMP) 22-25 January 2024. https://www.ema.eu-

ropa.eu/en/news/meeting-highlights-committee-medicinal-products-human-use-

chmp-22-25-january-2024. Accessed 28 January 2024. 

60. THE EUROPEAN PARLIAMENT AND THE COUNCIL (2001) Directive 2001/20/EC of the 

European Parliament and of the Council of 4 April 2001 on the approximation of the 

laws, regulations and administrative provisions of the Member States relating to the 

implementation of good clinical practice in the conduct of clinical trials on medicinal 

products for human use (Consolidated Text). 

61. THE EUROPEAN PARLIAMENT AND THE COUNCIL (2014) Regulation (EU) No 536/2014 

of the European Parliament and of the Council of 16 April 2014 on clinical trials on me-

dicinal products for human use, and repealing Directive 2001/20/EC (Consolidated 

Text). 

62. Butler MS, Henderson IR, Capon RJ, Blaskovich MAT (2023) Antibiotics in the clinical 

pipeline as of December 2022. J Antibiot 76(8), 431–473. 10.1038/s41429-023-00629-

8. 



 

 56 

63. Jackson N, Czaplewski L, Piddock LJV (2018) Discovery and development of new anti-

bacterial drugs: learning from experience? The Journal of antimicrobial chemotherapy 

73(6), 1452–1459. 10.1093/jac/dky019. 

64. European Medicines Agency (2023) Clinical Trial EUCT number: 2023-507117-10-00: A 

Study to Learn How Different Forms of Study Medicine CTB-AVP Are Taken up Into the 

Blood and How It Is Taken up Into The Blood When Taken on An Empty Stomach or 

Taken With a Meal in Healthy Adults. https://euclinicaltrials.eu/app/#/view/2023-

507117-10-00?lang=en. Accessed 17 January 2024. 

65. European Medicines Agency (2023) Clinical Trial EUCT number: 2023-505154-18-00: A 

Phase 2 Safety and Immunogenicity Study of a Monovalent Pneumococcal Conjugate 

Candidate in Healthy Toddlers. https://euclinicaltrials.eu/app/#/view/2023-505154-18-

00?lang=en. Accessed 17 January 2024. 

66. European Medicines Agency (2024) Clinical Trial EUCT number: 2022-502049-91-00: 

Phase 2 Study of CAL02 plus Standard of Care in Severe Community-Acquired Bacterial 

Pneumonia (SCABP). https://euclinicaltrials.eu/app/#/view/2022-502049-91-

00?lang=en. Accessed 17 January 2024. 

67. WHO Global Observatory on Health R&D (2022) Antibacterial products in clinical devel-

opment for priority pathogens. https://www.who.int/observatories/global-observa-

tory-on-health-research-and-development/monitoring/antibacterial-products-in-clini-

cal-development-for-priority-pathogens. Accessed 27 January 2024. 

68. World Health Organization (2022) 2021 Antibacterial agents in clinical and preclinical 

development. https://cdn.who.int/media/docs/default-source/antimicrobial-re-

sistance/amr-gcp-irc/clinical-and-preclinical-database-in-

fographics_2021.pdf?sfvrsn=78df3248_3. Accessed 18 January 2024. 

69. Payne DJ, Miller LF, Findlay D, Anderson J, Marks L (2015) Time for a change: addressing 

R&D and commercialization challenges for antibacterials. Philosophical transactions of 

the Royal Society of London. Series B, Biological sciences 370(1670), 20140086. 

10.1098/rstb.2014.0086. 

70. Walesch S, Birkelbach J, Jézéquel G, Haeckl FPJ, Hegemann JD, Hesterkamp T, Hirsch 

AKH, Hammann P, Müller R (2023) Fighting antibiotic resistance-strategies and 

(pre)clinical developments to find new antibacterials. EMBO reports 24(1), e56033. 

10.15252/embr.202256033. 



 

 57 

71. Hughes D, Karlén A (2014) Discovery and preclinical development of new antibiotics. 

Upsala Journal of Medical Sciences 119(2), 162–169. 10.3109/03009734.2014.896437. 

72. Theuretzbacher U, Piddock LJV (2019) Non-traditional Antibacterial Therapeutic Op-

tions and Challenges. Cell Host & Microbe 26(1), 61–72. 10.1016/j.chom.2019.06.004. 

73. MacNair CR, Rutherford ST, Tan M-W (2023) Alternative therapeutic strategies to treat 

antibiotic-resistant pathogens. Nat Rev Microbiol, 1–14. 10.1038/s41579-023-00993-0. 

74. Ghosh C, Sarkar P, Issa R, Haldar J (2019) Alternatives to Conventional Antibiotics in the 

Era of Antimicrobial Resistance. Trends in microbiology 27(4), 323–338. 

10.1016/j.tim.2018.12.010. 

75. Pelfrene E, Willebrand E, Cavaleiro Sanches A, Sebris Z, Cavaleri M (2016) Bacteriophage 

therapy: a regulatory perspective. The Journal of antimicrobial chemotherapy 71(8), 

2071–2074. 10.1093/jac/dkw083. 

76. European Medicines Agency (2022) EU Clinical Trials Register: Clinical Trial Results: Eval-

uation of phage therapy for the treatment of Pseudomonas aeruginosa wound infec-

tions in burned patients (Phase I-II clinical trial); 2014-000714-65. https://www.clinical-

trialsregister.eu/ctr-search/trial/2014-000714-65/results. Accessed 15 January 2024. 

77. Jault P, Leclerc T, Jennes S, Pirnay JP, Que Y-A, Resch G, Rousseau AF, Ravat F, Carsin H, 

Le Floch R, Schaal JV, Soler C, Fevre C, Arnaud I, Bretaudeau L, Gabard J (2019) Efficacy 

and tolerability of a cocktail of bacteriophages to treat burn wounds infected by Pseu-

domonas aeruginosa (PhagoBurn): a randomised, controlled, double-blind phase 1/2 

trial. The Lancet. Infectious diseases 19(1), 35–45. 10.1016/S1473-3099(18)30482-1. 

78. European Medicines Agency EU Clinical Trials Register: A Multicenter, Double-Blind, 

Randomized, Comparative Study of the Safety, Tolerability, Efficacy, and Pharmacoki-

netics of CF-301 vs. Placebo in Addition to Standard-of-Care Antibacterial Therapy for 

the Treatment of Adult Patients with Staphylococcus aureus Bloodstream Infections 

(Bacteremia) Including Endocarditis; 2016-003059-31. https://www.clinicaltrialsregis-

ter.eu/ctr-search/trial/2016-003059-31/GB#A. Accessed 15 January 2024. 

79. Fowler VG, Das AF, Lipka-Diamond J, Schuch R, Pomerantz R, Jáuregui-Peredo L, Bressler 

A, Evans D, Moran GJ, Rupp ME, Wise R, Corey GR, Zervos M, Douglas PS, Cassino C 

(2020) Exebacase for patients with Staphylococcus aureus bloodstream infection and 

endocarditis. The Journal of clinical investigation 130(7), 3750–3760. 

10.1172/JCI136577. 



 

 58 

80. National Library of Medicine ClinicalTrials.gov: Direct Lysis of Staph Aureus Resistant 

Pathogen Trial of Exebacase (DISRUPT), NCT04160468. https://clinicaltri-

als.gov/study/NCT04160468. Accessed 15 January 2024. 

81. European Medicines Agency (2015) Workshop on the therapeutic use of bacterio-

phages. https://www.ema.europa.eu/en/events/workshop-therapeutic-use-bacterio-

phages. Accessed 15 January 2024. 

82. THE EUROPEAN PARLIAMENT AND THE COUNCIL (2001) Directive 2001/83/EC of the 

European Parliament and of the Council of 6 November 2001 on the Community code 

relating to medicinal products for human use (Consolidated Text). 

83. THE EUROPEAN PARLIAMENT AND THE COUNCIL (2007) Regulation (EC) No 1394/2007 

of the European Parliament and of the Council of 13 November 2007 on advanced ther-

apy medicinal products and amending Directive 2001/83/EC and Regulation (EC) No 

726/2004 (Consolidated Text). 

84. THE EUROPEAN COMMISSION (2008) Commission Regulation (EC) No 1234/2008 of 24 

November 2008 concerning the examination of variations to the terms of marketing 

authorisations for medicinal products for human use and veterinary medicinal products 

(Consolidated Text). 

85. European Medicines Agency (2024) Quality, safety and efficacy of bacteriophages as 

veterinary medicines - Scientific guideline. https://www.ema.europa.eu/en/quality-

safety-and-efficacy-bacteriophages-veterinary-medicines-scientific-guideline. Ac-

cessed 13 February 2024. 

86. Lei J, Sun L, Huang S, Zhu C, Li P, He J, Mackey V, Coy DH, He Q (2019) The antimicrobial 

peptides and their potential clinical applications. American Journal of Translational Re-

search 11(7), 3919–3931. 

87. Chen CH, Lu TK (2020) Development and Challenges of Antimicrobial Peptides for Ther-

apeutic Applications. Antibiotics 9(1). 10.3390/antibiotics9010024. 

88. SFL Pharmaceuticals Deutschland GmbH (2022) SUMMARY OF PRODUCT CHARACTER-

ISTICS: NYXTHRACIS 100 mg/mL concentrate for solution for infusion. 

EU/1/20/1485/001. 

89. Merck Sharp & Dohme B.V. (2023) SUMMARY OF PRODUCT CHARACTERISTICS: 

ZINPLAVA 25 mg/mL concentrate for solution for infusion. EU/1/16/1156/001, 

EU/1/16/1156/002. 



 

 59 

90. Sasso JM, Tenchov R, Bird R, Iyer KA, Ralhan K, Rodriguez Y, Zhou QA (2023) The Evolving 

Landscape of Antibody-Drug Conjugates: In Depth Analysis of Recent Research Pro-

gress. Bioconjugate Chemistry 34(11), 1951–2000. 10.1021/acs.bioconjchem.3c00374. 

91. Stagg NJ, Katavolos P, Achilles Poon K, Zhong S, Ljumanovic N, Kamath A, Cai H, Car-

rasco-Triguero M, Halpern W (2022) Nonclinical toxicology development of a novel an-

tibody antibiotic conjugate for treating invasive Staphylococcus Aureus infections. Tox-

icology and Applied Pharmacology 435, 115811. 10.1016/j.taap.2021.115811. 

92. Ghosh A, Jayaraman N, Chatterji D (2020) Small-Molecule Inhibition of Bacterial Biofilm. 

ACS Omega 5(7), 3108–3115. 10.1021/acsomega.9b03695. 

93. Popella L, Jung J, Do PT, Hayward RJ, Barquist L, Vogel J (2022) Comprehensive analysis 

of PNA-based antisense antibiotics targeting various essential genes in uropathogenic 

Escherichia coli. Nucleic acids research 50(11), 6435–6452. 10.1093/nar/gkac362. 

94. Vogel J (2020) An RNA biology perspective on species-specific programmable RNA anti-

biotics. Molecular microbiology 113(3), 550–559. 10.1111/mmi.14476. 

95. Theuretzbacher U, Outterson K, Engel A, Karlén A (2020) The global preclinical antibac-

terial pipeline. Nat Rev Microbiol 18(5), 275–285. 10.1038/s41579-019-0288-0. 

96. European Commission (ed.) (2020) COMMUNICATION FROM THE COMMISSION TO THE 

EUROPEAN PARLIAMENT, THE COUNCIL, THE EUROPEAN ECONOMIC AND SOCIAL COM-

MITTEE AND THE COMMITTEE OF THE REGIONS: Pharmaceutical Strategy for Europe. 

Brussels. 

97. European Commission (2023) Reform of the EU pharmaceutical legislation. 

https://health.ec.europa.eu/medicinal-products/pharmaceutical-strategy-europe/re-

form-eu-pharmaceutical-legislation_en. Accessed 19 January 2024. 

98. European Commission (2023) European Health Union: Commission proposes pharma-

ceuticals reform for more accessible, affordable and innovative medicines. Brussels. 

99. European Commission (2024) EU Action on Antimicrobial Resistance: Stepping up EU 

actions. https://health.ec.europa.eu/antimicrobial-resistance/eu-action-antimicrobial-

resistance_en. Accessed 15 February 2024. 

100. European Commission (2017) A European One Health Action Plan against Antimi-

crobial Resistance (AMR). 



 

 60 

101. European Commission. Directorate General for Health and Food Safety., ICF., RAND 

Europe., Romanian Health Observatory. (2023) Study on a future-proofing analysis of 

the 2017 AMR action plan: final report. Luxembourg: Publications Office. 

102. Adisasmito WB, Almuhairi S, Behravesh CB, Bilivogui P, Bukachi SA, Casas N, Cediel 

Becerra N, Charron DF, Chaudhary A, Ciacci Zanella JR, Cunningham AA, Dar O, Debnath 

N, Dungu B, Farag E, Gao GF, Hayman DTS, Khaitsa M, Koopmans MPG, Machalaba C, 

Mackenzie JS, Markotter W, Mettenleiter TC, Morand S, Smolenskiy V, Zhou L (2022) 

One Health: A new definition for a sustainable and healthy future. PLoS Pathogens 

18(6), e1010537. 10.1371/journal.ppat.1010537. 

103. Verbeek L, Rabold D, Hartig A, Stephan S, Deus E, Otte I, Beutling A, Schollmeyer K, 

Coninck P de, Höppner K, Saal K, Vogler T, Hach L, Steinmetz E, Benner T, Derksen L, 

Militzer N, Probst C, Teichert U (2023) One Health: Eine Sichtweise des informellen mi-

nisteriellen Netzwerkes „Was wäre, wenn der One-Health-Ansatz zum Leitmotiv von 

Kooperation auf nationaler, europäischer und globaler Ebene würde?“. Bundesgesund-

heitsbl 66(6), 593–598. 10.1007/s00103-023-03706-3. 

104. FAO, UNEP, WHO, WOAH (2022) One Health Joint Plan of Action (2022–2026). 

Working together for the health of humans, animals, plants and the environment. 

Rome. 

105. Antimicrobial Resistance Division (AMR) (2016) Global action plan on antimicrobial 

resistance. World Health Organisation, 1 January 2016. https://www.who.int/western-

pacific/publications/i/item/9789241509763. Accessed 19 January 2024. 

106. European Commission, Directorate General for Health and Food Safety (eds.) (2011) 

COMMUNICATION FROM THE COMMISSION TO THE EUROPEAN PARLIAMENT AND THE 

COUNCIL: Action plan against the rising threats from Antimicrobial Resistance. Brussels. 

107. Bundesministerium für Gesundheit (2023) Historie - Deutsche Antibiotika-Resis-

tenzstrategie. https://www.bundesgesundheitsministerium.de/themen/praeven-

tion/antibiotika-resistenzen/dart-historie.html. Accessed 14 February 2024. 

108. Bundesministerium für Gesundheit (2023) DART 2030: Deutsche Antibiotika-Resis-

tenzstrategie. 

109. European Commission. Directorate General for Health and Food Safety. (2022) 

Member States’ One Health National Action Plans against antimicrobial resistance: 

overview report. Luxembourg: Publications Office. 



 

 61 

110. World Health Organization (2024) Library of AMR national action plans. 

https://www.who.int/teams/surveillance-prevention-control-AMR/national-action-

plan-monitoring-evaluation/library-of-national-action-plans. 

111. World Health Organization (2023) Global Database for Tracking Antimicrobial Re-

sistance (AMR) Country Self- Assessment Survey (TrACSS). https://amrcountrypro-

gress.org/#/map-view. Accessed 21 January 2024. 

112. European Commission, European Health and Digital Executive Agency (2023) Study 

on the barriers to effective development and implementation of national policies on 

antimicrobial resistance: final report. Luxembourg: Publications Office. 

113. World Health Organization (2022) Global antimicrobial resistance and use surveil-

lance system (GLASS) report: 2022. Geneva. 

114. World Health Organization (2023) GLASS Country Participation. 

https://www.who.int/initiatives/glass/country-participation. Accessed 21 January 

2024. 

115. European Medicines Agency (2024) Antimicrobial Sales and Use Platform. 

https://www.ema.europa.eu/en/veterinary-regulatory-overview/antimicrobial-re-

sistance-veterinary-medicine/antimicrobial-sales-and-use-platform. Accessed 1 Febru-

ary 2024. 

116. Osterloh A (2022) Vaccination against Bacterial Infections: Challenges, Progress, and 

New Approaches with a Focus on Intracellular Bacteria. Vaccines 10(5). 10.3390/vac-

cines10050751. 

117. Frost I, Sati H, Garcia-Vello P, Hasso-Agopsowicz M, Lienhardt C, Gigante V, Beyer P 

(2023) The role of bacterial vaccines in the fight against antimicrobial resistance: an 

analysis of the preclinical and clinical development pipeline. The Lancet Microbe 4(2), 

e113-e125. 10.1016/S2666-5247(22)00303-2. 

118. Tadesse BT, Keddy KH, Rickett NY, Zhusupbekova A, Poudyal N, Lawley T, Osman M, 

Dougan G, Kim JH, Lee J-S, Jeon HJ, Marks F (2023) Vaccination to Reduce Antimicrobial 

Resistance Burden-Data Gaps and Future Research. Clinical infectious diseases an offi-

cial publication of the Infectious Diseases Society of America 77(Supplement_7), S597-

S607. 10.1093/cid/ciad562. 

119. European Commission (ed.) (2017) COMMISSION NOTICE EU: Guidelines for the 

prudent use of antimicrobials in human health: Official Journal of the European Union. 



 

 62 

120. Elder D (2023) Chapter 4 - Challenges in the development of novel antibiotics, in: 

Dhara AK (ed.) Antibiotics - Therapeutic Spectrum and Limitations, pp. 65–85. San Di-

ego: Elsevier Science & Technology. 

121. Towse A, Hoyle CK, Goodall J, Hirsch M, Mestre-Ferrandiz J, Rex JH (2017) Time for 

a change in how new antibiotics are reimbursed: Development of an insurance frame-

work for funding new antibiotics based on a policy of risk mitigation. Health Policy 

121(10), 1025–1030. 10.1016/j.healthpol.2017.07.011. 

122. Aagaard H, Malpani R, Zorzet A (2021) Ensuring sustainable access to efiective anti-

biotics for EVERYONE - EVERYWHERE: HOW TO ADDRESS THE GLOBAL CRISIS IN ANTI-

BIOTIC RESEARCH AND DEVELOPMENT. 

123. ReAct (2023) 5 reasons why the European Transferable Exclusivity Voucher proposal 

should go in the bin – 2023 – ReAct. https://www.reactgroup.org/news-and-

views/news-and-opinions/2023-2/5-reasons-why-the-european-transferable-exclusiv-

ity-voucher-proposal-should-go-in-the-bin/. Accessed 28 February 2024. 

124. European Commission, European Health and Digital Executive Agency (2023) Study 

on bringing AMR medical countermeasures to the market - Final report. Luxembourg: 

Publications Office of the European Union. 

125. Verband Forschender Arzneimittelhersteller e.V. (2023) EU schadet Forschung. 

https://www.vfa.de/de/wirtschaft-politik/pharma-paket-europa/eu-schadet-for-

schung. Accessed 16 February 2024. 

126. European Federation of Pharmaceutical Industries and Associations (2023) Assess-

ment of main provisions and key EFPIA recommendations on the revision of the phar-

maceutical package. https://efpia.eu/media/gy5j1nkt/efpia-recommendations-on-the-

revision-of-the-pharmaceutical-package.pdf. Accessed 16 February 2024. 

127. Verband Forschender Arzneimittelhersteller e.V. (2023) Stellungnahme zur Reform 

des EU-Arznei- mittelrechts. https://www.vfa.de/download/stellungnahme-eu-

pharma-paket.pdf. Accessed 16 February 2024. 

128. European Medicines Agency Antimicrobial resistance in human medicine. 

https://www.ema.europa.eu/en/human-regulatory-overview/public-health-

threats/antimicrobial-resistance/antimicrobial-resistance-human-medicine. Accessed 

23 January 2024. 



 

 63 

129. European Medicines Agency Innovation in medicines. https://www.ema.eu-

ropa.eu/en/human-regulatory-overview/research-and-development/innovation-med-

icines. Accessed 23 January 2024. 

130. Joint Programming Initiative on AMR (2024) JPIAMR - Who we are. 

https://www.jpiamr.eu/about/who-we-are/. Accessed 26 January 2024. 

131. Innovative Medicines Initiative (2024) ND4BB: New Drugs for Bad Bugs. 

https://www.imi.europa.eu/projects-results/project-factsheets/nd4bb. Accessed 22 

January 2024. 

132. Bundesministerium für Gesundheit (2023) Lauterbach: Forschung und Medizinpro-

duktion in Deutschland stärken. https://www.bundesgesundheitsministerium.de/mi-

nisterium/meldungen/lauterbach-forschung-und-medizinproduktion-in-deutschland-

staerken-01-12-23.html. Accessed 5 February 2024. 

133. Bundesministerium für Gesundheit (2023) Nationale Pharmastrategie beschlossen. 

https://www.bundesgesundheitsministerium.de/presse/pressemitteilungen/natio-

nale-pharmastrategie-beschlossen-pm-13-12-23.html. Accessed 5 February 2024. 

134. Die Bundesregierung (2023) Verbesserung der Rahmenbedingungen für den Phar-

mabereich in Deutschland: Handlungskonzepte für den Forschungs- und Produktions-

standort. Strategiepapier. 

135. Robert Koch-Institut, Bundesinstitut für Arzneimittel und Medizinprodukte (2024) 

Non-exhaustive list of multidrug-resistant bacteria and criteria for classification of an 

antibiotic as a reserve antibiotic according to § 35a para. 1 SGB V (dated 01.02.2024): 

RESERVE ANTIBIOTICS: EXEMPTION FROM THE BENEFIT ASSESSMENT BY STANDARD-

IZED CRITERIA ACCORDING TO §35A SOCIAL CODE BOOK (SGB) V. 

136. Bundesinstitut für Arzneimittel und Medizinprodukte (2024) Joint Advice through 

the BfArM and the Federal Joint Committee (G-BA): Exemption of reserve antibiotics 

from benefit assessment according to § 35a SGB V. 

https://www.bfarm.de/EN/BfArM/Tasks/Advice-procedures/Joint-Advice-BfArM-G-

BA/_node.html. Accessed 5 February 2024. 

137. Beardmore RE, Peña-Miller R, Gori F, Iredell J (2017) Antibiotic Cycling and Antibiotic 

Mixing: Which One Best Mitigates Antibiotic Resistance? Molecular biology and evolu-

tion 34(4), 802–817. 10.1093/molbev/msw292. 



 

 64 

138. Batra A, Roemhild R, Rousseau E, Franzenburg S, Niemann S, Schulenburg H (2021) 

High potency of sequential therapy with only β-lactam antibiotics. eLife 10. 

10.7554/eLife.68876. 

139. European Union Agencies (2023) Cross-agency knowledge for One Health action: 

Joint statement by European Union Agencies. 

140. GARDP AntibioticDB. https://www.antibioticdb.com/. Accessed 17 January 2024. 

141. European Commission (2023) Q&A Antimicrobial Resistance: Frequently Asked 

Questions: Recommendation on stepping up EU actions to combat AMR in a One Health 

approach. 

 

 

 



 

 i 

Annexes 

I. Excerpt from Cortellis RIR of new CAP MAs from 2017-Feb 2024 

 

 

Active Ingredient(s) Name Application Number Therapeutic Area Indication(s) Product Type

Application

/Submissio

n Type Registration Status

Active 

Substance 

Status

Fixed Dose 

Combination 

Status (if 

applicable)

Orphan 

Designation

Pediatric 

Use Company

European 

Commission 

Opinion Date
ertapenem ERTAPENEM SUN EMEA/H/C/005815 Infections ERTAPENEM SUN is indicated for: 

Treatment:

ERTAPENEM SUN is indicated in paediatric 

patients (3 months to 17 years of age) and in 

adults for the treatment of the following 

infections when caused by bacteria known or 

very likely to be susceptible to ertapenem and 

when parenteral therapy is required:

- Intra-abdominal infections

- Community acquired pneumonia

- Acute gynaecological infections

- Diabetic foot infections of the skin and soft 

tissue

Prevention:

ERTAPENEM SUN is indicated in adults for the 

prophylaxis of surgical site infection 

following elective colorectal surgery.

Consideration should be given to official 

guidance on the appropriate use of 

antibacterial agents.

Chemical Generic Approved Known active 

substance

Not applicable No Yes Sun 

Pharmaceutical 

Industries Europe 

BV

15-Jul-2022

pneumococcal 

polysaccharide 

conjugate vaccine, 20-

valent, adsorbed

APEXXNAR EMEA/H/C/005451 Infections APEXXNAR is indicated for active 

immunisation for the prevention of invasive 

disease and pneumonia caused by 

Streptococcus pneumoniae in individuals 18 

years of age and older. It should be used in 

accordance with official recommendations.

Biologic Complete Approved New active 

substance

Not applicable No No Pfizer Europe MA 

EEIG

14-Feb-2022

pneumococcal 

polysaccharide 

conjugate vaccine (15-

valent, adsorbed)

VAXNEUVANCE EMEA/H/C/005477 Infections VAXNEUVANCE is indicated for active 

immunisation for the prevention of invasive 

disease and pneumonia caused by 

Streptococcus pneumoniae in individuals 18 

years of age and older. The use of 

VAXNEUVANCE should be in accordance with 

official recommendations.

Biologic Complete Approved New active 

substance

Not applicable No No Merck Sharp & 

Dohme BV

13-Dez-2021



 

 ii 

 

 

 

 

obiltoxaximab OBILTOXAXIMAB 

SFL

EMEA/H/C/005169 Infections OBILTOXAXIMAB SFL is indicated in 

combination with appropriate antibacterial 

drugs in all  age groups for treatment of 

inhalational anthrax due to Bacillus anthracis.

- OBILTOXAXIMAB SFL is indicated in all  age 

groups for post-exposure prophylaxis of 

inhalational anthrax when alternative 

therapies are not appropriate or are not 

available.

Biologic Complete Approved New active 

substance

Not applicable Yes Yes SFL 

Pharmaceuticals 

Deutschland GmbH

18-Nov-2020

meningococcal groups 

A, C, W-135 and Y 

conjugate vaccine

MENQUADFI EMEA/H/C/005084 Infections MENQUADFI is indicated for active 

immunisation of individuals from the age of 

12 months and older against invasive 

meningococcal disease caused by Neisseria 

meningitidis serogroups A, C, W, and Y. The 

use of this vaccine should be in accordance 

with available official recommendations

Biologic Complete Approved Known active 

substance

Not applicable No Yes Sanofi Pasteur 18-Nov-2020

amikacin ARIKAYCE 

LIPOSOMAL

EMEA/H/C/005264 Infections ARIKAYCE liposomal is indicated for the 

treatment of non-tuberculous mycobacterial 

(NTM) lung infections caused by 

Mycobacterium avium Complex (MAC) in 

adults with limited treatment options who do 

not have cystic fibrosis. Consideration should 

be given to official guidance on the 

appropriate use of antibacterial agents.

Chemical Complete Approved Known active 

substance

Not applicable Yes No Insmed 

Netherlands BV

27-Okt-2020

pretomanid PRETOMANID FGK EMEA/H/C/005167 Infections PRETOMANID FGK is indicated in combination 

with bedaquiline and linezolid, in adults, for 

the treatment of pulmonary extensively drug 

resistant (XDR), or treatment-intolerant or 

nonresponsive multidrug-resistant (MDR) 

tuberculosis (TB). Consideration should be 

given to official guidance on the appropriate 

use of antibacterial agents.

Chemical Complete Approved New active 

substance

Not applicable Yes Yes FGK 

Representative 

Service GmbH

31-Jul-2020

lefamulin XENLETA EMEA/H/C/005048 Infections XENLETA is indicated for the treatment of 

community-acquired pneumonia (CAP) in 

adults when it is considered inappropriate to 

use antibacterial agents that are commonly 

recommended for the initial treatment of CAP 

or when these have failed. Consideration 

should be given to official guidance on the 

appropriate use of antibacterial agents.

Chemical Complete Approved New active 

substance

Not applicable No Yes Nabriva 

Therapeutics 

Ireland DAC

27-Jul-2020

cefiderocol FETCROJA EMEA/H/C/004829 Infections FETCROJA is indicated for the treatment of 

infections due to aerobic Gram-negative 

organisms in adults with limited treatment 

options. Consideration should be given to 

official guidance on the appropriate use of 

antibacterial agents.

Chemical Complete Approved New active 

substance

Not applicable No Yes Shionogi BV 23-Apr-2020



 

 iii 

 

 

tigecycline TIGECYCLINE 

ACCORD

EMEA/H/C/005114 Infections TIGECYCLINE ACCORD is indicated in adults 

and in children from the age of eight years for 

the treatment of the following infections: 

Complicated skin and soft tissue infections 

(cSSTI), excluding diabetic foot infections; 

Complicated intra-abdominal infections (cIAI). 

TIGECYCLINE ACCORD should be used only in 

situations where other alternative antibiotics 

are not Suitable. Consideration should be 

given to official guidance on the appropriate 

use of antibacterial agents.

Chemical Generic Approved Known active 

substance

Not applicable No Yes Accord Healthcare 

SLU

17-Apr-2020

live oral cholera 

vaccine

VAXCHORA EMEA/H/C/003876 Infections VAXCHORA is indicated for active 

immunisation against disease caused by 

Vibrio cholerae serogroup O1 in adults and 

children aged 6 years and older. This vaccine 

should be used in accordance with official 

recommendations.

Biologic Complete Approved New active 

substance

Not applicable No Yes Emergent 

Netherlands BV

01-Apr-2020

cilastatin ; imipenem ; 

relebactam

RECARBRIO EMEA/H/C/004808 Infections RECARBRIO is indicated for the treatment of 

infections due to aerobic Gram-negative 

organisms in adults with limited treatment 

options; Consideration should be given to 

official guidance on the appropriate use of 

antibacterial agents

Chemical Fixed 

combination

Approved New active 

substance

One new 

active 

substance ; 

Two known 

active 

substances

No Yes Merck Sharp & 

Dohme BV

13-Feb-2020

delafloxacin QUOFENIX EMEA/H/C/004860 Infections QUOFENIX is indicated for the treatment of 

acute bacterial skin and skin structure 

infections (ABSSSI) in adults when it is 

considered inappropriate to use other 

antibacterial agents that are commonly 

recommended for the initial treatment of these 

infections.

Chemical Complete Approved New active 

substance

Not applicable No Yes A. Menarini 

Industrie 

Farmaceutiche 

Riunite SRL

16-Dez-2019

tobramycin TOBRAMYCIN PARI EMEA/H/C/005086 Infections TOBRAMYCIN PARI is indicated for the 

management of chronic pulmonary infection 

due to Pseudomonas aeruginosa in patients 

aged 6 years and older with cystic fibrosis 

(CF). Consideration should be given to official 

guidance on the appropriate use of 

antibacterial agents.

Chemical Hybrid Approved Known active 

substance

Not applicable No Yes PARI Pharma 

GmbH

18-Feb-2019

meropenem ; 

vaborbactam

VABOMERE EMEA/H/C/004669 Rev 

4

Infections VABOREM is indicated for the treatment of the 

following infections in adults: Complicated 

urinary tract infection (cUTI), including 

pyelonephritis; Complicated intra-abdominal 

infection (cIAI); Hospital-acquired pneumonia 

(HAP), including ventilator associated 

pneumonia (VAP). Treatment of patients with 

bacteraemia that occurs in association with, 

or is suspected to be associated with, any of 

the infections listed above; VABOREM is also 

indicated for the treatment of infections due to 

aerobic Gram-negative organisms in adults 

with limited treatment options.; Consideration 

should be given to official guidance on the 

appropriate use of antibacterial agents.

Chemical Fixed 

combination

Approved New active 

substance

One known 

active 

substance ; 

One new 

active 

substance

No No Menarini 

International 

Operations 

Luxembourg SA

20-Nov-2018
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eravacycline XERAVA EMEA/H/C/004237 Infections XERAVA is indicated for the treatment of 

complicated intra-abdominal infections (cIAI) 

in adults. Consideration should be given to 

official guidance on the appropriate use of 

antibacterial agents.

Chemical Complete Approved New active 

substance

Not applicable No Yes Tetraphase 

Pharmaceuticals 

Ireland Ltd.

20-Sep-2018

meningococcal group 

B vaccine 

(recombinant, 

component, adsorbed)

TRUMENBA EMEA/H/C/004051 Infections TRUMENBA is indicated for active 

immunisation of individuals 10 years and 

older to prevent invasive meningococcal 

disease caused by Neisseria meningitidis 

serogroup B. The use of this vaccine should be 

in accordance with official recommendations.

Biologic Complete Approved New active 

substance

Not applicable No No Pfizer Ltd. 24-Mai-2017

daptomycin DAPTOMYCIN 

HOSPIRA

EMEA/H/C/004310 Infections DAPTOMYCIN HOSPIRA is indicated for the 

treatment of the following infections. • Adult 

and paediatric (1 to 17 years of age) patients 

with complicated skin and soft-tissue 

infections (cSSTI). • Adult patients with right-

sided infective endocarditis (RIE) due to 

Staphylococcus aureus. It is recommended 

that the decision to use daptomycin should 

take into account the antibacterial 

susceptibility of the organism and should be 

based on expert advice. • Adult patients with 

Staphylococcus aureus bacteraemia (SAB) 

when associated with RIE or with cSSTI. 

Daptomycin is active against Gram-positive 

bacteria only. In mixed infections where Gram-

negative and;or certain types of anaerobic 

bacteria are suspected, daptomycin should be 

co-administered with appropriate 

antibacterial agent(s). Consideration should 

be given to official guidance on the 

appropriate use of antibacterial agents.

Chemical Generic Approved Known active 

substance

Not applicable No No Hospira UK Ltd. 22-Mrz-2017

bezlotoxumab ZINPLAVA EMEA/H/C/004136/000

0

Infections ZINPLAVA is indicated for the prevention of 

recurrence of Clostridium difficile infection 

(CDI) in adults at high risk for recurrence of 

CDI.

Biologic Complete Approved New active 

substance

Not applicable No No Merck Sharp & 

Dohme Ltd.

18-Jan-2017
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II. Applications for new human medicines under evaluation by the CHMP (February 2024) 

The report was published on 12/02/2024 with EMA reference number EMA/58689/2024 [17]. 

 

Excerpt from EMA filtered for relevant therapeutic areas. Source [17] 
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