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Abstract

:

Urinary tract infections (UTIs) are among the most common bacterial infections in humans. Escherichia coli is by far the leading cause of community-acquired UTIs. Pivmecillinam, the oral prodrug of the penicillin derivative mecillinam (amdinocillin), was re-introduced in Germany in March 2016 for first-line treatment of acute uncomplicated cystitis. This study aimed to evaluate the prevalence of resistance to mecillinam in comparison to nine other antibiotics used for oral treatment in E. coli urine isolates after the re-introduction of pivmecillinam. A total of 460 isolates were collected at 23 laboratories of clinical microbiology between October 2019 and March 2020. Forty-six isolates (10.0%) produced an extended-spectrum β-lactamase (ESBL) of the CTX-M family. Resistance to amoxicillin (43.3%) was most widespread, followed by resistance to trimethoprim-sulfamethoxazole (27.0%), amoxicillin-clavulanic acid (18.0%), cefuroxime (11.3%), and ciprofloxacin (11.1%). Twenty-four E. coli isolates (5.2%) were resistant to mecillinam. The concentrations of mecillinam needed to inhibit 50/90% of the ESBL-producing isolates and the remaining isolates were 1/4 mg/L and 0.5/4 mg/L, respectively. The findings support the recommendation to regard pivmecillinam as a first-line option for the treatment of uncomplicated lower UTIs.
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1. Introduction


Urinary tract infections (UTIs) are among the most common bacterial infections in humans, affecting approximately 150–250 million patients globally per year [1]. Escherichia coli is the most frequent uropathogen, accounting for 70–80% of cases of acute uncomplicated lower UTI [2,3]. Further causative agents of uncomplicated lower UTI include Klebsiella pneumoniae (4–6%), Staphylococcus saprophyticus (4–6%), Enterococcus spp. (4–5%), Proteus mirabilis (2–4%), Group B streptococci (2–3%), and many others [2,3]. Increasing rates of resistance to oral standard antibiotics (e.g., aminopenicillins ± β-lactamase inhibitors, oral cephalosporins, fluoroquinolones, trimethoprim ± sulfamethoxazole) in E. coli and other members of the order Enterobacterales in the past 20–30 years have renewed interest in pivmecillinam for oral treatment of uncomplicated lower UTI.



Pivmecillinam is a prodrug of the “old” β-lactam antibiotic mecillinam, a 6 β-amidinopenicillanic acid derivative, which shows in vitro activity against many aerobic Gram-negative bacteria, including E. coli and other Enterobacterales order members. Its antibacterial activity derives from the ability to bind specifically to Penicillin Binding Protein-2 [4]. Mecillinam has been demonstrated to be relatively stable to hydrolysis by β-lactamases compared to other penicillins [5] and has been shown to offer clinically sufficient activity against most ampicillin-resistant E. coli, producing various types of β-lactamases, including AmpC enzymes, many extended-spectrum β-lactamases (ESBLs) and some carbapenemases [5,6,7,8,9].



Pivmecillinam was re-introduced in Germany in March 2016. It is currently available in several European, Asian and African countries, as well as in Canada, and received Qualified Infectious Disease Product designation from the Food and Drug Administration in the United States. In current national and international guidelines, pivmecillinam is among the first-line drugs recommended for empirical treatment of acute uncomplicated cystitis [10,11,12]. Dosing regimens, however, vary and include 400 mg either two times daily or three times daily for three days [10], three times daily for 3–5 days [11] and two times daily for five days [12]. The present study compared the in vitro activity of mecillinam to other orally administered antibiotics against E. coli isolated from urine specimens of primary care patients in Germany.




2. Results


2.1. Clinical Isolates and Patient Characteristics


A total of 460 E. coli urine isolates were collected. Each of the 23 laboratories provided 20 isolates, as requested. Three hundred and ninety-three (85.4%) and sixty-seven (14.6%) isolates were obtained from female and male patients, respectively. Among the group of females, 30 isolates (6.5%) were from young patients (<18 years), 189 (41.1%) were from females aged 18–65 years, and 174 (37.8%) were from elderly females (>65 years). The median (interquartile range) of patients’ age was 63 (45–78) years.



Forty-six isolates (10.0%) produced an ESBL, nineteen (41.3%) and 18 (39.1%) of which were obtained from females aged 18–65 years and >65 years, respectively. Twenty-five isolates produced one or more other β-lactamase (TEM (n = 12), DHA (n = 1), OXA-1 group (n = 10), OXA-48-like (n = 2)). Subsequent polymerase chain reaction (PCR) typing and Sanger sequencing of the two blaOXA-48-like positive isolates revealed the gene blaOXA-244 present in a clonal subgroup of E. coli sequence type (ST)38 that has been recently reported from various European countries, including Germany [13]. CTX-M-type ESBLs were present in all ESBL-producing isolates. Thirty isolates were positive for CTX-M group 1, 15 for CTX-M group 9 and one isolate for CTX-M-8. Nineteen (41.3%) and four (8.7%) CTX-M-producing isolates belonged to the E. coli subgroups O25b-ST131 and O16-ST131, respectively. Furthermore, two isolates were resistant to third-generation cephalosporins and AmpC producers only, with enzymes CMY and DHA, and one isolate produced DHA plus TEM.




2.2. Antimicrobial Susceptibility of Clinical Isolates


The range of minimum inhibitory concentrations (MICs), the MICs inhibiting 50% and 90% of the isolates (MIC 50, MIC 90), and the number and percent of susceptible (S + I, see Section 2 for definitions of S and I) and resistant isolates for mecillinam and the comparative agents are shown in Table 1.



Resistance to amoxicillin (43.3%) was most widespread, followed by resistance to trimethoprim-sulfamethoxazole (27.0%), amoxicillin-clavulanic acid (18.0%), cefuroxime (11.3%) and ciprofloxacin (11.1%). Resistance to fosfomycin was confirmed in 34 (7.4%) isolates, and “high-level” resistance to amoxicillin-clavulanic acid (MIC > 32 mg/L being the relevant breakpoint for isolates from patients with uncomplicated UTI) was detected in 26 isolates (5.7%). Five (1.1%) isolates were resistant to nitrofurantoin. Twenty-four E. coli isolates (5.2%) were resistant to mecillinam. The MIC distribution data of mecillinam are presented in Table 2. Mecillinam, at the breakpoint of 8 mg/L, inhibited 42/46 (91.3%) ESBL-producing isolates and 394/414 (95.2%) non-ESBL isolates (odds ratio 0.53, 95% confidence interval (C.I.) 0.17–1.63).



Of the 460 isolates, 226 (49.1%) were fully susceptible to the eight drug classes/subclasses tested: penicillins (ATC code J01CA: amoxicillin, mecillinam), penicillins + β-lactamase inhibitors (J01CR: amoxicillin-clavulanic acid), second-generation cephalosporins (J01DC: cefuroxime), third-generation cephalosporins (J01DD: cefixime, cefpodoxime), fluoroquinolones (J01MA: ciprofloxacin), folate pathway inhibitors (J01EE: trimethoprim-sulfamethoxazole), phosphonic acids (J01XX01: fosfomycin) and nitrofurans (J01XE: nitrofurantoin). Sixty-seven isolates (14.6%) were resistant to one drug class, seventy (15.2%) to two drug classes, and ninety-seven isolates (21.1%) met the criterion of multidrug resistance (≥three drug classes), but none were resistant to seven or all eight drug classes. Mecillinam at 8 mg/L inhibited 84/97 (86.6%) multidrug-resistant isolates, including nine isolates that were resistant to six drug classes.




2.3. Origin and Characterization of Mecillinam-Resistant Isolates


The 24 mecillinam-resistant isolates (MIC > 8 mg/L) were isolated at 15 laboratories. Seven laboratories each found one and two isolates, respectively, and one laboratory found three mecillinam-resistant isolates. Twenty-one mecillinam-resistant E. coli isolates were detected among the 393 isolates from females (5.4%), while three mecillinam-resistant isolates were detected among the 67 isolates from males (4.5%) (odds ratio 1.20, 95% C.I. 0.35–4.16). Further, resistance to mecillinam was observed in six of the 86 isolates from women aged 18–45 years (7.0%) as compared to 16 resistant strains in the 340 isolates from women aged > 45 years (4.7%) (odds ratio 1.52, 95% C.I. 0.58–4.00).



Resistance patterns of mecillinam-resistant isolates are displayed in Table 3. All but one of the mecillinam-resistant isolates showed cross-resistance to amoxicillin and amoxicillin-clavulanic acid (each 95.8%), while 13 (54.2%), five (20.8%), five (20.8%), four (16.7%), and three (12.5%) were additionally resistant to trimethoprim-sulfamethoxazole, cefuroxime, cefpodoxime, cefixime, and ciprofloxacin, respectively. Two mecillinam-resistant isolates were also resistant to fosfomycin, and one was also resistant to nitrofurantoin, while one was susceptible to all other drugs tested. Twenty mecillinam-resistant isolates were ESBL-negative, three harbored a blaCTX-M group 1 gene plus blaTEM (collected at two different sites) and one isolate of the clonal subgroup E. coli O25b-ST131 harbored a blaCTX-M group 9 gene plus blaOXA-244. The mecillinam concentrations to inhibit amoxicillin-resistant isolates were higher than those to inhibit amoxicillin-susceptible isolates, with MIC 50 and MIC 90 values of 2 mg/L and 16 mg/L, respectively, for amoxicillin-resistant isolates, and 0.25 mg/L and 0.5 mg/L, respectively, for amoxicillin-susceptible isolates. The highest MIC 90 of mecillinam (>32 mg/L) was calculated for the 26 isolates showing “high-level” resistance to amoxicillin-clavulanic acid (Table 2).





3. Discussion


The present surveillance study involving 23 clinical microbiological laboratories across Germany investigated the occurrence of resistance to mecillinam and other oral antibiotics among 460 E. coli isolates obtained from urine samples of outpatients. The vast majority of isolates (>85%) were obtained from women, as expected. The finding that 43% of the isolates were resistant to amoxicillin and 27% to trimethoprim-sulfamethoxazole compared well with the results of a previous nationwide study performed in 2010 by our group [14]. In contrast, resistance to ciprofloxacin significantly decreased from 19.8% in 2010 to 11.1% in 2019 (difference 8.8%, 95% C.I. 4.2–13.3%). The decrease in resistance may be related to the reduction in the consumption of fluoroquinolones from 1.53 (2010) to 0.63 (2019) defined daily doses per 1000 inhabitants per day in the German primary care sector [15]. In this context, it is important to point out that in October 2018, the Pharmacovigilance Risk Assessment Committee of the European Medicines Agency recommended reducing the use of fluoroquinolones and quinolones after reviewing the adverse and potentially long-lasting side effects reported with these drugs [16].



Unlike resistance to fluoroquinolones, we observed no significant change in the occurrence of ESBL-producing E. coli. The ESBL rate in this study (10%) was even slightly higher than the rate found in 2010 (8%). Further, as in the study performed in 2010, E. coli O25b-ST131 was identified as the predominant ESBL-producing clonal subgroup [14].



The present study found 5.2% of the E. coli isolates to be mecillinam-resistant. This figure is significantly higher than the resistance rate of 2% (difference 3.2%, 95% C.I. 0.8–5.8%) that we noticed in a study conducted prior to the introduction of the first pivmecillinam product in Germany [17] but is in line with the resistance rate reported for E. coli urine isolates from the primary care sector in Denmark (5.3% in 2019) [18]. For comparison, the proportion of mecillinam-resistant E. coli among invasive and urine isolates from hospital patients in Denmark was 14% and 8.1%, respectively, while the Swedish resistance surveillance system reported an overall mecillinam resistance rate of 4.8% for E. coli urine isolates in both 2019 and 2020 [19,20]. In Sweden, the proportion of mecillinam-resistant strains in all E. coli urine isolates in the period 1996–2009 was almost always 1–2% and subsequently 4–5% per year. The number of pivmecillinam prescriptions in Sweden increased from <20 prescriptions per 1000 inhabitants before 2004 to >30 in 2008 and has remained almost constant thereafter, indicating a possible connection between consumption and frequency of resistance [20,21,22]. The Northern Dimension Antibiotic Resistance Study comprising medical laboratories in Finland, Germany, Latvia, Poland, Russia and Sweden investigated the level of antimicrobial resistance among E. coli urine isolates from female outpatients (aged 18–65 years) with symptoms of uncomplicated UTI [23]. The overall resistance rate to mecillinam was 4.1%, though considerable differences between countries were evident, ranging from 0% among 111 isolates from seven sites (Stockholm region) in Sweden to 10.5% among 95 isolates from a single site (Silesian Voivodeship) in Poland. Unfortunately, Germany was missing susceptibility data for mecillinam. Overall non-susceptibility rates in that study determined for ampicillin (39.6%), trimethoprim-sulfamethoxazole (22.4%), ciprofloxacin (15.1%), cefuroxime (9.6%) and nitrofurantoin (1.2%) were comparable to those found in the present study. Likewise, the overall ESBL rate in that study (8.7%) approximated that in our study (10.0%) [23].



There are some limitations of the present study. The study did not include the type and severity of the UTI from which the urine E. coli isolates were obtained. Furthermore, the study was based on samples taken during primary care. It has been demonstrated that laboratory-based surveillance studies tend to overestimate the prevalence of resistance as they usually include disproportionately more isolates from patients with complicated UTIs and risk factors such as previous antimicrobial treatment failure [24,25], compared with patient-based studies such as ARESC [2]. The rate of mecillinam resistance in isolates from patients with acute uncomplicated cystitis, which is the approved indication of pivmecillinam in Germany, may thus be lower than the rate of 5.2% reported here.



Moreover, the importance of mecillinam resistance for the therapy of UTIs has been questioned from a clinical point of view. Thulin et al. reported that inactivation of the cysB gene is the major cause of mecillinam resistance in clinical isolates of E. coli [26]. The cysB gene encodes for the CysB protein, which is the major positive regulator of the cysteine biosynthesis pathway. Thulin and Andersson showed that cysB mutations led to increased levels of the proteins PBP1B, LpoB, and FtsZ, which are known to be involved in peptidoglycan biosynthesis [27]. CysB-related mecillinam resistance, however, was only expressed in growth media with low concentrations of cysteine (including Mueller–Hinton broth) and cysB mutants returned to mecillinam susceptibility when the media were supplemented with cysteine. Many mecillinam-resistant E. coli cysB mutants also showed phenotypic susceptibility in urine, whereby the degree of reversion to susceptibility was correlated with osmolality such that low osmolality favored susceptibility [26,28]. These experiments are still pending with the mecillinam-resistant isolates found in the present study. However, at least in the amoxicillin-susceptible isolate of the present study, resistance to mecillinam must be due to a different mechanism.




4. Materials and Methods


4.1. Bacterial Strains


Isolates were collected during a laboratory-based surveillance study carried out between October 2019 and March 2020 by the Study Group ‘Antimicrobial Resistance’ of the Paul-Ehrlich-Society for Infection Therapy. Twenty-three laboratories of clinical microbiology throughout Germany were requested each to collect 20 consecutive, non-duplicate E. coli urine isolates from primary care outpatients. Additional information collected with each isolate was the isolation date and age and gender of the patients. At the end of the collection period, all isolates were shipped to a central laboratory (Antiinfectives Intelligence, Cologne, Germany) for further analyses.




4.2. Confirmation of Species Identification and Susceptibility Testing


Species identification was confirmed using a MALDI Biotyper (Bruker Daltonik, Bremen, Germany).



Mecillinam powder was purchased from TOKU-E (Bellingham, WA, USA). MICs of the antibacterial agents were determined according to the methods described in the International Organization for Standardization (ISO) document 20776-1 [29] using concentrations derived from serial two-fold dilutions indexed to the basis 2. The agar dilution method was used to determine the mecillinam MICs (0.03–32 mg/L), as described in the Clinical Laboratory Standard Institute (CLSI) document M7-A10 [30]. Agar plates were prepared in-house. The broth microdilution procedure was employed on the other antibacterial agents tested [29]. Broth microdilution MICs were determined by applying a commercially ready-to-use test system that uses vacuum-dried antibiotics in 96-well microtiter plates (MICRONAUT-S; Merlin Diagnostika, Bornheim, Germany). Comparative orally administered antibiotics tested were amoxicillin (0.5–32 mg/L), amoxicillin-clavulanic acid (clavulanic acid concentration fixed at 2 mg/L; 0.5/2–32/2 mg/L), cefuroxime (administered orally as cefuroxime axetil; 0.12–32 mg/L), cefixime (0.03–4 mg/L), cefpodoxime (0.06–4 mg/L), ciprofloxacin (0.06–8 mg/L), trimethoprim-sulfamethoxazole (ratio 1:19; 0.25/4.75–16/304 mg/L), nitrofurantoin (16–256 mg/L), and fosfomycin (supplemented with 25 mg/L glucose-6-phosphate; 1–1024 mg/L). Resistance to fosfomycin was confirmed by the agar dilution method [30]. If the fosfomycin MIC value determined with the agar dilution method was different from that of the broth microdilution procedure, the result of the agar dilution method was used for the analysis of the data. Further, cefotaxime (0.12–16 mg/L) and ceftazidime (0.25–32 mg/L), alone and in combination with clavulanic acid (concentration fixed at 4 mg/L), were tested for ESBL detection (see below).



The accuracy of susceptibility testing was evaluated using quality control strains E. coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853. The size of the inoculum (broth microdilution, 2 × 105–8 × 105 colony-forming units (CFU)/mL; agar dilution, 1 × 104 CFU per spot) was verified by counting CFUs. This was conducted for all tests performed with the reference strains and for 10% of the tests performed with the clinical isolates. Isolates were defined as S (susceptible, standard dosing regimen), I (susceptible, increased exposure), or R (resistant) to antimicrobial agents in accordance with the species-related clinical breakpoints approved by the European Committee on Antimicrobial Susceptibility Testing (EUCAST, version 12.0). The breakpoints for oral administration were used, if defined [31].



Multidrug resistance was defined as resistance to at least three of the eight antibacterial drug classes/subclasses (see Section 2.2 for details).




4.3. Phenotypic and Molecular Detection of AmpC Enzymes and ESBLs


Isolates with MICs > 1 mg/L for cefotaxime and/or ceftazidime were tested for AmpC or ESBL production. Phenotypic ESBL detection was based on the testing of both cefotaxime and ceftazidime, alone and in combination with clavulanic acid (see above), according to the broth microdilution procedure described by EUCAST [32] and the CLSI [33]. Isolates exhibiting a higher MIC (≥three two-fold dilution steps) of cefotaxime and/or ceftazidime alone compared with the MIC of the respective combination with clavulanic acid were considered ESBL-positive. All other isolates were suspected to have produced an AmpC enzyme.



Isolates were then further characterized by PCR and, in part, Sanger sequencing. PCR screening for β-lactamase genes (blaTEM-type, blaSHV-type, blaCTX-M-1-2-8-9-25 group, blaOXA-1-group, blaOXA-48-like, blaCMY-like, blaDHA-like) was conducted using primers and conditions that have been described previously [34]. E. coli isolates harboring genes encoding ESBLs or AmpC β-lactamases were further screened by PCR for the presence of the rfbO25b and rfbO16 genes that are associated with isolates belonging to the clonal subgroups E. coli O25b-ST131 and O16-ST131, respectively [35].




4.4. Data Processing and Statistical Evaluation


Data were processed using Microsoft Excel 2019 (Microsoft Corp., Redmond, WA, USA). The strength of association between two events was quantified by the odds ratio. The 95% C.I.s were constructed using the Newcombe–Wilson method without continuity correction.





5. Conclusions


Our findings and the discovery that mecillinam resistance in E. coli is often conditional suggest that clinical resistance to mecillinam has been low in Germany, supporting the current recommendation to regard pivmecillinam as a first-line option for the treatment of uncomplicated cystitis. However, regular monitoring of mecillinam resistance and the investigation of underlying mechanisms are imperative in order to verify the status of pivmecillinam as a first-line medication.







Author Contributions


Conceptualization, M.K. and E.W.; data collection, M.K., E.W., Y.P. and G.W.; data analysis, M.K., E.W., Y.P. and G.W.; funding acquisition, M.K. and E.W.; investigation, M.K., E.W., Y.P. and G.W.; methodology, M.K., E.W., Y.P. and G.W.; project administration, M.K. and E.W.; resources, M.K., E.W., Y.P. and G.W.; supervision, M.K., E.W. and F.W.; writing—original draft, M.K., E.W. and F.W.; writing—review and editing, M.K. and E.W. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a research grant from Apogepha Arzneimittel GmbH, Dresden, Germany to Antiinfectives Intelligence GmbH.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


The need for informed written consent was waived because of the observational nature of the study.




Data Availability Statement


Not applicable.




Acknowledgments


The technical assistance of G. Anlauf, E. Berwian, M. Korkmaz, S. Wernicke, S. Müller-Bertling and K. Ganske is gratefully acknowledged. In addition to the authors, the following members of the Study Group ‘Antimicrobial’ Resistance’ of the Paul-Ehrlich-Society for Infection Therapy (in alphabetical order) contributed to the study: L. Artz (Ingolstadt), B. Baadte (Kaiserslautern), U. Betz (Heidelberg), J. Cremer (Kempten), U. Eigner (Heidelberg), R. Geisel (Düsseldorf), C. Haas (Freiburg), J. Esser (Georgsmarienhütte), I. Fenner (Hamburg), R. Ferner (Augsburg), Y. Grundmann (Jena), I. Hamann (Görlitz), T. Hermann (Würzburg), C. Friederichs (Görlitz), I. Haftendorn (Jena), I. Hoffmann (Leipzig), W. M. Holfelder (Heidelberg), W. Hönerlage (Hamburg), F. Hugo (Berlin), M. Kolbert (Ingelheim), S. Krämer (Essen), R. Krajewski (Würzburg), E. Kühnen (Trier), D. Mack (Ingelheim), A. Mair (Augsburg), A. Meerbach (Leipzig), A. Pranada (Dortmund), M. Prian (Trier), I. Purr (Cologne), A. Reinecke (Rostock), B. Reinhardt (Augsburg), H. Sahly (Hamburg), S. Schmitt (Kaiserslautern), U. Schuhmacher (Ravensburg), A. Siedlaczek (Freiburg), G. Sitaru (Freiburg), S. Sperber (Rostock), H. Wisplinghoff (Cologne), D. Wolff (Cologne), S. Wydra (Jena), C. Zimmer (Berlin).




Conflicts of Interest


M.K. is a partner and CEO of Antiinfectives Intelligence GmbH, a research organization providing services to pharmaceutical companies. E.W. is Head of Laboratory of Antiinfectives Intelligence GmbH. Y.P. and G.W. have nothing to declare. F.W. indicates advisory board, study support or other support by Achaogen, Apogepha, Astellas, AstraZeneca, Bionorica, Calixa, Cerexa, GSK, Janssen, Klosterfrau, Leo-Pharma, Merlion, MSD, Pfizer, Rempex, Rosen Pharma, Shionogi, Vifor-Pharma.




References


	



Zowawi, H.M.; Harris, P.N.A.; Roberts, M.J.; Tambyah, P.A.; Schembri, M.A.; Diletta Pezzani, M.; Williamson, D.A.; Paterson, D.L. The emerging threat of multidrug-resistant Gram-negative bacteria in urology. Nat. Rev. Urol. 2015, 12, 570–584. [Google Scholar] [CrossRef] [PubMed]

	



Naber, K.G.; Schito, G.; Botto, H.; Palou, J.; Mazzei, T. Surveillance study in Europe and Brazil on clinical aspects and Antimicrobial Resistance Epidemiology in Females with Cystitis (ARESC): Implications for empiric therapy. Eur. Urol. 2008, 54, 1164–1175. [Google Scholar] [CrossRef] [PubMed]

	



Flores-Mireles, A.L.; Walker, J.N.; Caparon, M.; Hultgren, S.J. Urinary tract infections: Epidemiology, mechanisms of infection and treatment options. Nat. Rev. Microbiol. 2015, 13, 269–284. [Google Scholar] [CrossRef] [PubMed]

	



Neu, H.C. Mecillinam, a novel penicillanic acid derivative with unusual activity against gram-negative bacteria. Antimicrob. Agents Chemother. 1976, 9, 793–799. [Google Scholar] [CrossRef]

	



Sougakoff, W.; Jarlier, V. Comparative potency of mecillinam and other beta-lactam antibiotics against Escherichia coli strains producing different beta-lactamases. J. Antimicrob. Chemother. 2000, 46, 9–14. [Google Scholar] [CrossRef]

	



Zykov, I.N.; Frimodt-Møller, N.; Småbrekke, L.; Sundsfjord, A.; Samuelsen, Ø. Efficacy of mecillinam against clinical multidrug-resistant Escherichia coli in a murine urinary tract infection model. Int. J. Antimicrob. Agents 2020, 55, 105851. [Google Scholar] [CrossRef] [PubMed]

	



Fuchs, F.; Hamprecht, A. Results from a prospective in vitro study on the mecillinam (amdinocillin) susceptibility of Enterobacterales. Antimicrob. Agents Chemother. 2019, 63, e02402–e02418. [Google Scholar] [CrossRef] [PubMed]

	



Marrs, E.C.; Day, K.M.; Perry, J.D. In vitro activity of mecillinam against Enterobacteriaceae with NDM-1 carbapenemase. J. Antimicrob. Chemother. 2014, 69, 2873–2875. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, K.; Weinbren, M.J.; Warner, M.; Woodford, N.; Livermore, D. Activity of mecillinam against ESBL producers in vitro. J. Antimicrob. Chemother. 2006, 57, 367–368. [Google Scholar] [CrossRef]

	



Leitlinienprogramm DGU: Interdisziplinäre S3 Leitlinie: Epidemiologie, Diagnostik, Therapie, Prävention und Management Unkomplizierter, Bakterieller, Ambulant Erworbener Harnwegsinfektionen bei Erwachsenen Patienten. Langversion 1.1-2, 2017 AWMF Registernummer: 043/044. Available online: https://www.awmf.org/uploads/tx_szleitlinien/043-044l_S3_Harnwegsinfektionen_2017-05.pdf (accessed on 4 April 2022).

	



European Association of Urology. Urological infections. In EAU Guidelines, Edn., Proceedings of the EAU Annual Congress, Milan, Italy, 9–12 July 2021; European Association of Urology: Arnhem, The Netherlands, 2021; ISBN 978-94-92671-13-4. Available online: https://uroweb.org/guideline/urological-infections/ (accessed on 26 August 2021).

	



Gupta, K.; Hooton, T.M.; Naber, K.G.; Wullt, B.; Colgan, R.; Miller, L.G.; Moran, G.J.; Nicolle, L.E.; Raz, R.; Schaeffer, A.J.; et al. International clinical practice guidelines for the treatment of acute uncomplicated cystitis and pyelonephritis in women: A 2010 update by the Infectious Diseases Society of America and the European Society for Microbiology and Infectious Diseases. Clin. Infect. Dis. 2011, 52, e103–e120. [Google Scholar] [CrossRef]

	



Kremer, K.; Kramer, R.; Neumann, B.; Haller, S.; Pfennigwerth, N.; Werner, G.; Gatermann, S.; Schroten, H.; Eckmanns, T.; Hans, J.B. Rapid spread of OXA-244-producing Escherichia coli ST38 in Germany: Insights from an integrated molecular surveillance approach; 2017 to January 2020. EuroSurveillance 2020, 25, 2000923. [Google Scholar] [CrossRef] [PubMed]

	



Kresken, M.; Pfeifer, Y.; Hafner, D.; Wresch, R.; Körber-Irrgang, B.; Working Party ‘Antimicrobial Resistance’ of the Paul-Ehrlich-Society for Chemotherapy. Occurrence of multidrug resistance to oral antibiotics among Escherichia coli urine isolates from outpatient departments in Germany: Extended-spectrum β-lactamases and the role of fosfomycin. Int. J. Antimicrob. Agents 2014, 44, 295–300. [Google Scholar] [CrossRef] [PubMed]

	



European Centre for Disease Prevention and Control. Antimicrobial Consumption Database (ESAC-Net). Trend by Country. Available online: https://www.ecdc.europa.eu/en/antimicrobial-consumption/database/trend-country (accessed on 15 October 2021).

	



European Medicines Agency. Fluoroquinolone and Quinolone Antibiotics: PRAC Recommends New Restrictions on Use Following Review of Disabling and Potentially Long-Lasting Side Effects. Press Relezase 5 October 2018. Available online: https://www.ema.europa.eu/en/news/fluoroquinolone-quinolone-antibiotics-prac-recommends-new-restrictions-use-following-review#:~:text=The–20European%20Medicines%20Agency%E2%80%99s%20%28EMA%29%20Pharmacovigilance%20Risk%20Assessment,potentially%20long-lasting%20side%20effects%20reported%20with%20these%20medicines (accessed on 15 October 2021).

	



Kresken, M.; Körber-Irrgang, B.; Naber, K.G. In vitro activity of mecillinam against urine isolates of Escherichia coli from outpatient departments in Germany. Aktuelle Urol. 2017, 48, 243–247. (In German) [Google Scholar] [CrossRef]

	



Statens Serum Institut og Technical University of Denmark. DANMAP 2020—Use of Antimicrobial Agents and Occurrence of Antimicrobial Resistance in Bacteria from Food Animals, Food and Humans in Denmark; Statens Serum Institut og Technical University of Denmark: Kongens Lyngby, Denmark, 2020; ISBN 978-87-93565-81-4. Available online: https://www.danmap.org/-/media/sites/danmap/downloads/reports/2020/danmap_2020_13102021_version_3_low.pdf (accessed on 15 October 2021).

	



Swedres-Svarm 2019; Sales of Antibiotics and Occurrence of Resistance in Sweden. Public Health Agency of Sweden and National Veterinary Institute: Solna/Uppsala, Sweden, 2020. Available online: https://www.sva.se/media/0hihej1c/swedres-svarm-2019.pdf (accessed on 17 October 2021).

	



Swedres-Svarm 2020; Sales of Antibiotics and Occurrence of Resistance in Sweden. Public Health Agency of Sweden and National Veterinary Institute: Solna/Uppsala, Sweden, 2021. Available online: https://www.sva.se/media/8d9678c390929e9/swedres_svarm_2020.pdf (accessed on 17 October 2021).

	



Swedres-Svarm 2012; Use of antimicrobials and occurrence of antimicrobial resistance in Sweden. Swedish Institute for Communicable Disease Control and National Veterinary Institute: Solna/Uppsala, Sweden, 2013. Available online: https://www.sva.se/media/l2hnbldq/rapport_swedres-svarm_2012.pdf (accessed on 17 October 2021).

	



Swedres-Svarm 2015; Consumption of Antibiotics and Occurrence of Antibiotic Resistance in Sweden. Public Health Agency of Sweden and National Veterinary Institute: Solna/Uppsala, Sweden, 2016. Available online: https://www.sva.se/media/0p3h3smp/rapport_swedres-svarm_2015.pdf (accessed on 17 October 2021).

	



Ny, S.; Edquista, P.; Dumpis, U.; Gröndahl-Yli-Hannuksela, K.; Hermes, J.; Kling, A.-M.; Klingeberg, A.; Kozlov, R.; Källman, O.; Lis, D.O.; et al. Antimicrobial resistance of Escherichia coli isolates from outpatient urinary tract infections in women in six European countries including Russia. J. Glob. Antimicrob. Resist. 2019, 17, 25–34. [Google Scholar] [CrossRef] [PubMed]

	



Klingeberg, A.; Noll, I.; Willrich, N.; Feig, M.; Emrich, D.; Zill, E.; Krenz-Weinreich, A.; Kalka-Moll, W.; Oberdorfer, K.; Schmiemann, G.; et al. Antibiotic Resistant E. coli in Uncomplicated Community-Acquired Urinary Tract Infection. Dtsch. Arztebl. Int. 2018, 115, 494–500. [Google Scholar] [CrossRef] [PubMed]

	



Kronenberg, A.; Koenig, S.; Droz, S.; Mühlemann, K. Active surveillance of antibiotic resistance prevalence in urinary tract and skin infections in the outpatient setting. Clin. Microbiol. Infect. 2011, 17, 1845–1851. [Google Scholar] [CrossRef] [PubMed]

	



Thulin, E.; Thulin, M.; Andersson, D.I. Reversion of High-level Mecillinam Resistance to Susceptibility in Escherichia coli during Growth in Urine. EBioMedicine 2017, 23, 111–118. [Google Scholar] [CrossRef] [PubMed]

	



Thulin, E.; Andersson, D.I. Upregulation of PBP1B and LpoB in cysB Mutants Confers Mecillinam (Amdinocillin) Resistance in Escherichia coli. Antimicrob. Agents Chemother. 2019, 63, e00612–e00619. [Google Scholar] [CrossRef] [PubMed]

	



Thulin, E.; Sundqvist, M.; Andersson, D.I. Amdinocillin (Mecillinam) resistance mutations in clinical isolates and laboratory-selected mutants of Escherichia coli. Antimicrob. Agents Chemother. 2015, 59, 1718–1727. [Google Scholar] [CrossRef] [PubMed]

	



ISO 20776-1:2019; Clinical Laboratory Testing and In Vitro Diagnostic Test Systems—Susceptibility Testing of Infectious Agents and Evaluation of Performance of Antimicrobial Susceptibility Test Devices—Part 1. Reference Method for Testing the In Vitro Activity of Antimicrobial Agents Against Rapidly Growing Aerobic Bacteria Involved in Infectious Diseases. International Organization for Standardization: Geneva, Switzerland, 2019.

	



CLSI Document M07—A10; Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically; Approved Standard—Tenth Edition. Clinical Laboratory and Standards Institute: Wayne, PA, USA, 2015.

	



The European Committee on Antimicrobial Susceptibility Testing (EUCAST). Breakpoint Tables for Interpretation of MICs and Zone Diameters, Version 12.0; The European Committee on Antimicrobial Susceptibility Testing (EUCAST): Växjö, Sweden, 2021; Available online: https://eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_12.0_Breakpoint_Tables.pdf (accessed on 1 January 2022).

	



European Committee on Antimicrobial Susceptibility Testing (EUCAST). EUCAST Guidelines for Detection of Resistance Mechanisms and Specific Resistances of Clinical and/or Epidemiological Importance. Version 2.0. July 2017. Available online: https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Resistance_mechanisms/EUCAST_detection_of_resistance_mechanisms_170711.pdf (accessed on 15 October 2021).

	



CLSI. Performance Standards for Antimicrobial Susceptibility Testing, 31st ed.; CLSI supplement M100; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2021. [Google Scholar]

	



Schuster, C.F.; Weber, R.E.; Weig, M.; Werner, G.; Pfeifer, Y. Ultra-deep long-read sequencing detects IS-mediated gene duplications as a potential trigger to generate arrays of resistance genes and a mechanism to induce novel gene variants such as blaCTX-M-243. J. Antimicrob. Chemother. 2022, 77, 381–390. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, J.R.; Clermont, O.; Johnston, B.; Clabots, C.; Tchesnokova, V.; Sokurenko, E.; Junka, A.F.; Maczynska, B.; Denamur, E. Rapid and specific detection, molecular epidemiology, and experimental virulence of the O16 subgroup within Escherichia coli sequence type 131. J. Clin. Microbiol. 2014, 52, 1358–1365. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. In vitro activity of mecillinam and nine comparator agents against 460 E. coli urine isolates.
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	Antimicrobial Agent
	MIC 50

(mg/L)
	MIC 90

(mg/L)
	MIC Range

(mg/L)
	%-S
	%-I
	%-R (95% C.I.)





	Mecillinam oral (uUTI)
	0.5
	4
	0.06–>32
	94.8
	–
	5.2 (3.2–7.2)



	Amoxicillin
	4
	>32
	≤0.5–>32
	56.7
	–
	43.3 (38.9–47.8)



	Amoxicillin-clavulanic acid
	4
	16
	≤0.5–>32
	82.0
	–
	18.0 (14.5–21.5)



	Amoxicillin-clavulanic acid (uUTI) 1
	4
	16
	≤0.5–>32
	94.3
	–
	5.7 (3.6–7.8)



	Cefuroxime oral (uUTI)
	4
	>32
	≤0.12–>32
	88.7
	–
	11.3 (8.4–14.2)



	Cefpodoxime (uUTI)
	0.5
	>4
	≤0.06–>4
	88.9
	–
	11.1 (8.2–14.0)



	Cefixime (uUTI)
	0.25
	4
	≤0.03–>4
	89.3
	–
	10.7 (7.9–13.5)



	Ciprofloxacin
	≤0.06
	8
	≤0.06–>8
	86.3
	2.6
	11.1 (8.2–14.0)



	Trimethoprim-sulfamethoxazole 2
	≤0.25
	>16
	≤0.25–>16
	72.2
	0.9
	27.0 (22.9–31.1)



	Fosfomycin (uUTI)
	2
	8
	≤1–256
	92.6
	–
	7.4 (5.0–9.8)



	Nitrofurantoin (uUTI)
	≤16
	32
	≤16–>256
	98.9
	–
	1.1 (0.1–2.1)







S—susceptible, standard dosing regimen; I—susceptible, increased exposure; R—resistant; uUTI—uncomplicated urinary tract infection. EUCAST clinical breakpoints set for isolates from patients with uUTI were applied. 1 Amoxicillin-clavulanic acid susceptible, MIC ≤ 32 mg/L; resistant, MIC > 32 mg/L. 2 Trimethoprim-sulfamethoxazole in the ratio 1:19. MICs are expressed as the trimethoprim concentration.
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Table 2. MIC distribution data for mecillinam against 460 E. coli urine isolates with different resistance phenotypes.
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Phenotype

	
n

	
MIC (mg/L)




	
≤0.03

	
0.06

	
0.12

	
0.25

	
0.5

	
1

	
2

	
4

	
8

	
16

	
32

	
>32






	
ESBL-negative

	
414

	

	
7

	
23

	
163

	
85

	
41

	
47

	
23

	
5

	
6

	
9

	
5




	
ESBL-positive

	
46

	

	

	

	
4

	
11

	
10

	
14

	
3

	

	
1

	
1

	
2




	
AMX-susceptible

	
261

	

	
7

	
23

	
155

	
68

	
4

	
2

	
1

	

	
1

	

	




	
AMX-resistant

	
199

	

	

	

	
12

	
28

	
47

	
59

	
25

	
5

	
6

	
10

	
7




	
AMC-susceptible

	
377

	

	
7

	
23

	
163

	
90

	
39

	
40

	
13

	
1

	
1

	

	




	
AMC-resistant

	
83

	

	

	

	
4

	
6

	
12

	
21

	
13

	
4

	
6

	
10

	
7




	
AMC-resistant (HL)

	
26

	

	

	

	
4

	
1

	
4

	
5

	
3

	

	
1

	
2

	
6




	
Total

	
460

	

	
7

	
23

	
167

	
96

	
51

	
61

	
26

	
5

	
7

	
10

	
7








The underlined numbers indicate the MIC 50/90 values. The solid vertical line indicates the EUCAST clinical breakpoint defined for mecillinam susceptibility. ESBL—extended-spectrum β-lactamase; AMX—amoxicillin; AMC—amoxicillin-clavulanic acid; HL—“high-level” resistance (AMC MIC > 32 mg/L).
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Table 3. Resistance patterns of the 24 mecillinam-resistant E. coli urine isolates.
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	Resistance Pattern
	n





	MEC, AMX, AMC
	7



	MEC, AMX, AMC, TRS
	4



	MEC, AMX, AMC, CXM, CFI, CPD, TRS
	3



	MEC, AMX, AMC, CIP, TRS
	3



	MEC, AMX, AMC, TRS, FOS
	2



	MEC, AMX, AMC, CXM, CFI, CPD
	1



	MEC, AMX, AMC, CPD, TRS
	1



	MEC, AMX, AMC, CXM
	1



	MEC, AMX, AMC, NFT
	1



	MEC
	1







MEC—mecillinam; AMX—amoxicillin; AMC—amoxicillin-clavulanic acid; CFI—cefixime; CPD—cefpodoxime; CXM—cefuroxime; CIP—ciprofloxacin; NFT—nitrofurantoin; FOS—fosfomycin; TRS—trimethoprim-sulfamethoxazole.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  antibiotics-11-00751


  
    		
      antibiotics-11-00751
    


  




  





media/file0.png





