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Abstract

:

Background: K. pneumoniae is one of the bacteria most frequently causing health care-associated urinary tract infections, and increasingly incriminating Klebsiella pneumoniae carbapenemase producers (KPCp). Most infections caused by KPCp are nosocomial and might cause serious issues, even leading to death in half of the reported cases. Our aim was to identify the best strategy, based on available scientific data, for the use of new antibiotic treatments to manage KPCp UTIs. Methods: this narrative review of the literature was performed according to the criteria of preferred reporting items for systematic review and meta-analyses statement (PRISMA) (2020). Results and Conclusions: KPCp-UTIs are a real challenge for physicians. While cefiderocol, meropenem-vaborbactam, ceftazidim-avibactam, and imipenem-relebactam represent a major step forward in the treatment of these UTIs, no guidelines are currently available, in view of choosing the most appropriate treatment, in each specific case.
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1. Introduction


Due to an increased rate of antibiotic resistance, experts from the World Health Organization (WHO) have predicted that the incidence of morbidity due to infectious diseases will be similar in 2050 to what it was in the “pre-antibiotic era”. This prediction is being confirmed nowadays, as was demonstrated by Cassini in 2018 [1]. The dramatic explosion of bacterial resistance is even more obvious among enterobacterales and, as such, represents an important challenge for the future [1,2]. For instance, the WHO has made it a priority to develop new antibiotic treatments [3]. In 2014, the Global Report on Surveillance of antimicrobial resistance by the World Health Organization [4] showed that enterobacterales, especially K. pneumoniae, were common in hospitals, particularly in respiratory tract and urinary tract infections (UTI), in vulnerable patients and that they might very easily spread among departments, hospitals, and countries. The report highlighted alarming rates of carbapenem resistance, largely exceeding fifty percent, in certain patient groups, for whom there are few (or possibly no) other treatment options.



K. pneumoniae is one of the bacteria that cause healthcare-associated urinary tract infections and the increase of cases caused by Klebsiella pneumoniae carbapenemase-producers (KPCp) have been reported [5]. Most infections caused by KPCp are nosocomial and cause serious issues, even leading to death in half of the reported cases [6]. In the Ambler classification system, KPC belongs to the clade A of β-lactamases, which involve serine at their active site and hydrolyze numerous penicillins, cephalosporins, and carbapenems [7]. Compared to Clade B (NDM, VIM, IMP) and clade C (OXA-48), clade A KPC carbapenemase is the most frequent mechanism of acquired carbapenem resistance in K. pneumoniae [8]. Indeed, KPC is the one of the most prevalent carbapenemase producers worldwide and one of the most widely studied mechanisms of resistance [9].



Medical care of KPCp UTIs is difficult nowadays, due to a lack of rapid and reliable diagnostic tests to identify carbapenamase and because there are no specific antibiotics to treat them. This leads to the use of late drug combinations and increases the risk of widespread infections, due to drug-acquired resistance [10]. However, the availability of new antibiotic treatments, discovered in the last decade, represents a new hope for these patients. That said, the data on pharmacokinetics/pharmacodynamics (PK/PD) and dosage of these new antibiotics in urines may represent a highly challenging situation, especially when choosing the most appropriate treatment for very specific clinical situations.



Our aim was to identify the best strategy, based on available scientific data, for application of new antibiotic treatments for management of KPCp UTIs.




2. Materials and Methods


This narrative review of the literature was performed according to the criteria of preferred reporting items for systematic review and meta-analyses statement (PRISMA) (2020) [11].



2.1. Eligibility Criteria


Criteria for the studies to be considered were all studies investigating the treatment of KPCp, associated with urinary tract infections in patients over the age of 18.



A cut-off date was not used to select the articles because only a very limited number of studies were available matching the criteria.



The studies selected in this review were then matched, according to the type of antibiotic treatment and medical strategy.




2.2. Search Strategy


After research on KPCp etiology, diagnostic, and treatment available, a review of the literature was performed in Medline library on 15 April 2021, using the following MeSH keywords and search algorithms: ((carbapenem-resistant Klebsiella pneumoniae OR KPC) AND (UTI OR urinary tract infection OR prostatitis OR pyelonephritis OR cystitis OR orchitis OR epididymitis) AND (antibiotic OR antibiotic treatment OR antibiotic therapy OR treatment OR cefiderocol OR vaborbactam OR avibactam OR relebactam OR eravacycline) NOT pediatric). Articles were screened for methodology, language (English/French), and pertinence to this review. An Internet search yielded additional references, including guidelines.




2.3. Study Selection and Data Extraction


All articles were selected by CC, who was then audited by MV. All the studies collected were considered. The PRISMA flowchart is represented on Figure 1.



Only data reporting the application of antibiotic treatments for adult UTIs linked with KPCs were collected, as assessed in the eligibility criteria. Studies with unavailable abstracts were excluded immediately, as were basic research studies.



All studies using animal models or non-representative study population were excluded. Studies with languages other than English and French were excluded.



The first part of this systematic review consisted in defining infections caused by KPCp and finding its risk factors, clinical situations, and associated population. The second part of the review presents the different antibiotics available and their potential usage.



We conducted additional research to add posology, PK/PD data, and tips about every cited antibiotic. We did not include these studies in the flow chart.





3. Results


Forty-three studies were included in the synthesis.



3.1. KPCp Description and Population


The usual mechanism of carbapenem resistance worldwide is the production of Klebsiella pneumoniae carbapenemase enzymes, which are encoded by the blaKPC gene and have spread to numerous Gram-negative species [12]. This enzyme is able to hydrolyze carbapenem antibiotics and leads to resistances to the latest generations of antibiotics [13,14]. In the Ambler classification system, they belong to the clade A of β-lactamases, which integrates serine to their active site and hydrolyzes numerous penicillins, cephalosporins, and carbapenems [15].



They constitute the major transmissible genes found in enterobacterales, in this class [16]. They are mainly produced by K. pneumoniae but can also be found in Salmonella enterica, E. coli, K. oxytoca, and Pseudomonas aeruginosa too [17]. They have had a very quick propagation since 2000 from New-York [18], throughout the USA and South American countries, and in several European countries, mostly Mediterranean countries and Israel. Nowadays, KPCp represents the most frequent pathogen of carbapenemase-producing enterobacterales [19].



Numerous studies have reviewed the clinical characteristics and outcomes of patients infected with KPCp. They tend to be older, feebler, and have various complications like diabetes melitus and immune deficiency. These patients regularly attend to hospitals where they may undergo surgery or complex care, in the context of their different diseases [12,20]. KPCp is more often found in respiratory tract, urinary tract, and bacteremia and is greatly associated with prosthetic devices, such as indwelling urinary catheter and mechanical ventilation [21,22]. Some research has proven that urological tumors could be a risk factor for KPCp UTIs too [20]. Infections caused by KPCp are mostly linked to healthcare infections, a factor necessitating prevention.



The Table 1 and Table 2 summarize the main studies and antibiotics included in this analysis.




3.2. Effective Antibiotics


3.2.1. CEFIDEROCOL (FETROJA®)


Antimicrobial Spectrum of Activity and Resistance


Cefiderocol is an injectable siderophore cephalosporin. It has intrinsic structural stability against a variety of Ambler class A, C and D β-lactamases, and even B by having activity against multidrug-resistant (MDR) Gram-negative bacilli. It has a safety and tolerance comparable to the rest of the cephalosporins. Cefiderocol appears to be a key antibiotic in countering the spread of infections caused by carbapenem-resistant and MDR Gram-negative bacilli. This includes extended-spectrum β-lactamase and carbapenemase-producing strains, as well as carbapenem-resistant strains without carbapenemase producing enzyme [23].



Its innovative mechanism of action is a combination of two characteristics: a siderophore-like cellular entry creating a high concentration of antibiotics at the locus of action and resistance to hydrolysis, caused by almost all β-lactamases, especially serine- and metallo-β-lactamases. This explains its superior antimicrobial activity, compared with carbapenems, β-lactam/β-lactamase combinations, and modern cephalosporins [24,25].



Recent studies like the CREDIBLE trial, which included more than 100 patients, compare cefiderocol with the best available treatment. It was a multicenter trial, involving 95 centers, randomized 2 on 1, with multiple indications, and more than 50% of severe patients. It showed that clinical and microbiological outcomes were comparable between the cefiderocol group and the group treated with the best available therapy, whatever the carbapenem-resistant pathogen or infection site [26,27].




Clinical Efficacy, Safety and Tolerability


A meta-analysis assessed the clinical efficacy and safety of cefiderocol in the treatment of acute bacterial infections, compared to other therapies, such as carbapenem. It shows no significant difference, in response to treatment rate at the end of cure, between cefiderocol and control groups (OR = 1.04, 95% CI 0.73–1.48; I2 = 0%).



All-cause mortality did not differ between the cefiderocol and comparators (14-day mortality, OR = 1.25, 95% CI 0.69–2.26; I2 = 0%; and 28-day mortality, OR = 1.12, 95% CI 0.69–1.82; I2 = 0%).



Moreover, Cefiderocol was shown to have a microbiological response, comparable to control groups at the end of the cure (OR = 1.44, 95% CI 0.84–2.47; I2 = 63%) [28].



The study highlights a risk of adverse events (AEs), comparable to comparators (best available therapy known or carbapenem) [28]. In a phase II trial, comparing cefiderocol versus imipenem-cilastatin in complicated urinary tract infection (cUTI), gastrointestinal disorders like diarrhoea (4%), and constipation (3%), were the most frequent AEs in the cefiderocol group [29]. Similarly, a phase III trial, comparing the safety and efficacy of cefiderocol in serious infections, caused by carbapenem-resistant Gram-negative bacteria, to the best available therapy, showed that the most frequently reported adverse events in the cefiderocol group were diarrhea (19%), fever (14%), and vomiting (13%) [26].




Posology


Due to their time-dependent PK/PD, all infusions have to be administered within 3 h to optimize efficacy. The suggested dosage of cefiderocol is 2 g administered every 8 h in patients 18 years of age and older, with an estimated glomerular filtration rate (eGFR) superior to 90 mL/min/1.73 m2. The treatment should last between five to ten days, in case of cUTI. When creatinine clearance is superior to 120 mL/min, a regimen of 2 g every 6 h can be used. The recommended dose of cefiderocol in renally impaired patients with eGFR between 30–60 mL/min/1.73 m2 is 1.5 g every 8 h, for 15–30 mL/min/1.73 m2, 1 g every 8 h, and for less than 15 mL/min/1.73 m2, 0.75 g every 12 h [30,31].




PK/PD


Urinary excretion ranged from 61.5% to 68.4% unchanged antibiotic product, regardless of the dosage but no specific data are available for prostatic diffusion [32].





3.2.2. Meropenem/Vaborbactam (Vaborem)


Antimicrobial Spectrum of Activity and Resistance


Meropenem/vaborbactam was accepted in August 2017 by the FDA for the treatment of cUTI including AP [33]. Meropenem has a wide spectrum of activity against aerobic and anaerobic Gram-positive and Gram-negative organisms, including drug-resistant strains like ESBL- and AmpC-producing enterobacterales [34]. However, the production of β-lactamases, such as KPC serine carbapenemases leads to carbapenem resistance [35].



Vaborbactam (acid boronic) is a non-β-lactam, serine beta-lactamase inhibitor, which restores the activity of meropenem against enterobacterales producing Ambler clade A β-lactamases but is not effective on clade B and D [36].




Clinical Efficacy, Safety, and Tolerability


The usefulness and risks of M/V to treat cUTIs, due to known or suspected CRE, have been estimated in two Phase III trials: TANGO-I and TANGO-II [37,38]. High overall clinical success rates were recorded in the meropenem-vaborbactam group (98.4%) versus 94.0% in the piperacillin-tazobactam group (difference 4.5%, [95% CI: 0.7–9.1%]; p < 0.001 for non-inferiority; p = 0.01 for superiority).



At the end of the therapies, patients who received meropenem–vaborbactam more often completed the clinical cure (64.3 vs. 33.3%; p = 0.04), in comparison with patients who had received the best available therapy (BAT) [39]. This trial was prematurely stopped because of the superiority of M/V compared to BAT. This could be explained by the high proportion of severe adverse events in the BAT group probably, due to the use of colistin.



M/V shows a better safety profile compared to BAT and presents fewer adverse events (24.4% vs. 44%) [40]. These are described as mild to moderate and refer to: headache (3.8–21.6%), infusion site phlebitis (42–62.2%), nausea (19.5%), and diarrhea (14.6%) [41].




Posology


The suggested dosage of meropenem-vaborbactam is 2 g/2 g administered every 8 h in patients 18 years of age and older, with an estimated glomerular filtration rate (eGFR) superior to 50 mL/min/1.73 m2 [42], for a duration of five to ten days. The mentioned dose of meropenem-vaborbactam, in renally impaired patients with an eGFR between 30–49 mL/min/1.73 m2 is 2 g (meropenem 1 g and vaborbactam 1 g) every 8 h, for 15–29 mL/min/1.73 m2 is 2 g every 12 h, and for less than 15 mL/min/1.73 m2 is 1 g (meropenem 0.5 g and vaborbactam 0.5 g) every 12 h. All infusions should be administered over 3 h [40]. Dose adjustments are probably not necessary in patients with hepatic impairment, as both substances undergo minimal or no hepatic metabolism [41].




PK/PD


The urinary excretion of Meropenem and Vaborbactam a ranged from 40 to 60% and 75 to 95%, respectively. No specific data are available for prostatic diffusion [43].





3.2.3. Ceftazidime–Avibactam (Zavicefta®)


Antimicrobial Spectrum of Activity and Resistance


Avibactam is a first-in-class non–β-lactam β-lactamase inhibitor. It can reinstate the in vitro activity of ceftazidime against Ambler class A, C, and some of D [44]. It was approved by the European Medicines Agency (EMA) for the treatment of patients with cUTI including pyelonephritis, thanks to the RECAPTURE Phase 3 study, which assessed the efficacy and safety of ceftazidime–avibactam [45]. We did not find studies assessing the effectiveness of this treatment against KPCp in UTI. However, we found studies dealing with CAZ-AVI in the context of bacteremia or severe CRE infections that we can extrapolate to the treatment of UTIs with KPCp.




Clinical Efficacy, Safety and Tolerability


A multicentric study showed the outcomes of Ceftazidime–Avibactam in patients with Carbapenem-Resistant enterobacterales Infections. Most patients had bacteremia, 17% (8/60) had infections at more than one site, with 28% being primary urinary tract infection, and Klebsiella pneumoniae was involved in 83% of the cases.



Fifty-one percent (18/35) of the patients who received Ceftazidime–Avibactam had microbiologic cure, 63% (22/35) had clinical success, and 34% (12/35) died in the hospital [46].



Moreover, another multicenter study presented the interest of CAZ-AVI in salvage therapy in the largest sample to date of patients with infections caused by carbapenem-resistant Gram-negative bacteria, 97% of which included KPC Klebsiella pneumoniae (KPC-Kp), while 75.4% were bacteremia and 4.3% were UTI alone. Patients received CAZ-AVI therapy for a median duration of 14 days, and the overall 30-day mortality rate was 34.1% (47/138). The highest rate (36.5% [38/104]) was found in patients with bacteremic KPC-Kp infections, and the lowest (16.7% [1/6]) in those with UTI [47].



A study including 133 patients (46% bacteriemia, 14% UTI) presented evidence for superiority of CAZ-AVI over colistin in the early treatment of KPCp infections. The use of CAZ-AVI was associated with improved clinical outcomes (64%), highlighting reduced all-cause hospital mortality rate (8% vs. 33%), and improved benefit-risk outcomes [48].



The mortality rate did not differ between patients undergoing CAZ-AVI monotherapy compared to CAZ combination therapy for the treatment of CRE infections. This outcome might be able to improve antibiotic treatment, in view of decreasing the use of combination treatments [49,50].



REPRISE, a randomized phase 3 study, comparing ceftazidime-avibactam to the best available therapy in patients with CRE and Pseudomonas aeruginosa cUTI, found adverse events in 28% of patients with CAZ-AVI versus 35% of patients with BAT (nausea 3%, vomiting 3%, diarrhea 2%, fever 3%, and abdominal pain 2% were the first events described). No serious AE or death, were considered, as related to the study drug [51].



An Italian analysis revealed that an empirical treatment with CAZ-AVI followed by colistin and high-dose of carbapenem compared with imipenem followed by colistin and high-dose carbapenem induced a cost of €1015 per patient but offered improved health outcomes in clinical cure (97.65% vs. 91.08%; ∆ = 6.57%), shorter hospital stays (10.65 vs. 12.55 days; ∆ = 1.90 days), and better quality of life (QALYs) (4.190 vs. 4.063; ∆ = 0.126). It randomized 5000 cUTI Italian hospitalized patients in two cohorts: one receiving empirical treatment with CAZ-AVI and the other receiving imipenem. Clinical failure was declared when empirical treatment was switched to the next treatment line if microbiological results revealed that at least one of the pathogens was resistant, if there was no response at the end of the treatment, or if infection recurrence occurred. Every cost was identified (medical costs, management of the recurrence or adverse events).



Empirical treatment resistance would be likely to induce a 10% increase in daily hospitalization cost because of added healthcare resources, a 20% increase in mortality, and a 10% reduction in the success rate of subsequent treatment.



The increasing cost-effectiveness ratio is €8039/QALY, which is under the willingness-to-pay threshold of €30 000/QALY in Italy. These results suggest that CAZ-AVI might be a cost-effective treatment, compared to imipenem association for cUTI [52].



Unfortunately, the latest discoveries indicate that widespread use of CAZ-AVI induces a transformation in the epidemiology of carbapenemases from KPC to metallo-ß-lactamases, particularly in cases of renal dysfunction and/or high inoculum [53].




Posology


The suggested dosage of CAZ-AVI is 2 g/0.5 g in 2 h infusions, administered every 8 h in patients 18 years of age and older with estimated glomerular filtration rate (eGFR) superior to 50 mL/min/1.73 m2, between 5 to 10 days.



The suggested dose in renally impaired patients with eGFR 31–50 mL/min/1.73 m2 is 1 g/0.25 g, for 16–30 mL/min/1.73 m2 is 0.75 g/0.1875 g every 12 h, for 6–15 mL/min/1.73 m2 is 0.75 g/0.1875 g every 24 h, and for less than 6 mL/min/1.73 m2 is 0.75 g/0.1875 g every 48 h [54].




PK/PD


The urinary excretion of CEFTAZIDIME-AVIBACTAM is excellent and reaches a targeted MIC of 8 mg/L in 94.9% to even 99.6% in cases of adjusted dosage for renal impairment. Nevertheless, no specific data is available for prostatic diffusion [55].





3.2.4. Imipenem-Cilastatin-Relebactam (Recarbrio®)


Antimicrobial Spectrum of Activity and Resistance


Relebactam is another non–β-lactam that inhibits class A carbapenemases and class C cephalosporinases [56]. In association with carbapenem imipenem/cilastatin (IMI/REL), it can restore imipenem activity against Imipenem-non-susceptible Gram-negative pathogens as KPC-producing enterobacterales [57]. For KPCp non-susceptible to imipenem, the relebactam reduced the MIC of at least 16-fold, decreasing from 8 to 0.5 μg/mL. The other carbapenemases (OXA-48, VIM or GES-20) are less susceptible to this antibiotic [58]. The European Medicines Agency recognized imipenem-cilastatin-relebactam on the 13th of February 2020 in “the treatment of infections due to aerobic Gram-negative organisms in adults with limited treatment options”.




Clinical Efficacy, Safety and Tolerability


RESTORE-IMI 1 was a phase III, randomized, double-blind study, conducted in 35 hospitals, which found that IMI/REL seemed to be a better treatment than colistin + IMI for carbapenem-non-susceptible infections, with similar efficacy but significantly less nephrotoxicity and other adverse events [59].



In this phase III dose-ranging study comparing efficacy and safety of imipenem/cilastatin plus relebactam with imipenem/cilastatin alone in patients with complicated urinary tract infections, the most common adverse events found with IMI/REL 250 mg were headache (7.1%), diarrhea (5.1%), nausea (4.0%), and hypertension (3%) [60].



However, it bears mentioning that IMI/REL has not been studied in cases of severe urosepsis or suspected prostatitis which, as we know, represent a specific tissue. Nevertheless, expert opinion recommends IMI/REL in cUTI when the therapeutic arsenal is restricted [61].




Posology


The suggested dosage of IMI/REL in cUTI is 2500 mg/500 mg/250 mg (imipenem/cilastatin/relebactam) in 30 min infusions, administered every 6 h in patients 18 years of age and older with an estimated glomerular filtration rate (eGFR) superior to 90 mL/min/1.73 m2, for a duration of 5 to 10 days.



The suggested doses in renally impaired patients with eGFR of 90–60 mL/min/1.73 m2 are 400/400/200 g, 300/300/150 g for 60–30 mL/min/1.73 m2, 200/200/100 for 30–15 mL/min/1.73 m2, and 200/200/100 for less than 15 mL/min/1.73 m2 with hemodialysis [62].




PK/PD


Urinary excretion of Relebactam is excellent, ranging from 94.7% to 100% over a 24-h period following single-dose administration. Renal clearance is similar when relebactam is administered with or without imipenem-cilastatin. No specific data are available for prostatic diffusion [63].





3.2.5. Plazomicin (Zemdri®)


Plazomicin is a novel semisynthetic aminoglycoside of interest against MDR Gram-negatives, including carbapenemase-producers. It was approved by the Food and Drug Administration (FDA) in June 2018 for the treatment of cUTI [64]. A trial comparing plazomicin versus colistin, in association with meropenem or tigecycline (CARE trial) revealed an overall reduction in mortality (24% vs. 50%) [65]. Unfortunately it has not been accepted in Europe in the restricted indication for which it was supposed to be used, due to a lack of economic return compared to the cost of production [66].




3.2.6. Eravacycline (Xerava®)


Eravacycline is a fluorocycline with a structure similar to tigecycline [67].



It has been approved by FDA in treatment of intra-abdominal infections and presents favorable in-vitro effects against CRE. Nevertheless, there is a lack of clinical trials to confirm its effectiveness in Europe.



The suggested dosage of Eravacycline is 1 mg/kg in 2 h infusions, administered every 12 h in patients 18 years of age and older, during 4 to 14 days. No dose adjustment for renal or liver function is required [68].
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Table 1. Characteristics of the main studies included.
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Study, Year Published

	
Study Design

	
Study Duration

	
Study Site

	
Study Population

	
No. of Patients (ITT Population)

	
Dose Regimen






	

	

	

	

	

	
Total

	
UTI

	
%KPCp

	
Studied drug

	
Comparator

	
Studied drug

	
Comparator




	
CEFIDEROCOL:

FETROJA®

	
Portsmouth et al., 2018 [29]

	
Phase 2, Double-blind, non-inferiority

trial

	
2015–2016

	
65 hospitals in 15 countries

	
Adults with Gram-negative cUTI

	
100%

	
30%

	
300

	
148

	
1-h infusion of cefiderocol (2 g) every 8 h for 7–14 days

	
1-h infusion of imipenem/cilastatin (1 g each) every 8 h for 7–14 days




	

	
Bassetti et al., 2021 [26] (CREDIBLE-CR trial)

	
Phase 3, Randomised, open-label, pathogen-focused, descriptive trial

	
2016–2019

	
95 hospitals in 16 countries

	
Adults with NP, BSI or sepsis, or cUTI and a CR-Gram-negative pathogen

	
24%

	
26%

	
101

	
49

	
3-h infusion of cefiderocol (2 g) every 8 h for 7–14 days

	
Best available therapy for 7–14 days




	
MEROPENEM/

VABORBACTAM: VABOREM®

	
Kaye

et al., 2018 [37] (TANGO I CR-trial)

	
Phase 3, multicenter, multinational, randomised clinical trial, double blind trial

	
2014–2016

	
60 hospitals in 17 countries

	
Adults with complicated UTI, stratified by infection type and geographic region

	
100%

	
11%

	
274

	
276

	
Meropenem-vaborbactam (2 g/2 g over 3 h

	
Piperacillin-tazobactam (4 g/0.5 g over 30 min; every 8 h




	

	
Wunderink

et al., 2018 [38] (TANGO II CR-trial)

	
Phase 3, multinational, open-label, randomized controlled trial

	
2014–2017

	
27 hospitals in 8 countries

	
Adults with infections due to confirmed/suspected CRE

	
16%

	
87%

	
32

	
15

	
Meropenem–vaborbactam (2 g/2 g over 3 h, q8h for 7–14 days)

	
BAT (mono/combination therapy with polymyxins, carbapenems, aminoglycosides, tigecycline; or ceftazidime–avibactam alone)




	
CEFTAZIDIME-AVIBACTAM: ZAVICEFTA®

	
King et al., 2017 [46]

	
Multicenter, retrospective review

	
2015–2016

	
9 health systems in the United States

	
Adults who received at least 24 h of ceftazidime–avibactam therapy for CRE infection

	
28%

	
83%

	
29

	
21

	
Dosis of ceftazidime–avibactam was determined by providers at each site based on manufacturer’s-recommended dosing

	
Concomitant therapy and prior therapy for CRE infections were recorded




	

	
Carmeli et al., 2016 [51] (REPRISE)

	
Phase 3; international, randomised, open-label trial

	
2013–2014

	
Hospitals across 16 countries worldwide

	
Adults with cUTI or cIAI caused by ceftazidime-resistant Enterobacteriaceae or Pseudomonas aeruginosa.

	
92%

	
38%

	
165

	
168

	
Combination of 2000 mg ceftazidime plus 500 mg avibactam, administered via a 2-h intravenous infusion every 8 h

	
BAT




	
IMIPENEM-CILASTATIN-RELEBACTAM: RECARBRIO®

	
Motsch et al., 2020 [59] (RESTORE-IMI 1)

	
Phase 3, Multicenter, Randomized, controlled

Double-blind trial

	
2015–2017

	
35 hospitals in 17 countries

	
Adults hospitalized, and requiring intravenous antibacterial treatment for hospital-acquired pneumonia /ventilator-associated pneumonia, cUTIs, or cIAIs caused by imipenem-nonsusceptible, imipenem/relebactam-susceptible, and colistin-susceptible pathogens and lacking clinical improvement on any prior therapy.

	
51%

	
13%

	
21

	
10

	
Intravenous IMI/REL (500 mg/250 mg every 6 h) plus colistimethate sodium placebo

	
Intravenous IMI/REL (500 mg/250 mg every 6 h) plus

intravenous colistimethate

sodium (loading dose to achieve 300 mg colistin base activity, followed by maintenance doses up to 150 mg colistin base activity, every 12 h)
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Table 2. Summaries of main characteristics of these new antibiotic drugs and their efficacy on KPCp UTIs.
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	Antibiotics and Classes
	Action Spectre, PK/PD Data
	Posology
	AEs
	Notes





	CEFIDEROCOL (FETCROJA®), a siderophore cephalosporin
	-Amber Class A, B, C and D enterobacteriales.

Not active against gram-positive aerobic bacteria and anaerobic bacteria

-The urinary excretion is ranged from 61.5% to 68.4% unchanged antibiotic product regardless of the dosage
	2 g administered every 8 h with an eGFR superior to 90 mL/min/1.73 m2 between five to ten days
	Diarrhea (19%), fever (14%) and vomiting (13%)
	it is the only molecule that has activity on all carbapenemases.

It brings a benefit in terms of mechanism of action and diversity of sites of action.

To use exclusively as a last resort for reasons of preservation.



	MEROPENEM/

VABORBACTAM (VABOREM®), a Carbapenem + non-β-lactam, serine beta-lactamase inhibitor
	Aerobic and anaerobic Gram-positive and negative, ESBL and AmpC producing enterobacteriae, Amber Class-A enterobacterial

-Urinary excretion of Meropenem and Vaborbactam ranged from 40 to 60% and 75 to 95%respectively. No specific data are available for prostatic diffusion
	Meropenem 2 g and vaborbactam 2 g administered every 8 h with an eGFR superior to 50 mmL/min/1.73 m2, between five to ten days
	Headache (3.8–21.6%), infusion site phlebitis (42–62.2%), nausea (19.5%), and diarrhea (14.6%)
	M/V shows a better safety profile compared to BAT and presents fewer adverse events



	CEFTAZIDIME-AVIBACTAM (Zavicefta®), a third generation cephalosporine + non–β-lactam β-lactamase inhibitor
	-Ambler class A, C and some of D enterobacteriales

-Urinary excretion is excellent and joins a targeted MIC of 8 mg/L in 94.9% to 99.6% even in case of adjusted dosage for renal impairment.
	2 g/0.5 g in 2 h infusions, administered every 8 h with an eGFR superior to 50 mL/min/1.73 m2, between 5 to 10 days.
	Nausea 3%, vomiting 3%, diarrhea 2%, Pyrexia 3%, abdominal pain 2%
	Reduces all-cause hospital mortality rate

Delay in starting CAZ-AVI may not impact the survival and is a good option for salvage.

Latest discoveries indicate that widespread use of CAZ-AVI produced a transformation in epidemiology of carbapenemases from KPCp to metallo-b-lactamases.



	IMIPENEM-CILASTATIN-RELEBACTAM (RECARBRIO®), a Carbapenem + dehydropeptidase inhibitors + non–β-lactam β-lactamase inhibitor
	-Amber class A carbapenemases and class C cephalosporinases

-Urinary excretion of Relebactam is excellent and ranged from 94.7% to 100% over a 24-h period following single-dose administration. Renal clearance is similar when relebactam is administered with and without imipenem-cilastatin
	2500 mg/500 mg/250 mg (imipenem/cilastatin/relebactam) in 30 min infusions, administered every 6 h with an eGFR superior to 90 mL/min/1.73 m2
	Less nephrotoxicity,

headache (7.1%), diarrhea (5.1%), nausea (4.0%) and hypertension (3%)
	IMI/REL have not been studied in case of severe urosepsis or suspected prostatitis Nevertheless, expert opinion recommends IMI/REL in cUTI when the therapeutic arsenal is restricted











4. Discussion


Imipenem-cilastatin-relebactam, meropenem-vaborbactam, cefiderocol and ceftazidime–avibactam represent a major step forward in management of adult patients with UTI caused by carbapenemase-producing enterobacterales. However, there are no guidelines to choose the most appropriate among these antibiotics, according to the characteristics of each and to the clinical situation. Indeed, “UTI” represents a highly heterogeneous group of infections (cystitis, prostatitis, pyelonephritis, etc.) and further studies will be necessary to determine the best antibiotic treatment option for each.



We tried to retain the advantages of each of the above-mentioned molecules to optimally guide KPCp UTI management.



4.1. Cefiderocol (Fetroja®)


Very few trials have been carried out on carbapenem-resistant bacteria and none have reached the scale of CREDIBLE, which includes over 100 patients, more than half of whom are severe, which is rare in the records on this type of molecule but representative of the reality.



It differs from the other antibiotics by its mechanism of action, which is the only one of its kind, with penetration through the iron transport system rather than through the porins, facilitating activity on impermeable bacteria [23,24,25]. Gram Negative Bacteria (GNB) often have multiple resistance mechanisms that are not only enzymatic, but also porin impermeability. This is important because cefiderocol can counteract both mechanisms [24,25].



Indeed, it is the only molecule with activity on all carbapenemases, whereas the others are very specific, with restricted targets, either KPC or OXA-48. The efficacy of this antibiotic in monotherapy on metallo-beta-lactamases is exceptional.



The other, less innovative molecules are combinations of old beta-lactam antibiotics with new inhibitors, whereas by its mechanism of action this molecule brings a real benefit, not only in terms of mechanism of action and diversity of sites of action, but also due to a much wider spectrum than the other molecules covered up until now.



Given the characteristics of the product and the need for reasons of preservation to restrict the use to last resort, the decision to initiate treatment with cefiderocol should only be made following a complete antibiogram, and after a discussion with multidisciplinary antibiotic referents, with systematic re-evaluation 48 h after treatment initiation. It bears mentioning that cefiderocol is not active against Gram-positive aerobic and anaerobic bacteria. Other antibiotics should be used if these pathogens are known or suspected to be involved in the infection.




4.2. Meropenem/Vaborbactam (Vaborem®)


The efficacy of combined meropenem/vaborbactam was assessed in the TANGO II study in adult patients with confirmed or suspected carbapenem-resistant enterobacterale (CRE) infections (38). These results should be interpreted with caution considering the small number of patients (32 patients treated with VABOREM vs. 15 patients treated with BAT) and the study design (open-label, descriptive analysis). All in all, a more favorable response in terms of clinical cure, microbiological eradication and all-cause mortality was observed in the meropenem+vaborbactam group than in the control group. Its efficacy has been demonstrated in complicated urinary tract infections of low to moderate severity, including pyelonephritis due to BGN, but data on severe forms are limited. From our perspective, M/V should be considered as the gold standard for the treatment of infections due to UTI.




4.3. Ceftazidime-Avibactam (Zavicefta®)


CAZ-AVI was first approved in the United States in February 2015 and has since been approved in more than 47 countries. Cumulative exposure since the beginning of its marketing has been estimated at 43,633 patients, making it one of the most well-documented compounds of its kind. Hypersensitivity reaction is the most widely reported side effect and is mainly due to the presence of ceftazidime. Before treatment is initiated, it is necessary to determine patient’s history of hypersensitivity reactions to ceftazidime, other cephalosporins, or any other β-lactam antibiotic.



The combination of ceftazidime and avibactam has been shown to be effective in treatment of urinary tract infections (including pyelonephritis) [46,47,48,49,50,51]. Data on severe forms and/or forms caused by multi-resistant bacteria are limited, especially regarding beta-lactamase-producing enterobacterales. Nevertheless, bacteriological data and clinical experience reported in observational studies suggest that CAZ-AVI should in the absence of acquired resistance mechanisms be effective in infections due to certain carbapenemases (such as KPC). However, these mechanisms seem to be more and more frequent as we have observed a transformation in the epidemiology of KPC towards MBL bacteria, which subsequently present cross-resistance to CAZ-AVI, meropenem/vaborbactam and imipenem/relebactam [53].



The major advantage of CAZ-AVI is its marketing authorization for children aged 3 months to 18 years with regard to infections caused by enterobacterales sensitive to the ceftazidime/avibactam combination and for whom the use of other beta-lactams and carbapenems (meropenem or imipenem-cilastatin) is not an option in the event of resistance, particularly on account of the production of KPC-type carbapénémases.




4.4. Imipenem-Cilastatin-Relebactam (Recarbrio®)


The main study on imipenem-relebactam in KPCp UTI (RESTORE-IMI-1) covers a very small population [59]; while 50 patients were screened, but only 31 patients, 21 in the imipenem-relebactam group and 10 in the imipenem-colistin group, were considered in the microbiologically modified ITT analysis. When we look more closely, among the 16 patients with urinary tract infection, only 16% were K. Pneumoniae. Concerning resistance mechanisms, there were only six carbapenemase-producing enterobacterales, five KPC and one OXA-48. In terms of tolerability, there was no significant differences: 71% in the IMI-REL group versus 81% in the IMI-COL group, but the numbers were not relevant in terms of power. This is a case report-based study, conducted on a small number of relevant patients. IMI/REL has not been studied in cases of severe urosepsis or suspected prostatitis. There is no strong clinical support to appraise its results, which are based in vitro microbiology data and PK/PD data on imipenem-relebactam. While compared to ceftazidime–avibactam and meropenem-vaborbactam, imipenem-relebactam represents a potential alternative therapy in KPCp infections, we are mainly relying on microbiological data, and not sufficiently on clinical data.




4.5. Perspectives


Due to the lack of scientific data, it is difficult to recommend a single and simple way to treat KPCp-UTI. Even if these infections are extremely difficult to treat, they rarely occur, and it is difficult to put together a large cohort with homogeneous patients. A strong partnership between countries, teams and hospitals is probably an indispensable prerequisite to the creation of large cohorts of KPCp-UTI, which could lead to high level of evidence studies on this topic.



In addition, antibiotic drugs represent only one perspective to treat these infections. For example, essential oils could represent an interesting alternative or potentiator of antibiotic drugs [69,70].



Finally, the best treatment of KPCp-UTI is probably prevention. It has been demonstrated that low or better prescription of antibiotic drugs reduces the level of antibiotic resistance [71]. In light of the study by Klein et al. [72], a global policy regarding antibiotic stewardship should be established and published, the objective being to achieve better prevention of antibiotic consumption throughout the world.





5. Conclusions


KPCp-UTIs are a real challenge for physicians. While Cefiderocol, Meropenem-vaborbactam, Ceftazidim-avibactam and Imipenem-relebactam represent a major step forward in treatment of these UTIs, unfortunately, no guidelines are currently available in view of choosing the most appropriate treatment in each specific case. Due to the absence of guidelines, both MIC and molecular biology testing should always be initially performed t in case of suspicion of multidrug resistant infection, and especially in case of KPCp UTI, the objective being to provide clinicians with several possibilities of treatment for complicated infections in frequently high-morbidity patients.
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Figure 1. Flow-chart. 






Figure 1. Flow-chart.



[image: Antibiotics 10 01332 g001]













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











© 2021 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-10-01332


  
    		
      antibiotics-10-01332
    


  




  





media/file3.png
Records identified through database searching (PubMed) (n = 227)

\ 4 A 4

Records screened Records excluded by title or
(n = 89) abstract
(n=138)

A4

: Full-text articles excluded,
Full-text articles assessed with reasons
for eligibility R (n=17)
(n = 60) - infection site not detailed
- sample overlap

- in vitro

- pharmacodynamic /
pharmacokinetic study

- Abstract only

- Antibiotic not approved in
Europe

- Too targeted population

4

Studies included in synthesis
(n=43)






media/file0.png





media/file2.jpg
Records idenified through database searching (PubMed) (n

v
Records screened Records excluded by title or
(n=89) abstract
(n=138)
v

Full-text articles excluded,
Full-text articles assessed with reasons

for eligibility

[ m=17)
(n=60) - infection site not detailed
- sample overlap
-invitro

- pharmacodynamic /
pharmacokinetic study

- Abstract only

- Antibiotic not approved in
Europe

- Too targeted population

Studies included in synthesis
(n=43)






