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Carbapenems are considered as last-resort antibiotics for the treatment of infections caused by multidrug-resistant Gram-negative bacteria. With the increasing use of carbapenems in clinical practice, the emergence of carbapenem-resistant pathogens now poses a great threat to human health. Currently, antibiotic options for the treatment of carbapenem-resistant Enterobacteriaceae (CRE) are very limited, with polymyxins, tigecycline, fosfomycin, and aminoglycosides as the mainstays of therapy. The need for new and effective anti-CRE therapies is urgent. Here, we describe the current understanding of issues related to CRE and review combination therapeutic strategies for CRE infections, including high-dose tigecycline, high-dose prolonged-infusion of carbapenem, and double carbapenem therapy. We also review the newly available antibiotics which have potential in the future treatment of CRE infections: ceftazidime/avibactam, which is active against KPC and OXA-48 producers; meropenem/vaborbactam, which is active against KPC producers; plazomicin, which is a next-generation aminoglycoside with in vitro activity against CRE; and eravacycline, which is a tetracycline class antibacterial with in vitro activity against CRE. Although direct evidence for CRE treatment is still lacking and the development of resistance is a concern, these new antibiotics provide additional therapeutic options for CRE infections. Finally, we review other potential anti-CRE antibiotics in development: imipenem/relebactam and cefiderocol. Currently, high-dose and combination strategies that may include the new β-lactam/β-lactamase inhibitors should be considered in severe CRE infections to maximize treatment success. In the future, when more treatment options are available, therapy for CRE infections should be individualized and based on molecular phenotypes of resistance, susceptibility profiles, disease severity, and patient characteristics. More high-quality studies are needed to guide effective treatment for infections caused by CRE.
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INTRODUCTION

The increasing prevalence of bacterial resistance to antibiotics is a critical public health problem. Infections caused by antibiotic-resistant bacteria are associated with significant morbidity and mortality worldwide. Many previous efforts to combat multidrug-resistant (MDR) bacteria were focused on methicillin-resistant Staphylococcus aureus (MRSA). In recent years, several new therapeutic options for MRSA have become available (David et al., 2017). Currently the major threat of antibiotic-resistant bacteria is from MDR Gram-negative organisms, particularly those which have developed resistance to carbapenem. Along with carbapenem-resistant Acinetobacter baumannii (CRAB) and carbapenem-resistant Pseudomonas aeruginosa (CRPA), carbapenem-resistant Enterobacteriaceae (CRE) are among the top tier of the WHO list of antibiotic-resistant “priority pathogens” that pose the greatest threat to human health (Willyard, 2017).

Enterobacteriaceae are common pathogens causing a variety of severe infections, including bloodstream infections (BSIs), community-acquired pneumonia (CAP), hospital-acquired pneumonia (HAP), ventilator-associated pneumonia (VAP), complicated urinary tract infections (cUTIs), and complicated intra-abdominal infections (cIAIs). Therefore, antibiotic resistance in these bacteria has significant clinical and socioeconomic impacts (Lee et al., 2017; Rodriguez-Bano et al., 2018; Ting et al., 2018). As the prevalence of infections caused by extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae is increasing, the medical community has been forced to use carbapenem as a first-line empirical treatment. The increasing use of carbapenem for possible ESBL infections has led to a more serious problem: the emergence of carbapenemase-producing Enterobacteriaceae (CPE) (Sheu et al., 2018).

Carbapenem is a β-lactam antibiotic which inhibits transpeptidases (penicillin-binding proteins) and prevents peptidoglycan synthesis, leading to lytic cell death (Kohanski et al., 2010). The resistance of CRE to carbapenems is generally based on two mechanisms: carbapenemase production or the combination of structural mutations with the production of other β-lactamases, such as AmpC cephalosporinase (AmpC) and ESBL (Tzouvelekis et al., 2012; Munoz-Price et al., 2013; Goodman et al., 2016; Tamma and Simner, 2018). The classification and characteristics of major carbapenemases in CRE are summarized in Table 1. The three major classes of carbapenemases are Ambler Class A Klebsiella pneumoniae carbapenemase (KPC); Class B metallo-β-lactamases (MBLs) such as New Delhi MBL (NDM), Verona integrin-encoded MBL (VIM), and imipenemase (IMP); and Class D oxacillinases (OXA)-type enzymes such as OXA-48-like carbapenemases. These carbapenemases exhibit variable levels of carbapenem resistance through their carbapenem-hydrolyzing activity. For instance, a certain proportion of VIM and IMP-producing K. pneumoniae have been observed to have low carbapenem minimum inhibitory concentrations (MICs) in studied isolates (Yan et al., 2001; Psichogiou et al., 2008; Daikos et al., 2009). On the other hand, NDM carbapenemase seemed to exhibit higher carbapenem MICs (Kumarasamy et al., 2010) while KPC-producing isolates demonstrated wide variations in carbapenem MICs in different geographic regions (Endimiani et al., 2009a; Daikos and Markogiannakis, 2011; Qi et al., 2011). Some carbapenem-producing Enterobacteriaceae (CPE) are even susceptible to carbapenems themselves and this is particularly observed in OXA-48 producers (Dautzenberg et al., 2014; Navarro-San Francisco et al., 2013). Some CPE may also coproduce AmpC or ESBLs. The impact of the co-production of these enzymes on treatment and outcomes remains unclear.

TABLE 1. Classification and characteristics of major carbapenemases in Enterobacteriaceae.
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To date, the treatment options for CRE infections remain very limited. Polymyxins (colistin or polymyxin B) and tigecycline have been historically considered as drugs of choice for infections caused by CRE. However, resistance to these antibiotics is increasing (Capone et al., 2013; Giacobbe et al., 2015; Yang et al., 2018). In addition to polymyxins and tigecycline, fosfomycin and aminoglycosides are occasionally used (Tang et al., 2016; Tseng et al., 2017; Rodriguez-Bano et al., 2018). Carbapenems still play a role in the treatment of CRE infections, particularly when used in the treatment of CRE with lower MICs, either in higher doses, in combination with other active anti-CRE agents, or through double-carbapenem therapy (DCT). Older antibiotics such as minocycline, doxycycline, trimethoprim/sulfamethoxazole, and chloramphenicol may be effective for some CRE isolates (Falagas et al., 2011; Livermore et al., 2011). Recently, novel β-lactamase inhibitor combinations have provided new therapeutic options for CRE infections. However, these new β-lactamase inhibitors are not active against all carbapenemases. Avibactam inhibits both Class A KPC and Class D OXA-48 (Zasowski et al., 2015), while vaborbactam and relebactam inhibits only Class A KPC (Petty et al., 2018; Zhanel et al., 2018) (Table 1).

Table 2 summarizes the currently available antimicrobial agents and their recommended doses for treatment of CRE infections. Because the therapeutic options are limited, all potentially active drugs should be tested in vitro. It is recommended to select anti-CRE agents according to in vitro susceptibility data, clinical severity, and all other available information. Higher doses may be necessary for severe infections, including pneumonia and septic shock (Rodriguez-Bano et al., 2018). Many anti-CRE agents have recently been reviewed (Ni et al., 2016; Thaden et al., 2017; Trecarichi and Tumbarello, 2017; Zavascki et al., 2017; Rodriguez-Bano et al., 2018). We therefore focus the present review on several potential combination therapeutic strategies and new antibiotics (Table 3).

TABLE 2. Antimicrobial agents used for carbapenem-resistant Enterobacteriaceae infections.
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TABLE 3. Potential combination therapeutic strategies and new antibiotics for the treatment of carbapenem-resistant Enterobacteriaceae infections.

[image: image]

COMBINATION THERAPEUTIC STRATEGIES

Many studies have investigated the benefits of various combinations of antimicrobial agents for the treatment of CRE, in vitro or in vivo (Ku et al., 2017). However, it has been difficult to draw conclusions due to the diversity of study designs and resistance mechanisms. Among the studies that found combination therapy to contribute to lower mortality rates than monotherapy (Qureshi et al., 2012; Tumbarello et al., 2012, 2015; Tofas et al., 2016; Trecarichi et al., 2016; Gutierrez-Gutierrez et al., 2017; Machuca et al., 2017; Papadimitriou-Olivgeris et al., 2017), the two largest retrospective studies to date concordantly identified the protective effects to be significant in populations with high disease severity (Tumbarello et al., 2015; Gutierrez-Gutierrez et al., 2017). In the multicenter Italian cohort, with 661 episodes of BSI and non-BSI caused by KPC-producing K. pneumoniae, Tumbarello et al. (2015) compared clinical outcomes between 307 patients receiving monotherapy (colistin in 121, tigecycline in 116, gentamicin in 70) and 354 patients receiving combination therapy (receiving 2 or more in vitro-active drugs, with meropenem in all cases). They found significantly decreased mortality rates with combination therapy among patients with BSI (OR, 0.45; 95% CI, 0.29–0.68), lower respiratory tract infections (OR, 0.35; 95% CI, 0.11–0.99), high APACHE III scores (OR, 0.55; 95% CI, 0.37–0.80), septic shock (OR, 0.18; 95% CI, 0.05–0.53), and among isolates with a meropenem MIC of ≤8 mg/L (OR, 0.57; 95% CI, 0.32–1.03) (Tumbarello et al., 2015). The INCREMENT project, which included monomicrobial BSIs due to CPE from a total of 437 patients worldwide (26 tertiary hospitals in 10 countries), is by far the largest retrospective international cohort study. The subgroup analysis concluded that combination therapy, defined as receiving more than one in vitro-active antimicrobial, did not improve survival except in patients with a high mortality score (Gutierrez-Gutierrez et al., 2017).

The highly heterogeneous methodologies between studies and the fact that most data were derived from isolates of CRKP, preclude optimal synthesis using the currently available evidence. Several systematic reviews have proposed viewpoints regarding combination therapy. Falagas et al. (2014) reviewed 20 non-randomized studies, comprising 692 patients, and proposed that combination therapy may be considered for severely ill patients. Tzouvelekis et al. (2012) performed a systematic review that included 34 studies and suggested that carbapenem-containing combinations contribute to higher treatment success rates. Polymyxin-based and tigecycline-based combination therapies were reported to significantly decrease 30-day mortality when compared with respective monotherapy by systematic reviews (Ni et al., 2015, 2016). Zusman et al. (2017) performed a meta-analysis to compare polymyxin-based combination therapy and monotherapy. The subgroup analysis for CRE comprised of K. pneumoniae BSI and included seven studies with a total of 285 patients. The meta-analysis favored combination therapy (potentially double-coverage) and demonstrated an OR of 2.09 (95% CI, 1.21–3.6; I2 = 0%), but with low-quality evidence (Zusman et al., 2017). The most recent meta-analysis, performed by Martin et al. (2018), included 22 studies describing CRE infections. Seven studies were extracted for comparison between combination therapy and monotherapy. Four of the studies included patients with BSIs and three with mixed infections. The results showed a significantly higher risk of overall mortality among patients treated with monotherapy (OR, 2.19; 95% CI, 1.00–4.80), with a high heterogeneity (I2= 84.2%; QP = 0.003) (Martin et al., 2018).

The first and only RCT for the treatment of carbapenem-resistant Gram-negative bacteria was recently published, and is therefore not included in any of the above-mentioned systematic reviews or meta-analyses. The open-label RCT compared the outcomes of colistin monotherapy vs. combination therapy with high-dose and prolonged infusion meropenem (2 g every 8 h, infused over 3 h) (Paul et al., 2018). A total of 406 patients were enrolled, with pneumonia and bacteremia comprising 87% of the infections. Most infections were caused by A. baumannii (77%), while Enterobacteriaceae only contributed to 18% (73/406) of all infections. Most Enterobacteriaceae infections were BSIs (77%), with K. pneumoniae being the main pathogen (89%). In the post hoc subgroup analysis of Enterobacteriaceae infections, there were no significant differences in clinical outcomes between colistin monotherapy and combination therapy with meropenem. However, combination therapy seemed to be associated with a lower clinical failure rate (46% vs. 68%, P = 0.185) and a lower 28-day mortality (21% vs. 35%, P = 0.235). There is another ongoing RCT (NCT01597973) investigating colistin monotherapy vs. combination with carbapenem in the treatment of bacteremia or pneumonia caused by extensively drug-resistant Gram-negative bacteria. The trial is estimated to be completed in 2021.

Because of the suboptimal quality of the available data, it is not yet possible to make solid recommendations regarding combination therapy in CRE infections. However, there is a growing body of evidence supporting the use of combination therapy, particularly in critically ill patients.

High-Dose Tigecycline

Besides carbapenems, the most commonly studied high-dose regimen is tigecycline, owing to its non-nephrotoxic nature compared to other potentially active antimicrobial agents for CRE, such as polymyxins and aminoglycosides. A high-dose colistin regimen has been more extensively investigated for its efficacy against carbapenem-resistant A. baumannii infections and seldom for CRE (Gibson et al., 2016; Cheng et al., 2018).

A high-dose tigecycline regimen consists of a 200 mg loading dose and a maintenance dose of 100 mg every 12 h, while a standard-dose regimen consists of a loading dose of 100 mg and a maintenance dose of 50 mg every 12 h. One study assessed the efficacy of tigecycline for carbapenem-producing K. pneumoniae (CPKP) by using 164 non-duplicate clinical strains of CPKP isolated from HAP and incorporating a Monte Carlo simulation into a pharmacokinetic/pharmacodynamics (PK/PD) model. The study revealed that a higher cumulative fraction of response, indicating better clinical efficacy, can be gained by doubling the tigecycline dose (90.2% vs. 71.2%) (Trecarichi et al., 2016).

Two small retrospective studies conducted by Sbrana et al. (2013) and Balandin Moreno et al. (2014) included 26 episodes of KPC-producing K. pneumoniae and 16 episodes of VIM-1-producing K. pneumoniae infections from a trauma-referral ICU and a multidisciplinary ICU, respectively. In the study by Sbrana et al. (2013), high-dose tigecycline was administered in 25/26 infection episodes in combination with gentamicin (19/26) and colistin (12/26). Fosfomycin was used as a third antibiotic in 13/26 episodes. In the study by Balandin Moreno et al. (2014), high-dose tigecycline was administered in 10/16 infection episodes and standard-dose regimen in 6/16 episodes. Fourteen (14/16) episodes were treated with combination therapy, including colistin in 8/16, carbapenem in 5/16, ciprofloxacin in 2/16, piperacillin/tazobactam in 1/16, and amikacin in 1/16. Sbrana et al. (2013) suggested a favorable outcome by the double- or triple-combination with high-dose tigecycline, with a 30-day crude mortality rate of 14%. On the other hand, Balandin Moreno et al. (2014) found no significant differences in the mortality rates between high-dose and standard-dose tigecycline. Di Carlo et al. (2013) compared standard-dose to high-dose tigecycline with the combination of colistin in 30 postoperative abdominal surgery ICU patients who had at least two positive blood cultures for KPC-producing K. pneumoniae. They observed a significantly lower mortality rate in the high-dose tigecycline group. In terms of infection sources, De Pascale et al. (2014) found high-dose tigecycline to be the only independent predictor of clinical cure in the VAP subgroup of critically ill patients with MDR bacterial infections (total 63 patients, 28 isolates of CRAB and 27 isolates of carbapenem-resistant K. pneumoniae [CRKP]). For BSIs, a retrospective cohort study of 40 patients with nosocomial CPKP BSI showed no significant differences in in-hospital mortality between 23 patients undergoing high-dose tigecycline-based combination therapy and 17 patients undergoing standard-dose tigecycline therapy (52.2% vs. 76.5%, P = 0.117) (Geng et al., 2018). One systemic review encompassed 25 studies reporting the efficacy and/or safety of tigecycline-based regimens for treating CRE infections, while the subgroup meta-analysis found a much lower ICU mortality with high-dose tigecycline than standard-dose tigecycline (OR, 12.48; 95% CI, 2.06–75.43; P = 0.006) (Ni et al., 2016).

In summary, high-dose tigecycline-based combination therapy may be considered in critically ill patients with CRE infections and limited treatment options, either from the PK/PD viewpoint or clinical observations. However, the infection source should be cautiously evaluated since better outcomes were observed in trauma (Sbrana et al., 2013) or postoperative abdominal surgery (Di Carlo et al., 2013) patients, but not in patients with BSI (Geng et al., 2018), which is compatible with the common consensus that tigecycline is extensively distributed beyond the plasma volume and concentrates into tissues.

High-Dose and Prolonged-Infusion of Carbapenems

The fact that wide disparities of carbapenem MICs exist, even among CPE isolates, complicates the discourse for the role of carbapenems in the treatment of CRE or CPE. Several studies have investigated the efficacy of carbapenems against CPKP in animal models and suggested that with a higher dose of carbapenems it is possible to attain reliable reductions in bacterial density in isolates with lower carbapenem MICs (Daikos et al., 2007; Bulik and Nicolau, 2010b; Bulik et al., 2010a; Souli et al., 2011). Daikos and Markogiannakis (2011) proposed, based on several animal infection model studies, that high-dose, prolonged-infusion carbapenems can achieve bactericidal effects in immunocompetent animals infected by KPC-producing K. pneumoniae isolates with MICs up to 8 mg/L. In addition, Daikos and Markogiannakis (2011) also analyzed 22 clinical studies (mostly case series) and found: (1) the therapeutic efficacy of carbapenems increases from 29% for an MIC of >8 mg/L, to 69% for an MIC ≤ 4 mg/L, which is similar to patients infected with non-CPKP (73%); (2) among the 138 patients treated by combination regimens, the mortality rate was lowest in patients who received carbapenem-containing combinations and were infected with isolates of MIC ≤ 4 mg/L (OR, 5.3; 95% CI, 1.5–18.9). More recent retrospective cohort studies echoed the observation that a combination regimen containing carbapenem is associated with significantly higher survival rates in CPKP BSI isolates (Daikos et al., 2014) and KPC-producing K. pneumoniae isolates with a meropenem MIC ≤ 8 mg/L (Tumbarello et al., 2015).

In addition to carbapenem-containing combinations, the strategy of high-dose (2 g every 8 h) carbapenem with prolonged infusion (over 3 h) was also found to be associated with better outcomes in CPKP infections (Tumbarello et al., 2012, 2015; Daikos et al., 2014). Moreover, Giannella et al. (2018) evaluated the efficacy of high-dose carbapenem-based combination therapy among 595 patients with CRKP BSI and studied the benefits of high-dose carbapenem in strains with meropenem MIC ≥ 16 mg/L, which comprised 77% of all isolates in the study. These clinical observations are in line with PK/PD studies showing that a high-dose prolonged-infusion carbapenem regimen can reach attainable targets in isolates with meropenem MICs up to 32–64 mg/L, though failure was observed with very high MICs of 256–1024 mg/L (Del Bono et al., 2017; Giannella et al., 2018).

Based on the current evidence, using a high-dose prolonged-infusion carbapenem-containing combination regimen for the treatment of CRE isolates with carbapenem MIC ≤ 8 mg/L may be considered when there are no other treatment options. It should also be noted that since most conclusions from the above-mentioned studies were derived from CPKP or CRKP isolates, the extrapolation of high-dose prolonged-infusion of carbapenem-containing combination therapy to other CRE with different resistance mechanisms requires further investigation.

Double-Carbapenem Therapy

The most well-investigated DCT is the combination of ertapenem (with a standard infusion time of 30–60 min) prior to a prolonged infusion of meropenem or doripenem over 3–4 h, with high-dose meropenem of 2 g every 8 h being most commonly applied. This regimen originated from the revolutionary approach proposed by Bulik and Nicolau (2011), as a salvage option for CPKP. The study validated enhanced activities for both ertapenem and doripenem in combination, using an in vitro chemostat and in vivo murine thigh infection model (Bulik and Nicolau, 2011). The rationale for this combination came from the hypothesis that ertapenem might play a sacrificial role, being preferentially hydrolyzed due to its greater affinity to KPC (Anderson et al., 2007), permitting the concomitant administration of carbapenem to sustain a high concentration. Some in vitro studies show a beneficial effect of lower MICs of meropenem (MIC ≤ 128 mg/L) (Oliva et al., 2017b) or doripenem (MIC ≤ 16 mg/L) (Wiskirchen et al., 2013) with regard to ertapenem-based DCT. Nevertheless, ertapenem-based DCT is not the only combination that demonstrates synergism (Poirel et al., 2016; Fredborg et al., 2017). One in vitro study reported variable synergistic patterns among KPC and OXA-48 producers, while no synergism was observed for the NDM-producing strain (Poirel et al., 2016).

Despite the diversity of the above-mentioned observations, nearly all reported cases and clinical studies adopted an ertapenem-based DCT with recommended or high-dose doripenem/meropenem. The short stability of the intravenous imipenem preparation that hinders prolonged infusion may be one of the reasons for such a phenomenon (Mashni et al., 2018). Souli et al. (2017) conducted the largest observational cohort study to date in terms of exclusive DCT as a salvage therapy. The study included 27 patients with CPKP infections, mostly with cUTI (59.3%) and BSI (48.2%) and reported a high clinical success rate of 77.8%. It is noteworthy that the subgroup of pandrug-resistant infections also had a successful clinical and microbiological outcome of 78.5% (11/14). Among critically ill patients with severe sepsis or septic shock, a successful outcome was noted in 81.8% (9/11) (Souli et al., 2017). Oliva et al. (2017a) and Venugopalan et al. (2017), both conducted observational comparator studies to compare the efficacy of DCT. Venugopalan et al. (2017) enrolled 36 patients with CRKP bacteremia, including 18 patients receiving doripenem and ertapenem (DCT group), and 18 patients receiving doripenem and colistin (control group). They found the DCT group had a significantly improved clinical cure rate of 72% (13/18, vs. control group of 39%, 7/18; P = 0.049) and a lower 30-day mortality of 31%, with a trend toward statistical significance (vs. 61%, P = 0.087) (Venugopalan et al., 2017). Oliva et al. (2017a) enrolled 32 patients with CRKP infections, including 18 patients receiving ertapenem and meropenem, and 14 patients receiving ertapenem, meropenem, and colistin. They found the combination of colistin and DCT obtained rapid bactericidal activity up to 24 h in the in vitro analysis. However, there were no significant differences regarding the early response or 60-day mortality between the two groups. Therefore, the author concluded that the addition of colistin to DCT should be considered in severe cases with septic shock at presentation, then withdrawn after clinical stabilization with a stable switch to the less nephrotoxic regimen of DCT (Oliva et al., 2017a). A randomized controlled trial (RCT) addressing this topic has not yet been performed. The only matched case-control study to date included 48 patients with a DCT-containing combination (daily dose of meropenem and ertapenem up to 6 and 2 g, respectively), matched with 96 controls of DCT-sparing regimens. The other concomitant antibiotics comprised colistin (9 MU every 12 h), gentamicin (5–7 mg/kg daily) and high dose tigecycline. The 28-day mortality was significantly higher in the DCT-sparing arm (47.9% vs. 29.2%, P = 0.04). In multivariate analysis, the DCT-containing regimen was associated with a reduction in 28-day mortality (OR, 0.43; 95% CI, 0.23–0.79) (De Pascale et al., 2017). Mashni et al. (2018) performed a critical review of the current studies investigating DCT for CPKP infections, which contained eight case reports and six clinical studies (a total of 171 patients). Most patients were critically ill, and all were treated with ertapenem followed by a prolonged infusion of meropenem or doripenem. Clinical and microbiological successes were reported in approximately 70% of the patients and mortality in 24%. Adverse events, most frequently seizures, sodium disorders, and gastrointestinal symptoms, were reported in 16 patients, without the requirement for treatment interruption (Mashni et al., 2018).

Double-carbapenem therapy seems promising based on current reports, though the majority of infections involved in the studies were caused by Class A carbapenemase or KPC-producing K. pneumoniae. The efficacy of DCT against MBLs, such as NDM, would require further investigation.

NEW ANTIBIOTICS

Ceftazidime/Avibactam

Ceftazidime/avibactam (CAZ/AVI, AvyCaz®, Allergan Inc., Jersey City, NJ, United States) is a new β-lactam/β-lactamase inhibitor combination recently approved for the treatment of cIAIs and cUTIs in the United States in February 2015 (Kaye and Pogue, 2015), and for the treatment of HAP and VAP in January 2018. Unlike most β-lactamase inhibitors, avibactam is not a β-lactam. Avibactam is a novel synthetic non-β-lactam (diazabicyclooctane)/β-lactamase inhibitor that inhibits a wide range of β-lactamases, including Ambler Class A (GEM, SHV, CTX-M, and KPC), Class C (AmpC), and some Class D (OXA-48) β-lactamases (de Jonge et al., 2016). It does not inhibit Class B MBLs (IMP, VIM, VEB, and NDM) (Syue et al., 2016; Wong and van Duin, 2017). The addition of avibactam restores ceftazidime activity against various Enterobacteriaceae and P. aeruginosa, therefore expanding the activity spectrum of ceftazidime to MDR Gram-negative bacteria.

In vitro studies of CAZ/AVI showed adequate efficiency against CRE isolates (Castanheira et al., 2015; Dupont et al., 2016). However, clinical data on the efficacy of CAZ/AVI in severe infections caused by CRE are still lacking. At the time of writing this review, only one prospective, multicenter, observational study (van Duin et al., 2018) and a few case series and cohort studies describing the use of CAZ/AVI for treating CRE infections had been published (Shields et al., 2016, 2017b; Castón et al., 2017; King et al., 2017; Krapp et al., 2017; Temkin et al., 2017). Three studies have compared treatment with CAZ/AVI and other agents for CRE infections (Table 4) (Castón et al., 2017; Shields et al., 2017b; van Duin et al., 2018). The first study enrolled hematologic patients with CRE bacteremia in Spain and Israel (Castón et al., 2017). Compared to patients treated with other agents (n = 23), the patients receiving CAZ/AVI (n = 8) had a higher 14-day clinical cure rate in univariate analysis (85.7% [6/8] vs. 34.8% [8/23], P = 0.031). However, there was a lack of statistical significance in multivariate analysis due to the small number of cases. Another study of patients with CRE bacteremia showed that 13 patients treated with CAZ/AVI had a higher clinical success rates, compared to 96 patients treated with other regimens (85% [11/13] vs. 40.6% [39/96], P = 0.003) (Shields et al., 2017b). Although a better clinical response was consistent in multivariate analysis, these results were limited by small case numbers with CAZ/AVI treatment and a potential bias in the selection of therapy. Finally, the first prospective cohort study to compare the clinical outcomes for patients with CRE infections was recently published (van Duin et al., 2018). This observational study compared 38 patients treated with CAZ/AVI to 99 patients treated with colistin for KPC-producing CRE infections; combination therapy was used in 63 and 94% of patients treated with CAZ/AVI and colistin, respectively. Primary BSI was the most common infection foci (46%), followed by HAP (22%). Adjusted all-cause mortality was significantly lower in the CAZ/AVI group (absolute difference 23%; 95% CI, 9% to 35%; P = 0.001). A multicenter, retrospective study reviewed 60 patients receiving CAZ/AVI for CRE infections (King et al., 2017). The authors reported an overall in-hospital mortality rate of 32%, a microbiological cure rate of 53%, and a clinical success rate of 65%. There was no significant difference in the in-hospital mortality rate between patients receiving CAZ/AVI monotherapy vs. CAZ/AVI combination therapy (30% [10/33] vs. 33% [9/27], P = 1.0), and between patients with bacteremia vs. those without (39% [9/23] vs. 27% [10/37], P = 0.397). Shields et al. (2016) reported a case series in a single center including 37 cases of patients with CRE infections who received treatment with CAZ/AVI. The survival rate at 30 days was 76% (28/37). Clinical success was observed as 59% (22/37), with no significant difference between patients receiving monotherapy vs. combination therapy (58% [15/26] vs. 64% [7/11]). However, they also reported a CRE infection recurrence rate of 23% (5/22) among patients who had displayed clinical success, and an overall microbiologic failure rate of 27% (10/37). Temkin et al. (2017) reported a case series of 38 patients with CRE (n = 36) and P. aeruginosa (n = 2) infections treated with CAZ/AVI. Of these, 65.8% (25/38) of patients concurrently received other regimens. The overall clinical and/or microbiological cure rate was 73.7% (28/38), with 69.2% (9/13) in the monotherapy group and 76.0% (19/25) in the combination therapy group.

TABLE 4. Efficacy of ceftazidime/avibactam for treatment of carbapenem-resistant Enterobacteriaceae infections.

[image: image]

As described earlier, avibactam inhibits Ambler Class A (KPC) and Class D (OXA-48) but did not inhibit Class B MBLs (NDM, VIM, and IMP). Therefore, CAZ/AVI is not active against all CRE isolates (Falcone et al., 2018). In contrast, the monobactam antibiotic aztreonam (ATM) is stable against MBLs but is hydrolyzed by many other β-lactamases (ESBL, AmpC, and cephalosporinases) frequently co-produced by the MBL-producing strains (Marshall et al., 2017). The combination of CAZ/AVI and ATM has been proposed as a potential therapeutic strategy against infections caused by MBL-producing bacteria. Crandon and Nicolau (2013) tested the efficacy of CAZ/AVI and ATM using the neutropenic-mouse thigh infection model, and concluded that this combination represents an attractive treatment option for infections caused by MBL-producing strains that co-produce ESBLs or AmpC. Although studies have demonstrated good in vitro activity of CAZ/AVI and ATM against MBL-producing Enterobacteriaceae (Marshall et al., 2017; Wenzler et al., 2017), clinical data are still lacking.

These observational studies are subject to selection bias. Further RCTs are warranted to evaluate the effectiveness of CAZ/AVI, as well as CAZ/AVI and ATM combination, for the treatment of CRE infections. Whether CAZ/AVI combination therapy is more effective than monotherapy for deep-seat infections or high-risk patients also needs further evaluation. Moreover, the emergence of CAZ/AVI resistant strains during treatment has been reported. Shields et al. detected CAZ/AVI resistance due to mutations in the blarmKPC-3 gene in 3 of 10 microbiologic failures, following CAZ/AVI treatment for 10–19 days (Shields et al., 2016, 2017a). Clinicians should be aware of the possible emergence of resistance following treatment with CAZ/AVI.

Meropenem/Vaborbactam

Vaborbactam is a novel boron-containing serine-β lactamase inhibitor which confers activity against certain meropenem-resistant bacteria by inhibiting Ambler Class A and C serine carbapenemases, such as KPC (Castanheira et al., 2017). However, it has no in vitro activity against Class B metallo-β-lactamases producers (NDM or VIM) or Class D OXA-48 β-lactamases (Castanheira et al., 2016; Nelson et al., 2017). Meropenem/vaborbactam (MER/VAB) (Vabomere®, The Medicines Company, Parsippany, NJ, United States) is a novel carbapenem/β-lactamase inhibitor antimicrobial agent approved in August 2017 by the United States Food and Drug Administration (FDA) for the treatment of cUTIs, including pyelonephritis.

MER/VAB exhibited effective in vitro antibacterial activity against CRE isolates (Castanheira et al., 2017; Pfaller et al., 2018), with susceptibility rates ranging from 66.2 to 100% (Dhillon, 2018). The clinical data supporting MER/VAB for CRE infections is from the multicenter, randomized, open-label Tango II trial comparing the efficacy and safety of MER/VAB with the best available therapy (BAT) for the treatment of serious CRE infections (Wunderink et al., 2018). Of the 77 enrolled patients, 47 had confirmed CRE infections, including 22 BSI, 16 cUTI/pyelonephritis, 5 HAP/VAP, and 4 cIAI. The results showed statistical significance in favor of MER/VAB over BAT for a clinical cure (65.6% [21/32] vs. 33.3% [5/15], P = 0.03) and 28-day mortality (15.6% [5/32] vs. 33.3% [5/15], P = 0.03). Furthermore, MER/VAB was associated with decreased nephrotoxicity as compared with BAT (4.0% vs. 24%) (Wunderink et al., 2018). Data for MER/VAB on CRE infections are still accumulating. A study of MER/VAB vs. piperacillin/tazobactam on HAP/VAP (TANGO III, NCT02168946) is ongoing.

Plazomicin

Plazomicin is a next-generation aminoglycoside synthetically derived from sisomicin, which retains activity against bacteria containing aminoglycoside-modifying enzymes (Landman et al., 2010; Castanheira et al., 2018a). Plazomicin (ZemdriTM, Achaogen, Inc., San Francisco, CA, United States) was approved in June 2018 by the FDA for the treatment of adults with cUTI including pyelonephritis who have limited or no alternative treatment options, with a recommended dose of 15 mg/kg every 24 h for normal renal function. The approval was based on two phase 3 clinical trials comparing the efficacy and safety of plazomicin with meropenem (NCT02486627, not published yet) and levofloxacin (NCT01096849, not published yet) for the treatment of cUTI and acute pyelonephritis. Plazomicin demonstrates a broad-spectrum activity against Gram-positive cocci and Gram-negative bacilli, including ESBL producers and CRE (Walkty et al., 2014; Karaiskos et al., 2015). Studies have shown that plazomicin is more potent than other aminoglycosides against KPC-producing Enterobacteriaceae (Endimiani et al., 2009b). A recent study evaluating the activity of plazomicin and comparators against clinical isolates showed that isolates carried 16S rRNA methyltransferases were resistant to all available aminoglycosides and had elevated plazomicin MICs (Castanheira et al., 2018b). The methyltransferase enzymes commonly found in MBL producers still render bacteria resistant to plazomicin.

The clinical data supporting plazomicin for the treatment of serious infections due to CRE is from a multicenter, randomized, open-label study comparing the efficacy and safety of plazomicin vs. colistin (both in combination with tigecycline or meropenem) (CARE trial, NCT01970371). Although the full report of this trial is not yet available, preliminary analysis shows that the plazomicin group had a significantly lower 28-day mortality compared to the colistin group (7.1% [1/14] vs. 40.0% [6/15]; difference, -32.9%; 95% CI, -60.1% to -4.0%) (McKinnell et al., 2017). In addition to a lower mortality rate, it was well-tolerated and was associated with a lower incidence of serum creatinine elevations. However, these data should be interpreted with caution due to the small sample size.

Eravacycline

Eravacycline, a synthetic fluorocycline antibacterial agent of the tetracycline class, has broad-spectrum antimicrobial activity against Gram-positive, Gram-negative, and anaerobic bacteria, exception for P. aeruginosa (Zhanel et al., 2016). Eravacycline (XeravaTM, Tetraphase Pharmaceuticals, Inc., Watertown, MA, United States) was approved by the FDA in August 2018 for the treatment of cIAIs, based on two phase 3 clinical trials which demonstrated statistical non-inferiority of eravacycline to two commonly used comparators: ertapenem (IGNITE1 trial) (Solomkin et al., 2017) and meropenem (IGNITE4 trial, full data not published yet). The recommended dosage is 1 mg/kg intravenous infusion every 12 h. Of note, eravacycline is not indicated for the treatment of cUTI because clinical trials (NCT01978938 and NCT03032510) did not demonstrate the efficacy for the combined endpoints of clinical cure and microbiological success. Eravacycline has been shown to have effective in vitro activity against MDR pathogens (Sutcliffe et al., 2013; Livermore et al., 2016; Zhang et al., 2016), with twofold higher activity than tigecycline against CRE (Livermore et al., 2016). However, there is limited clinical data for the treatment efficacy of eravacycline in CRE infections.

POTENTIAL ANTIBIOTICS IN DEVELOPMENT

Imipenem/Cilastatin and Relebactam

Imipenem/cilastatin and relebactam (IMI/REL, Merck & Co. Inc., Kenilworth, NJ, United States) combines an approved carbapenem with a novel β-lactamase inhibitor. The chemical structure of relebactam is similar to avibactam (Watkins et al., 2013). Like avibactam, relebactam contains a diazabicyclooctane core, which covalently and reversibly binds Class A and C β-lactamases in vitro, with an inhibitory mechanism similar to that of avibactam (Blizzard et al., 2014). However, relebactam cannot inhibit Class D OXA-48 like avibactam (Petty et al., 2018; Zhanel et al., 2018). Relebactam potentiates imipenem activity against imipenem-non-susceptible Enterobacteriaceae (Karlowsky et al., 2018). The clinical efficacy and safety of IMI/REL has been shown in the phase 2 studies for cUTIs (NCT01505634) (Sims et al., 2017) and cIAIs (NCT01506271) (Lucasti et al., 2016).

The RESTORE-IMI 1 study (NCT02452047) is a multicenter, randomized, double-blind, comparator-controlled trial, comparing the efficacy and safety of IMI/REL vs. colistin plus imipenem/cilastatin (COL + IMI) in patients with imipenem-non-susceptible bacterial infections. Patients with HAP/VAP, cIAI, or cUTI due to imipenem-non-susceptible pathogens, were randomized 2:1 to receive IMI/REL or COL + IMI. In this study, 31 of 47 randomized and treated patients met mMITT criteria. Favorable clinical responses at Day 28 were comparable in the IMI/REL and the COL + IMI arms (71.4% [15/21] vs. 70.0% [7/10]), and the 28-day all-cause mortality was lower in the IMI/REL arm compared to the COL + IMI arm (9.5% [2/21] vs. 30.0% [3/10]) (presented by Motsch et al. at the European Congress of Clinical Microbiology and Infectious Diseases; April 22, 2018; Madrid, Spain). In addition, treatment-emergent nephrotoxicity was lower with IMI/REL compared to COL + IMI (10.3% [3/29] vs. 56.3% [9/16], P = 0.002) (presented by Brown et al. at IDWeek, October 6, 2018; San Francisco, CA, United States).

Cefiderocol

Cefiderocol is the first siderophore antibiotic to advance into late-stage development. Cefiderocol, a novel siderophore cephalosporin, exhibits potent in vitro and in vivo activity against a variety of Gram-negative bacteria, including CRE (Saisho et al., 2018). Cefiderocol has a unique antibacterial mechanism in which its catechol side chain of binds to ferric acid, with the complex then being actively transported into bacteria via bacterial iron transporters (Ito et al., 2016). In addition, cefiderocol is also highly active against carbapenemase hydrolysis (Wright et al., 2017). Cefiderocol has demonstrated potent in vitro activity against CRE isolates, with 97.0% (991/1,022) of isolates demonstrating cefiderocol MICs of ≤4 mg/L (Hackel et al., 2018). A multicenter, randomized, open-label CREDIBLE-CR trial is ongoing to assess the efficacy of cefiderocol, compared to BAT, for severe infections caused by carbapenem-resistant Gram-negative pathogens (NCT02714595).

CONCLUSION

The increasing prevalence of CRE infections represents a major threat to human health. Effective antibiotics against CRE remain very limited, with polymyxins, tigecycline, fosfomycin, and aminoglycoside being the mainstays of anti-CRE therapy. With the high mortality of CRE infections and increasing resistance to available antibiotics, it is urgent for the medical community to develop new and effective therapeutic strategies. The first potential strategy is to increase the doses of anti-CRE agents. High-dose carbapenem, colistin, and tigecycline have been associated with better clinical outcomes in CRE infections. The second potential strategy is to combine these anti-CRE agents. Although large-scale observational studies and systematic reviews suggest that combination therapy may be beneficial to patients with severe CRE infections, the quality of evidence is low due to substantial heterogeneity in study design and patient population. A recent RCT showed no benefit of colistin combination therapy with meropenem when compared to colistin monotherapy. The debate on whether or not these agents should be used in combination will continue. DCT with ertapenem infusion prior to a high-dose meropenem or doripenem infusion has been adopted as a salvage therapy for critically ill patients with CRE infections. Studies suggest that a combination of colistin or tigecycline with DCT might be a reasonable strategy for severe CRE infections. However, the target patients and molecular phenotypes of CRE that would benefit from DCT require further investigation. The recent introduction of the novel β-lactamase inhibitors avibactam, vaborbactam, and relebactam, has provided additional therapeutic options for CRE infections. Of note, these new β-lactamase inhibitors are not active against all major carbapenemases. Avibactam inhibits KPC and OXA-48, while vaborbactam and relebactam inhibit only KPC. Expectantly, these novel β-lactamase inhibitor combinations will also provide carbapenem-sparing options for the treatment of MDR bacteria and help control the rapid emergence of carbapenemase-producing bacteria. The next-generation aminoglycoside plazomicin and the fully synthetic tetracycline antibiotic eravacycline, both recently approved by the FDA, may provide us alternative therapeutic options for CRE infections. The activity of plazomicin and eravacycline against CPE has been demonstrated in vitro. However, we need more clinical data to support their use in the treatment of serious infections due to CRE. Many other new antibiotics with potential anti-CRE activity are in various stages of development, including the novel β-lactamase inhibitor combination IMI/REL and the novel siderophore cephalosporin cefiderocol. Currently, high-dose and combination strategies that may include the new β-lactam/β-lactamase inhibitors should be considered for severe CRE infections to maximize treatment success.

PERSPECTIVE

In the future when more treatment options are available, anti-CRE therapy should be individualized and based on molecular phenotypes of resistance, susceptibility profiles, disease severity, and patient characteristics. More clinical trials are needed to provide high-quality evidence and guide the selection of effective anti-CRE strategies.

AUTHOR CONTRIBUTIONS

C-CS, Y-TC, and S-YL collected and analyzed the data, and wrote the manuscript. Y-HC and P-RH revised and edited the manuscript. C-CS, Y-TC, S-YL, Y-HC, and P-RH read and approved the final version of the manuscript.

REFERENCES

Anderson, K. F., Lonsway, D. R., Rasheed, J. K., Biddle, J., Jensen, B., McDougal, L. K., et al. (2007). Evaluation of methods to identify the Klebsiella pneumoniae carbapenemase in Enterobacteriaceae. J. Clin. Microbiol. 45, 2723–2725. doi: 10.1128/JCM.00015-07

Balandin Moreno, B., Fernandez Simon, I., Pintado Garcia, V., Sanchez Romero, I., Isidoro Fernandez, B., Romera Ortega, M. A., et al. (2014). Tigecycline therapy for infections due to carbapenemase-producing Klebsiella pneumoniae in critically ill patients. Scand. J. Infect. Dis. 46, 175–180. doi: 10.3109/00365548.2013.861608

Blizzard, T. A., Chen, H., Kim, S., Wu, J., Bodner, R., Gude, C., et al. (2014). Discovery of MK-7655, a beta-lactamase inhibitor for combination with Primaxin(R). Bioorg. Med. Chem. Lett. 24, 780–785. doi: 10.1016/j.bmcl.2013.12.101

Bulik, C. C., Christensen, H., Li, P., Sutherland, C. A., Nicolau, D. P., and Kuti, J. L. (2010a). Comparison of the activity of a human simulated, high-dose, prolonged infusion of meropenem against Klebsiella pneumoniae producing the KPC carbapenemase versus that against Pseudomonas aeruginosa in an in vitro pharmacodynamic model. Antimicrob. Agents Chemother. 54, 804–810. doi: 10.1128/AAC.01190-09

Bulik, C. C., and Nicolau, D. P. (2010b). In vivo efficacy of simulated human dosing regimens of prolonged-infusion doripenem against carbapenemase-producing Klebsiella pneumoniae. Antimicrob. Agents Chemother. 54, 4112–4115. doi: 10.1128/AAC.00026-10

Bulik, C. C., and Nicolau, D. P. (2011). Double-carbapenem therapy for carbapenemase-producing Klebsiella pneumoniae. Antimicrob. Agents Chemother. 55, 3002–3004. doi: 10.1128/AAC.01420-10

Capone, A., Giannella, M., Fortini, D., Giordano, A., Meledandri, M., Ballardini, M., et al. (2013). High rate of colistin resistance among patients with carbapenem-resistant Klebsiella pneumoniae infection accounts for an excess of mortality. Clin. Microbiol. Infect. 19, E23–E30. doi: 10.1111/1469-0691.12070

Castanheira, M., Davis, A. P., Mendes, R. E., Serio, A. W., Krause, K. M., and Flamm, R. K. (2018a). In vitro activity of plazomicin against Gram-negative and Gram-positive isolates collected from U.S. hospitals and comparative activities of aminoglycosides against carbapenem-resistant Enterobacteriaceae and isolates carrying carbapenemase genes. Antimicrob. Agents Chemother 62:e00313-18. doi: 10.1128/AAC.00313-18

Castanheira, M., Deshpande, L. M., Woosley, L. N., Serio, A. W., Krause, K. M., and Flamm, R. K. (2018b). Activity of plazomicin compared with other aminoglycosides against isolates from European and adjacent countries, including Enterobacteriaceae molecularly characterized for aminoglycoside-modifying enzymes and other resistance mechanisms. J. Antimicrob. Chemother. 73, 3346–3354. doi: 10.1093/jac/dky344

Castanheira, M., Huband, M. D., Mendes, R. E., and Flamm, R. K. (2017). Meropenem-vaborbactam tested against contemporary Gram-negative isolates collected worldwide during 2014, including carbapenem-resistant, KPC-producing, multidrug-resistant, and extensively drug-Resistant Enterobacteriaceae. Antimicrob. Agents Chemother. 61:e00567-17. doi: 10.1128/AAC.00567-17

Castanheira, M., Mills, J. C., Costello, S. E., Jones, R. N., and Sader, H. S. (2015). Ceftazidime-avibactam activity tested against Enterobacteriaceae isolates from U.S. hospitals (2011 to 2013) and characterization of beta-lactamase-producing strains. Antimicrob. Agents Chemother. 59, 3509–3517. doi: 10.1128/AAC.00163-15

Castanheira, M., Rhomberg, P. R., Flamm, R. K., and Jones, R. N. (2016). Effect of the beta-lactamase inhibitor vaborbactam combined with meropenem against serine carbapenemase-producing Enterobacteriaceae. Antimicrob. Agents Chemother. 60, 5454–5458. doi: 10.1128/AAC.00711-16

Castón, J. J., Lacort-Peralta, I., Martin-Davila, P., Loeches, B., Tabares, S., Temkin, L., et al. (2017). Clinical efficacy of ceftazidime/avibactam versus other active agents for the treatment of bacteremia due to carbapenemase-producing Enterobacteriaceae in hematologic patients. Int. J. Infect. Dis. 59, 118–123. doi: 10.1016/j.ijid.2017.03.021

Cheng, I. L., Chen, Y. H., Lai, C. C., and Tang, H. J. (2018). Intravenous colistin monotherapy versus combination therapy against carbapenem-resistant Gram-negative bacteria infections: meta-analysis of randomized controlled trials. J. Clin. Med. 7:E208. doi: 10.3390/jcm7080208

Crandon, J. L., and Nicolau, D. P. (2013). Human simulated studies of aztreonam and aztreonam-avibactam to evaluate activity against challenging gram-negative organisms, including metallo-β-lactamase producers. Antimicrob. Agents Chemother. 57, 3299–3306. doi: 10.1128/AAC.01989-12

Daikos, G. L., and Markogiannakis, A. (2011). Carbapenemase-producing Klebsiella pneumoniae: (when) might we still consider treating with carbapenems? Clin. Microbiol. Infect. 17, 1135–1141. doi: 10.1111/j.1469-0691.2011.03553.x

Daikos, G. L., Panagiotakopoulou, A., Tzelepi, E., Loli, A., Tzouvelekis, L. S., and Miriagou, V. (2007). Activity of imipenem against VIM-1 metallo-beta-lactamase-producing Klebsiella pneumoniae in the murine thigh infection model. Clin. Microbiol. Infect. 13, 202–205. doi: 10.1111/j.1469-0691.2006.01590.x

Daikos, G. L., Petrikkos, P., Psichogiou, M., Kosmidis, C., Vryonis, E., Skoutelis, A., et al. (2009). Prospective observational study of the impact of VIM-1 metallo-beta-lactamase on the outcome of patients with Klebsiella pneumoniae bloodstream infections. Antimicrob. Agents Chemother. 53, 1868–1873. doi: 10.1128/AAC.00782-08

Daikos, G. L., Tsaousi, S., Tzouvelekis, L. S., Anyfantis, I., Psichogiou, M., Argyropoulou, A., et al. (2014). Carbapenemase-producing Klebsiella pneumoniae bloodstream infections: lowering mortality by antibiotic combination schemes and the role of carbapenems. Antimicrob. Agents Chemother. 58, 2322–2328. doi: 10.1128/AAC.02166-13

Dautzenberg, M. J., Ossewaarde, J. M., de Kraker, M. E., van der Zee, A., van Burgh, S., de Greeff, S. C., et al. (2014). Successful control of a hospital-wide outbreak of OXA-48 producing Enterobacteriaceae in the Netherlands, 2009 to 2011. Euro. Surveill. 19:20723. doi: 10.2807/1560-7917.ES2014.19.9.20723

David, M. Z., Dryden, M., Gottlieb, T., Tattevin, P., and Gould, I. M. (2017). Recently approved antibacterials for methicillin-resistant Staphylococcus aureus (MRSA) and other Gram-positive pathogens: the shock of the new. Int. J. Antimicrob. Agents 50, 303–307. doi: 10.1016/j.ijantimicag.2017.05.006

de Jonge, B. L., Karlowsky, J. A., Kazmierczak, K. M., Biedenbach, D. J., Sahm, D. F., and Nichols, W. W. (2016). In vitro susceptibility to ceftazidime-avibactam of carbapenem-nonsusceptible Enterobacteriaceae isolates collected during the INFORM Global Surveillance Study (2012 to 2014). Antimicrob. Agents Chemother. 60, 3163–3169. doi: 10.1128/AAC.03042-15

De Pascale, G., Martucci, G., Montini, L., Panarello, G., Cutuli, S. L., Di Carlo, D., et al. (2017). Double carbapenem as a rescue strategy for the treatment of severe carbapenemase-producing Klebsiella pneumoniae infections: a two-center, matched case-control study. Crit. Care 21:173. doi: 10.1186/s13054-017-1769-z

De Pascale, G., Montini, L., Pennisi, M., Bernini, V., Maviglia, R., Bello, G., et al. (2014). High dose tigecycline in critically ill patients with severe infections due to multidrug-resistant bacteria. Crit. Care 18:R90. doi: 10.1186/cc13858

Del Bono, V., Giacobbe, D. R., Marchese, A., Parisini, A., Fucile, C., Coppo, E., et al. (2017). Meropenem for treating KPC-producing Klebsiella pneumoniae bloodstream infections: should we get to the PK/PD root of the paradox? Virulence 8, 66–73. doi: 10.1080/21505594.2016.1213476

Dhillon, S. (2018). Meropenem/vaborbactam: a review in complicated urinary tract infections. Drugs 78, 1259–1270. doi: 10.1007/s40265-018-0966-7

Di Carlo, P., Gulotta, G., Casuccio, A., Pantuso, G., Raineri, M., Farulla, C. A., et al. (2013). KPC-3 Klebsiella pneumoniae ST258 clone infection in postoperative abdominal surgery patients in an intensive care setting: analysis of a case series of 30 patients. BMC Anesthesiol. 13:13. doi: 10.1186/1471-2253-13-13

Dupont, H., Gaillot, O., Goetgheluck, A. S., Plassart, C., Emond, J. P., Lecuru, M., et al. (2016). Molecular characterization of carbapenem-nonsusceptible Enterobacterial isolates collected during a prospective interregional survey in France and susceptibility to the novel ceftazidime-avibactam and aztreonam-avibactam combinations. Antimicrob. Agents Chemother. 60, 215–221. doi: 10.1128/AAC.01559-15

Endimiani, A., Hujer, A. M., Perez, F., Bethel, C. R., Hujer, K. M., Kroeger, J., et al. (2009a). Characterization of blaKPC-containing Klebsiella pneumoniae isolates detected in different institutions in the Eastern USA. J. Antimicrob. Chemother. 63, 427–437. doi: 10.1093/jac/dkn547

Endimiani, A., Hujer, K. M., Hujer, A. M., Armstrong, E. S., Choudhary, Y., Aggen, J. B., et al. (2009b). ACHN-490, a neoglycoside with potent in vitro activity against multidrug-resistant Klebsiella pneumoniae isolates. Antimicrob. Agents Chemother. 53, 4504–4507. doi: 10.1128/AAC.00556-09

Falagas, M. E., Karageorgopoulos, D. E., and Nordmann, P. (2011). Therapeutic options for infections with Enterobacteriaceae producing carbapenem-hydrolyzing enzymes. Future Microbiol. 6, 653–666. doi: 10.2217/fmb.11.49

Falagas, M. E., Lourida, P., Poulikakos, P., Rafailidis, P. I., and Tansarli, G. S. (2014). Antibiotic treatment of infections due to carbapenem-resistant Enterobacteriaceae: systematic evaluation of the available evidence. Antimicrob. Agents Chemother. 58, 654–663. doi: 10.1128/AAC.01222-13

Falcone, M., Viale, P., Tiseo, G., and Pai, M. (2018). Pharmacokinetic drug evaluation of avibactam + ceftazidime for the treatment of hospital-acquired pneumonia. Expert Opin. Drug Metab. Toxicol. 14, 331–340. doi: 10.1080/17425255.2018.1434142

Fredborg, M., Sondergaard, T. E., and Wang, M. (2017). Synergistic activities of meropenem double and triple combinations against carbapenemase-producing Enterobacteriaceae. Diagn. Microbiol. Infect. Dis. 88, 355–360. doi: 10.1016/j.diagmicrobio.2017.04.015

Geng, T. T., Xu, X., and Huang, M. (2018). High-dose tigecycline for the treatment of nosocomial carbapenem-resistant Klebsiella pneumoniae bloodstream infections: a retrospective cohort study. Medicine 97:e9961. doi: 10.1097/MD.0000000000009961

Giacobbe, D. R., Del Bono, V., Trecarichi, E. M., De Rosa, F. G., Giannella, M., Bassetti, M., et al. (2015). Risk factors for bloodstream infections due to colistin-resistant KPC-producing Klebsiella pneumoniae: results from a multicenter case-control-control study. Clin. Microbiol. Infect. 21, 1106.e1–1108.e1. doi: 10.1016/j.cmi.2015.08.001

Giannella, M., Trecarichi, E. M., Giacobbe, D. R., De Rosa, F. G., Bassetti, M., Bartoloni, A., et al. (2018). Effect of combination therapy containing a high-dose carbapenem on mortality in patients with carbapenem-resistant Klebsiella pneumoniae bloodstream infection. Int. J. Antimicrob. Agents. 51, 244–248. doi: 10.1016/j.ijantimicag.2017.08.019

Gibson, G. A., Bauer, S. R., Neuner, E. A., Bass, S. N., and Lam, S. W. (2016). Influence of colistin dose on global cure in patients with bacteremia due to carbapenem-resistant Gram-negative bacilli. Antimicrob. Agents Chemother. 60, 431–436. doi: 10.1128/AAC.01414-15

Goodman, K. E., Simner, P. J., Tamma, P. D., and Milstone, A. M. (2016). Infection control implications of heterogeneous resistance mechanisms in carbapenem-resistant Enterobacteriaceae (CRE). Expert Rev. Anti Infect. Ther. 14, 95–108. doi: 10.1586/14787210.2016.1106940

Gutierrez-Gutierrez, B., Salamanca, E., de Cueto, M., Hsueh, P. R., Viale, P., Pano-Pardo, J. R., et al. (2017). Effect of appropriate combination therapy on mortality of patients with bloodstream infections due to carbapenemase-producing Enterobacteriaceae (INCREMENT): a retrospective cohort study. Lancet Infect. Dis. 17, 726–734. doi: 10.1016/S1473-3099(17)30228-1

Hackel, M. A., Tsuji, M., Yamano, Y., Echols, R., Karlowsky, J. A., and Sahm, D. F. (2018). In vitro activity of the siderophore cephalosporin, cefiderocol, against carbapenem-nonsusceptible and multidrug-resistant isolates of Gram-negative bacilli collected worldwide in 2014 to 2016. Antimicrob. Agents Chemother. 62:e01968-17. doi: 10.1128/AAC.01968-17

Ito, A., Nishikawa, T., Matsumoto, S., Yoshizawa, H., Sato, T., Nakamura, R., et al. (2016). Siderophore cephalosporin cefiderocol utilizes ferric iron transporter systems for antibacterial activity against Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 60, 7396–7401. doi: 10.1128/AAC.01405-16

Karaiskos, I., Souli, M., and Giamarellou, H. (2015). Plazomicin: an investigational therapy for the treatment of urinary tract infections. Expert Opin. Investig. Drugs 24, 1501–1511. doi: 10.1517/13543784.2015.1095180

Karlowsky, J. A., Lob, S. H., Kazmierczak, K. M., Young, K., Motyl, M. R., and Sahm, D. F. (2018). In vitro activity of imipenem-relebactam against clinical isolates of Gram-negative bacilli isolated in hospital laboratories in the United States as part of the SMART 2016 program. Antimicrob. Agents Chemother 62:e00169-18. doi: 10.1128/AAC.00169-18

Kaye, K. S., and Pogue, J. M. (2015). Infections caused by resistant Gram-negative bacteria: epidemiology and management. Pharmacotherapy 35, 949–962. doi: 10.1002/phar.1636

King, M., Heil, E., Kuriakose, S., Bias, T., Huang, V., El-Beyrouty, C., et al. (2017). Multicenter study of outcomes with ceftazidime-avibactam in patients with carbapenem-resistant Enterobacteriaceae infections. Antimicrob. Agents Chemother. 61:e00449-17. doi: 10.1128/AAC.00449-17

Kohanski, M. A., Dwyer, D. J., and Collins, J. J. (2010). How antibiotics kill bacteria: from targets to networks. Nat. Rev. Microbiol. 8, 423–435. doi: 10.1038/nrmicro2333

Krapp, F., Grant, J. L., Sutton, S. H., Ozer, E. A., and Barr, V. O. (2017). Treating complicated carbapenem-resistant enterobacteriaceae infections with ceftazidime/avibactam: a retrospective study with molecular strain characterisation. Int. J. Antimicrob. Agents 49, 770–773. doi: 10.1016/j.ijantimicag.2017.01.018

Ku, Y. H., Chen, C. C., Lee, M. F., Chuang, Y. C., Tang, H. J., and Yu, W. L. (2017). Comparison of synergism between colistin, fosfomycin and tigecycline against extended-spectrum β-lactamase-producing Klebsiella pneumoniae isolates or with carbapenem resistance. J. Microbiol. Immunol. Infect. 50, 931–939. doi: 10.1016/j.jmii.2016.12.008

Kumarasamy, K. K., Toleman, M. A., Walsh, T. R., Bagaria, J., Butt, F., Balakrishnan, R., et al. (2010). Emergence of a new antibiotic resistance mechanism in India, Pakistan, and the UK: a molecular, biological, and epidemiological study. Lancet Infect. Dis. 10, 597–602. doi: 10.1016/S1473-3099(10)70143-2

Landman, D., Babu, E., Shah, N., Kelly, P., Backer, M., Bratu, S., et al. (2010). Activity of a novel aminoglycoside, ACHN-490, against clinical isolates of Escherichia coli and Klebsiella pneumoniae from New York City. J. Antimicrob. Chemother. 65, 2123–2127. doi: 10.1093/jac/dkq278

Lee, C. M., Lai, C. C., Chiang, H. T., Lu, M. C., Wang, L. F., Tsai, T. L., et al. (2017). Presence of multidrug-resistant organisms in the residents and environments of long-term care facilities in Taiwan. J. Microbiol. Immunol. Infect. 50, 133–144. doi: 10.1016/j.jmii.2016.12.001

Livermore, D. M., Mushtaq, S., Warner, M., and Woodford, N. (2016). In vitro activity of eravacycline against carbapenem-resistant Enterobacteriaceae and Acinetobacter baumannii. Antimicrob. Agents Chemother. 60, 3840–3844. doi: 10.1128/AAC.00436-16

Livermore, D. M., Warner, M., Mushtaq, S., Doumith, M., Zhang, J., and Woodford, N. (2011). What remains against carbapenem-resistant Enterobacteriaceae? Evaluation of chloramphenicol, ciprofloxacin, colistin, fosfomycin, minocycline, nitrofurantoin, temocillin and tigecycline. Int. J. Antimicrob. Agents 37, 415–419. doi: 10.1016/j.ijantimicag.2011.01.012

Lucasti, C., Vasile, L., Sandesc, D., Venskutonis, D., McLeroth, P., Lala, M., et al. (2016). Phase 2, dose-ranging study of relebactam with imipenem-cilastatin in subjects with complicated intra-abdominal infection. Antimicrob. Agents Chemother. 60, 6234–6243. doi: 10.1128/AAC.00633-16

Machuca, I., Gutierrez-Gutierrez, B., Gracia-Ahufinger, I., Rivera Espinar, F., Cano, A., Guzman-Puche, J., et al. (2017). Mortality associated with bacteremia due to colistin-resistant Klebsiella pneumoniae with high-level meropenem resistance: importance of combination therapy without colistin and carbapenems. Antimicrob. Agents Chemother. 61:e00406-17. doi: 10.1128/AAC.00406-17

Marshall, S., Hujer, A. M., Rojas, L. J., Papp-Wallace, K. M., Humphries, R. M., Spellberg, B., et al. (2017). Can ceftazidime-avibactam and aztreonam overcome β-Lactam resistance conferred by metallo-β-Lactamases in Enterobacteriaceae? Antimicrob. Agents Chemother. 61:e02243-16. doi: 10.1128/AAC.02243-16

Martin, A., Fahrbach, K., Zhao, Q., and Lodise, T. (2018). Association between carbapenem resistance and mortality among adult, hospitalized patients with serious infections due to Enterobacteriaceae: results of a systematic literature review and meta-analysis. Open Forum Infect. Dis. 5:ofy150. doi: 10.1093/ofid/ofy150

Mashni, O., Nazer, L., and Le, J. (2018). Critical review of double-carbapenem therapy for the treatment of carbapenemase-producing Klebsiella pneumoniae. Ann. Pharmacother. doi: 10.1177/1060028018790573 [Epub ahead of print]

McKinnell, J. A., Connolly, L. E., Pushkin, R., Jubb, A. M., O’Keeffe, B., Serio, A. W., et al. (2017). Improved outcomes with plazomicin (PLZ) compared with colistin (CST) in patients with bloodstream infections (BSI) caused by carbapenem-resistant Enterobacteriaceae (CRE): results from the CARE Study. Open Forum Infect. Dis. 4, S531–S531. doi: 10.1093/ofid/ofx163.1383

Munoz-Price, L. S., Poirel, L., Bonomo, R. A., Schwaber, M. J., Daikos, G. L., Cormican, M., et al. (2013). Clinical epidemiology of the global expansion of Klebsiella pneumoniae carbapenemases. Lancet Infect. Dis. 13, 785–796. doi: 10.1016/S1473-3099(13)70190-7

Navarro-San Francisco, C., Mora-Rillo, M., Romero-Gomez, M. P., Moreno-Ramos, F., Rico-Nieto, A., Ruiz-Carrascoso, G., et al. (2013). Bacteraemia due to OXA-48-carbapenemase-producing Enterobacteriaceae: a major clinical challenge. Clin. Microbiol. Infect. 19, E72–E79. doi: 10.1111/1469-0691.12091

Nelson, K., Hemarajata, P., Sun, D., Rubio-Aparicio, D., Tsivkovski, R., Yang, S., et al. (2017). Resistance to ceftazidime-avibactam is due to transposition of KPC in a porin-deficient strain of Klebsiella pneumoniae with increased efflux activity. Antimicrob. Agents Chemother. 61:e00989-17. doi: 10.1128/AAC.00989-17

Ni, W., Cai, X., Wei, C., Di, X., Cui, J., Wang, R., et al. (2015). Efficacy of polymyxins in the treatment of carbapenem-resistant Enterobacteriaceae infections: a systematic review and meta-analysis. Braz. J. Infect. Dis. 19, 170–180. doi: 10.1016/j.bjid.2014.12.004

Ni, W., Han, Y., Liu, J., Wei, C., Zhao, J., Cui, J., et al. (2016). Tigecycline treatment for carbapenem-resistant Enterobacteriaceae infections: a systematic review and meta-analysis. Medicine 95:e3126. doi: 10.1097/MD.0000000000003126

Oliva, A., Scorzolini, L., Castaldi, D., Gizzi, F., De Angelis, M., Storto, M., et al. (2017a). Double-carbapenem regimen, alone or in combination with colistin, in the treatment of infections caused by carbapenem-resistant Klebsiella pneumoniae (CR-Kp). J. Infect. 74, 103–106. doi: 10.1016/j.jinf.2016.10.002

Oliva, A., Scorzolini, L., Cipolla, A., Mascellino, M. T., Cancelli, F., Castaldi, D., et al. (2017b). In vitro evaluation of different antimicrobial combinations against carbapenemase-producing Klebsiella pneumoniae: the activity of the double-carbapenem regimen is related to meropenem MIC value. J. Antimicrob. Chemother. 72, 1981–1984. doi: 10.1093/jac/dkx084

Papadimitriou-Olivgeris, M., Fligou, F., Bartzavali, C., Zotou, A., Spyropoulou, A., Koutsileou, K., et al. (2017). Carbapenemase-producing Klebsiella pneumoniae bloodstream infection in critically ill patients: risk factors and predictors of mortality. Eur. J. Clin. Microbiol. Infect. Dis. 36, 1125–1131. doi: 10.1007/s10096-017-2899-6

Paul, M., Daikos, G. L., Durante-Mangoni, E., Yahav, D., Carmeli, Y., Benattar, Y. D., et al. (2018). Colistin alone versus colistin plus meropenem for treatment of severe infections caused by carbapenem-resistant Gram-negative bacteria: an open-label, randomised controlled trial. Lancet Infect. Dis. 18, 391–400. doi: 10.1016/S1473-3099(18)30099-9

Petty, L. A., Henig, O., Patel, T. S., Pogue, J. M., and Kaye, K. S. (2018). Overview of meropenem-vaborbactam and newer antimicrobial agents for the treatment of carbapenem-resistant Enterobacteriaceae. Infect. Drug Resist. 11, 1461–1472. doi: 10.2147/IDR.S150447

Pfaller, M. A., Huband, M. D., Mendes, R. E., Flamm, R. K., and Castanheira, M. (2018). In vitro activity of meropenem/vaborbactam and characterisation of carbapenem resistance mechanisms among carbapenem-resistant Enterobacteriaceae from the 2015 meropenem/vaborbactam surveillance programme. Int. J. Antimicrob. Agents 52, 144–150. doi: 10.1016/j.ijantimicag.2018.02.021

Poirel, L., Kieffer, N., and Nordmann, P. (2016). In vitro evaluation of dual carbapenem combinations against carbapenemase-producing Enterobacteriaceae. J. Antimicrob. Chemother. 71, 156–161. doi: 10.1093/jac/dkv294

Psichogiou, M., Tassios, P. T., Avlamis, A., Stefanou, I., Kosmidis, C., Platsouka, E., et al. (2008). Ongoing epidemic of blaVIM-1-positive Klebsiella pneumoniae in Athens, Greece: a prospective survey. J. Antimicrob. Chemother. 61, 59–63. doi: 10.1093/jac/dkm443

Qi, Y., Wei, Z., Ji, S., Du, X., Shen, P., and Yu, Y. (2011). ST11, the dominant clone of KPC-producing Klebsiella pneumoniae in China. J. Antimicrob. Chemother. 66, 307–312. doi: 10.1093/jac/dkq431

Qureshi, Z. A., Paterson, D. L., Potoski, B. A., Kilayko, M. C., Sandovsky, G., Sordillo, E., et al. (2012). Treatment outcome of bacteremia due to KPC-producing Klebsiella pneumoniae: superiority of combination antimicrobial regimens. Antimicrob. Agents Chemother. 56, 2108–2113. doi: 10.1128/AAC.06268-11

Rodriguez-Bano, J., Gutierrez-Gutierrez, B., Machuca, I., and Pascual, A. (2018). Treatment of infections caused by extended-spectrum-beta-lactamase-, AmpC-, and carbapenemase-producing Enterobacteriaceae. Clin. Microbiol. Rev. 31:e00079-17. doi: 10.1128/CMR.00079-17

Saisho, Y., Katsube, T., White, S., Fukase, H., and Shimada, J. (2018). Pharmacokinetics, safety, and tolerability of cefiderocol, a novel siderophore cephalosporin for Gram-negative bacteria, in healthy subjects. Antimicrob. Agents Chemother. 62:e02163-17. doi: 10.1128/AAC.02163-17

Sbrana, F., Malacarne, P., Viaggi, B., Costanzo, S., Leonetti, P., Leonildi, A., et al. (2013). Carbapenem-sparing antibiotic regimens for infections caused by Klebsiella pneumoniae carbapenemase-producing K. pneumoniae in intensive care unit. Clin. Infect. Dis. 56, 697–700. doi: 10.1093/cid/cis969

Sheu, C. C., Lin, S. Y., Chang, Y. T., Lee, C. Y., Chen, Y. H., and Hsueh, P. R. (2018). Management of infections caused by extended-spectrum beta-lactamase-producing Enterobacteriaceae: current evidence and future prospects. Expert Rev. Anti Infect. Ther. 16, 205–218. doi: 10.1080/14787210.2018.1436966

Shields, R. K., Chen, L., Cheng, S., Chavda, K. D., Press, E. G., Snyder, A., et al. (2017a). Emergence of ceftazidime-avibactam resistance due to plasmid-borne blaKPC-3 mutations during treatment of carbapenem-resistant Klebsiella pneumoniae infections. Antimicrob. Agents Chemother. 61:e02097-16. doi: 10.1128/AAC.02097-16

Shields, R. K., Potoski, B. A., Haidar, G., Hao, B., Doi, Y., Chen, L., et al. (2016). Clinical outcomes, drug toxicity, and emergence of ceftazidime-avibactam resistance among patients treated for carbapenem-resistant Enterobacteriaceae infections. Clin. Infect. Dis. 63, 1615–1618. doi: 10.1093/cid/ciw636

Shields, R. K., Nguyen, M. H., Chen, L., Press, E. G., Potoski, B. A., Marini, R. V., et al. (2017b). Ceftazidime-avibactam is superior to other treatment regimens against carbapenem-resistant Klebsiella pneumoniae Bacteremia. Antimicrob. Agents Chemother. 61:e00883-17. doi: 10.1128/AAC.00883-17

Sims, M., Mariyanovski, V., McLeroth, P., Akers, W., Lee, Y. C., Brown, M. L., et al. (2017). Prospective, randomized, double-blind, Phase 2 dose-ranging study comparing efficacy and safety of imipenem/cilastatin plus relebactam with imipenem/cilastatin alone in patients with complicated urinary tract infections. J. Antimicrob. Chemother. 72, 2616–2626. doi: 10.1093/jac/dkx139

Solomkin, J., Evans, D., Slepavicius, A., Lee, P., Marsh, A., Tsai, L., et al. (2017). Assessing the efficacy and safety of eravacycline vs ertapenem in complicated intra-abdominal infections in the investigating Gram-negative infections treated with eravacycline (IGNITE 1) trial: a randomized clinical trial. JAMA Surg. 152, 224–232. doi: 10.1001/jamasurg.2016.4237

Souli, M., Karaiskos, I., Masgala, A., Galani, L., Barmpouti, E., and Giamarellou, H. (2017). Double-carbapenem combination as salvage therapy for untreatable infections by KPC-2-producing Klebsiella pneumoniae. Eur. J. Clin. Microbiol. Infect. Dis. 36, 1305–1315. doi: 10.1007/s10096-017-2936-5

Souli, M., Konstantinidou, E., Tzepi, I., Tsaganos, T., Pefanis, A., Chryssouli, Z., et al. (2011). Efficacy of carbapenems against a metallo-beta-lactamase-producing Escherichia coli clinical isolate in a rabbit intra-abdominal abscess model. J. Antimicrob. Chemother. 66, 611–617. doi: 10.1093/jac/dkq470

Sutcliffe, J. A., O’Brien, W., Fyfe, C., and Grossman, T. H. (2013). Antibacterial activity of eravacycline (TP-434), a novel fluorocycline, against hospital and community pathogens. Antimicrob. Agents Chemother. 57, 5548–5558. doi: 10.1128/AAC.01288-13

Syue, L. S., Chen, Y. H., Ko, W. C., and Hsueh, P. R. (2016). New drugs for the treatment of complicated intra-abdominal infections in the era of increasing antimicrobial resistance. Int. J. Antimicrob. Agents 47, 250–258. doi: 10.1016/j.ijantimicag.2015.12.021

Tamma, P. D., and Simner, P. J. (2018). Phenotypic detection of carbapenemase-producing organisms from clinical isolates. J. Clin. Microbiol. 56:e01140. doi: 10.1128/JCM.01140-18

Tang, H. J., Lai, C. C., Chen, C. C., Zhang, C. C., Weng, T. C., Chiu, Y. H., et al. (2016). Colistin-sparing regimens against Klebsiella pneumoniae carbapenemase-producing K. pneumoniae isolates: combination of tigecycline or doxycycline and gentamicin or amikacin. J. Microbiol. Immunol. Infect. doi: 10.1016/j.jmii.2016.03.003 [Epub ahead of print]

Temkin, E., Torre-Cisneros, J., Beovic, B., Benito, N., Giannella, M., Gilarranz, R., et al. (2017). Ceftazidime-avibactam as salvage therapy for infections caused by carbapenem-resistant organisms. Antimicrob. Agents Chemother. 61:e01964-16. doi: 10.1128/AAC.01964-16

Thaden, J. T., Pogue, J. M., and Kaye, K. S. (2017). Role of newer and re-emerging older agents in the treatment of infections caused by carbapenem-resistant Enterobacteriaceae. Virulence 8, 403–416. doi: 10.1080/21505594.2016.1207834

Ting, S. W., Lee, C. H., and Liu, J. W. (2018). Risk factors and outcomes for the acquisition of carbapenem-resistant Gram-negative bacillus bacteremia: a retrospective propensity-matched case control study. J. Microbiol. Immunol. Infect. 51, 621–628. doi: 10.1016/j.jmii.2016.08.022

Tofas, P., Skiada, A., Angelopoulou, M., Sipsas, N., Pavlopoulou, I., Tsaousi, S., et al. (2016). Carbapenemase-producing Klebsiella pneumoniae bloodstream infections in neutropenic patients with haematological malignancies or aplastic anaemia: analysis of 50 cases. Int. J. Antimicrob. Agents 47, 335–339. doi: 10.1016/j.ijantimicag.2016.01.011

Trecarichi, E. M., Pagano, L., Martino, B., Candoni, A., Di Blasi, R., Nadali, G., et al. (2016). Bloodstream infections caused by Klebsiella pneumoniae in onco-hematological patients: clinical impact of carbapenem resistance in a multicentre prospective survey. Am. J. Hematol. 91, 1076–1081. doi: 10.1002/ajh.24489

Trecarichi, E. M., and Tumbarello, M. (2017). Therapeutic options for carbapenem-resistant Enterobacteriaceae infections. Virulence 8, 470–484. doi: 10.1080/21505594.2017.1292196

Tseng, S. P., Wang, S. F., Ma, L., Wang, T. Y., Yang, T. Y., Siu, L. K., et al. (2017). The plasmid-mediated fosfomycin resistance determinants and synergy of fosfomycin and meropenem in carbapenem-resistant Klebsiella pneumoniae isolates in Taiwan. J. Microbiol. Immunol. Infect. 50, 653–661. doi: 10.1016/j.jmii.2017.03.003

Tumbarello, M., Trecarichi, E. M., De Rosa, F. G., Giannella, M., Giacobbe, D. R., Bassetti, M., et al. (2015). Infections caused by KPC-producing Klebsiella pneumoniae: differences in therapy and mortality in a multicentre study. J. Antimicrob. Chemother. 70, 2133–2143. doi: 10.1093/jac/dkv086

Tumbarello, M., Viale, P., Viscoli, C., Trecarichi, E. M., Tumietto, F., Marchese, A., et al. (2012). Predictors of mortality in bloodstream infections caused by Klebsiella pneumoniae carbapenemase-producing K. pneumoniae: importance of combination therapy. Clin. Infect. Dis. 55, 943–950. doi: 10.1093/cid/cis588

Tzouvelekis, L. S., Markogiannakis, A., Psichogiou, M., Tassios, P. T., and Daikos, G. L. (2012). Carbapenemases in Klebsiella pneumoniae and other Enterobacteriaceae: an evolving crisis of global dimensions. Clin. Microbiol. Rev. 25, 682–707. doi: 10.1128/CMR.05035-11

van Duin, D., Lok, J. J., Earley, M., Cober, E., Richter, S. S., Perez, F., et al. (2018). Colistin versus ceftazidime-avibactam in the treatment of infections due to carbapenem-resistant Enterobacteriaceae. Clin. Infect. Dis. 66, 163–171. doi: 10.1093/cid/cix783

Venugopalan, V., Nogid, B., Le, T. N., Rahman, S. M., and Bias, T. E. (2017). Double carbapenem therapy (DCT) for bacteremia due to carbapenem-resistant Klebsiella pneumoniae (CRKP): from test tube to clinical practice. Infect. Dis. 49, 867–870. doi: 10.1080/23744235.2017.1350880

Walkty, A., Adam, H., Baxter, M., Denisuik, A., Lagace-Wiens, P., Karlowsky, J. A., et al. (2014). In vitro activity of plazomicin against 5,015 Gram-negative and Gram-positive clinical isolates obtained from patients in canadian hospitals as part of the CANWARD study, 2011-2012. Antimicrob. Agents Chemother. 58, 2554–2563. doi: 10.1128/AAC.02744-13

Watkins, R. R., Papp-Wallace, K. M., Drawz, S. M., and Bonomo, R. A. (2013). Novel beta-lactamase inhibitors: a therapeutic hope against the scourge of multidrug resistance. Front. Microbiol. 4:392. doi: 10.3389/fmicb.2013.00392

Wenzler, E., Deraedt, M. F., Harrington, A. T., and Danizger, L. H. (2017). Synergistic activity of ceftazidime-avibactam and aztreonam against serine and metallo-β-lactamase-producing gram-negative pathogens. Diagn. Microbiol. Infect. Dis. 88, 352–354. doi: 10.1016/j.diagmicrobio.2017.05.009

Willyard, C. (2017). The drug-resistant bacteria that pose the greatest health threats. Nature 543:15. doi: 10.1038/nature.2017.21550

Wiskirchen, D. E., Crandon, J. L., and Nicolau, D. P. (2013). Impact of various conditions on the efficacy of dual carbapenem therapy against KPC-producing Klebsiella pneumoniae. Int. J. Antimicrob. Agents 41, 582–585. doi: 10.1016/j.ijantimicag.2013.02.015

Wong, D., and van Duin, D. (2017). Novel beta-lactamase inhibitors: unlocking their potential in therapy. Drugs 77, 615–628. doi: 10.1007/s40265-017-0725-1

Wright, H., Bonomo, R. A., and Paterson, D. L. (2017). New agents for the treatment of infections with Gram-negative bacteria: restoring the miracle or false dawn? Clin. Microbiol. Infect. 23, 704–712. doi: 10.1016/j.cmi.2017.09.001

Wunderink, R. G., Giamarellos-Bourboulis, E. J., Rahav, G., Mathers, A. J., Bassetti, M., Vazquez, J., et al. (2018). Effect and safety of meropenem-vaborbactam versus best-available therapy in patients with carbapenem-resistant Enterobacteriaceae Infections: the TANGO II randomized clinical trial. Infect. Dis. Ther. 7, 439–455. doi: 10.1007/s40121-018-0214-1

Yan, J. J., Ko, W. C., Tsai, S. H., Wu, H. M., and Wu, J. J. (2001). Outbreak of infection with multidrug-resistant Klebsiella pneumoniae carrying bla(IMP-8) in a university medical center in Taiwan. J. Clin. Microbiol. 39, 4433–4439. doi: 10.1128/JCM.39.12.4433-4439.2001

Yang, H., Chen, G., Hu, L., Liu, Y., Cheng, J., Ye, Y., et al. (2018). Enhanced efficacy of imipenem-colistin combination therapy against multiple-drug-resistant Enterobacter cloacae: in vitro activity and a Galleria mellonella model. J. Microbiol. Immunol. Infect. 51, 70–75. doi: 10.1016/j.jmii.2016.01.003

Zasowski, E. J., Rybak, J. M., and Rybak, M. J. (2015). The beta-lactams strike back: ceftazidime-avibactam. Pharmacotherapy 35, 755–770. doi: 10.1002/phar.1622

Zavascki, A. P., Klee, B. O., and Bulitta, J. B. (2017). Aminoglycosides against carbapenem-resistant Enterobacteriaceae in the critically ill: the pitfalls of aminoglycoside susceptibility. Expert Rev. Anti Infect. Ther. 15, 519–526. doi: 10.1080/14787210.2017.1316193

Zhanel, G. G., Cheung, D., Adam, H., Zelenitsky, S., Golden, A., Schweizer, F., et al. (2016). Review of eravacycline, a novel fluorocycline antibacterial agent. Drugs 76, 567–588. doi: 10.1007/s40265-016-0545-8

Zhanel, G. G., Lawrence, C. K., Adam, H., Schweizer, F., Zelenitsky, S., Zhanel, M., et al. (2018). Imipenem-relebactam and meropenem-vaborbactam: two novel carbapenem-beta-lactamase inhibitor combinations. Drugs 78, 65–98. doi: 10.1007/s40265-017-0851-9

Zhang, Y., Lin, X., and Bush, K. (2016). In vitro susceptibility of beta-lactamase-producing carbapenem-resistant Enterobacteriaceae (CRE) to eravacycline. J. Antibiot. 69, 600–604. doi: 10.1038/ja.2016.73

Zusman, O., Altunin, S., Koppel, F., Dishon Benattar, Y., Gedik, H., and Paul, M. (2017). Polymyxin monotherapy or in combination against carbapenem-resistant bacteria: systematic review and meta-analysis. J. Antimicrob. Chemother. 72, 29–39. doi: 10.1093/jac/dkw377

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Sheu, Chang, Lin, Chen and Hsueh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-10-00080-t003.jpg
Combination therapeutic strategies

High-dose tigecycline

High-dose prolonged-infusion of carbapenem
Double-carbapenem therapy

New antibiotics

Ceftazidime/avibactam
Meropenem/vaborbactam

Plazomicin

Eravacycline

New antibiotics in development
Imipenem/cilastatin and relebactam

Cefiderocol





OPS/images/cross.jpg
3,

i





OPS/images/fmicb-10-00080-t004.jpg
Reference

van Duin et al.
2018

Casténetal.,
2017

Shields et a,
20170

Study place,
year

United States,
8sites,
20112015

Spain, Israel,
muticenter,
20122016

United States,
single site,
2000-2017

Study
design

Prospective

Retrospective

Retrospective

Patients,
number

187

31, allwith
hematologic
malignancy

109

CAZIAVI, ceftazidime/avibactam; BSI, bloodstream infection.

Infection foci

881 (1= 63; 46%) and
preumonia (2 = 30,
22%)

Primary BSI (= 14,
45.2%)

Secondary bacteremia
resutted from
abdorninal (46%,
50/109)

Organismis)/
Brlactamase types.

97% (133/137) were
K. pneumoniae

80.6% (25/31) were
K. preumoniae

97% (106/109) of
K. poeumoniae
harbored blaec

Antibiotic(s)

CAZIAVI (0 = 38)
vs. colistin (0 = 99)

CAZIAVI( = 8) vs.
others (1 =23)

CAZ/AVI (0 = 13)
vs. others (0 = 96)

Clinical outcomes.

Adijusted all-cause mortaity
was significantly lower in
the GAZ/AVI group (9% vs.
32%, P =0001)

14-day clincal cure rate
was higher in the CAZ/AVI
group (85.7% [6/8] vs.
34.8% [8/23), P = 0.031)
‘CAZIAVI group had higher
clinical success rates (85%
[11/13] vs. 40.6% [39/96),
P=0003

Remarks.

Prospective, observational
study on the use of
GAZ/AVI compared to
colistin specifcally for
infections due to CRE,
including 30 (22%) patients
with pneumonia

Small case numbers; no
dfference in crude mortaity

‘Small case numbers with
CAZ/AV! treatment; bias in
selection of therapy
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Carbapenemase KPC MBLs (NDM, VIM, IMP) OXA-48

Ambler molecular class A B8 D
Substrates of hydrolysis Al B-lactams All B-lactams except for aztreonam Penicilins and carbapenems
Inhibited by classic p-lactamase Minimally No No

inhibitors

Inhibited by avibactam Yes No Yes

Inhibited by vaborbactam Yes No No

Inhibited by relebactam Yes No No

Common species in K. pneumoniae, E. colj NDM: K. peumoniae, E. coli VIM: K. pneumoniae
Enterobacteriaceae Enterobacter spp. K. pneumoniae IMP: K. pneumoniae

KPC, Klebsiella pneumoniae carbapenemase; MBL, metallo-f-lactamase; NDM, New Delhi metallo- f-lactamase; VIM, Verona integrin-encoded metallo-fi-lactamase;
IMP, imipenemase; OXA, oxacillinase.
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Antimicrobial agents

Meropenem

Ertapenem
Colistin

Polymyxin B

Tigecycline

Eravacycline

Gentamicin Tobramycin

Amikacin

Plazomicin

Fosfomycin
Aztreonam

Ceftazidime
Ceftazidime/avibactam
Meropenem/vaborbactam

Recommended dose for CRE infections

2 g every 8 h by prolonged infusion for isolates with MICs of
2-8 mg/L

Consider 2 g every 24 h

Loading dose of 9 MU, followed by 9 MU/day in 2-3
divided doses

Loading dose of 2-2.5 mg/kg, followed by 5 mg/kg/day in
2 divided doses

Loading dose of 100 mg, followed by 50 mg every 12 h

1 mg/kg every 12 h

5-7 mg/kg/day

15-20 mg/kg/day

15 mg/kg/day

4geveryBhto8gevery8h
1-2gevery8h
1-2gevery8h

259 (2g/05g) every8h
2g(1g/1 gevery8h

Comments

May not be effective for isolates with MIC > 8 mg/L

Used in double-carbapenem therapy

Gonsider loading dose of 200 mg, followed by 100 mg every 12 h for
severe infections

Approved by FDA in August 2018 for the treatment of CIAl. Activity
against carbapenem-resistant Enterobacteriaceae has been
demonstrated In vitro. Clinical data in CRE infections are stil lacking
Used in combination therapy. Consider a higher dose of

10-15 mg/kg/day for severe infections without other options. Risk of
toxicity may increase. TOM is recommended

Used in combination therapy. Consider a higher dose of

25-30 mg/kg/day for severe infections without other options. Risk of
toxicity may increase. TDM is recommended

Approved by FDA in June 2018 for the treatment of cUTI including
pyelonephritis. Activity against ESBL- and carbapenemase-producing
Enterobacteriaceae has been demonstrated In vitro. Ciinical data in
CRE infections are still lacking

Used in combination therapy

MBL producers are susceptible if not ESBL or AmpC producers
OXA-48 producers are susceptible if not ESBL or AmpG producers
KPC and OXA-48 producers are frequently suscepible

KPC producers are frequently susceptidle

GIAl, complicated intraabdominal infection; cUTI, complicated urinary tract infection; ESBL, extended-spectrum f-lactamase; KPC, Kiebsiella pneumoniae
carbapenemase; MBL, metallo-f-lactamase; MIC, minimum inhibitory concentration; OXA, oxacilinase; TDM, therapeutic drug monitoring.

Adapted from Rodfiguez-Bano et al. (2018).
aFor patients with normal renal function.
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