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Treatment of multidrug-resistant (MDR) Gram-negative bacteria (GNB) infections has led to a global public health challenging due to the bacterial resistance and limited choices of antibiotics. Cefiderocol (CFDC), a novel siderophore cephalosporin possessed unique drug delivery systems and stability to β-lactamases, has the potential to become first-line therapy for most aggressive MDR Gram-negative pathogens infection. However, there have been reports of drug resistance in the course of using CFDC. This study provides an overview of the in-vitro and in-vivo activity of CFDC and potential resistance mechanism was also summarized. In general, CFDC shows excellent activity against a broad range of MDR GNB pathogens including Enterobacteriaceae, Klebsiella pneumoniae, Pseudomonas aeruginosa, Acinetobacter baumannii, and Stenotrophomonas maltophilia. The expressions of metallo-β-lactamases such as inosine 5'-monophosphate (IMP), Verona integron-mediated metallo-β-lactamase (VIM), and New Delhi metallo-β-lactamase (NDM) are associated with a higher resistance rate of CFDC. Carbapenem-resistant phenotype has little effect on the resistance rate, although the acquisition of a particular carbapenemase may affect the susceptibility of the pathogens to CFDC. For potential resistance mechanism, mutations in β-lactamases and TonB-dependent receptors, which assist CFDC entering bacteria, would increase a minimum inhibitory concentration (MIC)90 value of CFDC against MDR pathogens. Since the development of CFDC, resistance during its utilization has been reported thus, prudent clinical applications are still necessary to preserve the activity of CFDC.
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INTRODUCTION

As an ongoing challenge to global health, the emergence of antibiotic-resistant infections results in substantial morbidity and mortality (1). Gram-negative bacteria (GNB) are increasingly associated with high rates of antimicrobial resistance, especially for the carbapenem-resistant Enterobacteriaceae (CRE), multidrug-resistant (MDR) Acinetobacter baumannii (A. baumannii), Klebsiella pneumoniae (K. pneumoniae), and Pseudomonas aeruginosa (P. aeruginosa) (2). Due to the current limited options of MDR pathogen-caused infections and the resistance for “cunning bacterias” to drugs, new therapeutic options are of particular concern and urgently necessary (3–5).

As a novel injectable siderophore cephalosporin, cefiderocol (CFDC) has been approved by the United States Food and Drug Administration (FDA) for the treatment of complicated urinary tract infections (cUTIs) in 2019, hospital-acquired bacterial pneumonia (HABP), and ventilator-associated bacterial pneumonia (VABP) caused by GNB in 2020. In a study consisting of 377 patients with GNB-induced cUTI, 73% of 252 patients in the CFDC group was cured according to clinical response and microbiological response compared with the imipenem-cilastatin group (55% of 119 patients), indicating the good activity of CFDC (6). Same as other cephalosporins, the principal mechanism of CFDC is the inhibition of the cell wall by combining with penicillin-binding protein-3 (PBP-3), which the affinities [50% inhibitory concentrations (IC50s)] of cefiderocol for PBP-3 of Escherichia coli (E. coli) NIHJ JC-2, K. pneumoniae SR22291, P. aeruginosa ATCC 27853, and A. baumannii ATCC 17978 were 0.04 to 0.67 μg/ml (7). However, CFDC is more stable to β-lactamases because of its “Trojan horse” strategy (7). CFDC combines a cephalosporin core and a catechol-type siderophore, which are highly effective to acquire bacterial iron (Fe3+). Through binding to bacterial iron transporter outer membrane protein, CFDC can enter the bacterial periplasmic space to avoid the degradation of β-lactamase produced by the pathogen (7, 8) (Figure 1). Therefore, it shows activity against GNB pathogens including extended-spectrum β-lactamases (ESBL)-producing GNB, CRE, P. aeruginosa, A. baumannii, K. pneumoniae, Klebsiella oxytoca, and Stenotrophomonas maltophilia (S. maltophilia) (9–19). Serratia marcescens, Citrobacter koseri, Burkholderia cepacia (B. cepacia), and Citrobacter freundii (C. freundii) are also sensitive to CFDC with a minimum inhibitory concentration (MIC)90 value of under 1 mg/l (9, 11, 14–16, 19–21). The breakpoints of CFDC have been interpreted by different standards including the Clinical and Laboratory Standards Institute (CLSI), the FDA, and the European Committee on Antimicrobial Susceptibility Testing (EUCAST). The breakpoints of CLSI are commonly used and available for Enterobacteriaceae, A. baumannii, P. aeruginosa, and S. maltophilia (susceptible ≤ 4 mg/l, intermediate 8 mg/l, and resistant ≥16 mg/l). The breakpoints of the EUCAST for Enterobacteriaceae and P. aeruginosa are susceptible ≤ 2 mg/l and resistant >2 mg/l (22). The FDA breakpoints for Enterobacteriaceae have been changed from (susceptible ≤ 2 mg/l, intermediate 4 mg/l, and resistant ≥8 mg/l) in 2019 to (susceptible ≤ 4 mg/l, intermediate 8 mg/l, and resistant ≥16 mg/l) in 2020 and the standard for A. baumannii (susceptible ≤ 1 mg/l and resistant ≥4 mg/l) has been added. The breakpoints for P. aeruginosa remain as (susceptible ≤ 1 mg/l and resistant ≥4 mg/l). Broth microdilution and disk diffusion methods are both available for different standards.
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FIGURE 1. The mechanisms and underlying resistance mechanisms of CFDC.


Although it has not been long since CFDC appears in the market and its indications are limited, CFDC is highly anticipated and acts as a new option for the treatment of various MDR pathogens (23). Recently, a randomized controlled phase-3 trial study has reported that CFDC has similar clinical efficacy to the best available therapy in infections caused by carbapenem-resistant GNB (24). Another study has reported that CFDC is non-inferior to high-dose and extended-infusion meropenem in the treatment of MDR GNB infections (25).

In this study, we aim to review the in-vitro and in-vivo activity of CFDC to evaluate its global effectiveness so far (Supplementary Table 1) and to discuss the potential mechanism of CFDC resistance.



REPORTS OF IN-VITRO RESISTANCE TO CFDC


Resistance Rate in Enterobacterales

Generally, CFDC has a high activity against Enterobacterales with most of the MIC90 values ≤ 8 mg/l (10, 11, 13–16, 18–21, 26, 27). Mariana et al. have reported a resistance rate of 5% for 335 Enterobacterales isolates according to the CLSI breakpoints, which are originated from the United States, Canada, and Singapore, with an MIC50 value ranging from 0.015 to >64 mg/l and an MIC90 value of 8 mg/l (21). However, the resistance rate shows obvious differences according to different phenotypes of β-lactamases. Based on the Ambler Classification system, β-lactamases are divided into four classes as follows: classes A, C, and D of serine β-lactamases and class B known as metallo-β-lactamases (MBLs). The β-lactamases that confer the reduction of drug sensitivity in Enterobacterales belong to the abovementioned types: two serine-β-lactamase including ESBL and K. pneumoniae carbapenemases (KPCs) and class B [MBL, especially New Delhi metallo-β-lactamases (NDM)]. Several reports have shown that the resistance rate of MBL-producing Enterobacterales is higher compared with non-MBL-producing pathogens (10, 28, 29). Two studies from Europe and the United Kingdom in 2020 have reported that the resistance rate of NDM-positive strains against CFDC is up to 59 and 48.6% (the EUCAST breakpoints), respectively, with an MIC90 value reaching 32 mg/l (10, 28). Two other studies have also reported the widest MIC90 range of CFDC against NDM-positive Enterobacteriaceae up to >64 mg/l (3) or 8 mg/l (30) compared with other β-lactamase phenotypes. Following NDM, another type of Verona integron-mediated MBL (VIM)-positive strain exhibits a high resistance of 19.1 and 21%, respectively (10, 28). The resistance rate of CFDC against class A β-lactamase-positive strains and carbapenemases, such as GES, IMI, SME, and TEM enzyme, is relatively lower compared with class B β-lactamase-positive strains (3, 10, 28). An MIC90 value of CFDC against ESBL + porin loss Enterobacterales ranges from 0.125 to 32 mg/l with a resistance rate of 38.5% (28). Studies from Europe have shown that the resistance rate of KPC-producing pathogens to CFDC is 8.9 and 16.4%, respectively, based on the EUCAST breakpoints (10, 28). Similarly, class D β-lactamase OXA-48-positive Enterobacterales show a resistance rate of 7.1 and 11.8%, respectively, with an MIC90 value reaching 8 mg/l (10, 28). However, another study from North America and Europe has shown that all the 75 KPC-positive and 32 OXA-48-positive strains are sensitive to CFDC (30). The class C β-lactamase AmpC-positive strains are susceptible to CFDC with the resistance rate of 0% (28). Meredith et al. have shown that the resistance rates of meropenem non-susceptible (MIC90 ≥2 mg/l) strains are all susceptible according to the CLSI breakpoints (19).

For E. coli, most of the reports have shown that an MIC90 value of CFDC is ≤ 4 mg/l ranging from 0.25 to 4 mg/l (9, 11, 13, 14, 16, 18–21, 29). Two studies have compared the MIC90 values between isolates from Europe and North America, showing that an MIC90 value of CFDC to the strains from Europe is twice higher compared with those from North America (16, 19), although all the stains are susceptible. Class B β-lactamase-positive E. coli has the highest resistance to CFDC (27, 29). Naoki et al. have reported that 26.3% of 19 isolates from NDM-1-producing E. coli are resistant to CFDC according to the CLSI breakpoints (29). The MIC90 values of CFDC against NDM (-1/4/5/6/7), VIM (-1/2/4/19), or inosine 5'-monophosphate (IMP) (-1/8) E. coli are significantly higher compared with other β-lactamase phenotypes isolates such as KPC (-2/3) or OXA-48 type (16 vs. 1 or 0.5 mg/l) (27).

For K. pneumoniae, an MIC90 value of CFDC is mostly ≤ 8 mg/L (9, 11, 13–16, 18, 21, 27, 29). In 2018, 689 carbapenem non-susceptible strains from North America and Europe are mostly susceptible, with an MIC90 value of 4 mg/l (18). However, C Paul et al. have reported that the resistance rate of 15 carbapenem-resistant K. pneumoniae is up to 20% based on the CLSI breakpoints, with an MIC90 value of 32 mg/l (20). Kenneth et al. have also reported the widest MIC90 range >64 mg/l and a resistance rate of 4.3% of CFDC against carbapenem-resistant K. pneumoniae according to the CLSI breakpoints (9). Different phenotypes also affect the sensitivity of K. pneumoniae. An MIC90 (4 mg/l) value of CFDC against MBL-positive strains is twice or four times higher than that of KPC- or OXA-48-positive strains (27). For class A β-lactamases, the resistance rate of CFDC against 23 isolates from ESBL-producing K. pneumoniae is 2.7%, with an MIC90 value ranging from 0.125 to >64 mg/l (9). However, the other two studies both found that ESBL-positive isolates were sensitive to CFDC, with the highest MIC90 value of 4 mg/l (14, 29). The KPC (−2/3/11) and OXA (-48/162/163/181/204/232) isolates are also susceptible to CFDC with an MIC90 value <4 mg/l (15, 27, 29). Besides, the same genus of bacteria may have different MICs when large samples of detection conducted by different regions. James et al. have reported that an MIC90 value of CFDC to the strains from Europe (2 mg/l) is four times higher compared with those from North America (0.5 mg/l) (16).

For other Enterobacterales, the decreased sensitivity is mainly attributed to the production of OXA or MBLs (NDM, VIM, or IMP), with an MIC90 value (4 mg/l) four times higher compared with KPC-positive strains (27). An MIC90 value of CFDC against carbapenem-resistant pathogens is also increased up to 8 mg/l, ranging from 0.06 to 32 mg/l (18). Enterobacter cloacae (E. cloacae) is susceptible to CFDC with an MIC90 value ≤ 1 mg/l (11, 14, 16, 29). According to the CLSI breakpoints, C Paul et al. have reported that the resistance rate of carbapenem-resistant E. cloacae complex is 13%, with an MIC90 value of 16 mg/l (20). The resistance rate of CFDC against 38 ESBL-positive strains is 5.3% using the CLSI breakpoints, with an MIC90 value ranging from < 0.03 to >64 mg/l (9). CFDC shows excellent activity against nonenzyme-producing Klebsiella spp., Serratia spp., Citrobacter spp., and Proteus mirabilis with a resistance rate of 0% (9, 11, 14, 16, 18–20, 29). Carbapenem non-susceptibility is the main factor for the decreased MIC90 value of Klebsiella spp., Serratia spp., and Citrobacter spp. and will result in a two- or four-time increase of CFDCs MIC90 (18, 20). Although an MIC90 value of C. freundii ranges from ≤ 0.063 to >64 mg/l and the resistance rate is not provided by Naoki et al., an MIC90 value is as low as 0.125 mg/l (29).



Pseudomonas aeruginosa

Generally, CFDC shows an excellent bactericidal effect against P. aeruginosa with an MIC90 value of ≤ 2 mg/l (3, 13–19, 27, 30). MBLs are still correlated to their CFDC resistance. A study from the United Kingdom has reported that the resistance rate of isolates from 11 NDM-positive and 30 IMP-positive P. aeruginosa is 54.5 and 20%, respectively, according to the EUCAST breakpoints, with the upper range of an MIC90 value of ≥ 128 mg/l (28). The resistance rate of the class A β-lactamase (GES, PER, and VEB)-producing isolates is relatively high at 10–33.3% (28). However, two European studies have reported that the resistance rates of VIM-, IMP-, NDM-, and GES-positive P. aeruginosa are all 0% (10, 30). Although Dobias et al. did not provide the resistance rate against CFDC, an MIC90 value of 2 mg/l reflects the high activity of CFDC against VIM-, IMP-, KPC-, SPM-, or GIM-producing P. aeruginosa (27). An MIC90 value of CFDC against carbapenemase-producing P. aeruginosa is a little bit higher compared with non-carbapenemase ones (2 vs. 0.5 mg/l) in a German study, with a resistance rate of 9.1 and 0%, respectively (11). A study from the USA has also reported a high MIC90 value of 8 mg/l in carbapenem-resistant strains (20). The activity of CFDC against carbapenem non-susceptible or MDR P. aeruginosa remains well, with an MIC90 value of ≤ 2 mg/l (14, 17, 19, 30).



Acinetobacter spp.

Most studies have demonstrated that an MIC90 value of CFDC against non-enzymes-producing A. baumannii is <4 mg/l (3, 10, 13, 15, 16, 19, 27, 30, 31). Ceftazidime resistant had little effect on an MIC90 value of CFDC to A. baumannii (13). However, one study has reported that an MIC90 value of CFDC to 97 A. baumannii isolates is 32 mg/l according to the CLSI breakpoints, with a resistance rate of 33%. The pathogens collected from the United States, Canada, and Singapore from 1996 to 2015 possess one or multiple types of gene expression including blaCMY, blaCTX−M, blaFOX, blaIMI, blaIMP, blaKPC, blaNDM, blaOXA−48−like, blaSHV, blaSME, and blaTEM (21). A. baumannii resistance is attributed to the production of OXA- or NDM-type enzymes. Moreover, the resistance rate varies according to different phenotypes of OXA enzymes. The resistance rate of CFDC against OXA-23-positive A. baumannii is 14.6%, while it is 11.1, 10, and 5.3% for OXA-24/40-positive strains, OXA-58-positive strains, and OXA-51-positive strains, respectively, using non-species special pharmacokinetic-pharmacodynamic (PK-PD) breakpoints (22, 28). Akinobu et al. have demonstrated that the resistance rate of CFDC against OXA-23-positive strains (16.7%) is relatively higher compared with other phenotypes of OXA-positive A. baumannii (0%), with the maximum range of an MIC90 value of >32 mg/l (31). Iregui et al. have also reported that the resistance rate of blaOXA−23 A. baumannii is 8.8% according to the CLSI breakpoints, with an MIC90 value of 8 mg/l (13). However, Delgado et al. from Spain and Christopher et al. from Europe have reported that the resistance rate of OXA-24/40-positive strains is 12 and 6.8%, respectively, which is higher compared with other phenotypes (10, 15). A study from the United Kingdom has demonstrated that 20 NDM-producing pathogens show the highest resistance of 50% based on non-species special PK-PD breakpoints, with an MIC90 value ranging from 1 to ≥128 mg/l (22, 28) (since no MIC90 criteria have been provided for CFDC to A. baumannii). A Chinese study has reported that the resistance rate of imipenem-resistant pathogens is 7% in 2020 using the CLSI breakpoints, with an MIC90 value ranging from 0.06 to >64 mg/l and an MIC90 value of 8 mg/l (17). Other studies have also shown that carbapenem-resistant strains are more resistant to CFDC compared with the susceptible strains, with a slightly higher MIC90 value or MIC90 range (3, 19, 31). MDR A. baumannii exhibits the highest resistance with an MIC90 value of 8 mg/l and an MIC90 range reaching >256 mg/l (18). Two studies have compared an MIC90 value between the isolates from Europe and North America and no significant difference has been found (16, 19).

According to the CLSI breakpoints, Kenneth et al. have shown that the resistance rate of Acinetobacter spp. is 10%, with an MIC90 value of 4 mg/l (9). However, CFDC has high activity against Acinetobacter pittii from North America and Europe, reported by James et al., with the resistance rate of 0% and an MIC90 value of 0.5 mg/l (16).



Other Strains

For S. maltophilia, B. cepacia complex, Morganellaceae, Achromobacter xylosoxidans, and Proteus mirabilis, they show excellent susceptibility to CFDC, with a resistance rate of 0% and an MIC90 value of <1 mg/l, as reported by worldwide studies (11, 14–21, 26).




REPORTS OF IN-VIVO RESISTANCE TO CFDC

Several animal studies demonstrated that strains carring KPC or NDM may reduce the suscepitbility to CFDC. An in-vivo study using neutropenic murine thigh and lung infection models has shown that an MIC90 of NDM-producing GNB including E. coli, K. pneumoniae, and P. aeruginosa was 8- to 64-fold higher than non-producing strains (32). The MIC90 of NDM-1-producing K. pneumoniae sequence type 14 (ST14) reach to 16 mg/l, which is resistant to CFDC (32). The MIC90 of KPC-producing pathogens is 16 times higher than non-producing K. pneumoniae (4 vs. 0.25 mg/l) (32). In a immunocompetent rat respiratory tract infection model, an MIC90 value at 8 mg/l of NDM-1-positive K. pneumoniae is two times higher than KPC-2-positive K. pneumoniae (33). In in-vivo models, the amount of inoculation will also affect the MIC90 of CFDC. An MIC90 value at 16–64 mg/l was observed in a K. pneumoniae infected neutropenic murine thigh model, which was infected with 107 CFU/ml bacterial suspension (34). According to the EUCAST breakpoints, Hobson et al. have also reported that high inocula (107 CFU/ml) with KPC-producing Enterobacteriaceae will lead the resistance to CFDC compared to usual inocula (105 CFU/ml) in 2021 (35).

Grande et al. have reported that a 63-year-old male patient with septic shock is presented at the intensive care unit (ICU) due to the initial infection of ESBL K. pneumoniae, oxacillin-sensitive Staphylococcus aureus, and multi-sensitive P. aeruginosa. Then, a VIM-producing XDR P. aeruginosa grows from his sputum on day 26 (36). On day 54, the regimen of colistin and meropenem is switched to CFDC 2 g q8h infused over 3 h plus metronidazole 500 mg TID as P. aeruginosa is susceptible to CFDC. The treatment regimen is discontinued after 6 weeks (36). On day 128, GES- and VIM-producing XDR P. aeruginosa are isolated from ischial eschar with an MIC90 value of CFDC increased to 8 mg/l (36). It indicates that P. aeruginosa develops resistance during CFDC treatment.



RESISTANCE MECHANISMS

Previous studies have shown that the presence of single-type MBLs may increase an MIC90 value of CFDC against part of the isolates. However, one study has demonstrated that the co-expression of MBLs and serine-type β-lactamases is related to the non-susceptibility of CFDC (37). An MIC90 value to CFDC presents an 8- to 64-fold and 8-fold reduction against CFDC-resistant Enterobacterales (including E. coli and K. pneumoniae) and A. baumannii, respectively, when both the dipicolinic acid (an MBL inhibitor) and avibactam (a serine-β-lactamase inhibitor) are added to the susceptible level (≤0.5 μg/ml) (37). However, an MIC90 value of ≤ 2-fold for CFDC has not been observed by the addition of dipicolinic acid or avibactam alone (37). Mutations in β-lactamases may also lead to CFDC resistance (Figure 1). A 4- to 32-fold increase of an MIC90 was observed in D179Y-H274Y mutations of KPC-31 compared to the wild-type alleles reported by Hobson et al. in 2021 (35). Shields et al. have reported that the deletion of positions 292 and 293, which are located in the R2 loop of AmpC, causes the decreased susceptibility of Enterobacterales (38). The mutations lead to the disappearance of the H10 helix in the R2 loop and the expansion of the substrate-binding site, resulting in a more stable binding to the bulkier side chain possessed by CFDC (38). Akito et al. have demonstrated the alanine-proline deletion at positions 294 and 295 located in the R2 loop, which is also associated with the reduced susceptibility to CFDC in E. coli and E. cloacae (39). Especially for E. cloacae, the depletion of A294_L295 results in an increase of >32-fold in an MIC90 value of CFDC (39).

TonB-dependent receptors commonly exist in GNB outer membrane and assist CFDC to enter the bacterial periplasmic space via cooperation with the TonB-ExbB-ExbD complex located in the cytoplasmic membrane (40). The energy required for the transport of CFDC is provided by TonB-ExbB-ExbD complex (40). The main TonB-dependent receptors of A. baumannii are termed as PiuA and PirA (41). Malik et al. have reported that the change from a hydrophobic amino acid to an aromatic amino acid at location 275 of PirA and the downregulation of pirA, possibly in combination with loss of piuA, cause the decreased expressions of TonB-dependent receptors, which interpret the increased resistance to CFDC in A. baumannii (42) (Figure 1). Decreased sensitivity to CFDC has also been observed in P. aeruginosa when the loss of piuA and downregulation of TonB-dependent receptors occur (41) (Figure 1). Alexandre et al. have shown that the decreased expression of PiuA ortholog, termed as PiuD, which is encoded by piuD, is more important than the loss of piuA (43). They had tested an MIC90 value of P. aeruginosa when piuA or piuD is depleted and found that the deletion of piuA increases the CFDC MIC90 value by 2-fold, while such elevation for the deletion of piuD is 32-fold (43). Moynié et al. have considered that TonB3-ExbB3-ExbD3 complex not only provides energy for the siderophore transport, but also is associated with siderophore acquiring Fe3+42. Mutation of TonB3-ExbB3-ExbD3 by insertion of A at position 9 in the exbD3 gene, deletion of A at position 319, and insertion of A at position 243 in the tonB3 gene would impede energy acquisition for transport and iron availability. Therefore, the transmission of CFDC to bacteria would be inhibited (41).



CONCLUSION

In conclusion, CFDC has demonstrated excellent activity against GNB including ESBL Enterobacterales, CRE, MDR A. baumannii, and carbapenem-resistant P. aeruginosa. The expressions of MBLs are associated with the decreased sensitivity of pathogens to CFDC. However, the acquisition of a particular β-lactamase does not ensure resistance and additional mechanisms such as mutations in β-lactamases are necessary for overt resistance to develop. Moreover, since the CFDC resistance has already been reported during its anti-infective therapy, the clinical application needs to be cautious to preserve the activity of CFDC.
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