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ABSTRACT Bacterial resistance to carbapenem agents has reached alarming levels.
Accordingly, collaborative efforts between national and international organizations and
the pharmaceutical industry have led to an impressive expansion of commercially avail-
able b-lactam agents in recent years. No available agent comes close to the broad
range of activity afforded by cefiderocol, a novel siderophore-cephalosporin conjugate.
The novelty of and need for cefiderocol are clear, but available clinical data are con-
flicting, leaving infectious diseases specialists puzzled as to when to prescribe this
agent in clinical practice. After a brief overview of cefiderocol pharmacokinetics and
pharmacodynamics, safety data, cefiderocol susceptibility testing, and putative mecha-
nisms of cefiderocol resistance, this review focuses on determining cefiderocol’s role in
the management of specific pathogens, including carbapenem-resistant Acinetobacter
baumannii complex, carbapenem-resistant Pseudomonas aeruginosa, carbapenem-resist-
ant Enterobacterales, and less commonly identified glucose-nonfermenting organisms
such as Stenotrophomonas maltophilia, Burkholderia species, and Achromobacter species.
Available preclinical, clinical trial, and postmarketing data are summarized for each or-
ganism, and each section concludes with our opinions on where to position cefiderocol
as a clinical therapeutic.
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Antibiotic-resistant bacteria are among the most significant threats to public health.
Accordingly, efforts by national and international organizations have led to an im-

pressive expansion of commercially available therapeutic agents in recent years, includ-
ing several targeting carbapenem-resistant pathogens (1). These are welcome additions
to the anti-infective arsenal. However, some notable deficiencies remain, including effec-
tive therapies for metallo-b-lactamase (MBL)-producing Enterobacterales and several glu-
cose-nonfermenting Gram-negative organisms (e.g., Acinetobacter baumannii complex,
Stenotrophomonas maltophilia, and Burkholderia cepacia complex).

Cefiderocol (formerly S-649266) received U.S. Food and Drug Administration (FDA)
approval in October 2019 for the treatment of urinary tract infections (UTIs) and in
September 2020 to include hospital-acquired pneumonia and ventilator-associated bac-
terial pneumonia. Cefiderocol is a synthetic conjugate composed of a cephalosporin
moiety and a catechol-type siderophore, which binds to iron and facilitates bacterial cell
entry using active iron transporters. Once inside the periplasmic space, it dissociates
from iron and the cephalosporin moiety binds primarily to penicillin binding protein 3 to
inhibit bacterial cell wall synthesis (2). Cefiderocol’s unique chemical structure and mech-
anism of cell entry may afford it enhanced protection against loss of porin channels,
overexpression of efflux pumps, and inactivation by carbapenemases.

Previous siderophore antibiotic candidates failed to demonstrate in vivo efficacy despite
in vitro potency. This is potentially a consequence of downregulation of iron transport
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receptors due to the competition between siderophore-antibiotic conjugates and native
siderophore production, which become upregulated in the presence of a threat (3–6). After
an overview of cefiderocol pharmacokinetics/pharmacodynamics (PK/PD), safety data, cefi-
derocol susceptibility testing, and putative mechanisms of resistance to cefiderocol, this
review is organized by pathogen. Available preclinical, clinical trial, and postmarketing data
are summarized to assist clinicians in determining how best to position cefiderocol for the
treatmen7t of carbapenem-resistant infections. Each section concludes with our opinions on
prescribing cefiderocol for specific pathogens.

CEFIDEROCOL PK/PD

Similar to other cephalosporins, the PK/PD index for cefiderocol is the percentage of time
free drug concentrations exceed the organism MIC during the dosing interval (%fT.MIC). The
standard dose of cefiderocol is 2 g administered every 8h as a 3-h infusion with dose adjust-
ments recommended for patients with a creatinine clearance of#60ml/min and an increase
in frequency to every 6h for patients with augmented renal clearance (CLCR $120ml/min).
Cefiderocol PK/PD was described in a population PK model developed from 91 uninfected
patients and 425 infected patients enrolled in clinical trials (7). The probability of target
attainment (PTA) for 100% fT.MIC was .90% against MICs of #4mg/ml across all infection
sites (e.g., pneumonia, bloodstream, and urinary tract) and renal function groups, except
patients with normal renal function and bloodstream infections where PTA was 85%.
Nevertheless, these clinical exposures exceed the PD target of fT.MIC 64 to 77% for 1-log10
growth reduction of Enterobacterales and Pseudomonas aeruginosa determined by murine
thigh and lung infection models (8). High rates of target attainment were also observed for
pulmonary epithelial lining fluid in an analysis of critically ill patients with pneumonia (9).

Clinical outcomes of infected patients treated with cefiderocol do not appear to
correlate with cefiderocol MIC values. As an example, when evaluating mortality in
patients with carbapenem-resistant Enterobacterales infections in a phase 3 clinical
trial, cefiderocol MICs of 0.06, 0.12, 0.25, 0.5, 1, 2, and 4mg/ml were associated with
30-day mortalities of 40, 0, 29, 0, 50, 33, and 0%, respectively (10, 11). Although the
numbers of isolates in all of these MIC categories were low, no clear trend between
cefiderocol MIC and poor outcomes is observed. The impressive exposures achieved
with recommended cefiderocol dosing make it unlikely that inadequate PK/PD optimi-
zation contribute to clinical failures associated with this agent. Cefiderocol susceptibil-
ity criteria recommended by various agencies and committees are provided in Table 1.

CEFIDEROCOL SAFETY

Similar to other beta-lactam antibiotics, cefiderocol is generally well tolerated. In
phase 1 evaluations, the most common adverse events reported in clinical trials were
increases in serum alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) (12). In a phase 3 trial of patients with carbapenem-resistant infections, transami-
nase elevations were more common in cefiderocol-treated patients compared to best
available therapy (30% versus 14%); however, no case met criteria for drug-induced
liver injury (11). In a phase 3 trial of patients with nosocomial pneumonia, the propor-
tions of ALT and AST increase between patients receiving cefiderocol and high-dose,
extended-infusion meropenem were 13 and 8%, respectively (13). These findings sug-
gest periodic monitoring of liver enzymes should be considered in patients receiving
cefiderocol therapy. Considering the unique mechanism of transport into bacterial
cells, concerns about adverse events related to iron homeostasis in humans have been
raised. In the three published clinical trials to date, anemia-related adverse events and
variables related to iron homeostasis (i.e., total iron binding capacity, transferrin con-
centration) were similar between cefiderocol and comparator arms (11, 13, 14).

CEFIDEROCOL SUSCEPTIBILITY TESTING

Obtaining accurate cefiderocol MICs using broth microdilution (BMD), the reference
standard, requires the use of iron-depleted cation-adjusted Mueller-Hinton broth, since

Perspective Antimicrobial Agents and Chemotherapy

August 2021 Volume 65 Issue 8 e02171-20 aac.asm.org 2

https://aac.asm.org


standard cation-adjusted Mueller-Hinton broth does not provide reproducible cefider-
ocol MICs that reflect anticipated in vivo activity (15–17). To elaborate further, the
human innate immune system minimizes available free iron during acute bacterial
infections. To survive under iron-depleted conditions, bacterial iron transporters are
upregulated, which is advantageous for cefiderocol to gain entry into bacterial cells
(18). Iron concentrations in laboratory media also need to mimic the in vivo state to
appropriately determine cefiderocol in vitro susceptibility (19). Alternative FDA-cleared
cefiderocol antibiotic susceptibility testing approaches are available, including the
Sensititre lyophilized broth microdilution panel (Thermo Fisher Scientific, Waltham,
MA) and 30-mg cefiderocol HardyDisks (Hardy Diagnostics, Santa Maria, CA). The
Sensititre panel includes cefiderocol with an iron chelator embedded in wells, allowing
for reconstitution of the panel with standard cation-adjusted Mueller-Hinton broth.
Similarly, disk diffusion testing on Mueller-Hinton agar does not require iron depletion,
since iron remains sufficiently bound to the agar (20).

Challenges still remain with cefiderocol susceptibility testing. A. baumannii suscepti-
bility testing to cefiderocol has proven especially challenging; disk diffusion results have
been associated with major errors (20), and BMD interpretation can be difficult due to
the existence of trailing endpoints (16, 19, 21). For detailed guidance on interpreting cefi-
derocol disk and BMD results, we refer the reader to the Clinical and Laboratory
Standards Institute (CLSI) M-100 document (10). MIC test strips and the addition of cefi-
derocol to automated susceptibility testing panels are under development and will facili-
tate clinical laboratory efforts in timely cefiderocol MIC determination.

CEFIDEROCOL RESISTANCE

Resistance to cefiderocol is complex and not well characterized. Previous experiences
describing mutants in the TonB-dependent iron transporter pathway for other siderophore-
antibiotic conjugates inform potential resistance targets for cefiderocol. TonB-dependent
transporters are bacterial outer membrane proteins that enable the transport of sidero-
phore-iron complexes. They depend on three inner membrane proteins, TonB-ExbB-ExbD,
to transduce the necessary energy to the outer membrane for transportation to occur (22).
The expression of TonB-dependent receptors is regulated by two-component systems
comprising transcriptional regulators (23). Mutations leading to decreased function of com-
ponents of this pathway can result in MIC increases of siderophore-antibiotic compounds,
including cefiderocol (24).

Mutations in the iron transport pathway have been investigated more thoroughly
in A. baumannii and P. aeruginosa, compared to the Enterobacterales. The deletion of

TABLE 1 Cefiderocol susceptibility interpretative criteria, as of February 2021a

Organism

CLSI FDA EUCAST USCAST

MIC (mg/liter)
Zone diam
(mm) MIC (mg/liter)

Zone diam
(mm) MIC (mg/liter)

Zone diam
(mm)

MIC (mg/
liter)

Zone diam
(mm)

Enterobacterales spp.
Pneumonia #4 $16 #4 $16 #2 $22 #2 2
Nonpneumonia #4 $16 #4 $16 #2 $22 #4 2

P. aeruginosa
Pneumonia #4 $18 #1 $22 # 2 $22 #2 2
Nonpneumonia #4 $18 #1 $22 # 2 $22 #4 2

Acinetobacter spp. #4 $15 #1 $19 IE 2 IE 2

S. maltophilia
Pneumonia #1 $15 2 – IE 2 IE,#2 2
Nonpneumonia #1 $15 2 – IE 2 IE,#4 2

aCLSI, Clinical and Laboratory Standards Institute; EUCAST, European Committee on Antimicrobial Susceptibility Testing; FDA, Food and Drug Administration; USCAST, U.S.
Committee on Antimicrobial Susceptibility Testing; –, no breakpoint listed; IE, clinical efficacy data are limited, but in vitro and pharmacokinetic/pharmacodynamic activity
support use in difficult-to-treat cases.
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TonB-dependent receptors PiuA and PirA in A. baumannii decreased the susceptibility
of BAL30072 and MC-1, earlier siderophore-conjugated antibiotics, by 4- to 8-fold (23,
25). Frameshift mutations in components of the inner membrane protein complex in
exbD3 or tonB3 genes led to significant increases in the MICs of BAL30072 and MC-1
(25). Overexpression of proteins such as the FecIRA operon—a regulator of iron trans-
porter proteins—has been associated with a 4-fold or greater increase in cefiderocol
MICs (23, 26–28). Variations in affinities of compounds for specific receptors in this
pathway and/or differences in receptor expression levels likely exist; pirA deletions in
P. aeruginosa led to 8 to 16-fold MIC increases for BAL30072 and MC-1, but only a
2-fold increase in cefiderocol MICs (29). However, the deletion of piuD led to 2- to
4-fold increases in BAL30072 MICs but increased cefiderocol MICs by 32-fold.

Mutations in the TonB-dependent transporter pathway for the Enterobacterales are
less defined. Modifications to the tonB gene as well as deletions in both cirA and fiu,
which encode two iron transporters specific to E. coli, reduced susceptibility to several
earlier siderophore conjugated antibiotic candidates (30–33). Similarly, Ito et al. dem-
onstrated that deletions of both cirA and fiu led to a 16-fold increase in elevations in
cefiderocol MICs (2). Significant increases in cefiderocol MICs against K. pneumoniae
due to mutations in the baeS gene, responsible for encoding a sensor kinase protein of
the two-component BaeSR signal transduction system, have also been described (26).

Mutations in the ampC gene have also been identified as contributing to increased
cefiderocol MICs. Shields and colleagues demonstrated a two amino acid deletion in the
R2 loop of the AmpC b-lactamase (i.e., a deletion of alanine and leucine at positions 292
and 293) in two Enterobacter hormaechei isolates from distinct patients, resulting in cefi-
derocol nonsusceptibility (34). In another patient with E. cloacae complex recovered
from a respiratory specimen with a cefiderocol MIC .16mg/ml, an alanine-proline dele-
tion at positions 294 and 295 and a leucine-to-valine substitution at position 296 in
AmpC were identified (35). Conformation changes in the R2 loop of AmpC b-lactamases
can widen the substrate binding site and trap cephalosporins with bulkier R2 side chains
(such as cefiderocol or ceftazidime-avibactam), limiting their effectiveness (36). Shields
and colleagues have also shown that median cefiderocol MICs are higher among ceftazi-
dime-avibactam-resistant carbapenem-resistant Enterobacterales (CRE) (37). The relative
role of deletions, insertions, and amino acid substitutions in AmpC contributing to cefi-
derocol resistance to P. aeruginosa is still being explored. At least one case report
describes a patient infected with a P. aeruginosa strain with elevated cefiderocol MICs
(24). The isolate had mutations in piuD and pirR, in addition to a leucine-to-phenylalanine
change at amino acid position 147 in the AmpC enzyme, making the relative contribu-
tion of the amino acid substitution unclear.

Another observation warranting further investigation is that cefiderocol MICs are
higher at baseline for NDM-producing isolates compared to other carbapenemases
(15). In one surveillance study including 151 international CRE isolates, cefiderocol was
active against 98% of isolates (38). On closer inspection, it was active against 100% of
75 KPC-producing Enterobacterales isolates, 100% of 32 OXA-48-like isolates, but only
58% of the 12 NDM-producing Enterobacterales isolates, using cefiderocol MICs of
#4mg/ml as indicative of susceptibility.

Estimates of the frequency of acquired resistance to cefiderocol are currently
unknown. Approximately 4 to 15% of isolates (including both Enterobacterales and
glucose-nonfermenting isolates) from patients in large, randomized trials experienced
a $4-fold increase in cefiderocol MICs after cefiderocol exposure; although these MIC
increases did not necessarily translate into frank resistance, using current CLSI criteria
(11, 14, 39). Indeed, of the 25 patients who experienced at least a 4-fold increase in
MIC, only 3 (12%) isolates had a cefiderocol MIC of .4mg/liter. It is unclear if an MIC
shift that results in an isolate remaining in the susceptible range (e.g., 0.06mg/liter to
0.25mg/liter) has clinical relevance. We currently do not have evidence that cefiderocol
MIC “creeps” that remain in the susceptible range are associated with treatment
failure.
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CARBAPENEM-RESISTANT ACINETOBACTER BAUMANNII

Carbapenem-resistant A. baumannii (CRAB) infections are among the most challeng-
ing infections to treat. CRAB is notorious for infecting vulnerable patients such as those
requiring mechanical ventilation or with significant loss of skin integrity from burns, nat-
ural disasters, or combat-associated wounds (40). Approximately 80% of CRAB produce
carbapenemases, including OXA-23-like, OXA-51-like, or OXA-58-like carbapenemases
(41–43). Moreover, their multidrug-resistant phenotype is generally due to several mech-
anisms of resistance occurring in concert: increased AmpC expression, porin mutations,
gyrA and parC mutations, production of aminoglycoside-modifying enzymes, increased
expression of RND-type efflux pumps, and b-lactamase production (41). None of the
novel, commercially available b-lactam-b-lactamase inhibitor agents (i.e., ceftolozane-
tazobactam, ceftazidime-avibactam, imipenem-cilastatin-relebactam, meropenem-vabor-
bactam) provide expanded coverage for CRAB.

In vitro data. Although a number of large surveillance studies investigating the in
vitro activity of cefiderocol against A. baumannii are available, few provide insight on
cefiderocol susceptibility data specifically for CRAB (38, 44–50). Together, the available
data indicate that of approximately 1,900 carbapenem-nonsusceptible A. baumannii
isolates, 95% had cefiderocol MICs of#4mg/ml (i.e., the CLSI susceptibility breakpoint).
Notably, the FDA established a susceptibility breakpoint of #1mg/ml, and the
European Committee on Antimicrobial Susceptibility Testing (EUCAST) did not estab-
lish a susceptibility breakpoint for A. baumannii due to a concern for suboptimal clini-
cal outcomes data (Table 1).

Clinical trial data. The efficacy and safety of cefiderocol was investigated in three
randomized clinical trials. The first was a phase 2 trial of 251 patients with complicated
UTIs that did not include patients with CRAB infections (14).

The second trial (CREDIBLE-CR) was a phase 3, open-label study where 152 patients
were randomized to cefiderocol or best available therapy (BAT), the later consisting
mostly of polymyxin-based therapy (11). It included 54 critically ill hospitalized patients
with CRAB infections, predominantly bacteremia and pneumonia. Patients infected
with CRAB composed 46% of the study population, therefore the overall findings of
the trial were largely reflective of the subgroup with CRAB infections. End-of-study
mortality was 34 and 18% in the cefiderocol and best available therapy arms, respec-
tively. More specifically, in the CRAB subgroup, end-of-study mortality was 50% in the
cefiderocol arm versus 18% in the BAT arm. Of note, mortality rates in the best avail-
able therapy group were lower than in previously published trials for CRAB, and
patients with CRAB had a higher proportion of septic shock in the cefiderocol arm
compared to the BAT arm (51–54). Regardless, the findings of the CREDIBLE-CR trial
suggest cefiderocol may be associated with poorer outcomes than polymyxin-based
regimens for CRAB infections.

The third trial (APEKS-NP) was a phase 3 investigation of 300 patients with nosoco-
mial pneumonia randomized to cefiderocol or high-dose, extended-infusion merope-
nem (i.e., 2 g intravenously every 8 h, as a 3-h infusion) (39). APEKS-NP included 36
patients with Acinetobacter spp. with meropenem MICs of .8mg/ml, with 18 patients
receiving cefiderocol and 18 patients receiving meropenem. Overall outcomes
between the two arms were similar with a 14-day mortality of 28%, making cefidero-
col’s role as a therapeutic agent for CRAB pneumonia unclear. The best interpretation
of these data is that cefiderocol is as good as an antibiotic with questionable activity
against CRAB.

Postmarketing experience. Prior to FDA approval, cefiderocol was available
through an expanded access (i.e., compassionate use) pathway, of which 251 requests
were granted (10). Thirty-five patients infected with CRAB were included and several of
these patient experiences have been published (55–60). The cases describe variable
success of cefiderocol for the treatment of CRAB from multiple sites, including osteo-
myelitis, pneumonia, and bacteremia, often after failures or toxicities associated with
polymyxin-based regimens (61, 62). A few cases describe the success of cefiderocol for
the treatment of complex hardware-associated infections. This may be related to its
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unique mechanism of uptake through the bacterial iron-transport system. Iron is criti-
cal for the formation of biofilms, and siderophore production is therefore upregulated
in biofilm-forming infections (58–60).

Understanding the contribution of cefiderocol to clinical responses observed in
reported cases is challenging as cefiderocol use has generally been limited to recalcitrant
infections, often as combination therapy, and generally after most other antibiotic options
have been exhausted. In addition, there is likely bias in the cases submitted for publication
and their generally favorable clinical outcomes may not be completely representative of
real-world clinical cases. Furthermore, critical details such as source control measures and
organism susceptibility to other agents administered are often missing in reported cases.

Expert opinion on role in therapy. Despite highly favorable in vitro susceptibility
data and promising case reports, the position of cefiderocol for CRAB infections
remains unclear. There is no “standard care” antibiotic regimen for CRAB against which
to measure the effectiveness of other treatment regimens. The “optimal” agent(s) or
combination of agents are unknown and supportive data are generally limited to in
vitro models (63–65). We believe cefiderocol should be limited to salvage therapy for
CRAB infections that are refractory to high-intensity combination regimens or if intoler-
ance precludes a combination of other agents. It is unknown whether cefiderocol
should be used as monotherapy or combination therapy for CRAB infections. Our pref-
erence would be to use it as part of a combination regimen, considering the disap-
pointing clinical trial results for invasive CRAB infections.

Four randomized controlled trials have investigated the role of combination ther-
apy for CRAB infections (51–54). Two trials, with a total of 253 patients, compared coli-
stin monotherapy versus colistin in combination with rifampin for adults with CRAB
infections and found no difference in clinical outcomes (53, 54). In vitro and animal
data indicate rifabutin may be more potent than rifampin (66–68). Clinical outcomes
data are needed to determine whether the positive experimental findings observed
with rifabutin translate to improved patient outcomes. Despite promising synergy
data with rifamycin-based regimens against CRAB isolates, when combining the clinical
trial results with their known toxicities and drug interactions, we do not favor these
combinations in the absence of more encouraging clinical data (68). Another trial
randomized 94 adults with CRAB infections to colistin alone or colistin with intrave-
nous fosfomycin also found no difference in clinical outcomes (51). The unavailability
of intravenous fosfomycin in many parts of the world precludes it as an option for
many patients. A fourth trial included 312 patients with CRAB infections randomized to
colistin versus colistin and high-dose meropenem (52). No difference in outcomes
were observed between monotherapy and combination therapy, although 97% of iso-
lates had meropenem MICs of at least 16mg/ml.

Sulbactam has potent in vitro activity against A. baumannii, particularly when admin-
istered as high doses (i.e., ampicillin-sulbactam daily dosages of at least 27 g per day)
(64, 65, 69). For non-severe CRAB infections, we believe high-dose ampicillin-sulbactam
(e.g., 9 g intravenously every 8 h [4-h infusion]) is reasonable for isolates with ampicillin-
sulbactam MICs of #16/8mg/liter. For severe CRAB infections, we favor high-dose
ampicillin-sulbactam (regardless of the ampicillin-sulbactam MICs) in combination with a
second or third agent which could include polymyxin B, a tetracycline derivative (e.g.,
minocycline, tigecycline, and eravacycline) or high-dose, extended-infusion carbapenem
therapy (e.g., 2 g meropenem administered over 3 h every 8 h) as informed by isolate
susceptibility results and patient-specific considerations of drug toxicities and interac-
tions. We favor dose-optimized combination therapy despite the lack of supportive clini-
cal trial data because of the compelling in vitro synergy data with sulbactam-based regi-
mens, the limited clinical efficacy data for any individual agent, the likelihood of CRAB to
acquire new resistance mechanisms during therapy, and the complex and critically ill
patient population at risk for CRAB infections.

Each of the adjunctive therapy options have important concerns. Systemically
administered polymyxins do not achieve adequate organism killing in the lungs and
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the therapeutic index for non-pulmonary infections is extremely narrow (i.e., ;2mg/
liter may be required to achieve 1-log10 reductions in bacterial growth but this is also
the threshold associated with nephrotoxicity) (70–72). Tetracycline-derivatives, such
as high-dose tigecycline, high-dose minocycline, or eravacycline, may be reasonable
adjunctive therapies, but clinical trial data demonstrating their effectiveness for
CRAB infections are lacking. Despite displaying in vitro activity, there are no data
describing the pharmacodynamic target or optimal dosing regimen for eravacycline
for serious CRAB infections.

CARBAPENEM-RESISTANT PSEUDOMONAS AERUGINOSA

Similar to CRAB, carbapenem-resistant Pseudomonas aeruginosa (CR-P. aeruginosa)
infections are associated with significant morbidity and mortality, particularly in
patients with malignancies, solid organ or hematopoietic stem cell transplants, cystic
fibrosis, severe burns, or indwelling hardware (73). Treatment options for CR-P. aerugi-
nosa include ceftolozane-tazobactam, ceftazidime-avibactam, imipenem-cilastatin-rele-
bactam, and cefiderocol.

CR-P. aeruginosa strains generally evolve because of an interplay of multiple complex
resistance mechanisms, including loss or mutations in OprD porins, hyperproduction of
AmpC enzymes, upregulation of efflux pumps, and mutations in penicillin-binding pro-
tein targets (74, 75). Carbapenemase production rarely contributes to carbapenem-resist-
ance in P. aeruginosa in the United States but is identified in upwards of 20% in CR-P.
aeruginosa in other regions of the world such as Europe, Asia, and Latin America (76–78).

In vitro data. Although large surveillance studies investigating the in vitro activity
of cefiderocol against P. aeruginosa are available, specific susceptibility data for CR-P.
aeruginosa are limited. The combined data, including more than 1,500 carbapenem-
nonsusceptible P. aeruginosa isolates, indicate that more than 97% of isolates had cefi-
derocol MICs of #4mg/ml (38, 44–47, 49, 50). The percentage of cefiderocol-nonsus-
ceptible P. aeruginosa isolates differs depending on the susceptibility criteria used
(Table 1). Importantly, virtually no patients in these surveillance studies had prior expo-
sure to cefiderocol and susceptibility estimates will need to be reexamined after wide-
spread use of cefiderocol.

Clinical trial data. In the phase 2 trial of cefiderocol versus imipenem-cilastatin for
the treatment of adults with complicated UTIs, 23 patients were infected with P. aerugi-
nosa of which only four P. aeruginosa isolates were carbapenem resistant, leaving us
unable to draw meaningful conclusions from this study (14). The small numbers of
patients with CR-P. aeruginosa in APEKS-NP also limits this trial’s ability to address the
role of cefiderocol for CR-P. aeruginosa pneumonia (39). CREDIBLE-CR included 22
unique patients with 29 total CR-P. aeruginosa infections, including six patients with
UTIs, 17 patients with pneumonia, and 6 patients with bloodstream infections (11).
Mortality at the end of therapy was 18% in both the cefiderocol and best available
therapy arms, when limiting the evaluation to CR-P. aeruginosa. The CREDIBLE-CR study
indicates that cefiderocol performs as well as agents that were the mainstay of treat-
ment against CR-P. aeruginosa in the past, such as combinations of extended-infusion
meropenem, polymyxins, and aminoglycosides. Since only four patients were exposed
to newer b-lactam agents in the CREDIBLE-CR trial, the results do not shed any light
on the comparative effectiveness of cefiderocol versus other b-lactams with activity
against CR-P. aeruginosa (i.e., ceftolozane-tazobactam, ceftazidime-avibactam, or imi-
penem-cilastatin-relebactam).

Postmarketing experience. Seventy-one patients with P. aeruginosa infections
received cefiderocol via an expanded access pathway, several of which are published
in the peer-reviewed literature (10). A number of case reports indicate the successful
treatment of CR-P. aeruginosa infections with cefiderocol therapy, generally in combi-
nation with other agents such as polymyxins (21, 56, 79–83).

Expert opinion on role in therapy. Unlike CRAB infections, there are several b-lac-
tam agents which may be active against CR-P. aeruginosa, including ceftazidime-avi-
bactam, ceftolozane-tazobactam, and imipenem-cilastatin-relebactam. There are no
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comparative effectiveness studies to inform the decision of which of these agents are
most effective for treating CR-P. aeruginosa infections and how they compare with cefi-
derocol. In settings where resistance or intolerance to these agents is present or these
agents are unavailable, we recommend cefiderocol over polymyxin-based therapy.
Although studies comparing cefiderocol monotherapy versus cefiderocol as part of a
combination regimen are not available, we favor the addition of a second agent, at
least initially, when cefiderocol is prescribed for critically ill patients or for infections
where the bacterial burden is expected to be high.

We favor the novel b-lactam-b-lactamase inhibitors over cefiderocol as first-line
therapy for CR-P. aeruginosa based on available clinical outcomes data. An observatio-
nal study including 200 patients with drug-resistant P. aeruginosa compared the out-
comes of patients receiving ceftolozane-tazobactam versus polymyxin or aminoglyco-
side-based therapy (84). Favorable clinical outcomes were observed in 81% of patients
receiving ceftolozane-tazobactam versus 61% of patients receiving polymyxin or ami-
noglycoside-based therapy. A randomized clinical trial including 24 patients with imi-
penem-nonsusceptible P. aeruginosa identified a favorable clinical response in 81% of
patients receiving imipenem-cilastatin-relebactam compared to 63% receiving imipe-
nem-cilastatin in combination with colistin (85). In contrast, in the CREDIBLE-CR study,
clinical outcomes for CR-P. aeruginosa were not improved when comparing cefiderocol
or best available therapy.

CARBAPENEM-RESISTANT ENTEROBACTERALES

The Enterobacterales are a diverse order of Gram-negative bacilli that cause a variety
of infections. The relative proportions of carbapenemase-producing and non-carbape-
nemase-producing Enterobacterales and the distribution of specific carbapenemase
gene families vary regionally (86). In the United States, carbapenemase production
contributes to slightly less than 50% of carbapenem-resistant Enterobacterales (CRE)
strains (87–89). Of carbapenemase-producing CRE in the United States, approximately
95% are caused by serine Klebsiella pneumoniae carbapenemases (KPCs), and the re-
mainder belong to the MBL or oxacillinase (e.g., OXA-48-like) carbapenemase group
(90). Non-carbapenemase-producing CRE generally harbor b-lactamases (e.g., ESBL
genes or ampC genes) in combination with reduced porin expression (e.g., Ompk35
mutation) or the overexpression of efflux pumps (e.g., the AcrAB-TolC efflux pump)
(91). Recent antibiotics have filled critical gaps in the treatment of KPC-producing CRE.
However, MBL-producing Enterobacterales (which include New Delhi metallo-b-lacta-
mases [NDMs], Verona integron-encoded metallo-b-lactamases [VIMs], and imipenem-
hydrolyzing metallo-b-lactamases [IMPs]) continue to have limited treatment options.
Unlike all other novel b-lactam agents, cefiderocol is generally active against CRE
regardless of whether carbapenemase producing or not and regardless of the presence
of serine carbapenemases or MBLs.

In vitro data. Several surveillance studies have investigated the activity of cefidero-
col against carbapenem non-susceptible Enterobacterales. Overall, evaluating approxi-
mately 1,900 carbapenem non-susceptible Enterobacterales, cefiderocol MICs were
#4mg/ml for about 97% of isolates (38, 44–47, 49). In one of these studies, where car-
bapenemase gene data were included, cefiderocol MICs were #4mg/ml against the
following CRE: blaKPC (n=75, 100%), blaNDM (n=14, 64%), blaVIM (n=53, 100%), blaIMP

(n=4, 100%), and blaOXA-48-like (n=32, 100%) and carbapenemase-negative isolates
(n=420, 99%) (38).

Clinical trial data. There were too few patients (,3%) with CRE infections in the
phase 2 UTI trial to provide meaningful insight into the role of cefiderocol for CRE UTIs
(14). In CREDIBLE-CR, CRE was isolated from 44 patients from a variety of specimen
sources (respiratory [32%], blood [34%], and urine [34%]) (11). Clinical cure was
observed in 66% of patients with CRE infections receiving cefiderocol versus 45%
receiving best available therapy. In the 23 patients with MBL-producing infections,
75% (12/16) versus 29% (2/7) achieved clinical cure comparing cefiderocol and best
available therapy, respectively. While numbers are small, these data are encouraging.
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Unfortunately, this trial does not provide insight into the relative effectiveness of cefi-
derocol compared to other novel b-lactams for the treatment of CRE infections.
APEKS-NP did not include sufficient numbers of patients to further define the role of
cefiderocol for CRE infections (39).

Postmarketing experience. Through the expanded access pathway, two of three
patients infected with KPC-producing Enterobacterales, one of three patients infected
with MBL-producing Enterobacterales, and two of three patients infected with non-car-
bapenemase-producing CRE recovered following cefiderocol treatment (10). A few of
these experiences have been published along with additional cases that demonstrate
the potential role of cefiderocol for treatment of CRE, particularly MBL-producing
pathogens (62, 92–94).

Expert opinion on role in therapy. Unlike CRAB or CR-P. aeruginosa, there are of-
ten several treatment options available for CRE infections. Depending on the specific
resistance phenotype, source of infection, severity of illness, and underlying host fac-
tors, a variety of agents other than the novel b-lactams may be effective treatment
options for CRE infections. For a more nuanced discussion of alternative agents, we
refer the reader to the Infectious Diseases Society of America guidance on the treat-
ment of extended-spectrum b-lactamase producing Enterobacterales, carbapenem-re-
sistant Enterobacterales, and Pseudomonas aeruginosa with difficult-to-treat resistance
(95).

For severe CRE infections (that are not MBL producing), we favor ceftazidime-avi-
bactam or meropenem-vaborbactam, depending on susceptibility results. Fewer clini-
cal data are available for imipenem-cilastatin-relebactam, but when in vitro activity is
demonstrated, it is also a consideration. As susceptibility results may not be readily
available at the time an organism is identified as a CRE, cefiderocol, is a reasonable al-
ternative when resistance or intolerance to other novel b-lactam agents is demon-
strated. This may change as more data become available demonstrating the clinical
effectiveness of cefiderocol for the treatment of CRE infections.

For MBL-producing infections, b-lactam options are limited to either cefiderocol or
the combination of ceftazidime-avibactam and aztreonam (96). No studies comparing
the clinical outcomes between these regimens are available and we believe both are
reasonable treatment options.

STENOTROPHOMONAS MALTOPHILIA, BURKHOLDERIA SPECIES, AND
ACHROMOBACTER SPECIES

Stenotrophomonas maltophilia, Burkholderia spp., Achromobacter spp., and other
glucose-nonfermenting Gram-negative pathogens are rarely recovered in the general
population but not uncommonly cause infection in patients with cystic fibrosis, ventila-
tor dependency, or immunocompromising conditions (97). These organisms pose sev-
eral challenges. First, they are often extensively drug resistant, even in their wild-type
form, due to a broad range of resistance mechanisms that vary by species, generally
resulting in limited treatment options (97). Second, these organisms are most com-
monly recovered from respiratory specimens or wounds, and often in polymicrobial
specimens. It is not always clear if they represent colonizing organisms and function as
“bystanders” in patients who are ill for reasons more attributable to their underlying
host status, or if they represent true pathogens, leading to uncertainty about the need
for antibiotic therapy and making interpretation of the available, although limited, clin-
ical outcomes data challenging. Third, robust data on the comparative effectiveness of
agents commonly used to treat these organisms are virtually nonexistent. Finally, sus-
ceptibility criteria to define agents as active against these nonfermenting organisms
are outdated because of the rarity of contemporary PK/PD and clinical data to inform
updated antibiotic breakpoints.

In vitro data. The numbers of less common nonfermenters included in surveillance
studies are limited. As cefiderocol susceptibility criteria are not available for these
organisms, interpreting MICs poses challenges (Table 1). A summary of multinational sur-
veillance studies included 94 Burkholderia cepacia complex isolates, none of which were
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previously exposed to cefiderocol, with the MIC90 ranging from 0.03 to 1mg/ml (15). This
collection also included 1,173 S. maltophilia isolates with MIC90 ranging from 0.25 to
0.5mg/ml. An evaluation of 246 Burkholderia pseudomallei clinical isolates from Australia
demonstrated an MIC90 of 0.125mg/liter and cefiderocol MICs ranging from #0.03 to
16mg/ml (98). A U.S. study included several nonfermenter species from cancer patients
with inhibition by cefiderocol demonstrated at the following concentrations: 100% of 7
B. cepacia complex isolates at #0.25mg/ml, 100% of 50 S. maltophilia isolates at #4mg/
ml, 100% of 7 Pantoea isolates at #1mg/ml, 100% of 7 Sphingomonas paucimobilis iso-
lates at #0.5mg/ml, 100% of 3 Elizabethkingia meningoseptica isolates at #4mg/ml, and
88% of 8 Rhizobium radiobacter isolates at#4mg/ml (44).

Clinical trial data. No patients in the cefiderocol phase 2 UTI study were infected
with an uncommon glucose-nonfermenting organism (14). In CREDIBLE-CR, five
patients were infected with S. maltophilia; two of the five were coinfected with CRAB
(11). All 5 patients received cefiderocol and four of the five patients did not survive.
Four patients in APEKS-NP had S. maltophilia, but their outcomes are not described
(39). No patients in CREDIBLE-CR or APEKS-NP were infected with Burkholderia spp. or
Achromobacter spp.

Postmarketing experience. There were 27 cases of the less common nonferment-
ers in the expanded access program (11 Achromobacter spp., 13 B. cepacia complex,
and 3 S. maltophilia) (10). Some of these cases have been published. A 79-year-old
patient with a ventilator-associated pneumonia with both S. maltophilia and NDM-pro-
ducing K. pneumoniae recovered in respiratory specimens achieved clinical success
with the use of cefiderocol (62). A 10-year-old female with cystic fibrosis and panresist-
ant Achromobacter spp. was successfully treated with 2weeks of cefiderocol (MIC
32mg/ml) in addition to bacteriophage therapy (99). Eight cystic fibrosis patients
infected with Achromobacter xylosoxidans received 12 courses of cefiderocol, mostly as
part of a combination regimen, and an appropriate clinical response was observed for
11 of 12 episodes (100). Microbiological clearance was only achieved for one of the
12 patients, although this is not uncommon for cystic fibrosis patients. This patient
also received bacteriophage therapy. Finally, a 66-year-old man with A. xylosoxidans
bacteremia in the setting of a left ventricular assist device received cefiderocol, tigecy-
cline, and piperacillin-tazobactam therapy (80). Cefiderocol was discontinued within
14 days due to thrombocytopenia, with platelet count recovery soon after discontinua-
tion of this agent.

Expert opinion on role in therapy. There are very limited treatment options for all of
the less common nonfermenters. Treatment options vary by species. The lack of robust
comparative effectiveness studies underscores the difficulty with prioritizing any one regi-
men. For S. maltophilia, commonly used agents for which CLSI susceptibility criteria are
available include trimethoprim-sulfamethoxazole (TMP-SMX), minocycline, or levofloxacin.
Because ceftazidime is likely to be inactivated by intrinsic L1 and L2 b-lactamases produced
by S. maltophilia, we do not recommend this agent for the treatment of S. maltophilia
infections (95). We preferentially select TMP-SMX if in vitro susceptibility is demonstrated for
S. maltophilia, with or without the addition of a second agent based on site of infection,
severity of illness, and underlying host factors. We do not have sufficient data to suggest
that cefiderocol would be more or less effective than these historically prescribed regimens.
For extensively drug-resistant S. maltophilia, ceftazidime-avibactam plus aztreonam holds
promise as a therapeutic option due to inhibition of its intrinsic L1 metallo- and L2 serine-
b-lactamases (96, 101).

Potential treatment options are even more limited for other nonfermenters such
as B. cepacia complex and Achromobacter spp. (102–104). Although there are very
little supportive clinical data and virtually no comparative effectiveness studies, we
believe cefiderocol is reasonable to consider as first-line therapy, either alone or in
combination, for the treatment of rare non-glucose-fermenting Gram-negative
pathogens, inferring susceptibility based on S. maltophilia CLSI susceptibility crite-
ria (i.e., #1mg/ml).
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CONCLUSIONS

Cefiderocol is a welcome addition to the antibiotic arsenal. Despite in vitro potency
and outstanding in vivo exposures, more clinical data are needed to determine where
to position cefiderocol relative to other agents for the treatment of carbapenem-resist-
ant infections. For MBL-producing infections and less-common nonfermenters, cefider-
ocol may emerge as preferred therapy. For CR-P. aeruginosa, cefiderocol is a reasonable
alternative when b-lactam-b-lactamase inhibitors cannot be used (positioned ahead
of polymyxin-based regimens in these settings). Finally, for CRAB, cefiderocol is likely
to remain as salvage therapy in settings precluding the use of other agents.

ACKNOWLEDGMENTS
This work was supported by an American Lung Association grant awarded to P.D.T.
P.D.T. and E.L.H. have no conflicts of interest to disclose. E.K.M. has served on

advisory boards for Merck, Entasis, AbbVie, Summit, and Shionogi.

REFERENCES
1. Talbot GH, Jezek A, Murray BE, Jones RN, Ebright RH, Nau GJ, Rodvold

KA, Newland JG, Boucher HW, Infectious Diseases Society of America.
2019. The Infectious Diseases Society of America’s 10 � ‘20 Initiative (10
New Systemic Antibacterial Agents US Food and Drug Administration
Approved by 2020): is 20 � ‘20 a possibility? Clin Infect Dis 69:1–11.
https://doi.org/10.1093/cid/ciz089. 30715222.

2. Ito A, Sato T, Ota M, Takemura M, Nishikawa T, Toba S, Kohira N,
Miyagawa S, Ishibashi N, Matsumoto S, Nakamura R, Tsuji M, Yamano Y.
2017. In vitro antibacterial properties of cefiderocol, a novel siderophore
cephalosporin, against Gram-negative bacteria. Antimicrob Agents Che-
mother 62:e01454-17. https://doi.org/10.1128/AAC.01454-17.

3. Page MGP. 2019. The role of iron and siderophores in infection, and the
development of siderophore antibiotics. Clin Infect Dis 69:S529–S537.
https://doi.org/10.1093/cid/ciz825.

4. Tonziello G, Caraffa E, Pinchera B, Granata G, Petrosillo N. 2019. Present
and future of siderophore-based therapeutic and diagnostic approaches
in infectious diseases. Infect Dis Rep 11:8208. https://doi.org/10.4081/idr
.2019.8208.

5. Tomaras AP, Crandon JL, McPherson CJ, Banevicius MA, Finegan SM,
Irvine RL, Brown MF, O’Donnell JP, Nicolau DP. 2013. Adaptation-based
resistance to siderophore-conjugated antibacterial agents by Pseudomo-
nas aeruginosa. Antimicrob Agents Chemother 57:4197–4207. https://
doi.org/10.1128/AAC.00629-13.

6. Shields RK. 2020. Case commentary: the need for cefiderocol is clear, but
are the supporting clinical data? Antimicrob Agents Chemother 64:
e00059-20. https://doi.org/10.1128/AAC.00059-20.

7. Kawaguchi N, Katsube T, Echols R, Wajima T. 2020. Population pharmaco-
kinetic and pharmacokinetic/pharmacodynamic analyses of cefiderocol,
a parenteral siderophore cephalosporin, in patients with pneumonia,
bloodstream infection/sepsis, or complicated urinary tract infection.
Antimicrob Agents Chemother 65:e01437-20. https://doi.org/10.1128/
AAC.01437-20.

8. Nakamura R, Ito-Horiyama T, Takemura M, Toba S, Matsumoto S, Ikehara
T, Tsuji M, Sato T, Yamano Y. 2019. In vivo pharmacodynamic study of
cefiderocol, a novel parenteral siderophore cephalosporin, in murine
thigh and lung infection models. Antimicrob Agents Chemother 63:
e02031-18. https://doi.org/10.1128/AAC.02031-18.

9. Haidar G, Clancy CJ, Shields RK, Hao B, Cheng S, Nguyen MH. 2017. Muta-
tions in blaKPC-3 that confer ceftazidime-avibactam resistance encode
novel KPC-3 variants that function as extended-spectrum beta-lacta-
mases. Antimicrob Agents Chemother 61:e02534-16. https://doi.org/10
.1128/AAC.02534-16.

10. CLSI. 2021. Susceptibility breakpoints for cefiderocol. Presentation at the
January Clinical Laboratory and Standards Institute. Clinical and Labora-
tory Standards Institute, Wayne, PA.

11. Bassetti M, Echols R, Matsunaga Y, et al. 2020. Efficacy and safety of cefi-
derocol or best available therapy for the treatment of serious infections
caused by carbapenem-resistant Gram-negative bacteria (CREDIBLE-CR):
a randomised, open-label, multicentre, pathogen-focused, descriptive,
phase 3 trial. Lancet Infect Dis 21:226–240. https://doi.org/10.1016/
S1473-3099(20)30796-9.

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

13. Wunderink RG, Matsunaga Y, Ariyasu M, Clevenbergh P, Echols R, Kaye KS,
Kollef M, Menon A, Pogue JM, Shorr AF, Timsit J-F, Zeitlinger M, Nagata
TD. 2021. Cefiderocol versus high-dose, extended-infusion meropenem
for the treatment of Gram-negative nosocomial pneumonia (APEKS-NP): a
randomised, double-blind, phase 3, non-inferiority trial. Lancet Infect Dis
21:213–225. https://doi.org/10.1016/S1473-3099(20)30731-3.

14. Portsmouth S, van Veenhuyzen D, Echols R, Machida M, Ferreira JCA,
Ariyasu M, Tenke P, Nagata TD. 2018. Cefiderocol versus imipenem-cilas-
tatin for the treatment of complicated urinary tract infections caused by
Gram-negative uropathogens: a phase 2, randomised, double-blind,
non-inferiority trial. Lancet Infect Dis 18:1319–1328. https://doi.org/10
.1016/S1473-3099(18)30554-1.

15. Yamano Y. 2019. In vitro activity of cefiderocol against a broad range of
clinically important Gram-negative bacteria. Clin Infect Dis 69:S544–S551.
https://doi.org/10.1093/cid/ciz827.

16. Hackel MA, Tsuji M, Yamano Y, Echols R, Karlowsky JA, Sahm DF. 2019.
Reproducibility of broth microdilution MICs for the novel siderophore
cephalosporin, cefiderocol, determined using iron-depleted cation-
adjusted Mueller-Hinton broth. Diagn Microbiol Infect Dis 94:321–325.
https://doi.org/10.1016/j.diagmicrobio.2019.03.003.

17. Athans V, Neuner EA, Hassouna H, Richter SS, Keller G, Castanheira M,
Brizendine KD, Mathers AJ. 2018. Meropenem-vaborbactam as salvage
therapy for ceftazidime-avibactam-resistant Klebsiella pneumoniae bac-
teremia and abscess in a liver transplant recipient. Antimicrob Agents
Chemother 63:e01551-18. https://doi.org/10.1128/AAC.01551-18.

18. Wallace DF. 2016. The regulation of iron absorption and homeostasis.
Clin Biochem Rev 37:51–62.

19. Simner PJ, Patel R. 2020. Cefiderocol antimicrobial susceptibility testing
considerations: the Achilles heel of the Trojan horse? J Clin Microbiol 59:
e00951-20. https://doi.org/10.1128/JCM.00951-20.

20. Morris CP, Bergman Y, Tekle T, Fissel J, Tamma PD, Simner PJ. 2020. Cefi-
derocol antimicrobial susceptibility testing against multidrug-resistant
Gram-negative bacilli: a comparison of disk diffusion to broth microdilu-
tion. J Clin Microbiol 59:e01649-20. https://doi.org/10.1128/JCM.01649-20.

21. Kufel WD, Steele JM, Riddell SW, Jones Z, Shakeraneh P, Endy TP. 2020.
Cefiderocol for treatment of an empyema due to extensively drug-resist-
ant Pseudomonas aeruginosa: clinical observations and susceptibility
testing considerations. IDCases 21:e00863. https://doi.org/10.1016/j.idcr
.2020.e00863.

22. Schalk IJ, Mislin GL, Brillet K. 2012. Structure, function and binding selec-
tivity and stereoselectivity of siderophore-iron outer membrane trans-
porters. Curr Top Membr 69:37–66. https://doi.org/10.1016/B978-0-12
-394390-3.00002-1.

23. Kim A, Kutschke A, Ehmann DE, Patey SA, Crandon JL, Gorseth E, Miller
AA, McLaughlin RE, Blinn CM, Chen A, Nayar AS, Dangel B, Tsai AS,
Rooney MT, Murphy-Benenato KE, Eakin AE, Nicolau DP. 2015. Pharma-
codynamic profiling of a siderophore-conjugated monocarbam in Pseu-
domonas aeruginosa: assessing the risk for resistance and attenuated

Perspective Antimicrobial Agents and Chemotherapy

August 2021 Volume 65 Issue 8 e02171-20 aac.asm.org 11

https://doi.org/10.1093/cid/ciz089
https://doi.org/10.1128/AAC.01454-17
https://doi.org/10.1093/cid/ciz825
https://doi.org/10.4081/idr.2019.8208
https://doi.org/10.4081/idr.2019.8208
https://doi.org/10.1128/AAC.00629-13
https://doi.org/10.1128/AAC.00629-13
https://doi.org/10.1128/AAC.00059-20
https://doi.org/10.1128/AAC.01437-20
https://doi.org/10.1128/AAC.01437-20
https://doi.org/10.1128/AAC.02031-18
https://doi.org/10.1128/AAC.02534-16
https://doi.org/10.1128/AAC.02534-16
https://doi.org/10.1016/S1473-3099(20)30796-9
https://doi.org/10.1016/S1473-3099(20)30796-9
https://doi.org/10.1128/AAC.02163-17
https://doi.org/10.1016/S1473-3099(20)30731-3
https://doi.org/10.1016/S1473-3099(18)30554-1
https://doi.org/10.1016/S1473-3099(18)30554-1
https://doi.org/10.1093/cid/ciz827
https://doi.org/10.1016/j.diagmicrobio.2019.03.003
https://doi.org/10.1128/AAC.01551-18
https://doi.org/10.1128/JCM.00951-20
https://doi.org/10.1128/JCM.01649-20
https://doi.org/10.1016/j.idcr.2020.e00863
https://doi.org/10.1016/j.idcr.2020.e00863
https://doi.org/10.1016/B978-0-12-394390-3.00002-1
https://doi.org/10.1016/B978-0-12-394390-3.00002-1
https://aac.asm.org


efficacy. Antimicrob Agents Chemother 59:7743–7752. https://doi.org/
10.1128/AAC.00831-15.

24. Streling AP, Al Obeidi MM, Lainhart WD, et al. 2021. Evolution of cefider-
ocol non-susceptibility in Pseudomonas aeruginosa in a patient without
previous exposure to the antibiotic. Clin Infect Dis https://doi.org/10
.1093/cid/ciaa1909.

25. Moynié L, Luscher A, Rolo D, Pletzer D, Tortajada A, Weingart H, Braun Y,
Page MGP, Naismith JH, Köhler T. 2017. Structure and function of the
PiuA and PirA siderophore-drug receptors from Pseudomonas aeruginosa
and Acinetobacter baumannii. Antimicrob Agents Chemother 61 https://
doi.org/10.1128/AAC.02531-16.

26. Monogue ML, Nicolau DP. 2019. Pharmacokinetics-pharmacodynamics of
beta-lactamase inhibitors: are we missing the target? Expert Rev Anti
Infect Ther 17:571–582. https://doi.org/10.1080/14787210.2019.1647781.

27. Hackel MA, Iaconis JP, Karlowsky JA, Sahm DF. 2018. Analysis of potential
beta-lactam surrogates to predict in vitro susceptibility and resistance to
ceftaroline for clinical isolates of Enterobacteriaceae. J Clin Microbiol 56:
e01892-17. https://doi.org/10.1128/JCM.01892-17.

28. van Delden C, Page MG, Köhler T. 2013. Involvement of Fe uptake sys-
tems and AmpC b-lactamase in susceptibility to the siderophore mono-
sulfactam BAL30072. in Pseudomonas aeruginosa. Antimicrob Agents
Chemother 57:2095–2102. 10.1128/AAC.02474-12.

29. Luscher A, Moynié L, Auguste PS, Bumann D, Mazza L, Pletzer D,
Naismith JH, Köhler T. 2018. TonB-dependent receptor repertoire of
Pseudomonas aeruginosa for uptake of siderophore-drug conjugates.
Antimicrob Agents Chemother 62:e00097-18. https://doi.org/10.1128/
AAC.00097-18.

30. Nikaido H, Rosenberg EY. 1990. Cir and Fiu proteins in the outer mem-
brane of Escherichia coli catalyze transport of monomeric catechols:
study with beta-lactam antibiotics containing catechol and analogous
groups. J Bacteriol 172:1361–1367. https://doi.org/10.1128/jb.172.3.1361
-1367.1990.

31. Fung-Tomc J, Bush K, Minassian B, Kolek B, Flamm R, Gradelski E, Bonner
D. 1997. Antibacterial activity of BMS-180680, a new catechol-containing
monobactam. Antimicrob Agents Chemother 41:1010–1016. https://doi
.org/10.1128/AAC.41.5.1010.

32. Tatsumi Y, Maejima T, Mitsuhashi S. 1995. Mechanism of tonB-depend-
ent transport of KP-736, a 1,5-dihydroxy-4-pyridone-substituted cepha-
losporin, into Escherichia coli K-12 cells. Antimicrob Agents Chemother
39:613–619. https://doi.org/10.1128/AAC.39.3.613.

33. Watanabe NA, Nagasu T, Katsu K, Kitoh K. 1987. E-0702, a new cephalo-
sporin, is incorporated into Escherichia coli cells via the tonB-dependent
iron transport system. Antimicrob Agents Chemother 31:497–504.
https://doi.org/10.1128/aac.31.4.497.

34. Shields RK, Iovleva A, Kline EG, Kawai A, McElheny CL, Doi Y. 2020. Clini-
cal evolution of AmpC-mediated ceftazidime-avibactam and cefiderocol
resistance in Enterobacter cloacae complex following exposure to cefe-
pime. Clin Infect Dis 71:2713–2716. https://doi.org/10.1093/cid/ciaa355.

35. Kawai A, McElheny CL, Iovleva A, Kline EG, Sluis-Cremer N, Shields RK,
Doi Y. 2020. Structural basis of reduced susceptibility to ceftazidime-avi-
bactam and cefiderocol in Enterobacter cloacae due to AmpC R2 loop de-
letion. Antimicrob Agents Chemother 64:e00198-20. https://doi.org/10
.1128/AAC.00198-20.

36. Berrazeg M, Jeannot K, Ntsogo Enguéné VY, Broutin I, Loeffert S,
Fournier D, Plésiat P. 2015. Mutations in beta-lactamase AmpC increase
resistance of Pseudomonas aeruginosa isolates to antipseudomonal
cephalosporins. Antimicrob Agents Chemother 59:6248–6255. https://
doi.org/10.1128/AAC.00825-15.

37. Ackley R, Roshdy D, Meredith J, Minor S, Anderson WE, Capraro GA, Polk
C. 2020. Meropenem-vaborbactam versus ceftazidime-avibactam for
treatment of carbapenem-resistant Enterobacteriaceae infections. Anti-
microb Agents Chemother 64:e02313-19. https://doi.org/10.1128/AAC
.02313-19.

38. Kazmierczak KM, Tsuji M, Wise MG, Hackel M, Yamano Y, Echols R, Sahm
DF. 2019. In vitro activity of cefiderocol, a siderophore cephalosporin,
against a recent collection of clinically relevant carbapenem-non-sus-
ceptible Gram-negative bacilli, including serine carbapenemase- and
metallo-b-lactamase-producing isolates (SIDERO-WT-2014 Study). Int J
Antimicrob Agents 53:177–184. https://doi.org/10.1016/j.ijantimicag
.2018.10.007.

39. Wunderink RG, Matsunaga Y, Ariyasu M, et al. 2020. Cefiderocol versus
high-dose, extended-infusion meropenem for the treatment of Gram-
negative nosocomial pneumonia (APEKS-NP): a randomised, double-

blind, phase 3, non-inferiority trial. Lancet Infect Dis 21:213–225. https://
doi.org/10.1016/S1473-3099(20)30731-3.

40. Villegas MV, Hartstein AI. 2003. Acinetobacter outbreaks, 1977–2000.
Infect Control Hosp Epidemiol 24:284–295. https://doi.org/10.1086/
502205.

41. Bonomo RA, Szabo D. 2006. Mechanisms of multidrug resistance in Aci-
netobacter species and Pseudomonas aeruginosa. Clin Infect Dis 43(Suppl
2):S49–S56. https://doi.org/10.1086/504477.

42. Ramirez MS, Bonomo RA, Tolmasky ME. 2020. Carbapenemases: trans-
forming Acinetobacter baumannii into a yet more dangerous menace.
Biomolecules 10:720. https://doi.org/10.3390/biom10050720.

43. Wang TH, Leu YS, Wang NY, Liu CP, Yan TR. 2018. Prevalence of different
carbapenemase genes among carbapenem-resistant Acinetobacter bau-
mannii blood isolates in Taiwan. Antimicrob Resist Infect Control 7:123.
https://doi.org/10.1186/s13756-018-0410-5.

44. Rolston KVI, Gerges B, Shelburne S, Aitken SL, Raad I, Prince RA. 2020. Ac-
tivity of cefiderocol and comparators against isolates from cancer
patients. Antimicrob Agents Chemother 64:e01955-19. https://doi.org/
10.1128/AAC.01955-19.

45. Hackel MA, Tsuji M, Yamano Y, Echols R, Karlowsky JA, Sahm DF. 2017.
Cefiderocol, against a recent collection of clinically relevant Gram-nega-
tive bacilli from North America and Europe, including carbapenem-non-
susceptible isolates (SIDERO-WT-2014 Study. Antimicrob Agents Chemo-
ther 61:e00093-17. https://doi.org/10.1128/AAC.00093-17.

46. Karlowsky JA, Hackel MA, Tsuji M, Yamano Y, Echols R, Sahm DF. 2019. In
vitro activity of cefiderocol, a siderophore cephalosporin, against Gram-neg-
ative bacilli isolated by clinical laboratories in North America and Europe in
2015–2016: SIDERO-WT-2015. Int J Antimicrob Agents 53:456–466. https://
doi.org/10.1016/j.ijantimicag.2018.11.007.

47. Hackel MA, Tsuji M, Yamano Y, Echols R, Karlowsky JA, Sahm DF. 2017. In
vitro activity of the siderophore cephalosporin, cefiderocol, against car-
bapenem-nonsusceptible and multidrug-resistant isolates of Gram-neg-
ative bacilli collected worldwide in 2014 to 2016. Antimicrob Agents
Chemother 62:e01968-17. https://doi.org/10.1128/AAC.01968-17.

48. Kohira N, West J, Ito A, Ito-Horiyama T, Nakamura R, Sato T, Rittenhouse
S, Tsuji M, Yamano Y. 2016. In vitro antimicrobial activity of a siderophore
cephalosporin, S-649266, against Enterobacteriaceae clinical isolates,
including carbapenem-resistant strains. Antimicrob Agents Chemother
60:729–734. https://doi.org/10.1128/AAC.01695-15.

49. Falagas ME, Skalidis T, Vardakas KZ, Legakis NJ, Hellenic Cefiderocol
Study Group. 2017. Activity of cefiderocol (S-649266) against carbape-
nem-resistant Gram-negative bacteria collected from inpatients in Greek
hospitals. J Antimicrob Chemother 72:1704–1708. https://doi.org/10
.1093/jac/dkx049.

50. Golden AR, Adam HJ, Baxter M, Walkty A, Lagacé-Wiens P, Karlowsky JA,
Zhanel GG. 2020. In vitro activity of cefiderocol, a novel siderophore
cephalosporin, against Gram-negative bacilli isolated from patients in
Canadian intensive care units. Diagn Microbiol Infect Dis 97:115012.
https://doi.org/10.1016/j.diagmicrobio.2020.115012.

51. Sirijatuphat R, Thamlikitkul V. 2014. Preliminary study of colistin versus coli-
stin plus fosfomycin for treatment of carbapenem-resistant Acinetobacter
baumannii infections. Antimicrob Agents Chemother 58:5598–5601.
https://doi.org/10.1128/AAC.02435-13.

52. Paul M, Daikos GL, Durante-Mangoni E, Yahav D, Carmeli Y, Benattar YD,
Skiada A, Andini R, Eliakim-Raz N, Nutman A, Zusman O, Antoniadou A,
Pafundi PC, Adler A, Dickstein Y, Pavleas I, Zampino R, Daitch V, Bitterman R,
Zayyad H, Koppel F, Levi I, Babich T, Friberg LE, Mouton JW, Theuretzbacher
U, Leibovici L. 2018. Colistin alone versus colistin plus meropenem for treat-
ment of severe infections caused by carbapenem-resistant Gram-negative
bacteria: an open-label, randomised controlled trial. Lancet Infect Dis
18:391–400. https://doi.org/10.1016/S1473-3099(18)30099-9.

53. Aydemir H, Akduman D, Piskin N, Comert F, Horuz E, Terzi A, Kokturk F,
Ornek T, Celebi G. 2013. Colistin versus the combination of colistin and
rifampicin for the treatment of carbapenem-resistant Acinetobacter bau-
mannii ventilator-associated pneumonia. Epidemiol Infect 141:1214–1222.
https://doi.org/10.1017/S095026881200194X.

54. Durante-Mangoni E, Signoriello G, Andini R, Mattei A, De Cristoforo M,
Murino P, Bassetti M, Malacarne P, Petrosillo N, Galdieri N, Mocavero P,
Corcione A, Viscoli C, Zarrilli R, Gallo C, Utili R. 2013. Colistin and rifampi-
cin compared with colistin alone for the treatment of serious infections
due to extensively drug-resistant Acinetobacter baumannii: a multicen-
ter, randomized clinical trial. Clin Infect Dis 57:349–358. https://doi.org/
10.1093/cid/cit253.

Perspective Antimicrobial Agents and Chemotherapy

August 2021 Volume 65 Issue 8 e02171-20 aac.asm.org 12

https://doi.org/10.1128/AAC.00831-15
https://doi.org/10.1128/AAC.00831-15
https://doi.org/10.1093/cid/ciaa1909
https://doi.org/10.1093/cid/ciaa1909
https://doi.org/10.1128/AAC.02531-16
https://doi.org/10.1128/AAC.02531-16
https://doi.org/10.1080/14787210.2019.1647781
https://doi.org/10.1128/JCM.01892-17
https://doi.org/10.1128/AAC.00097-18
https://doi.org/10.1128/AAC.00097-18
https://doi.org/10.1128/jb.172.3.1361-1367.1990
https://doi.org/10.1128/jb.172.3.1361-1367.1990
https://doi.org/10.1128/AAC.41.5.1010
https://doi.org/10.1128/AAC.41.5.1010
https://doi.org/10.1128/AAC.39.3.613
https://doi.org/10.1128/aac.31.4.497
https://doi.org/10.1093/cid/ciaa355
https://doi.org/10.1128/AAC.00198-20
https://doi.org/10.1128/AAC.00198-20
https://doi.org/10.1128/AAC.00825-15
https://doi.org/10.1128/AAC.00825-15
https://doi.org/10.1128/AAC.02313-19
https://doi.org/10.1128/AAC.02313-19
https://doi.org/10.1016/j.ijantimicag.2018.10.007
https://doi.org/10.1016/j.ijantimicag.2018.10.007
https://doi.org/10.1016/S1473-3099(20)30731-3
https://doi.org/10.1016/S1473-3099(20)30731-3
https://doi.org/10.1086/502205
https://doi.org/10.1086/502205
https://doi.org/10.1086/504477
https://doi.org/10.3390/biom10050720
https://doi.org/10.1186/s13756-018-0410-5
https://doi.org/10.1128/AAC.01955-19
https://doi.org/10.1128/AAC.01955-19
https://doi.org/10.1128/AAC.00093-17
https://doi.org/10.1016/j.ijantimicag.2018.11.007
https://doi.org/10.1016/j.ijantimicag.2018.11.007
https://doi.org/10.1128/AAC.01968-17
https://doi.org/10.1128/AAC.01695-15
https://doi.org/10.1093/jac/dkx049
https://doi.org/10.1093/jac/dkx049
https://doi.org/10.1016/j.diagmicrobio.2020.115012
https://doi.org/10.1128/AAC.02435-13
https://doi.org/10.1016/S1473-3099(18)30099-9
https://doi.org/10.1017/S095026881200194X
https://doi.org/10.1093/cid/cit253
https://doi.org/10.1093/cid/cit253
https://aac.asm.org


55. Oliva A, Ceccarelli G, De Angelis M. 2020. Cefiderocol for compassionate
use in the treatment of complicated infections caused by extensively-
and pan-resistant Acinetobacter baumannii. J Glob Antimicrob Resist
32:292–296. https://doi.org/10.1016/j.jgar.2020.09.019.

56. Zingg S, Nicoletti GJ, Kuster S, Junker M, Widmer A, Egli A, Hinic V, Sendi
P, Battegay M, Bättig V, Khanna N, Tschudin-Sutter S. 2020. Cefiderocol
for extensively drug-resistant Gram-negative bacterial infections: real-
world experience from a case series and review of the literature. Open
Forum Infect Dis 7:ofaa185. https://doi.org/10.1093/ofid/ofaa185.

57. Dagher M, Ruffin F, Marshall S, Taracila M, Bonomo RA, Reilly R, Fowler
VG, Thaden JT. 2020. Case report: successful rescue therapy of exten-
sively drug-resistant Acinetobacter baumannii osteomyelitis with cefider-
ocol. Open Forum Infect Dis 7:ofaa150. https://doi.org/10.1093/ofid/
ofaa150.

58. Kang D, Kirienko NV. 2018. Interdependence between iron acquisition and
biofilm formation in Pseudomonas aeruginosa. J Microbiol 56:449–457.
https://doi.org/10.1007/s12275-018-8114-3.

59. Pybus CA, Felder-Scott C, Obuekwe V, Greenberg DE. 2020. Cefiderocol
retains antibiofilm activity in multidrug-resistant Gram-negative patho-
gens. Antimicrob Agents Chemother 65:e01194-20. https://doi.org/10
.1128/AAC.01194-20.

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

61. Trecarichi EM, Quirino A, Scaglione V, Longhini F, Garofalo E, Bruni A,
Biamonte E, Lionello R, Serapide F, Mazzitelli M, Marascio N, Matera G,
Liberto MC, Navalesi P, Torti C, IMAGES Group. 2019. Successful treat-
ment with cefiderocol for compassionate use in a critically ill patient
with XDR Acinetobacter baumannii and KPC-producing Klebsiella pneu-
moniae: a case report. J Antimicrob Chemother 74:3399–3401. https://
doi.org/10.1093/jac/dkz318.

62. Falcone M, Tiseo G, Nicastro M, et al. 2020. Cefiderocol as rescue therapy
for Acinetobacter baumannii and other carbapenem-resistant Gram-neg-
ative infections in ICU patients. Clin Infect Dis https://doi.org/10.1093/
cid/ciaa1410.

63. Betrosian AP, Frantzeskaki F, Xanthaki A, Georgiadis G. 2007. High-dose
ampicillin-sulbactam as an alternative treatment of late-onset VAP from
multidrug-resistant Acinetobacter baumannii. Scand J Infect Dis
39:38–43. https://doi.org/10.1080/00365540600951184.

64. Beganovic M, Daffinee KE, Luther MK, LaPlante KL. 2020. Minocycline
alone and in combination with polymyxin B, meropenem, and sulbactam
against carbapenem-susceptible and -resistant Acinetobacter baumannii
in an in vitro pharmacodynamic model. Antimicrob Agents Chemother 65:
e01680-20. https://doi.org/10.1128/AAC.01680-20.

65. Lenhard JR, Smith NM, Bulman ZP, Tao X, Thamlikitkul V, Shin BS, Nation
RL, Li J, Bulitta JB, Tsuji BT. 2017. High-dose ampicillin-sulbactam combi-
nations combat polymyxin-resistant Acinetobacter baumannii in a hol-
low-fiber infection model. Antimicrob Agents Chemother 61:e01268-16.
https://doi.org/10.1128/AAC.01268-16.

66. Luna B, Trebosc V, Lee B, Bakowski M, Ulhaq A, Yan J, Lu P, Cheng J,
Nielsen T, Lim J, Ketphan W, Eoh H, McNamara C, Skandalis N, She R,
Kemmer C, Lociuro S, Dale GE, Spellberg B. 2020. A nutrient-limited
screen unmasks rifabutin hyperactivity for extensively drug-resistant Aci-
netobacter baumannii. Nat Microbiol 5:1134–1143. https://doi.org/10
.1038/s41564-020-0737-6.

67. Trebosc V, Schellhorn B, Schill J, Lucchini V, Bühler J, Bourotte M, Butcher
JJ, Gitzinger M, Lociuro S, Kemmer C, Dale GE. 2020. In vitro activity of rifa-
butin against 293 contemporary carbapenem-resistant Acinetobacter bau-
mannii clinical isolates and characterization of rifabutin mode of action
and resistance mechanisms. J Antimicrob Chemother 75:3552–3562.
https://doi.org/10.1093/jac/dkaa370.

68. Cheng J, Yan J, Reyna Z, Slarve M, Lu P, Spellberg B, Luna B. 2021. Syner-
gistic rifabutin and colistin reduce emergence of resistance when treat-
ing Acinetobacter baumannii. Antimicrob Agents Chemother 65:e02204-
20. https://doi.org/10.1128/AAC.02204-20.

69. Rodríguez-Hernández MJ, Cuberos L, Pichardo C, Caballero FJ, Moreno I,
Jiménez-Mejías ME, García-Curiel A, Pachón J. 2001. Sulbactam efficacy
in experimental models caused by susceptible and intermediate Acineto-
bacter baumannii strains. J Antimicrob Chemother 47:479–482. https://
doi.org/10.1093/jac/47.4.479.

70. Landersdorfer CB, Wang J, Wirth V, Chen K, Kaye KS, Tsuji BT, Li J, Nation RL.
2018. Pharmacokinetics/pharmacodynamics of systemically administered

polymyxin B against Klebsiella pneumoniae in mouse thigh and lung infec-
tion models. J Antimicrob Chemother 73:462–468. https://doi.org/10.1093/
jac/dkx409.

71. Pogue JM, Jones RN, Bradley JS, Andes DR, Bhavnani SM, Drusano GL,
Dudley MN, Flamm RK, Rodvold KA, Ambrose PG. 2019. Polymyxin sus-
ceptibility testing and interpretive breakpoints: recommendations from
the United States Committee on Antimicrobial Susceptibility Testing
(USCAST). Antimicrob Agents Chemother 64:e01495-19. https://doi.org/
10.1128/AAC.01495-19.

72. Tsuji BT, Pogue JM, Zavascki AP, Paul M, Daikos GL, Forrest A, Giacobbe
DR, Viscoli C, Giamarellou H, Karaiskos I, Kaye D, Mouton JW, Tam VH,
Thamlikitkul V, Wunderink RG, Li J, Nation RL, Kaye KS. 2019. Interna-
tional Consensus Guidelines for the Optimal Use of the Polymyxins:
Endorsed by the American College of Clinical Pharmacy (ACCP), Euro-
pean Society of Clinical Microbiology and Infectious Diseases (ESCMID),
Infectious Diseases Society of America (IDSA), International Society for
Anti-infective Pharmacology (ISAP), Society of Critical Care Medicine
(SCCM), and Society of Infectious Diseases Pharmacists (SIDP). Pharma-
cotherapy 39:10–39. https://doi.org/10.1002/phar.2209.

73. Behzadi P, Barath Z, Gajdacs M. 2021. It’s not easy being green: a narra-
tive review on the microbiology, virulence and therapeutic prospects of
multidrug-resistant Pseudomonas aeruginosa. Antibiotics (Basel) 10:42.
https://doi.org/10.3390/antibiotics10010042.

74. Lister PD, Wolter DJ, Hanson ND. 2009. Antibacterial-resistant Pseudomo-
nas aeruginosa: clinical impact and complex regulation of chromoso-
mally encoded resistance mechanisms. Clin Microbiol Rev 22:582–610.
https://doi.org/10.1128/CMR.00040-09.

75. Wolter DJ, Lister PD. 2013. Mechanisms of beta-lactam resistance among
Pseudomonas aeruginosa. Curr Pharm Des 19:209–222. https://doi.org/
10.2174/138161213804070311.

76. Karlowsky JA, Kazmierczak KM, de Jonge BLM, Hackel MA, Sahm DF,
Bradford PA. 2017. In vitro activity of aztreonam-avibactam against Enter-
obacteriaceae and Pseudomonas aeruginosa isolated by clinical laborato-
ries in 40 countries from 2012 to 2015. Antimicrob Agents Chemother
61:e00472-17. https://doi.org/10.1128/AAC.00472-17.

77. Karlowsky JA, Kazmierczak KM, Bouchillon SK, de Jonge BLM, Stone GG,
Sahm DF. 2018. In vitro activity of ceftazidime-avibactam against clinical
isolates of Enterobacteriaceae and Pseudomonas aeruginosa collected in
Asia-Pacific Countries: results from the INFORM Global Surveillance Pro-
gram, 2012 to 2015. Antimicrob Agents Chemother 62:e02569-17.
https://doi.org/10.1128/AAC.02569-17.

78. Escandon-Vargas K, Reyes S, Gutierrez S, Villegas MV. 2017. The epidemi-
ology of carbapenemases in Latin America and the Caribbean. Expert
Rev Anti Infect Ther 15:277–297. https://doi.org/10.1080/14787210.2017
.1268918.

79. Alamarat ZI, Babic J, Tran TT, Wootton SH, Dinh AQ, Miller WR, Hanson B,
Wanger A, Gary JL, Arias CA, Pérez N. 2019. Long-term compassionate
use of cefiderocol to treat chronic osteomyelitis caused by extensively
drug-resistant Pseudomonas aeruginosa and extended-spectrum-b-lac-
tamase-producing Klebsiella pneumoniae in a pediatric patient. Antimi-
crob Agents Chemother 64:e01872-19. https://doi.org/10.1128/AAC
.01872-19.

80. Bodro M, Hernández-Meneses M, Ambrosioni J, Linares L, Moreno A,
Sandoval E, Olivas P, Hernández-Tejero M, Miró JM, Marco F, Soriano A.
2021. Salvage treatment with cefiderocol regimens in two intravascular
foreign body infections by MDR Gram-negative pathogens, involving
non-removable devices. Infect Dis Ther 10:575–581. https://doi.org/10
.1007/s40121-020-00385-4.

81. Edgeworth JD, Merante D, Patel S, Young C, Jones P, Vithlani S, Wyncoll
D, Roberts P, Jones A, Den Nagata T, Ariyasu M, Livermore DM, Beale R.
2019. Compassionate use of cefiderocol as adjunctive treatment of
native aortic valve endocarditis due to extremely drug-resistant Pseudo-
monas aeruginosa. Clin Infect Dis 68:1932–1934. https://doi.org/10.1093/
cid/ciy963.

82. Stevens RW, Clancy M. 2019. Compassionate use of cefiderocol in the
treatment of an intraabdominal infection due to multidrug-resistant Pseu-
domonas aeruginosa: a case report. Pharmacotherapy 39:1113–1118.
https://doi.org/10.1002/phar.2334.

83. Bavaro DF, Romanelli F, Stolfa S, Belati A, Diella L, Ronga L, Fico C,
Monno L, Mosca A, Saracino A. 2021. Recurrent neurosurgical site infec-
tion by extensively drug-resistant Pseudomonas aeruginosa treated with
cefiderocol: a case report and literature review. Infect Dis (Lond)
53:206–211. https://doi.org/10.1080/23744235.2020.1856921.

Perspective Antimicrobial Agents and Chemotherapy

August 2021 Volume 65 Issue 8 e02171-20 aac.asm.org 13

https://doi.org/10.1016/j.jgar.2020.09.019
https://doi.org/10.1093/ofid/ofaa185
https://doi.org/10.1093/ofid/ofaa150
https://doi.org/10.1093/ofid/ofaa150
https://doi.org/10.1007/s12275-018-8114-3
https://doi.org/10.1128/AAC.01194-20
https://doi.org/10.1128/AAC.01194-20
https://doi.org/10.1128/AAC.01405-16
https://doi.org/10.1128/AAC.01405-16
https://doi.org/10.1093/jac/dkz318
https://doi.org/10.1093/jac/dkz318
https://doi.org/10.1093/cid/ciaa1410
https://doi.org/10.1093/cid/ciaa1410
https://doi.org/10.1080/00365540600951184
https://doi.org/10.1128/AAC.01680-20
https://doi.org/10.1128/AAC.01268-16
https://doi.org/10.1038/s41564-020-0737-6
https://doi.org/10.1038/s41564-020-0737-6
https://doi.org/10.1093/jac/dkaa370
https://doi.org/10.1128/AAC.02204-20
https://doi.org/10.1093/jac/47.4.479
https://doi.org/10.1093/jac/47.4.479
https://doi.org/10.1093/jac/dkx409
https://doi.org/10.1093/jac/dkx409
https://doi.org/10.1128/AAC.01495-19
https://doi.org/10.1128/AAC.01495-19
https://doi.org/10.1002/phar.2209
https://doi.org/10.3390/antibiotics10010042
https://doi.org/10.1128/CMR.00040-09
https://doi.org/10.2174/138161213804070311
https://doi.org/10.2174/138161213804070311
https://doi.org/10.1128/AAC.00472-17
https://doi.org/10.1128/AAC.02569-17
https://doi.org/10.1080/14787210.2017.1268918
https://doi.org/10.1080/14787210.2017.1268918
https://doi.org/10.1128/AAC.01872-19
https://doi.org/10.1128/AAC.01872-19
https://doi.org/10.1007/s40121-020-00385-4
https://doi.org/10.1007/s40121-020-00385-4
https://doi.org/10.1093/cid/ciy963
https://doi.org/10.1093/cid/ciy963
https://doi.org/10.1002/phar.2334
https://doi.org/10.1080/23744235.2020.1856921
https://aac.asm.org


84. Pogue JM, Kaye KS, Veve MP, Patel TS, Gerlach AT, Davis SL, Puzniak LA,
File TM, Olson S, Dhar S, Bonomo RA, Perez F. 2020. Ceftolozane/tazo-
bactam versus polymyxin or aminoglycoside-based regimens for the
treatment of drug-resistant Pseudomonas aeruginosa. Clin Infect Dis
71:304–310. https://doi.org/10.1093/cid/ciz816.

85. Motsch J, Murta de Oliveira C, Stus V, Köksal I, Lyulko O, Boucher HW,
Kaye KS, File TM, Brown ML, Khan I, Du J, Joeng H-K, Tipping RW, Aggrey
A, Young K, Kartsonis NA, Butterton JR, Paschke A. 2020. RESTORE-IMI 1:
a multicenter, randomized, double-blind trial comparing efficacy and
safety of imipenem/relebactam versus colistin plus imipenem in patients
with imipenem-nonsusceptible bacterial infections. Clin Infect Dis
70:1799–1808. https://doi.org/10.1093/cid/ciz530.

86. Logan LK, Weinstein RA. The epidemiology of carbapenem-resistant
Enterobacteriaceae: the impact and evolution of a global menace. J Infect
Dis 215:S28–S36. https://doi.org/10.1093/infdis/jiw282.

87. van Duin D, Arias CA, Komarow L, Chen L, Hanson BM, Weston G, Cober E,
Garner OB, Jacob JT, Satlin MJ, Fries BC, Garcia-Diaz J, Doi Y, Dhar S, Kaye
KS, Earley M, Hujer AM, Hujer KM, Domitrovic TN, Shropshire WC, Dinh A,
Manca C, Luterbach CL, WangM, Paterson DL, Banerjee R, Patel R, Evans S,
Hill C, Arias R, Chambers HF, Fowler VG, Kreiswirth BN, Bonomo RA, Multi-
Drug Resistant Organism Network Investigators. 2017. Molecular and clini-
cal epidemiology of carbapenem-resistant Enterobacterales in the USA
(CRACKLE-2): a prospective cohort study. Lancet Infect Dis 20:731–741.
https://doi.org/10.1016/S1473-3099(19)30755-8.

88. Guh AY, Bulens SN, Mu Y, Jacob JT, Reno J, Scott J, Wilson LE, Vaeth E,
Lynfield R, Shaw KM, Vagnone PMS, Bamberg WM, Janelle SJ, Dumyati G,
Concannon C, Beldavs Z, CunninghamM, Cassidy PM, Phipps EC, Kenslow N,
Travis T, Lonsway D, Rasheed JK, Limbago BM, Kallen AJ. 2015. Epidemiology
of carbapenem-resistant Enterobacteriaceae in 7 US communities, 2012–2013.
JAMA 314:1479–1487. https://doi.org/10.1001/jama.2015.12480.

89. Tamma PD, Goodman KE, Harris AD, Tekle T, Roberts A, Taiwo A, Simner
PJ. 2017. Comparing the outcomes of patients with carbapenemase-pro-
ducing and non-carbapenemase-producing carbapenem-resistant Enter-
obacteriaceae bacteremia. Clin Infect Dis 64:257–264. https://doi.org/10
.1093/cid/ciw741.

90. Castanheira M, Deshpande LM, Mendes RE, Canton R, Sader HS, Jones
RN. 2019. Variations in the occurrence of resistance phenotypes and car-
bapenemase genes among Enterobacteriaceae isolates in 20 years of the
SENTRY Antimicrobial Surveillance Program. Open Forum Infect Dis 6:
S23–S33. https://doi.org/10.1093/ofid/ofy347.

91. Hamzaoui Z, Ocampo-Sosa A, Fernandez Martinez M, Landolsi S, Ferjani
S, Maamar E, Saidani M, Slim A, Martinez-Martinez L, Boutiba-Ben
Boubaker I. 2018. Role of association of OmpK35 and OmpK36 alteration
and blaESBL and/or blaAmpC genes in conferring carbapenem resistance
among non-carbapenemase-producing Klebsiella pneumoniae. Int J Anti-
microb Agents 52:898–905. https://doi.org/10.1016/j.ijantimicag.2018.03
.020.

92. Siméon S, Dortet L, Bouchand F, Roux A-L, Bonnin RA, Duran C,
Decousser J-W, Bessis S, Davido B, Sorriaux G, Dinh A. 2020. Compassion-
ate use of cefiderocol to treat a case of prosthetic joint infection due to
extensively drug-resistant Enterobacter hormaechei. Microorganisms
8:1236. https://doi.org/10.3390/microorganisms8081236.

93. Contreras DA, Fitzwater SP, Nanayakkara DD, Schaenman J, Aldrovandi
GM, Garner OB, Yang S. 2019. Coinfections of two strains of NDM-1- and

OXA-232-coproducing Klebsiella pneumoniae in a kidney transplant
patient. Antimicrob Agents Chemother 64:e00948-19. https://doi.org/10
.1128/AAC.00948-19.

94. Lampejo T, Cherian BP, Tan MGM, Wareham DW. 2020. Cefiderocol in the
treatment of systemic carbapenemase-producing multidrug-resistant
Klebsiella pneumoniae infection. J Glob Antimicrob Resist 23:338–339.
https://doi.org/10.1016/j.jgar.2020.10.008.

95. Tamma PD, Aitken SL, Bonomo RA, Mathers AJ, van Duin D, Clancy CJ.
2020. Infectious Diseases Society of America guidance on the treatment
of extended-spectrum beta-lactamase producing Enterobacterales
(ESBL-E), carbapenem-resistant Enterobacterales (CRE), and Pseudomonas
aeruginosa with difficult-to-treat resistance (DTR-P. aeruginosa). Clin
Infect Dis 72:e169–e183. https://doi.org/10.1093/cid/ciaa1478.

96. Falcone M, Daikos GL, Tiseo G, et al. 2020. Efficacy of ceftazidime-avibac-
tam plus aztreonam in patients with bloodstream infections caused by
MBL-producing Enterobacterales. Clin Infect Dis https://doi.org/10.1093/
cid/ciaa586.

97. Spencer HK, Spitznogle SL, Borjan J, Aitken SL. 2020. An overview of the
treatment of less common non-lactose-fermenting Gram-negative bac-
teria. Pharmacotherapy 40:936–951. https://doi.org/10.1002/phar.2447.

98. Burnard D, Robertson G, Henderson A, Falconer C, Bauer MJ, Cottrell K,
Gassiep I, Norton R, Paterson DL, Harris PNA. 2020. Burkholderia pseudo-
mallei clinical isolates are highly susceptible in vitro to cefiderocol, a
siderophore cephalosporin. Antimicrob Agents Chemother 65:e00685-
20. https://doi.org/10.1128/AAC.00685-20.

99. Gainey AB, Burch A-K, Brownstein MJ, Brown DE, Fackler J, Horne B,
Biswas B, Bivens BN, Malagon F, Daniels R. 2020. Combining bacterio-
phages with cefiderocol and meropenem/vaborbactam to treat a pan-
drug-resistant Achromobacter species infection in a pediatric cystic fibro-
sis patient. Pediatr Pulmonol 55:2990–2994. https://doi.org/10.1002/
ppul.24945.

100. Warner NC, Bartelt LA, Lachiewicz AM, et al. 2020. Cefiderocol for the
treatment of adult and pediatric patients with cystic fibrosis and Achro-
mobacter xylosoxidans infections. Clin Infect Dis https://doi.org/10.1093/
cid/ciaa1847.

101. Lin Q, Zou H, Chen X, WuM, Ma D, Yu H, Niu S, Huang S. 2021. Avibactam
potentiated the activity of both ceftazidime and aztreonam against S.
maltophilia clinical isolates in vitro. BMC Microbiol 21:60. https://doi.org/
10.1186/s12866-021-02108-2.

102. Kuo S-C, Tan M-C, Huang W-C, Wu H-C, Chen F-J, Liao Y-C, Wang H-Y,
Shiau Y-R, Lauderdale T-L. 2021. Susceptibility of Elizabethkingia spp. to
commonly tested and novel antibiotics and concordance between
broth microdilution and automated testing methods. J Antimicrob Che-
mother 76:653–658. https://doi.org/10.1093/jac/dkaa499.

103. Caverly LJ, Spilker T, Kalikin LM, Stillwell T, Young C, Huang DB, LiPuma
JJ. 2019. In vitro activities of beta-lactam-beta-lactamase inhibitor anti-
microbial agents against cystic fibrosis respiratory pathogens. Antimi-
crob Agents Chemother 64:e01595-19. https://doi.org/10.1128/AAC
.01595-19.

104. Tamma PD, Fan Y, Bergman Y, Sick-Samuels AC, Hsu AJ, Timp W, Simner
PJ, Prokesch BC, Greenberg DE. 2018. Successful treatment of persistent
Burkholderia cepacia complex bacteremia with ceftazidime-avibactam.
Antimicrob Agents Chemother 62:e02213-17. https://doi.org/10.1128/
AAC.02213-17.

Perspective Antimicrobial Agents and Chemotherapy

August 2021 Volume 65 Issue 8 e02171-20 aac.asm.org 14

https://doi.org/10.1093/cid/ciz816
https://doi.org/10.1093/cid/ciz530
https://doi.org/10.1093/infdis/jiw282
https://doi.org/10.1016/S1473-3099(19)30755-8
https://doi.org/10.1001/jama.2015.12480
https://doi.org/10.1093/cid/ciw741
https://doi.org/10.1093/cid/ciw741
https://doi.org/10.1093/ofid/ofy347
https://doi.org/10.1016/j.ijantimicag.2018.03.020
https://doi.org/10.1016/j.ijantimicag.2018.03.020
https://doi.org/10.3390/microorganisms8081236
https://doi.org/10.1128/AAC.00948-19
https://doi.org/10.1128/AAC.00948-19
https://doi.org/10.1016/j.jgar.2020.10.008
https://doi.org/10.1093/cid/ciaa1478
https://doi.org/10.1093/cid/ciaa586
https://doi.org/10.1093/cid/ciaa586
https://doi.org/10.1002/phar.2447
https://doi.org/10.1128/AAC.00685-20
https://doi.org/10.1002/ppul.24945
https://doi.org/10.1002/ppul.24945
https://doi.org/10.1093/cid/ciaa1847
https://doi.org/10.1093/cid/ciaa1847
https://doi.org/10.1186/s12866-021-02108-2
https://doi.org/10.1186/s12866-021-02108-2
https://doi.org/10.1093/jac/dkaa499
https://doi.org/10.1128/AAC.01595-19
https://doi.org/10.1128/AAC.01595-19
https://doi.org/10.1128/AAC.02213-17
https://doi.org/10.1128/AAC.02213-17
https://aac.asm.org

	CEFIDEROCOL PK/PD
	CEFIDEROCOL SAFETY
	CEFIDEROCOL SUSCEPTIBILITY TESTING
	CEFIDEROCOL RESISTANCE
	CARBAPENEM-RESISTANT ACINETOBACTER BAUMANNII
	In vitro data.
	Clinical trial data.
	Postmarketing experience.
	Expert opinion on role in therapy.

	CARBAPENEM-RESISTANT PSEUDOMONAS AERUGINOSA
	In vitro data.
	Clinical trial data.
	Postmarketing experience.
	Expert opinion on role in therapy.

	CARBAPENEM-RESISTANT ENTEROBACTERALES
	In vitro data.
	Clinical trial data.
	Postmarketing experience.
	Expert opinion on role in therapy.

	STENOTROPHOMONAS MALTOPHILIA, BURKHOLDERIA SPECIES, AND ACHROMOBACTER SPECIES
	In vitro data.
	Clinical trial data.
	Postmarketing experience.
	Expert opinion on role in therapy.

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

