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Abstract

Purpose of review Carbapenem-producing organisms (CPO) have become important clinical
pathogens in nosocomial infections causing increases in hospital stay, mortality, and
costs. We sought to summarize recent findings related to the commonly encountered types
of carbapenemases and their detection and review recent findings related to therapeutic
options.
Recent findings Many new rapid and reliable methods of identifying carbapenem resistance
have become available, underscoring the necessity to have the laboratory capacity for
phenotypic and/or genotypic detection of carbapenemases to facilitate optimal therapy
according to the characteristics of the isolate. The existing literature summaries on the use
of combination therapy vs. monotherapy for CPO infections are based on predominantly
observational studies and although they suggest a more favorable outcome in overall
mortality with combination therapy, but there is significant heterogeneity within the studies,
supporting the need for more randomized trials. Several novel therapeutic agents which hold

http://crossmark.crossref.org/dialog/?doi=10.1007/s40506-019-00202-8&domain=pdf


promise for CPOs are in research and development stages and include zidebactam and
nacubactam (β-lactamase inhibitors) in combination with cefepime and cefiderocol. In
addition, clinical trials are either complete or ongoing with ceftazidime-avibactam,
meropenem-vaborbactam, imipenem-relebactam, aztreonam-avibactam, plazomicin, and
eravacycline which offer promise for the future.
Summary The management of CPO infections requires access to the relevant laboratory
diagnostic tools to aid in the diagnosis and to be aware of the availability of both older
combination therapies and novel therapeutic options which are currently undergoing clinical
trials.

Introduction

The World Health Organization (WHO) has acknowl-
edged the rapid global emergence and spread of highly
resistant bacteria as one of the greatest single threats to
medicine and global population health, jeopardizing
many of the transformative health practices of the last
century [1]. In recent years, the increased incidence of
carbapenem-producing organisms (CPOs) has become a
major concern, particularly in specific regions of the world
[2, 3]. TheWHO recently identified a list of global priority
pathogens for which research and development are re-
quired and the top three critical organisms identified were
carbapenem-resistant (CR) Acinetobacter baumannii, CR
Pseudomonas aeruginosa, and CR Enterobacteriaceae
(CRE) [4]. The focus of this review will be resistance due
to carbapenemase production. The terms CPO, CRE (car-
bapenem-resistant Enterobacteriaceae), and CPE
(carbapenemase-producing Enterobacteriaceae) appear
frequently in the literature, but they should not be
regarded as interchangeable terms. CRE refers to pheno-
typic resistance which may be due to any number of
mechanisms, some of which may not be due to
carbapenemase production. The terms CPO and CPE refer
to the mechanism of phenotypic resistance related to the
production of carbapenemase enzymes.

Carbapenemases are enzymes that hydrolyze carba-
penems. The carbapenemases belong to a broad family
of β-lactamase enzymes and may be classified on a
functional or molecular basis [5–9]. Based onmolecular
structure, there are four major classes of β-lactamases
with three of them acting on a serine-based (serine-β-
lactamase) mechanism and one by a zinc-based
(metallo-β-lactamase) mechanism [6–9]. In the pres-
ence of metal chelators, there is inhibition of the activity
of metallo-β-lactamases but no inhibition of serine-β-

lactamases [6–9]. According to Ambler’s classification,
which is based upon the amino acid sequences of the β-
lactamases, the four classes are designated as A, B, C, and
D. The commonly encountered class A (serine-
dependent enzymes) carbapenemases include the Kleb-
siella pneumoniae carbapenemase (KPC) family. The ma-
jor class B (metallo-β-lactamases) carbapenemases in-
c lude VIM (Verona integron-encoded), IMP
(imipenemase), and NDM (New Delhi metallo-β-
lactamase). The class D carbapenemases (also serine
enzymes) include the OXA-type enzymes. An Ambler
class C β-lactamase has been demonstrated to hydrolyze
imipenem but is considered rare [10].

The metallo-β-lactamases have significant
carbapenemase activity and exhibit resistance to β-
lactamase inhibitors such as clavulanic acid, but are not
active against monobactams such as aztreonam [6–9].

Knowledge of the existence of metallo-β-lactamase
carbapenemases in certain bacteria dates back to the
1960s, so it is not a recent phenomenon [8]. The
metallo-β-lactamase carbapenemases had been found
in “resident” genes within the chromosomes of certain
Bacillus species, Stenotrophomonas maltophilia, Aeromonas
spp., certain environmental pseudomonads and
flavobacteria [8]. Initially, these bacteria were not con-
sidered to be of major clinical significance, and hence,
not much attention was directed to these observations.
However, the finding of an IMP-type “non-resident”
metallo-β-lactamase carbapenemase on a highly mobile
plasmid within a strain of Pseudomonas aeruginosa in
Japan in 1987 was significant and heralded a new chal-
lenge from a clinical perspective [11].Multiple reports of
additional strains of bacteria, including other Pseudomo-
nas aeruginosa strains, Serratia marcescens, Achromobacter
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species, and Klebsiella pneumoniae, carrying this
carbapenemase on mobile plasmids appeared in Japan,
Europe, and Canada over the next few years [12–15].

Another major type of mobile metallo-β-lactamase
carbapenemase was first described in Verona, Italy, in
1999 and accordingly was named a VIM-type
carbapenemase [16]. Since its original description, this
mobile VIM-type carbapenemase has been reported
widely throughout Europe, South America, parts of Asia,
and the USA [17].

A more recently recognized type of mobile
metallo-β-lactamase carbapenemase is the New Del-
hi (NDM) type. The original description of NDM-1
was in 2009 involving a patient receiving treatment
for a K. pneumoniae urinary tract infection in a Swed-
ish hospital, but who had been hospitalized in New
Delhi, India, previously [18]. A major paper from
2010 by Kumarasamy identified 37 isolates of mem-
bers of the Enterobacteriaceae family carrying the
NDM-1 gene in 29 patients in the UK [19]. Since
then, multiple NDM variants have been described
and they are endemic throughout the Indian subcon-
tinent and since then outbreaks of CPOs with NDM
carbapenemases have been reported in every conti-
nent [2, 3].

One of the most frequent globally encountered
mobile carbapenemases is a serine-β-lactamase
found in Klebsiella pneumoniae, hence the term
KPC, which was originally described in 1996 in
North Carolina [20]. This mechanism of resistance
has been most commonly encountered in strains of
Klebsiella pneumoniae but also has been encountered
in other members of the Enterobacteriaceae family
including Escherichia coli, Proteus spp., Enterobacter
spp., Citrobacter spp., and Serratia spp. [2, 3, 21].
Outbreaks of carbapenemase-producing Klebsiella
pneumoniae have been reported in the USA, and it
is endemic in countries such as Greece, India, Pa-
kistan, and Italy.

Class D OXA-type carbapenemases have been
mainly described in Acinetobacter baumannii from
Greece, Turkey, India, Spain, Belgium, Mexico, Bra-
zil, Argentina, Colombia, several European coun-
tries, and some regions of Africa [2, 3]. According
to the European Center for Disease Prevention and
Control, in 2016, up to 66% and 33% of the K.
pneumoniae isolates in Greece and Italy, respectively,
were resistant to carbapenems, while the proportion
of isolates of E. coli resistant to carbapenems was
much lower [22].

Diagnostic tools

The detection and identification of resistance to carbapenems can be complex for
the following reasons: (1) a bacterial strain may have more than one mechanism
of resistance, (2) the phenotypic tests have different sensitivity and specificity
dependent on the type of carbapenemase, and (3) not all laboratories have the
same resources for the identification and detection of resistance.

A microorganism may be a producer of a carbapenemase if it exhibits
intermediate or resistant minimal inhibitory concentrations (MICs) to any
carbapenem, considering the appropriate breakpoints, or if it has a positive
phenotypic test [23•, 24]. There are several methods that are used to detect the
presence of carbapenem resistance which were the subject of a recent review and
hence only will be briefly reviewed [23•].

Automated methods
Most laboratories use automated identification systems and provide antibiotic
susceptibility results according to the breakpoint for theMICs recommended by
the Clinical and Laboratory Standard Institute (CLSI) and the European Com-
mittee on Antimicrobial Susceptibility Testing (EUCAST) [24, 25]. These plat-
forms require updating of their breakpoint points every year, and the most
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recent updates were in early 2019. There are differences between CLSI and
EUCAST including which organisms constitute members of the Enterobacteri-
aceae and Enterobacterales families, respectively.

There are also discrepancies between breakpoints used for specific organism
susceptibilities and how they are assessed, as the testing utilizes different
carbapenems and carbapenem β-lactamase inhibitor combinations [24, 25].
In addition, the use of epidemiological cutoff (ECOFF) values as opposed to
MIC values may display greater sensitivity than traditional breakpoints with
carbapenemase-producing Enterobacteriaceae [26]. The Vitek-2®, MicroScan®,
and Phoenix® systems were evaluated in a large 11,000-isolate study [27], and a
high sensitivity for the detection of carbapenemase-producing E. coli and K.
pneumoniaewas found (KPC andMBLwith the exception of IMP). The Phoenix®

system had a sensitivity of ~ 90%, MicroScan® ~ 85%, and Vitek-2® ~ 74% using
the CLSI 2014–2015 breakpoints. In general, the detection of the OXA-group
carbapenemase-producing organisms was less accurate, although the perfor-
mance seemed to improve for the Phoenix® system in more recent studies.
However, the sensitivity to detect IMI-1 (class A) was just 43%, and this latter
observation may be related to the high false negative rates with imipenem
susceptibility found in some strains [28].

Phenotypic assays
Phenotypic tests are performed directly on isolates from pure cultures in the
microbiology laboratory. Of the existing tests, CLSI currently recommends the
use of Carba-NP and mCIM/eCIM (modified EDTA-modified carbapenem
inactivationmethod, respectively) and no longer considers themodifiedHodge
test to be reliable [24, 29].

The Carba-NP is a colorimetric test that uses reagents on a liquid medium,
including phenol red as a dye; the test is based on the change of color from red
to yellow/orange due to the pH variation by the imipenem enzymatic hydro-
lysis in the presence of carbapenemases. It has a sensitivity of 96% in KPC- and
MBL-type carbapenemase-producing organisms, and 60% in OXA-type
carbapenemases. It has shown false positives with AmpC-producing organisms.
The main advantage of this test is its ability to obtain rapid results in 2 h. There
are some commercial tests available such as Rapidec® and Rapid Carba Screen®,
which have a sensitivity equivalent to the original test [30]. For this test, a 10-mg
meropenem disc impregnated with 10 mL of solution with the study strain is
used and subsequently placed on a Muller-Hinton agar with a carbapenem-
susceptible E. coli strain. After incubation for 18–24 h, the lack of inhibition
halo reflex suggests the inactivation of meropenem by the carbapenemase-
producing strain. The eCIM (addition of EDTA) is only performed after a
positive mCIM; the inhibition halo increases ≥ 5 mmwith respect to the mCIM
which translates to the presence of MBL. The sensitivity of these methods is 93
to 97% with specificity close to 100% for class A and B carbapenemases; for
class D, the sensitivity is less than 80% [24, 30].

Multiple protocols have studied the MALDI-TOF MS (matrix-assisted laser
desorption/ionization time of flightmass spectrometry) platform. Some studies
have found a sensitivity of 100%, for strains of carbapenem-producing Pseudo-
monas aeruginosa and Acinetobacter baumannii complex; however, there is still no
standardization of this method [31].
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There are several commercially available E-tests for detection of
carbapenemases and inactivation methods with EDTA and phenylboronic acid
(PBA) that have a sensitivity greater than 90%, even with class D
carbapenemases.

Molecular assays
The molecular identification of the resistance genes is the best tool that a
laboratory can utilize; however, equipment costs are high and are not always
available. Most molecular identification techniques are based on polymerase
chain reaction (PCR). Some laboratories have developed in-house PCR assays,
especially for the detection of blaKPC genes. There are also other commercially
available assays for the identification of the main genes that confer resistance to
carbapenemases including the BioFire FilmArray® blood culture identification
panel, the Nanosphere Verigene® GN panel, Check Direct® CPE and BD MAX®

CRE assays, the Xpert® Carba-R, Check MDR®, and Acuitas® Resistome Test, and
these have been reviewed recently [23•]. At this time, not all of these assays have
Food and Drug Administration (FDA) approval [32].

Therapeutic options

Therapeutic options are significantly reduced in cases of infection due to
microorganisms that exhibit resistance to carbapenems, and these infections
have significant clinical implications. Nosocomial infections caused by
carbapenem-resistant Enterobacteriaceae (CRE) have been reported to increase
mortality. In a case-control study in Beijing, China, a 30-day overall mortality
rate of 35.1% was found among patients with CRE infections vs. 11.8% among
patients with carbapenem-susceptible strains (p = 0.008) and in-hospital mor-
tality was 57.4% vs. 16.1%, respectively (p G 0.001) [33]. In a systematic review
and meta-analysis exploring 12 studies, the reported mortality was significantly
higher in patients with severe CRE infections compared with those with severe
non-CRE infections (OR 3.39; 95% CI, 2.35–4.89) and similarly in
monotherapy-treated compared with combination therapy–treated patients
(OR, 2.19; 95% CI, 1.00–4.80). However, there was moderate-to-high hetero-
geneity in both analyses with I2 scores of 45.5% and 84.2%, respectively [34•].
In a recent publication by Tamma et al., among 83 episodes of bacteremia (92%
associated with blaKPC Enterobacteriaceae), mortality in patients with CRE
infection was 4 times higher than in patients with non-CRE infections (adjusted
OR 4.92; 95% CI, 1.01–24.81) [35].

Therapeutic options for CPO infections are not optimal, andwe herein review
the use of existing therapies alone and in combination and discuss new thera-
peutic agents that have recently become available or are undergoing clinical trials.

Existing “older” monotherapy and combination antibiotic options for CPO infections

Carbapenem, polymyxin, fosfomycin, tigecycline monotherapy and combination therapy
Multiple antibiotic combinations have been studied in CPO infections with the
aim of improving their therapeutic efficacy and reducing the selection of
resistance in other microorganisms. Most of the data comes from retrospective
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studies, observational cohort studies, case series, and case reports. In some
studies, in vitro activity additive or synergy of various combinations of antimi-
crobials against CPOs has been demonstrated. The most studied combination
was colistin in combination with a carbapenem.

In a systematic review of 22 observational studies, 7 studies analyzed
treatment with polymyxins as monotherapy or combined with a carbapenem
and identified higher all-cause mortality in patients treated with monotherapy
compared with combination therapy (OR 1.58, 95% CI 1.03–2.42) [36]. It is
noteworthy that there were important differences in the studies citedwhichmay
limit the overall interpretation of the results. For example, in four studies of
blood stream infections caused by KPC-Klebsiella pneumoniae, two of them had
polymicrobial infections at one or more sites of infection including one with
Acinetobacter baumannii. In addition, the sample sizes were very small limiting
the ability to draw meaningful conclusions.

In the INCREMENT cohort study, all-cause mortality was analyzed at 30 days
in 437 patients with blood stream infections caused by carbapenemase-
producing Enterobacteriaceae (CPE), of whom 86% were infected with Klebsiella
pneumoniae and KPC was the most frequent type of carbapenemase encountered.
In 78% of patients, treatment was considered appropriate (within the first 5 days
of diagnosis, and with at least one active drug), with a difference in mortality of
22.1% (95% CI, 11.0–33.3) compared with patients with inappropriate treat-
ment. In the analysis between monotherapy and combined therapy, there were
no differences in totalmortality (HR 0.76; 95%CI, 0.53–1.08; p = 0.12), except in
the patients classified as having a “high mortality score” in which there was a
protective effect with the combination therapy (HR 0.60; 95% CI, 0.39–0.93; p =
0.02). Colistin was used in 54% of monotherapy patients, followed by
meropenem or imipenem and tigecycline [37].

In the randomized study by Paul et al. of 406 patients with carbapenem-
resistant Gram-negative bacterial infections, no difference in either clinical
failure at 14 days or mortality at 28 days was found between patients receiving
monotherapy with colistin vs. combination therapy with colistin plus
meropenem (RR 0.93; 95% CI, 0.83–1.03; p = 0.172). However, 77% of the
patients had infection with A. baumannii and 5% by P. aeruginosa, so the results
cannot be interpreted as equivalent to patients with CRE infections [38].

In a recent review on this topic, the combination of colistin plus fosfomycin
appears to have good in vitro activity when the strains are susceptible to both
drugs and this combination has been observed to increase bactericidal activity
based on time-kill studies when both agents are used together [39]. The same
effect has been described with aminoglycosides combined with tigecycline,
fosfomycin, and colistin even with high MICs vs. the aminoglycosides alone.
In addition, the combination of colistin plus a carbapenem has exhibited
synergy in vitro [39].

Tigecycline is another antibiotic which has been studied for its activity
against CRE. High doses of tigecycline in combination with carbapenems, β-
lactamase inhibitors, or aminoglycosides were evaluated in 40 patients in a
study with CR Klebsiella pneumoniae bloodstream infections. There were longer
survival times in patients with high doses of tigecycline (100 mg every 12 h)
[40]. This effect has also been observed in vitro (even when CRE have MICs for
meropenem ≥ 16 mg/L) with the combination of tigecycline plus colistin plus a
carbapenem [41].
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A double carbapenem strategy has been explored as a salvage therapy in
patients with no other treatment options. Experience with ertapenem plus
meropenem was beneficial in two centers in Greece, with a reported clinical and
microbiological cure of 9 70% among the patients with KPC infections. There are
no studies comparing this regimen with other combination therapies [42].

In a retrospective study in a center in Italy, 17 of 21 (76%) patients with KPC-
Klebsiella pneumoniae infections treated with double carbapenems achieved clinical
cure despite aMIC formeropenem≥ 256 mg/L and ertapenem≥ 128 mg/L. There
were no differences compared with the use of other combinations (colistin,
tigecycline, aminoglycosides) in terms of clinical cure, relapse, and death [43].

Clinical outcomes with the use of high-dose carbapenems alone or in com-
bination with other agents in CRE infections have been evaluated in some
studies. Giannella et al., in a retrospective analysis, reported on the mortality in
patients with CR-K. pneumoniae bloodstream infections receiving combination
therapy with high-dose meropenem (6 g/day) plus another agent vs. other
combination therapy without a carbapenem where the majority (72%) of the
isolates had a MIC ≥ 16 mg/L, and found that the use of this high-dose regimen
was associated with a lower 14-day mortality (hazard ratio 0.69, 95% CI 0.47–
1.00) on multivariate analysis but the confidence interval did reach one and was
relatively wide [44]. There were no major differences in the 14-day mortality
regardless of the MIC value. The authors recommended using meropenem in
combination therapy in this setting with an extended infusion time [44]. A recent
article focusing on antibiotic therapy of CRE infections and mortality, which
included several large cohort studies, concluded that outcomes were found to be
linked to the MIC of meropenem, with mortality 9 35% in those with MIC ≥
16 mg/L, while the best outcomes were found in patients with a MIC ≤ 8 mg/L
[45].

“Newer” monotherapy and combination antibiotic options for CPO infections
In recent years, the development of new molecules that are effective against
multidrug-resistant (MDR) microorganisms has been limited, but there are
some new agents that have become available recently that hold promise for
CPO infections. These new alternatives for CPO infections include the combi-
nation of known β-lactams with newer generation β-lactamase inhibitors and
other drugs belonging to these groups. Additional therapeutic agents that hold
promise for CPOs are in various research and development stages and include
zidebactam and nacubactam (β-lactamase inhibitors) in combination with
cefepime, ceftazidime-avibactam, and the new drugs murepavadin and
arylomycin. We will discuss the evidence regarding drugs approved by the
FDA and will also discuss cefiderocol which is not yet approved [46].

Ceftazidime-avibactam
This combination was approved by the FDA and EMA (European Medicines
Agency) for the treatment of intraabdominal infections (in combination with
metronidazole), urinary tract infections, and nosocomial pneumonia in 2015.
Avibactam, an inhibitor of β-lactamases derived from diazabicyclooctane
(DBO), has been shown to reduce the MIC of ceftazidime and has in vitro
activity against class A β-lactamases (ESBL, KPC) and class C β-lactamases and
partially against some class D β-lactamases [47].
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The RECAPTURE Study, a phase III randomized clinical trial (RCT), dem-
onstrated non-inferiority of ceftazidime/avibactam vs. doripenem in the clinical
resolution of symptoms in hospitalized patients with urinary tract infections
including pyelonephritis. Superiority was demonstrated in the microbiological
response (difference 6.4%; 95% CI, 0.33 to 12.36). More than 95% of isolates
in RECAPTURE were Enterobacteriaceae [48].

The REPROVE trial, another phase III RCT, compared ceftazidime/
avibactam vs. meropenem in the treatment of nosocomial pneumonia includ-
ing ventilator-associated pneumonia, demonstrating non-inferiority in clinical
cure and microbiological response. Of the isolates in this study, 38%
corresponded to Enterobacteriaceae [49]. In both trials, safety with the use of
ceftazidime/avibactam was similar to ceftazidime alone.

Meropenem-vaborbactam
TANGO-II represents a multicenter RCT which evaluated the efficacy and safety
of meropenem plus vaborbactam (a β-lactamase inhibitor derived from boron-
ic acid) which when combined has an activity against class A and class C β-
lactamase-producing organisms vs. other active best available therapy against
CRE infections. This clinical trial found that meropenem-vaborbactam demon-
strated a significantly higher clinical cure (65.6% vs. 33.3%, difference 32.3%,
95% CI 3.3–61.3%, p = 0.03) and higher microbiological cure. Safety and
tolerability outcomes demonstrated a lower percentage of adverse events,
mainly nephrotoxicity, which had an impact on all-cause mortality at 28 days.
More than 70% of the strains isolated were KPC containing Klebsiella
pneumoniae [50].

Imipenem-relebactam
Relebactam (a diazabicyclooctanone derivative) has been combined with
imipenem/cilastatin and is active against class A and C β-lactamases. The
combination of the two agents in different dosing regimens was compared with
imipenem/cilastatin alone in the treatment of urinary tract infections demon-
strating non-inferiority in the microbiological response including imipenem
non-susceptible strains [51]. Data about the efficacy of this combination for
severe infections compared with colistin combinations will be available soon
from a phase III RCT.

Aztreonam-avibactam
One of the advantages of this combination is their activity againstMBL and KPC
carbapenemase containing organisms, ESBL, and AmpC-containing organisms
[52]. The efficacy of the combination has been evaluated in vitro and in vivo in
some clinical cases. Aztreonam plus ceftazidime/avibactam was effective in
treating pyelonephritis in one patient with a NDM carbapenemase containing
E. coli strain. Currently, a phase III RCT is scheduled to end in 2021.

Cefiderocol
Cefiderocol is a new drug, a siderophore of cephalosporins with in vitro activity
against class A, B, C, andD β-lactamases, with activity in a broad range of Gram-
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negative bacteria, both fermentative and non-fermentative. It binds to PBP3
using iron transporters from Gram-negative bacteria. It was demonstrated to be
non-inferior to imipenem/cilastatin in the treatment of complicated urinary
tract infections in patients with high risk ofMDR pathogens, but only 11%were
carbapenem resistant in the cefiderocol group [47, 53]. Two phase III RCTs in
serious infections are currently ongoing.

Plazomicin
Plazomicin is a new aminoglycoside derivative with activity against Gram-
negative ESBL-producing organisms and CRE but with reduced activity in
NDM producers. Its efficacy and safety were compared with meropenem ther-
apy for 4 to 7 days in patients with urinary tract infections or acute pyelone-
phritis infections (EPIC RCT), and were found to be non-inferior in clinical cure
and microbiological eradication. It was reported that a slightly higher percent-
age of patients achievedmicrobiologic eradication for aminoglycoside-resistant
and ESBL-producing Enterobacteriaceae [54].

Eravacycline
Structurally eravacycline belongs to the tetracycline family and has an in vitro
activity similar to tigecycline, with an activity against Acinetobacter baumannii. Its
efficacy and safety were evaluated in the treatment of complicated
intraabdominal infections in two phase 3 studies: IGNITE-1 comparing
eravacycline with ertapenem and in IGNITE-4 comparing eravacycline with
meropenem. In both studies, eravacycline demonstrated non-inferiority against
standard doses of carbapenems in clinical cure, and in both studies, most of the
isolates were ESBL-producing Enterobacteriaceae [55, 56].

Inhaled antibiotic options for CPO infections
Aerosolized antibiotics are a well-established therapy for respiratory infec-
tions primarily in cystic fibrosis (CF) populations and have been reviewed
elsewhere [57]. Inhalation of antibiotics enables the delivery of high con-
centrations of the drug to the site of infection and largely mitigates issues of
penetration, resistance, and systemic toxicity. Thus, inhaled antibiotics
represent a potentially promising and innovative option for the treatment
of resistant Gram-negative respiratory infections. However, the optimal
delivery methods, drug combinations, and lack of safety and efficacy data
have been limitations to widespread use of this modality [58].

A number of formulations and combinations have been examined both
in in vitro and in clinical studies with highly varied results ranging from
incompatibility of admixtures, issues of stability, lack of activity or synergy,
and conflicting in vitro and in vivo results. As an example, a randomized
controlled trial of inhaled amikacin and fosfomycin was undertaken
(IASIS—NCT01969799) in patients with Gram-negative ventilator-associ-
ated pneumonia and was unable to demonstrate a difference in infection
score or mortality between groups [59]. Results were similarly disappoint-
ing in the INHALE studies where aerosolized amikacin was unable to
demonstrate superiority in a large controlled trial (NCT0179993 and
NCT00805168) [60].
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The lack of data for inhaled antibiotics for Gram-negative infections outside
of CF should give one pause, but these challenges can be overcome. Given the
rapidly rising prevalence of highly resistant organisms, a number of initiatives
and societies are collaborating and this will lead to development of new agents
and further assessment of currently existing agents. Robust studies ranging from
mechanistic to clinical trials are necessary to evaluate the delivery, safety, and
efficacy of inhaled therapies in the treatment of these serious infections.

Conclusions

New therapies require rapid and reliable identification of carbapenem resistance
underscoring the necessity to have resources for phenotypic and/or genotypic
detection of carbapenemases, thereby directing the optimal therapy according to
the characteristics of the isolate (species, MIC), the site of infection, and severity of
illness. In many low-income countries, new drugs are not available. Treatment
regimens must be selected based on the best available evidence, which currently
suggests double or triple therapy overmonotherapy andwith antimicrobial agents
having an in vitro activity against the infecting CPO. New antimicrobials are on
the horizon, but we need robust evidence about their efficacy as monotherapy in
the context of multidrug resistance and in the setting of severe infections.
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