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Discovery, research, and development of new antibiotics: 
the WHO priority list of antibiotic-resistant bacteria and 
tuberculosis
Evelina Tacconelli, Elena Carrara*, Alessia Savoldi*, Stephan Harbarth, Marc Mendelson, Dominique L Monnet, Céline Pulcini, 
Gunnar Kahlmeter, Jan Kluytmans, Yehuda Carmeli, Marc Ouellette, Kevin Outterson, Jean Patel, Marco Cavaleri, Edward M Cox, Chris R Houchens, 
M Lindsay Grayson, Paul Hansen, Nalini Singh, Ursula Theuretzbacher, Nicola Magrini, and the WHO Pathogens Priority List Working Group†

Summary
Background The spread of antibiotic-resistant bacteria poses a substantial threat to morbidity and mortality worldwide. 
Due to its large public health and societal implications, multidrug-resistant tuberculosis has been long regarded by 
WHO as a global priority for investment in new drugs. In 2016, WHO was requested by member states to create a 
priority list of other antibiotic-resistant bacteria to support research and development of effective drugs.

Methods We used a multicriteria decision analysis method to prioritise antibiotic-resistant bacteria; this method 
involved the identification of relevant criteria to assess priority against which each antibiotic-resistant bacterium was 
rated. The final priority ranking of the antibiotic-resistant bacteria was established after a preference-based survey was 
used to obtain expert weighting of criteria.

Findings We selected 20 bacterial species with 25 patterns of acquired resistance and ten criteria to assess priority: 
mortality, health-care burden, community burden, prevalence of resistance, 10-year trend of resistance, transmissibility, 
preventability in the community setting, preventability in the health-care setting, treatability, and pipeline. We stratified 
the priority list into three tiers (critical, high, and medium priority), using the 33rd percentile of the bacterium’s 
total scores as the cutoff. Critical-priority bacteria included carbapenem-resistant Acinetobacter baumannii and 
Pseudomonas aeruginosa, and carbapenem-resistant and third-generation cephalosporin-resistant Enterobacteriaceae. 
The highest ranked Gram-positive bacteria (high priority) were vancomycin-resistant Enterococcus faecium and 
meticillin-resistant Staphylococcus aureus. Of the bacteria typically responsible for community-acquired infections, 
clarithromycin-resistant Helicobacter pylori, and fluoroquinolone-resistant Campylobacter spp, Neisseria gonorrhoeae, 
and Salmonella typhi were included in the high-priority tier.

Interpretation Future development strategies should focus on antibiotics that are active against multidrug-resistant 
tuberculosis and Gram-negative bacteria. The global strategy should include antibiotic-resistant bacteria responsible 
for community-acquired infections such as Salmonella spp, Campylobacter spp, N gonorrhoeae, and H pylori.

Funding World Health Organization.

Introduction
Despite the fact that the spread of antibiotic-resistant 
bacteria poses a substantial threat to morbidity and 
mortality worldwide, pharmaceutical research and 
development has failed to meet the clinical need for new 
antibiotics.1,2 In particular, the need for investments in 
research and development of new anti-tuberculosis 
drugs has been highlighted by WHO for several years3 
with dedicated and prioritised programmes.4,5 As for 
other antibiotic-resistant bacteria, in the past 20 years, 
only two new antibiotic classes (lipopeptides and 
oxazolidinones) have been developed and approved by 
international drug agencies (US Food and Drug 
Administration and European Medicines Agency)—
both of which provide coverage against Gram-positive 
bacteria.6 The quinolones, discovered in 1962, was the 
last novel drug class identified to be active against 
Gram-negative bacteria. Of the 44 new antibiotics in the 
pipeline for clinical intravenous use, only 15 show some 

activity against Gram-negative bacteria and only five (all 
modified agents of known antibiotic classes) have 
progressed to phase 3 testing.7

The decreased interest in antibiotic research and 
development of pharmaceutical companies in the past 
few decades is probably related to difficulties in clinical 
development and scientific, regulatory, and economic 
issues. The discovery of new antibiotic classes that 
are highly active, have acceptable pharmacokinetic 
properties, and are reasonably safe is complex. 
Clinical antibiotic trials evaluating the efficacy of new 
antibiotics can be difficult and expensive, especially 
when targeting multidrug-resistant Gram-negative 
bacteria, because of the near absence of rapid 
diagnostic tests to facilitate patient recruitment, and 
Mycobacterium tuberculosis, because of the complex 
combination therapy and prolonged patients’ follow-
up. When widely used, modified agents of old drug 
classes might face the challenge of rapid development 
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The survey ranking was reviewed by the coordinating 
group and an external advisory board of experts to evaluate 
the results and the sensitivity analyses, and to plan 

dissemination of the results. To simplify the presentation 
of the results, and comply with the research and 
development focus, bacteria of the same species with 

Figure 2: Final ranking of antibiotic-resistant bacteria 
Mean (SD) pathogen weights were derived by the software from the survey participants’ preferences. The segments represent the contribution of each criterion to 
each pathogen’s final weight. CR=carbapenem resistant. 3GCR=third-generation cephalosporin resistant. VR=vancomycin resistant. MR=meticillin resistant. 
ClaR=clarithromycin resistant. FQR=fluoroquinolone resistant. PNS=penicillin non-susceptible. AmpR=ampicillin resistant.
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Figure 3: Subgroup analysis of criteria by geographical origin of the experts 
The weights of the ten criteria from the survey participants, stratified according to the geographical origin of the survey participants. There was no significant 
difference in the weights given to the ten criteria among the WHO regions, with the exception of community burden, which had been attributed a higher importance 
for research and development of new antibiotics from the survey participants working in Africa. AFR=African region. AMR=Americas region. 
EMR=eastern Mediterranean region. EUR=European region. WPR=western Pacific region. SEAR=southeast Asian region.
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« It has been suggested that the rate of CR non-
fermenters now surpass that of Enterobacterales, 
representing a greater challenge for severe infections 
management » ECDC
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REVIEW

Therapies for multidrug resistant and extensively drug-resistant non-fermenting
gram-negative bacteria causing nosocomial infections: a perilous journey toward
‘molecularly targeted’ therapy
Nadim G. El Chakhtouraa,b,c, Elie Saadea,b,c,d, Alina Iovlevae, Mohamad Yasmina,b,d, Brigid Wilsona,b,c, Federico Pereza,b,c

and Robert A. Bonomoa,b,c,d,f,g,h

aMedicine, Case Western Reserve University School of Medicine, Cleveland, OH, USA; bResearch Services, Department of Internal Medicine, Louis
Stokes Cleveland Veterans Affairs Medical Center, Case Western Reserve University School of Medicine, Cleveland, OH, USA; cGeriatrics Research,
Education and Clinical Center, Louis Stokes Cleveland Department of Veterans Affairs Medical Center, Case Western Reserve University School of
Medicine, Cleveland, OH, USA; dDepartment of Medicine, University Hospitals Cleveland Medical Center, Case Western Reserve University School of
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Pharmacology, Case Western Reserve University School of Medicine, Cleveland, OH, USA; gBiochemistry, Case Western Reserve University School of
Medicine, Cleveland, OH, USA; hMolecular Biology and Microbiology, Case Western Reserve University School of Medicine, Cleveland, OH, USA

ABSTRACT
Introduction: Non-fermenting Gram-negative bacilli are at the center of the antimicrobial resistance
epidemic. Acinetobacter baumannii and Pseudomonas aeruginosa are both designated with a threat level
to human health of ‘serious’ by the Centers for Disease Control and Prevention. Two other major non-
fermenting Gram-negative bacilli, Stenotrophomonas maltophilia and Burkholderia cepacia complex,
while not as prevalent, have devastating effects on vulnerable populations, such as those with cystic
fibrosis, as well as immunosuppressed or hospitalized patients.
Areas covered: In this review, we summarize the clinical impact, presentations, and mechanisms of
resistance of these four major groups of non-fermenting Gram-negative bacilli. We also describe
available and promising novel therapeutic options and strategies, particularly combination antibiotic
strategies, with a focus on multidrug resistant variants.
Expert commentary: We finally advocate for a therapeutic approach that incorporates in vitro antibiotic
susceptibility testing with molecular and genotypic characterization of mechanisms of resistance, as
well as pharmacokinetics and pharmacodynamics (PK/PD) parameters. The goal is to begin to formulate
a precision medicine approach to antimicrobial therapy: a clinical-decision making model that inte-
grates bacterial phenotype, genotype and patient’s PK/PD to arrive at rationally-optimized combination
antibiotic chemotherapy regimens tailored to individual clinical scenarios.
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KEYWORDS
Gram-negative bacteria;
glucose-non-fermenting;
antimicrobial resistance;
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1. Introduction

During the past decade, the scientific, public health, and
political communities realized the alarming public health crisis
that antimicrobial resistance (AMR) represents. Based on a
landmark report from the Centers for Disease Control and
Prevention (CDC) published in 2013, we now know that AMR
affects more than 2 million people every year, resulting in a
minimum estimate of 23,000 deaths per year in the USA and
25,000 deaths per year in the European Union [1,2]. These
figures pale in comparison to the estimate put forth by the
British Government in May 2016 where authorities predict that
by 2050, approximately 10 million people would die every
year globally as a result of AMR, more people than currently
die from cancer [3]. The problem has therefore reached pro-
portions of significant importance for both human health and
the economy, enough to propel the issue of AMR to the
forefront of national and global health concerns. The
Infectious Disease Society of America (IDSA) and the World

Health Organization (WHO) regard AMR as one of the three
greatest threats to human health worldwide [4,5]. National
and world health leaders describe antibiotic-resistant bacteria
as ‘nightmare bacteria’ that ‘pose a catastrophic threat’ to
people in every country in the world [1].

Among such bacterial pathogens, two lactose- and glucose
non-fermenting gram-negative bacteria (GNB) are described
by the Centers for Disease Control and Prevention (CDC)
report as microorganisms with a threat level of serious: multi-
drug-resistant (MDR) Pseudomonas aeruginosa and
Acinetobacter baumannii. Two other groups of non-fermenting
GNB did not make the list, probably due to their relatively
lower incidence of infection: Stenotrophomonas maltophilia
and Burkholderia cepacia complex (Bcc). Despite their lower
incidence, these two groups of organisms also represent
growing concerns, particularly to vulnerable hospitalized and
immunosuppressed patients. Of particular concern, non-fer-
menting GNB are intrinsically resistant to a wide array of
antibiotics, diminishing available therapies to only a few active

CONTACT Robert A. Bonomo robert.bonomo@va.gov Louis Stokes Cleveland Department of Veterans Affairs Medical Center, 10701 East Blvd., Cleveland,
OH 44106, USA
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Classification d’Ambler des β-lactamases
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Evolution du % d'EPC reçues et du % des principales carbapénèmases parmi les 
souches reçues au CNR entre 2012 et 2019

Données personnelles Laurent DORTET CNR (KB) 9
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EPC : répartition en France  
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Les nouvelles molécules disponibles

• Ceftazidime Avibactam

• Méropénème Vaborbactam

• Imipénème Relebactam

• Cefiderocol

• (Plazomicine)
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Ceftazidime Avibactam
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Ceftazidime Avibactam

• Avibactam = diazabicyclooctane
• Avibactam se lie de manière 

réversible à 
§ β-lactamases de classe A (KPC

carbapénèmases)
§ β-lactamases de classe C
§ Certaines classe C (ie, OXA-48), 
§ Mais pas les MBLs (NDM 

carbapénèmases) 
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Ceftazidime-Avibactam Is Superior to
Other Treatment Regimens against
Carbapenem-Resistant Klebsiella
pneumoniae Bacteremia

Ryan K. Shields,a,c M. Hong Nguyen,a,c Liang Chen,d Ellen G. Press,a

Brian A. Potoski,a,c,e Rachel V. Marini,c Yohei Doi,a,c Barry N. Kreiswirth,d

Cornelius J. Clancya,b,f

Department of Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania, USAa; XDR Pathogen Laboratory,
University of Pittsburgh Medical Center, Pittsburgh, Pennsylvania, USAb; Antibiotic Management Program,
University of Pittsburgh Medical Center, Pittsburgh, Pennsylvania, USAc; Public Health Research Institute
Tuberculosis Center, New Jersey Medical School, Rutgers University, Newark, New Jersey, USAd; Department of
Pharmacy & Therapeutics, University of Pittsburgh, Pittsburgh, Pennsylvania, USAe; VA Pittsburgh Healthcare
System, Pittsburgh, Pennsylvania, USAf

ABSTRACT There are no data comparing outcomes of patients treated with cef-
tazidime-avibactam versus comparators for carbapenem-resistant Enterobacteriaceae
infections. At our center, ceftazidime-avibactam treatment of carbapenem-resistant
Klebsiella pneumoniae bacteremia was associated with higher rates of clinical success
(P ! 0.006) and survival (P ! 0.01) than other regimens. Across treatment groups,
there were no differences in underlying diseases, severity of illness, source of bacte-
remia, or strain characteristics (97% produced K. pneumoniae carbapenemase).
Aminoglycoside- and colistin-containing regimens were associated with increased
rates of nephrotoxicity (P ! 0.002).

KEYWORDS carbapenem-resistant Enterobacteriaceae, Klebsiella pneumoniae
carbapenemase, ceftazidime-avibactam, Klebsiella pneumoniae, bacteremia, clinical
success

Optimal management of carbapenem-resistant Enterobacteriaceae (CRE) infections
is limited by a paucity of effective treatment options. Before 2015, frontline

regimens included combinations of agents with high toxicity rates (aminoglycosides,
colistin), suboptimal pharmacokinetics (aminoglycosides, colistin, tigecycline), and/or
known microbiological resistance (carbapenems). In 2015, the U.S. Food and Drug
Administration (FDA) approved ceftazidime-avibactam (C-A), a novel !-lactam/!-
lactamase inhibitor with in vitro activity against CRE expressing Klebsiella pneumoniae
carbapenemases (KPCs) but not Ambler class B or some class D !-lactamases. Since the
majority of CRE infections in the United States are caused by KPC-producing K.
pneumoniae, C-A may offer a significant improvement over previous treatment regi-
mens. At present, however, there are no data directly comparing the outcomes of
CRE-infected patients treated with C-A versus other regimens.

Shortly after FDA approval, C-A was endorsed at the University of Pittsburgh Medical
Center (UPMC) as the frontline agent against CRE infections. Our objective in this study
was to compare the outcomes of patients with carbapenem-resistant K. pneumoniae
(CR-Kp) bacteremia who received definitive treatment with a regimen containing C-A or
alternative regimens (carbapenem plus aminoglycoside [CB"AG], carbapenem plus
colistin [CB"COL], or others [including monotherapy with AG or COL]).

We conducted a retrospective study of UPMC patients with CR-Kp bacteremia
between January 2009 and February 2017 who received "3 days of treatment. CR-Kp
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AAC 2017

§ Etude rétrospective (2009-2017) 
moncentrique

§ Bactériémie à K. pneumoniae
résistante aux carbapénèmes et ≥ 
3j de traitement

§ Traitement définitif par 
- carbapénème et aminoglycoside

[CB+AG], 
- carbapénème et colistine 

[CB+COL], 
- Autres [comprenant 

monothérapie AG ou COL]). 
§ Succès clinique à J30

Caractéristiques C-A (n=13) CB+AG (n=25) CB+COL (n=30) Autres (n=41) p

Sexe masculin 7 (54%) 16 (64) 18 (60) 21 (51) 0.75 

Âge (médian, range) 66 (32–91) 57 (32–87) 59 (26–84) 62 (25–90) 0.63 

Hépatopathie 0 (0) 9 (36%) 9 (30%) 13 (32%) 0.11 

Insuffisance 
respiratoire 5 (38%) 5 (20%) 8 (27%) 8 (20%) 0.51 

Immunodéprimé 5 (38%) 13 (52%) 14 (47%) 22 (54%) 0.78 

Transplanté organe 
solide 3 (23%) 11 (44%) 9 (30%) 17 (41%) 0.46 

Score de Pitt 4 (1–6) 4 (0–9) 4 (0–9) 4 (0–9) 0.74 

Score APACHE II 20 (16–33) 17 (8–38) 16 (7–36) 19 (4–34) 0.46 

KPC 13 (100%) 24 (96%) 30 (100%) 39 (95%) 0.56 

Bactériémie primitive 3 (23%) 6 (24%) 5 (17%) 14 (34%) 0.41 

Abdominale 2 (15%) 12 (48%) 16 (53%) 20 (49%) ns

Respiratoire 3 (23%) 2 (8%) 6 (20%) 3 (7%) ns

Urinaire 5 (38%) 2 (8ù) 2 (7%) 4 (10%) ns
17
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any other regimen (P ! 0.10 and 0.01, respectively). Survival rates were 87.5% (7/8) and
100% (5/5) among patients receiving C-A alone or in combination with gentamicin,
respectively.

Twenty-two percent (24/109) of the patients required renal replacement therapy at
baseline. Among the remaining patients, 21% (18/85) and 34% (29/85) developed acute
kidney injury (AKI) by 7 days and end of treatment (EOT), respectively (Table 1). At EOT,
AKI rates were 18% (2/11), 44% (8/18), 57% (13/23), and 18% (6/33) for C-A, CB"AG,
CB"COL, and other regimens, respectively. EOT AKI rates were 25% (1/4) and 14% (1/7)
for patients receiving C-A with and without an AG, respectively. Across groups, EOT AKI
rates were significantly higher among patients receiving an AG or COL (42% [28/66])
than among patients not receiving these agents (5% [1/19]; P ! 0.002). AKI rates were
26% (8/31), 55% (16/29), and 80% (4/5) for patients receiving an AG, COL, or both,
respectively. AKI was significantly more common with COL-containing than with AG-
containing regimens at 7 days (38% [11/29] versus 10% [3/31]; P ! 0.01) and EOT (55%
[16/29] versus 26% [8/31]; P ! 0.03).

To our knowledge, this is the first study to compare the clinical outcomes of
CRE-infected patients treated with C-A with those of patients treated with other
regimens. Our most noteworthy finding is that clinical success and survival were
significantly improved for patients with CR-Kp bacteremia who received C-A. These
data build on findings from early observational reports, in which overall clinical
response rates with C-A ranged from 53% to 68% across CRE infection types (6–8).
Among previously reported patients with CRE bacteremia, the composite success rate
was 69% (48/70) (6–9). This figure and our experience compare favorably with those
reported for patients with bacteremia treated with !2 in vitro active agents, where
survival rates ranged from 60% to 82% (3, 10). Compared to AG and COL, C-A
demonstrates more reliable in vitro activity against KPC-producing CRE, exhibits more
favorable PK characteristics, and is well tolerated. Indeed, rates of AKI were significantly
higher among our patients who received AG- or COL-containing regimens (Table 1).
Taken together, the data from this study and others establish that C-A is an important
advance in the treatment of CRE infections.

FIG 1 Rates of 30-day clinical success across treatment regimens. Among patients with carbapenem-resistant
Klebsiella pneumoniae bacteremia, rates of clinical success were significantly higher among patients receiving
ceftazidime-avibactam than among those who received a carbapenem plus aminoglycoside (P ! 0.04) or colistin
(P ! 0.009) or other regimens (P ! 0.004). Other regimens included aminoglycoside (n ! 11), carbapenem (n !
8), colistin (n ! 4), tigecycline (n ! 4), and ciprofloxacin (n ! 2) monotherapy, as well as combination regimens
of colistin plus tigecycline (n ! 3), aminoglycoside plus tigecycline (n ! 2), and 1 each of aminoglycoside plus
cefepime, aminoglycoside plus colistin plus tigecycline, colistin plus aztreonam, colistin plus cefepime, colistin plus
ciprofloxacin, carbapenem plus doxycycline, and carbapenem plus tigecycline.
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Caractéristiques C-A (n=13) CB+AG (n=25) CB+COL (n=30) Autres (n=41) p

Succès clinique 11 (85%) 12 (48%) 12 (40%) 15 (37%) 0.02

Survie J90 12 (92%) 14 (56%) 19 (63%) 20 (49%) 0,04 18

37 EPC dont 31 KPC
Monothérapie CAZ AVI 70%
Succès clinique J30 : 59%
Meilleure tolérance rénale

AAC 2017



Ceftazidime-Avibactam Is Superior to
Other Treatment Regimens against
Carbapenem-Resistant Klebsiella
pneumoniae Bacteremia

Ryan K. Shields,a,c M. Hong Nguyen,a,c Liang Chen,d Ellen G. Press,a
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Tuberculosis Center, New Jersey Medical School, Rutgers University, Newark, New Jersey, USAd; Department of
Pharmacy & Therapeutics, University of Pittsburgh, Pittsburgh, Pennsylvania, USAe; VA Pittsburgh Healthcare
System, Pittsburgh, Pennsylvania, USAf

ABSTRACT There are no data comparing outcomes of patients treated with cef-
tazidime-avibactam versus comparators for carbapenem-resistant Enterobacteriaceae
infections. At our center, ceftazidime-avibactam treatment of carbapenem-resistant
Klebsiella pneumoniae bacteremia was associated with higher rates of clinical success
(P ! 0.006) and survival (P ! 0.01) than other regimens. Across treatment groups,
there were no differences in underlying diseases, severity of illness, source of bacte-
remia, or strain characteristics (97% produced K. pneumoniae carbapenemase).
Aminoglycoside- and colistin-containing regimens were associated with increased
rates of nephrotoxicity (P ! 0.002).

KEYWORDS carbapenem-resistant Enterobacteriaceae, Klebsiella pneumoniae
carbapenemase, ceftazidime-avibactam, Klebsiella pneumoniae, bacteremia, clinical
success

Optimal management of carbapenem-resistant Enterobacteriaceae (CRE) infections
is limited by a paucity of effective treatment options. Before 2015, frontline

regimens included combinations of agents with high toxicity rates (aminoglycosides,
colistin), suboptimal pharmacokinetics (aminoglycosides, colistin, tigecycline), and/or
known microbiological resistance (carbapenems). In 2015, the U.S. Food and Drug
Administration (FDA) approved ceftazidime-avibactam (C-A), a novel !-lactam/!-
lactamase inhibitor with in vitro activity against CRE expressing Klebsiella pneumoniae
carbapenemases (KPCs) but not Ambler class B or some class D !-lactamases. Since the
majority of CRE infections in the United States are caused by KPC-producing K.
pneumoniae, C-A may offer a significant improvement over previous treatment regi-
mens. At present, however, there are no data directly comparing the outcomes of
CRE-infected patients treated with C-A versus other regimens.

Shortly after FDA approval, C-A was endorsed at the University of Pittsburgh Medical
Center (UPMC) as the frontline agent against CRE infections. Our objective in this study
was to compare the outcomes of patients with carbapenem-resistant K. pneumoniae
(CR-Kp) bacteremia who received definitive treatment with a regimen containing C-A or
alternative regimens (carbapenem plus aminoglycoside [CB"AG], carbapenem plus
colistin [CB"COL], or others [including monotherapy with AG or COL]).

We conducted a retrospective study of UPMC patients with CR-Kp bacteremia
between January 2009 and February 2017 who received "3 days of treatment. CR-Kp
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Facteurs (succès) Guérison 
(n=50)

Echec 
(n=59) P OR (IC 95%)

Néoplasie (n,%) 7 (14) 17 (29) 0,1 _
Bactériémie primitive (n,%) 19 (38) 9 (15) 0,006 4,5 (1,53-13,12)

Dialyse (n,%) 6 (12) 18 (31) 0,2 _
Score de Pitt (mediane-range) 3 (0-9) 5 (0-9) O,15 _
APACHE II (mediane-range) 17 (7-38) 21 (4-36) exclus _

Réanimation (n,%) 21 (42) 35 (59) 0,24 _
Multi thérapie (≥2 ATB) (n,%) 21 (42) 11 (19) exclus _

TTT par C-A (n,%) 11 (22) 2 (3) 0,01 8,64 (1,61-46,39)

19
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Résistance et CAZ AVI

• Emergence de Résistance chez Kl. pn KPC : 
jusqu’à 10% (mutation gène bla KPC)

• FDR : hémodialyse, posologies insuffisantes 
• Variants hydrolysés par les carbapénèmes >> 

souches sensibles aux carbapénèmes
• Signification clinique inconnue !?! 

20
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HAS - Direction de l'Evaluation Médicale, Economique et de Santé Publique 1/38 
Avis définitif modifié le 20/02/2020 

 

COMMISSION DE LA TRANSPARENCE 
AVIS 

22 JANVIER 2020 
 
 

méropénème/vaborbactam  
VABOREM, 1 g/1 g poudre pour solution à diluer pour perfusion  

 
Première évaluation 

 
 

� L’essentiel  

AYLV IaYRUabOe aX UePbRXUVePeQW daQV OeV LQdLcaWLRQV de O¶AMM uniquement en dernier recours pour 
le traitement des patients atteints d¶LQIecWLRQV j eQWpURbacWpULeV VeQVLbOeV j O¶aVVRcLaWLRQ 
méropénème/vaborbactam et pour lesquels le recours aux autres bêta-lactamines et aux 
carbapénèmes (méropénème ou imipénème-cLOaVWaWLQe) Q¶eVt pas envisageable en cas de résistance, 
notamment par production de carbapénémases de type KPC. 

Avis défavorable au remboursement dans les autres situations cliniques. 

 
� Quel progrès ? 

Un progrès thérapeutique modéré dans la prise en charge des infections à entérobactéries sensibles 
j O¶aVVRcLaWLRQ PpURSpQqPe/YabRrbactam et pour lesquelles le recours aux autres bêta-lactamines et 
aux carbapénèmes (méropénème ou imipénème-cLOaVWaWLQe) Q¶eVW SaV eQYLVaJeabOe eQ caV de 
résistance. 

 
� Quelle place dans la stratégie thérapeutique ? 

La HAS a SXbOLp eQ MXLQ 2019 deV UecRPPaQdaWLRQV VXU O¶aQWLbLRWKpUaSLe deV LQIecWLRQV j 
entérobactéries et Pseudomonas aeruginosa cKe] O¶adXOWe SUpcLVaQW Oa SOace deV caUbaSpQqPeV eW de 
leurs alternatives. 

ȕ-lactamines - InhibiWeXUV de ȕ-lactamase 
Secteur : Hôpital 

22

• La Commission considère que ZAVICEFTA (ceftazidime/avibactam) apporte une
amélioration du service médical rendu modérée (ASMR III) dans la prise en charge des
infections à entérobactéries sensibles à la ceftazidime/avibactam et pour lesquels le
recours aux autres bêta-lactamines et aux carbapénèmes (méropénème ou
imipénème/cilastatine) n’est pas envisageable en cas de résistance.

• Activité in vitro sur Pseudomonas aeruginosa et sur les entérobactéries sécrétrices de 
bêta-lactamases à spectre étendu (EBLSE), notamment de KPC et OXA-48



Méropénème Vaborbactam

23



Meropénème Vaborbactam
• Vaborbactam : nouvel inhibiteur de β-

lactamase >> acide boronique
• Inhibe de manière réversible et compétitive

§ Classe A Ambler (KPC)  
§ Classe C 

• Pas d’action sur
§ Classe B (MBL) 
§ Classe D (OXA 48)

• N’augmente pas efficacité Mero sur souche
Pyo Mero R 

• PK/PD similaire méropénème et vaborbactam

Jorgensen SCJ. Pharmacotherapy 2018; 38:444–61

24

• Disponibilité en France: Juillet 2020
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Effect and Safety of Meropenem–Vaborbactam
versus Best-Available Therapy in Patients
with Carbapenem-Resistant Enterobacteriaceae
Infections: The TANGO II Randomized Clinical Trial

Richard G. Wunderink . Evangelos J. Giamarellos-Bourboulis . Galia Rahav . Amy J. Mathers .
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ABSTRACT

Introduction: Treatment options for car-
bapenem-resistant Enterobacteriaceae (CRE) in-
fections are limited and CRE infections remain

associated with high clinical failure and mor-
tality rates, particularly in vulnerable patient
populations. A Phase 3, multinational, open-
label, randomized controlled trial (TANGO II)
was conducted from 2014 to 2017 to evaluate
the efficacy/safety of meropenem–vaborbactam
monotherapy versus best available therapy
(BAT) for CRE.
Methods: A total of 77 patients with con-
firmed/suspected CRE infection (bacteremia,
hospital-acquired/ventilator-associated bacte-
rial pneumonia, complicated intra-abdominal
infection, complicated urinary tract infection/

Enhanced digital features To view enhanced digital
features for this article go to https://doi.org/10.6084/
m9.figshare.7083281.

Electronic supplementary material The online
version of this article (https://doi.org/10.1007/s40121-
018-0214-1) contains supplementary material, which is
available to authorized users.
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Department I of Internal Medicine, University
Hospital of Cologne, Cologne, Germany

J. Solomkin
Department of Surgery, University of Cincinnati
College of Medicine, Cincinnati, OH, USA

Infect Dis Ther (2018) 7:439–455
https://doi.org/10.1007/s40121-018-0214-1

§ TANGOII : Essai randomisé ouvert (2014-2017) (2:1)
§ Monothérapie Meropénème Vaborbactam vs meilleur 

traitement possible pour EPC
§ Différents type d’infections
§ 47 EPC confirmés = population MITT
§ Guérison clinique 
§ Mortalité J28

Caractéristiques M-V (n=32) BAT (n=15)

Âge (médian, SD) 63.5 (14.1) 60.2 (13.0) 

Sexe féminin 18 (56.3%) 5 (33.3%) 

Point de départ

Bactériémie primitive 14 (43.8%) 8 (53.3%) 

Infections urinaires 12 (37.5%) 4 (26.7%) 

Infections respiratoires 4 (12.5%) 1 (6.7%)

Infections abdominales 2 (6.3%) 2 (13.3%) 

Microbiologie

Kl. pn 29 (90.6%) 12 (80.0%) 

E. coli 3 (9.4%) 1 (6.7%) 

E. cloacae 1 (3.1%) 2 (13.3%) 

Proteus mirabilis 0 2 (13.3%) 

Serratia mascescens 1 (3.1%) 1 (6.7%) 

Terrain/gravité

Charlson ≥ 6 14 (43.8%) 11 (73.3%) 

SIRS 15 (46.9%) 6 (40.0%) 

Réanimation 5 (15.6%) 3 (20.0%) 

Immunodéprimés 11 (34.4%) 8 (53.3%) Wunderink RG et al. Infect Dis Ther 2018;7:439–455
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Critères (Population mERC-MITT) VABOREM, N 
(%)(N=32)

MAD, N (%)
(N=15)

Différence* 
(95 % IC) p Différence

relative†

Critères d’efficacité
Guérison clinique à la fin du ttt IV 21 (65,6) 5 (33,3) 32,3 (3,3 to 61,3) 0,03 97,0

Guérison clinique à J7±2 après le traitement IV 19 (59,4) 4 (26,7) 32,7 (4,6 to 60,8) 0,02 122,5

Guérison microbiologique‡ à la fin du ttt IV 21 (65,6) 6 (40,0) 25,6 (–4,1 to 55,4) 0,09 64,0

Guérison microbiologique‡ à J7±2 après le ttt IV 17 (53,1) 5 (33,3) 19,8 (–9,7 to 49,3) 0,19 59,5

Mortalité à J28 5 (15,6) 5 (33,3) –17,7 (–44,7 to 9,3) 0,20 –53,2

Analyse exploratoire du profil bénéfices-risques de VABOREM Vs la meilleure antibiothérapie disponible (MAD)
Mortalité toutes causes à J28 et néphrotoxicité§ 8 (25,0) 6 (40,0) –15,0 (–44,0 to 14,0) 0,31 –37,5

Echec clinique et néphrotoxicité¶ 10 (31,3) 12 (80,0) –48,7 (–74,6 to –22,9) <0,001 –60,9
Mortalité toutes causes à J28 et EIs** 6 (18,8) 9 (60,0) –41,2 (–69,5 to –13,0) 0,004 –68,7
Echec clinique ou EIs renal †† 9 (28,1) 12 (80,0) –51,9 (–77,4 to –26,3) <0,001 –64,9

Etude TANGO-II : critères d’efficacité

27



§ Etude rétrospective multicentrique 
(février 2015-octobre 2018) 

§ Infections à EPC recevant Ceftazidime
Avibactam ou Méropénème 
Vaborbactam ≥ 72 h

§ Exclusion des patients avec IU 
localisée et exposition antibiotique 
répétée ultérieure

§ Succès clinique
Mortalité J30 et J90, récidive émergence 
de résistance, EIG

Meropenem-Vaborbactam versus Ceftazidime-Avibactam for
Treatment of Carbapenem-Resistant Enterobacteriaceae
Infections

Renee Ackley,a Danya Roshdy,a Jacqueline Meredith,a Sarah Minor,b William E. Anderson,c Gerald A. Capraro,d

Christopher Polke
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ABSTRACT The comparative efficacy of ceftazidime-avibactam and meropenem-
vaborbactam for treatment of carbapenem-resistant Enterobacteriaceae (CRE) in-
fections remains unknown. This was a multicenter, retrospective cohort study of
adults with CRE infections who received ceftazidime-avibactam or meropenem-
vaborbactam for !72 hours from February 2015 to October 2018. Patients with a
localized urinary tract infection and repeat study drug exposures after the first
episode were excluded. The primary endpoint was clinical success compared be-
tween treatment groups. Secondary endpoints included 30- and 90-day mortal-
ity, adverse events (AE), 90-day CRE infection recurrence, and development of re-
sistance in patients with recurrent infection. A post hoc subgroup analysis was
completed comparing patients who received ceftazidime-avibactam monotherapy,
ceftazidime-avibactam combination therapy, and meropenem-vaborbactam mono-
therapy. A total of 131 patients were included (ceftazidime-avibactam, n ! 105;
meropenem-vaborbactam, n ! 26), 40% of whom had bacteremia. No significant dif-
ference in clinical success was observed between groups (62% versus 69%; P ! 0.49).
Patients in the ceftazidime-avibactam arm received combination therapy more often
than patients in the meropenem-vaborbactam arm (61% versus 15%; P " 0.01). No
difference in 30- and 90-day mortality resulted, and rates of AE were similar be-
tween groups. In patients with recurrent infection, development of resistance oc-
curred in three patients that received ceftazidime-avibactam monotherapy and in no
patients in the meropenem-vaborbactam arm. Clinical success was similar between
patients receiving ceftazidime-avibactam and meropenem-vaborbactam for treat-
ment of CRE infections, despite ceftazidime-avibactam being used more often as
a combination therapy. Development of resistance was more common with
ceftazidime-avibactam monotherapy.

KEYWORDS carbapenem-resistant Enterobacteriaceae, meropenem-vaborbactam,
ceftazidime-avibactam, Gram-negative resistance

According to the most recent report from the Centers for Disease Control and
Prevention (CDC), carbapenem-resistant Enterobacteriaceae (CRE) infections repre-

sent an urgent threat with an estimated 13,100 infections annually nationwide and
associated mortality rates of up to 50% (1, 2). Of particular concern in the United States
is Klebsiella pneumoniae carbapenemase (KPC)-producing CRE (3). Prior to 2015, man-
agement of CRE infections often required use of a combination of antibiotics with

Citation 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.
Antimicrob Agents Chemother 64:e02313-19.
https://doi.org/10.1128/AAC.02313-19.

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Renee Ackley,
renee.ackley@atriumhealth.org.

Received 19 November 2019
Returned for modification 9 December 2019
Accepted 13 February 2020

Accepted manuscript posted online 24
February 2020
Published

CLINICAL THERAPEUTICS

crossm

May 2020 Volume 64 Issue 5 e02313-19 aac.asm.org 1Antimicrobial Agents and Chemotherapy

21 April 2020

 on August 31, 2020 at IN
STITU

T PASTEU
R

-Bibliotheque
http://aac.asm

.org/
D

ow
nloaded from

 

C-A (n=105) MEV (n=26) P value
Sexe masculin 58 (55,2) 12 (46,2) NS
Âge médian (IQR) 62,0 (51-79) 57,5 (50,0-70,0) NS

Immunodéprimés 12 (11,4) 4 (15,4) NS

APACHE II 26,0 (22,0-30,0) 27 (24-34) NS

Bactériémie primitive 7 (6,7) 1 (3,8) NS

Infection urinaire 13 (35,2) 1 (12,5) NS

Infection abdominale 6 (16,2) 3 (37,5) NS

Infection respiratoire 7 (18,9) 2 (25,0) NS

EPC responsable NS

Kl. pn spp. 76 (72,4) 15 (57,7) NS

E. coli 9 (8,6) 3 (11,5) NS

Enterobacter spp 20 (19,1) 8 (30,8) NS

Citrobacter spp 2 (1,9) 2 (7,7) NS

Guérison clinique 26 (63,4) 39 (60,9) NS
Mortalité J90 9 (22) 20 (31,2) NS

28AAC 2020



CMI initiale
(mg/l)

CMI récidive
(mg/l)

Emergence de 
résistance

Durée de 
traitement C-A 

(jours)

Point de départ Dialyse

0,25 0,75 Non 10,6 abdominal Non
0,75 1,5 Non 7,6 respiratoire Non
0,75 12 Oui 10,3 respiratoire Oui

4 12 Oui 13,2 respiratoire Oui
2 32 Oui 4,4 respiratoire Oui

Meropenem-Vaborbactam versus Ceftazidime-Avibactam for
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ABSTRACT The comparative efficacy of ceftazidime-avibactam and meropenem-
vaborbactam for treatment of carbapenem-resistant Enterobacteriaceae (CRE) in-
fections remains unknown. This was a multicenter, retrospective cohort study of
adults with CRE infections who received ceftazidime-avibactam or meropenem-
vaborbactam for !72 hours from February 2015 to October 2018. Patients with a
localized urinary tract infection and repeat study drug exposures after the first
episode were excluded. The primary endpoint was clinical success compared be-
tween treatment groups. Secondary endpoints included 30- and 90-day mortal-
ity, adverse events (AE), 90-day CRE infection recurrence, and development of re-
sistance in patients with recurrent infection. A post hoc subgroup analysis was
completed comparing patients who received ceftazidime-avibactam monotherapy,
ceftazidime-avibactam combination therapy, and meropenem-vaborbactam mono-
therapy. A total of 131 patients were included (ceftazidime-avibactam, n ! 105;
meropenem-vaborbactam, n ! 26), 40% of whom had bacteremia. No significant dif-
ference in clinical success was observed between groups (62% versus 69%; P ! 0.49).
Patients in the ceftazidime-avibactam arm received combination therapy more often
than patients in the meropenem-vaborbactam arm (61% versus 15%; P " 0.01). No
difference in 30- and 90-day mortality resulted, and rates of AE were similar be-
tween groups. In patients with recurrent infection, development of resistance oc-
curred in three patients that received ceftazidime-avibactam monotherapy and in no
patients in the meropenem-vaborbactam arm. Clinical success was similar between
patients receiving ceftazidime-avibactam and meropenem-vaborbactam for treat-
ment of CRE infections, despite ceftazidime-avibactam being used more often as
a combination therapy. Development of resistance was more common with
ceftazidime-avibactam monotherapy.

KEYWORDS carbapenem-resistant Enterobacteriaceae, meropenem-vaborbactam,
ceftazidime-avibactam, Gram-negative resistance

According to the most recent report from the Centers for Disease Control and
Prevention (CDC), carbapenem-resistant Enterobacteriaceae (CRE) infections repre-

sent an urgent threat with an estimated 13,100 infections annually nationwide and
associated mortality rates of up to 50% (1, 2). Of particular concern in the United States
is Klebsiella pneumoniae carbapenemase (KPC)-producing CRE (3). Prior to 2015, man-
agement of CRE infections often required use of a combination of antibiotics with
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• VABOREM (méropénème/vaborbactam) est un traitement de dernier recours réservé aux
patients atteints d’infections a ̀ entérobactéries sensibles au méropénème/vaborbactam et pour
lesquels le recours aux carbapénèmes n’est pas envisageable en cas de résistance,
notamment avec un mécanisme de résistance de type KPC.

• la Commission considère que VABOREM apporte une amélioration du service médical rendu
modérée (ASMR III) dans la prise en charge des infections à entérobactéries sensibles à
l’association méropénème/vaborbactam et pour lesquels le recours aux autres be ̂ta-
lactamines et aux carbapénèmes (méropénème ou imipénème-cilastatine) n’est pas
envisageable en cas de résistance.HAS - Direction de l'Evaluation Médicale, Economique et de Santé Publique 1/38 

Avis définitif modifié le 20/02/2020 

 

COMMISSION DE LA TRANSPARENCE 
AVIS 

22 JANVIER 2020 
 
 

méropénème/vaborbactam  
VABOREM, 1 g/1 g poudre pour solution à diluer pour perfusion  

 
Première évaluation 

 
 

� L’essentiel  

AYLV IaYRUabOe aX UePbRXUVePeQW daQV OeV LQdLcaWLRQV de O¶AMM uniquement en dernier recours pour 
le traitement des patients atteints d¶LQIecWLRQV j eQWpURbacWpULeV VeQVLbOeV j O¶aVVRcLaWLRQ 
méropénème/vaborbactam et pour lesquels le recours aux autres bêta-lactamines et aux 
carbapénèmes (méropénème ou imipénème-cLOaVWaWLQe) Q¶eVt pas envisageable en cas de résistance, 
notamment par production de carbapénémases de type KPC. 

Avis défavorable au remboursement dans les autres situations cliniques. 

 
� Quel progrès ? 

Un progrès thérapeutique modéré dans la prise en charge des infections à entérobactéries sensibles 
j O¶aVVRcLaWLRQ PpURSpQqPe/YabRrbactam et pour lesquelles le recours aux autres bêta-lactamines et 
aux carbapénèmes (méropénème ou imipénème-cLOaVWaWLQe) Q¶eVW SaV eQYLVaJeabOe eQ caV de 
résistance. 

 
� Quelle place dans la stratégie thérapeutique ? 

La HAS a SXbOLp eQ MXLQ 2019 deV UecRPPaQdaWLRQV VXU O¶aQWLbLRWKpUaSLe deV LQIecWLRQV j 
entérobactéries et Pseudomonas aeruginosa cKe] O¶adXOWe SUpcLVaQW Oa SOace deV caUbaSpQqPeV eW de 
leurs alternatives. 

ȕ-lactamines - InhibiWeXUV de ȕ-lactamase 
Secteur : Hôpital 
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Relebactam
• Nouvel inhibiteur de β-lactamase: diazabicyclooctane

• Liaison reversible : peuvent se fixer sur d’autres sites

• Actif vis à vis de KPC (classe A) et BLSE 

• Inactif vis à vis des MBLs (classe B)

• Moins actif vis à vis des OXA-48 (classe D)

• Si Pyo IMI R >> possibilité de restaurer S

Hecker et al. J Med Chem 2015
Lob SH et al. JAC 2019 33
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RESTORE-IMI 1: A Multicenter, Randomized, Double-
blind Trial Comparing E!cacy and Safety of Imipenem/
Relebactam vs Colistin Plus Imipenem in Patients With 
Imipenem-nonsusceptible Bacterial Infections
Johann Motsch,1 Cláudia Murta De Oliveira,2 Viktor Stus,3 Iftihar Köksal,4 Olexiy Lyulko,5 Helen W. Boucher,6 Keith S. Kaye,7 Thomas M. File Jr,8 Michelle 
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Medicine, Trabzon, Turkey; 5Department of Urology, Zaporozhye State Medical University, Zaporozhye, Ukraine; 6Tufts Medical Center, Boston, Massachusetts; 7University of Michigan, Ann Arbor 
Michigan; 8Summa Health, Akron, Ohio; and 9Merck & Co., Inc., Kenilworth, New Jersey 

Background. "e β-lactamase inhibitor relebactam can restore imipenem activity against imipenem-nonsusceptible gram-neg-
ative pathogens. We evaluated imipenem/relebactam for treating imipenem-nonsusceptible infections.

Methods. Randomized, controlled, double-blind, phase 3 trial. Hospitalized patients with hospital-acquired/ventilator-
associated pneumonia, complicated intraabdominal infection, or complicated urinary tract infection caused by imipenem-
nonsusceptible (but colistin- and imipenem/relebactam-susceptible) pathogens were randomized 2:1 to 5–21 days imipenem/
relebactam or colistin+imipenem. Primary endpoint: favorable overall response (de$ned by relevant endpoints for each infection 
type) in the modi$ed microbiologic intent-to-treat (mMITT) population (qualifying baseline pathogen and ≥1 dose study treat-
ment). Secondary endpoints: clinical response, all-cause mortality, and treatment-emergent nephrotoxicity. Safety analyses included 
patients with ≥1 dose study treatment. 

Results. "irty-one patients received imipenem/relebactam and 16 colistin+imipenem. Among mITT patients (n = 21 
imipenem/relebactam, n = 10 colistin+imipenem), 29% had Acute Physiology and Chronic Health Evaluation II scores >15, 23% 
had creatinine clearance <60 mL/min, and 35% were aged ≥65 years. Qualifying baseline pathogens: Pseudomonas aeruginosa (77%), 
Klebsiella spp. (16%), other Enterobacteriaceae (6%). Favorable overall response was observed in 71% imipenem/relebactam and 
70% colistin+imipenem patients (90% con$dence interval [CI] for di%erence, –27.5, 21.4), day 28 favorable clinical response in 71% 
and 40% (90% CI, 1.3, 51.5), and 28-day mortality in 10% and 30% (90% CI, –46.4, 6.7), respectively. Serious adverse events (AEs) 
occurred in 10% of imipenem/relebactam and 31% of colistin+imipenem patients, drug-related AEs in 16% and 31% (no drug-
related deaths), and treatment-emergent nephrotoxicity in 10% and 56% (P = .002), respectively.

Conclusions. Imipenem/relebactam is an e!cacious and well-tolerated treatment option for carbapenem-nonsusceptible 
infections.

Clinical Trials Registration. NCT02452047.
Keywords.  carbapenem resistant; KPC; nosocomial pneumonia; cIAI; cUTI.

Multidrug-resistant (MDR) gram-negative pathogens are en-
demic worldwide [1] and cause infections associated with high 
mortality and morbidity [1–4]. In patients at high risk for poor 

treatment outcomes (eg, immunocompromised or critically ill), 
appropriate antibacterial therapy must be initiated promptly 
to improve survival [5]. Carbapenems are a treatment main-
stay in high-risk patients, and carbapenem-resistant pathogens 
are among the highest-level bacterial threats [2, 4]. To over-
come resistance, carbapenems can be combined with suitable 
β-lactamase inhibitors (BLIs).

Relebactam is a novel non–β-lactam, small-molecule BLI 
that inhibits class A carbapenemases (eg, Klebsiella pneumoniae 
carbapenemase [KPC]) and class C cephalosporinases (eg, 
AmpC) [6], 2 β-lactamases that are frequently involved 
in carbapenem nonsusceptibility. Relebactam is suitable 
for combination with the well-established carbapenem 
imipenem/cilastatin (IMI): inhibiting AmpC frequently 

§ RCT (2:1) double aveugle
§ PAVM, IIA, IU
§ Bactérie résistante à IMI
Sensible IMI/relebactam et Colistine
§ 5–21 j imipénème/relebactam vs  

colistine+imipénème

IMI/REL (n=21) Coli+IMI (n=10)
Sexe masculin 13 (61,9%) 7 (70%)
Âge (médiane range) 59 (19-75) 61 (49-80)

APACHE > 15 7 (33,3) 2 (20)
PAVM 8 (38,1) 3 (30)
IU 11 (52,4) 5 (50)
IA 2(9,5) 2 (20)
Bactériémie 16 (76,2) 10 (100)
Bactéries responsables

Citrobacter freundi 1 (4,8) 0
Enterobacter cloacae 1 (4,8) 0

Klebsiella oxytoca 0 1 (10%)
Klebsiella pneumoniae 3 (14,5%) 1 (10%)

Pseudomonas aeruginosa 16 (76,2%) 8 (80%)

KPC 4 (19,0) 1 (10%) 39
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Background. "e β-lactamase inhibitor relebactam can restore imipenem activity against imipenem-nonsusceptible gram-neg-
ative pathogens. We evaluated imipenem/relebactam for treating imipenem-nonsusceptible infections.

Methods. Randomized, controlled, double-blind, phase 3 trial. Hospitalized patients with hospital-acquired/ventilator-
associated pneumonia, complicated intraabdominal infection, or complicated urinary tract infection caused by imipenem-
nonsusceptible (but colistin- and imipenem/relebactam-susceptible) pathogens were randomized 2:1 to 5–21 days imipenem/
relebactam or colistin+imipenem. Primary endpoint: favorable overall response (de$ned by relevant endpoints for each infection 
type) in the modi$ed microbiologic intent-to-treat (mMITT) population (qualifying baseline pathogen and ≥1 dose study treat-
ment). Secondary endpoints: clinical response, all-cause mortality, and treatment-emergent nephrotoxicity. Safety analyses included 
patients with ≥1 dose study treatment. 

Results. "irty-one patients received imipenem/relebactam and 16 colistin+imipenem. Among mITT patients (n = 21 
imipenem/relebactam, n = 10 colistin+imipenem), 29% had Acute Physiology and Chronic Health Evaluation II scores >15, 23% 
had creatinine clearance <60 mL/min, and 35% were aged ≥65 years. Qualifying baseline pathogens: Pseudomonas aeruginosa (77%), 
Klebsiella spp. (16%), other Enterobacteriaceae (6%). Favorable overall response was observed in 71% imipenem/relebactam and 
70% colistin+imipenem patients (90% con$dence interval [CI] for di%erence, –27.5, 21.4), day 28 favorable clinical response in 71% 
and 40% (90% CI, 1.3, 51.5), and 28-day mortality in 10% and 30% (90% CI, –46.4, 6.7), respectively. Serious adverse events (AEs) 
occurred in 10% of imipenem/relebactam and 31% of colistin+imipenem patients, drug-related AEs in 16% and 31% (no drug-
related deaths), and treatment-emergent nephrotoxicity in 10% and 56% (P = .002), respectively.

Conclusions. Imipenem/relebactam is an e!cacious and well-tolerated treatment option for carbapenem-nonsusceptible 
infections.

Clinical Trials Registration. NCT02452047.
Keywords.  carbapenem resistant; KPC; nosocomial pneumonia; cIAI; cUTI.

Multidrug-resistant (MDR) gram-negative pathogens are en-
demic worldwide [1] and cause infections associated with high 
mortality and morbidity [1–4]. In patients at high risk for poor 

treatment outcomes (eg, immunocompromised or critically ill), 
appropriate antibacterial therapy must be initiated promptly 
to improve survival [5]. Carbapenems are a treatment main-
stay in high-risk patients, and carbapenem-resistant pathogens 
are among the highest-level bacterial threats [2, 4]. To over-
come resistance, carbapenems can be combined with suitable 
β-lactamase inhibitors (BLIs).

Relebactam is a novel non–β-lactam, small-molecule BLI 
that inhibits class A carbapenemases (eg, Klebsiella pneumoniae 
carbapenemase [KPC]) and class C cephalosporinases (eg, 
AmpC) [6], 2 β-lactamases that are frequently involved 
in carbapenem nonsusceptibility. Relebactam is suitable 
for combination with the well-established carbapenem 
imipenem/cilastatin (IMI): inhibiting AmpC frequently 

IMI/REL Coli+IMI Différence (ajustée)
IC90%

Réponse favorable 
globale 71,4% 70,0% -74 (-275;21,4)

PVM 87,5% 66,7% 20,8
IIA 0 0
IUc 72,7% 100%

Réponse clinique à J28 71,4% 40,0% 26,3 (1,3; 51,5)

Mortalité toute cause J28 9,5% 30,0%

Néphrotoxicité 10,3% 56,3%
40
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Cefiderocol

• Une céphalosporine type 
sidérophore

• « Cheval de Troie » 
• Se lie au fer ferrique 

transporté dans les cellules 
bactériennes, 

• Active contre toutes les EPC
48
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Articles

Efficacy and safety of cefiderocol 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
Matteo Bassetti, Roger Echols, Yuko Matsunaga, Mari Ariyasu, Yohei Doi, Ricard Ferrer, Thomas P Lodise, Thierry Naas, Yoshihito Niki, 
David L Paterson, Simon Portsmouth, Julian Torre-Cisneros, Kiichiro Toyoizumi, Richard G Wunderink, Tsutae D Nagata

Summary
Background New antibiotics are needed for the treatment of patients with life-threatening carbapenem-resistant 
Gram-negative infections. We assessed the efficacy and safety of cefiderocol versus best available therapy in adults 
with serious carbapenem-resistant Gram-negative infections.

Methods We did a randomised, open-label, multicentre, parallel-group, pathogen-focused, descriptive, phase 3 study 
in 95 hospitals in 16 countries in North America, South America, Europe, and Asia. We enrolled patients aged 18 years 
or older admitted to hospital with nosocomial pneumonia, bloodstream infections or sepsis, or complicated urinary 
tract infections (UTI), and evidence of a carbapenem-resistant Gram-negative pathogen. Participants were randomly 
assigned (2:1 by interactive web or voice response system) to receive either a 3-h intravenous infusion of cefiderocol 
2 g every 8 h or best available therapy (pre-specified by the investigator before randomisation and comprised of a 
maximum of three drugs) for 7–14 days. For patients with pneumonia or bloodstream infection or sepsis, cefiderocol 
treatment could be combined with one adjunctive antibiotic (excluding polymyxins, cephalosporins, and 
carbapenems). The primary endpoint for patients with nosocomial pneumonia or bloodstream infection or sepsis 
was clinical cure at test of cure (7 days [plus or minus 2] after the end of treatment) in the carbapenem-resistant 
microbiological intention-to-treat population (ITT; ie, patients with a confirmed carbapenem-resistant Gram-negative 
pathogen receiving at least one dose of study drug). For patients with complicated UTI, the primary endpoint was 
microbiological eradication at test of cure in the carbapenem-resistant microbiological ITT population. Safety was 
evaluated in the safety population, consisting of all patients who received at least one dose of study drug. Mortality 
was reported through to the end of study visit (28 days [plus or minus 3] after the end of treatment). Summary 
statistics, including within-arm 95% CIs calculated using the Clopper-Pearson method, were collected for the primary 
and safety endpoints. This trial is registered with ClinicalTrials.gov (NCT02714595) and EudraCT (2015-004703-23).

Findings Between Sept 7, 2016, and April 22, 2019, we randomly assigned 152 patients to treatment, 101 to cefiderocol, 
51 to best available therapy. 150 patients received treatment: 101 cefiderocol (85 [85%] received monotherapy) and 
49 best available therapy (30 [61%] received combination therapy). In 118 patients in the carbapenem-resistant 
microbiological ITT population, the most frequent carbapenem-resistant pathogens were Acinetobacter baumannii (in 
54 patients [46%]), Klebsiella pneumoniae (in 39 patients [33%]), and Pseudomonas aeruginosa (in 22 patients [19%]). In 
the same population, for patients with nosocomial pneumonia, clinical cure was achieved by 20 (50%, 95% CI 
33·8–66·2) of 40 patients in the cefiderocol group and ten (53%, 28·9–75·6) of 19 patients in the best available 
therapy group; for patients with bloodstream infection or sepsis, clinical cure was achieved by ten (43%, 23·2–65·5) 
of 23 patients in the cefiderocol group and six (43%, 17·7–71·1) of 14 patients in the best available therapy group. For 
patients with complicated UTIs, microbiological eradication was achieved by nine (53%, 27·8–77·0) of 17 patients in 
the cefiderocol group and one (20%, 0·5–71·6) of five patients in the best available therapy group. In the safety 
population, treatment-emergent adverse events were noted for 91% (92 patients of 101) of the cefiderocol group and 
96% (47 patients of 49) of the best available therapy group. 34 (34%) of 101 patients receiving cefiderocol and 
nine (18%) of 49 patients receiving best available therapy died by the end of the study; one of these deaths (in the best 
available therapy group) was considered to be related to the study drug.

Interpretation Cefiderocol had similar clinical and microbiological efficacy to best available therapy in this 
heterogeneous patient population with infections caused by carbapenem-resistant Gram-negative bacteria. 
Numerically more deaths occurred in the cefiderocol group, primarily in the patient subset with Acinetobacter spp 
infections. Collectively, the findings from this study support cefiderocol as an option for the treatment of carbapenem-
resistant infections in patients with limited treatment options.
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lable therapy) had at least one carbapenem-
resistant pathogen at baseline and comprised the 
carbapenem-resistant micro biological ITT population 
(figure, table 2; appendix pp 13–14). A baumannii, 

Klebsiella pneumoniae, and P aeruginosa were the most 
frequent carbapenem-resistant pathogens in both treat-
ment groups (A baumannii in 54 patients [46%], 
K pneumoniae in 39 patients [33%], and P aeruginosa in 

Cefiderocol 
(n=101)

Best available 
therapy (n=49)

Sex

Male 66 (65%) 35 (71%)

Female 35 (35%) 14 (29%)

Age (years)

Mean (SD) 63·1 (19·0) 63·0 (16·7)

Median (range; IQR) 69 (19–92; 52–77) 62 (19–92; 51–76)

<65 37 (37%) 27 (55%)

≥65 64 (63%) 22 (45%)

<75 72 (71%) 35 (71%)

≥75 29 (29%) 14 (29%)

BMI (kg/m²)* 25·0 (12·0–52·4; 
21·3–27·8)

23·5 (14·3–48·9; 
20·3–29·2)

Region

Europe 57 (56%) 28 (57%)

Asia-Pacific 29 (29%) 14 (29%)

North America 6 (6%) 3 (6%)

South America 9 (9%) 4 (8%)

Race

White 63 (62%) 32 (65%)

Asian 29 (29%) 14 (29%)

Black or African American 0 0

Other 9 (9%) 3 (6%)

Clinical diagnosis

Nosocomial pneumonia 45 (45%) 22 (45%)

HAP 20 (20%) 7 (14%)

VAP 24 (24%) 13 (27%)

HCAP 1 (1%) 2 (4%)

Bloodstream infections or 
sepsis†

30 (30%) 17 (35%)

Bloodstream infection 22 (22%) 9 (18%)

Complicated intra-
abdominal infection

3 (3%) 2 (4%)

Skin and skin structure 
infection

1 (1%) 0

Intravenous line 
infection

4 (4%) 2 (4%)

Other‡ 5 (5%) 1 (2%)

Unknown 9 (9%) 4 (8%)

Sepsis 8 (8%) 8 (16%)

Complicated intra-
abdominal infection

2 (2%) 1 (2%)

Skin and skin structure 
infection

4 (4%) 3 (6%)

Intravenous line 
infection

0 3 (6%)

Other‡ 2 (2%) 1 (2%)

Complicated urinary tract 
infection

26 (26%) 10 (20%)

Ventilation at randomisation 50 (50%) 26 (53%)

(Table 1 continues in next column)

Cefiderocol 
(n=101)

Best available 
therapy (n=49)

(Continued from previous column)

Creatinine clearance (mL/min)

Mean (SD), 85·8 (79·3) 88·9 (64·2)

Median (range; IQR) 59·2 (9·4–539·26; 
33·9–107·9)

69·4 (4·6–270·8; 
47·6–119·8)

≥120 20 (20%) 12 (24%)

>80 to <120 18 (18%) 10 (20%)

>50 to ≤80 20 (20%) 12 (24%)

≥30 to ≤50 23 (23%) 8 (16%)

<30 20 (20%) 7 (14%)

Empirical treatment failure 58 (57%) 27 (55%)

Previous therapy§

Antibiotics¶ 93 (92%) 49 (100%)

Carbapenems 60 (59%) 26 (53%)

Systemic corticosteroids 44 (44%) 17 (35%)

ICU at randomisation 57 (56%) 21 (43%)

Shock 19 (19%) 6 (12%)

Immunocompromised 27 (27%) 10 (20%)

Positive blood culture 25 (25%) 13 (27%)

APACHE II score

Mean (SD) 15·3 (6·5) 15·4 (6·2)

Median (range; IQR) 15 (2–29; 11–20) 14 (2–28; 11–20)

≤15 55 (54%) 27 (55%)

16–19 17 (17%) 9 (18%)

≥20 29 (29%) 13 (27%)

CPIS score||

Mean (SD) 4·9 (1·7) 4·6 (1·5)

Median (range; IQR) 5 (2–9; 4–6) 5 (0–7; 4–5)

≤5 30/45 (67%) 16/22 (73%)

≥6 14/45 (31%) 5/22 (23%)

Missing 1/45 (2%) 1/22 (5%)

SOFA score**

Mean (SD) 5·1 (4·0) 5·1 (3·8)

Median (range) 4 (0–17; 2–8) 4 (0–16; 2–8)

≤6 67 (66%) 32 (65%)

≥7 33 (33%) 17 (35%)

≤9 84 (83%) 43 (88%)

≥10 16 (16%) 6 (12%)

Missing 1 (1%) 0

CCI score

Mean (SD) 5·5 (3·1) 5·4 (3·1)

Median (range; IQR) 5 (0–12; 3–8) 6 (0–13; 3–7)

Medical history based on CCI 
components

101 (100%) 49 (100%)

Renal disease 40 (40%) 20 (41%)

Chronic pulmonary disease 40 (40%) 16 (33%)

Diabetes 35 (35%) 17 (35%)

(Table 1 continues in next column)
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22 patients [19%]; table 2, appendix p 17). The distribution 
of the most frequent Gram-negative pathogens was simi-
lar in the carba penem-resistant microbiological ITT and 
microbiological ITT popu lations (table 2; appendix p 17). 
Cefiderocol MIC90 values were 1 µg/mL for carbapenem-
resistant A bau mannii, 4 µg/mL for carbapenem-resistant 
K pneu moniae, and 2 µg/mL for carbapenem-resistant 
P aeruginosa in the carbapenem-resistant microbiological 
ITT population, with similar values in the microbiological 
ITT population (appendix p 18). Four pathogens had 
cefiderocol MICs of greater than 4 µg/mL (ie, the 
provisional Clinical and Laboratory Standards Institute 
breakpoint), and an additional six pathogens had 
MICs of 4 µg/mL, in both the carbapenem-resistant 
microbiological ITT and microbiological ITT populations 
(appendix p 18).

In the cefiderocol group, 83% (66/80) of patients 
received monotherapy; in the best available therapy 
group, 71% (27/38) received combination therapy. 
25 patients (66%) of 38 in the best available therapy 
group received colistin-based treatment (appendix 
pp 19–20). For patients with HAP, VAP, HCAP, or 
bloodstream infection or sepsis (who generally have 

more severe disease than patients with complicated 
UTIs), median treatment duration was 11·0 days 
(IQR 8·0–14·0) with cefiderocol and 13·0 days 
(10·0–15·0) with best available therapy, with a maximum 
duration of 22 days in each group. In patients with 
complicated UTIs, median treatment duration was 
10·5 days (IQR 8·0–15·0) with cefiderocol and 6·5 days 
(6·0–11·0) with best available therapy, with a maximum 
duration of 29 days in the cefiderocol group and 14 days 
in the best available therapy group (appendix p 21).

Cefiderocol 
(n=101)

Best available 
therapy (n=49)

(Continued from previous column)

Cancer 24 (24%) 13 (27%)

Congestive heart failure 12 (12%) 10 (20%)

Peripheral vascular disease 11 (11%) 5 (10%)

Moderate or severe liver 
disease

11 (11%) 4 (8%)

Hepatitis 12 (12%) 2 (4%)

Severity of infection††

Mild 5 (5%) 4 (8%)

Moderate 41 (41%) 22 (45%)

Severe 55 (55%) 23 (47%)

Data are n (%), n/N (%), mean (SD), or median (range; IQR). BMI=body-mass 
index. HAP=hospital-acquired pneumonia. VAP=ventilator-associated 
pneumonia. HCAP=health care-associated pneumonia. ICU=intensive care unit. 
APACHE II=Acute Physiology and Chronic Health Evaluation II. CPIS=Clinical 
Pulmonary Infection Score. SOFA=Sequential Organ Failure Assessment. 
CCI=Charlson Comorbidity Index. *Data available for 99 patients assigned 
cefiderocol and 49 assigned best available therapy. †Definitions of bloodstream 
infection and sepsis are in the appendix (p 6). Sepsis diagnoses were based on 
Systemic Inflammatory Response Syndrome criteria that were valid at the time of 
study design. ‡Including biliary tract infection, pelvic infection, respiratory tract 
infections other than infection sites identified as HAP, VAP, HCAP (eg, 
community-acquired pneumonia, lung abscess, pleural space, or empyema). §A 
patient taking two or more medications was counted only once within a 
treatment classification; however, the same patient might have contributed to 
two or more Preferred Terms in the same classification, according to the Medical 
Dictionary for Regulatory Activities (version 18.1). ¶Previous antimicrobial 
therapy taken within 2 weeks before randomisation.  ||Shown only for patients 
with nosocomial pneumonia; data available for 44 patients assigned cefiderocol 
and 21 assigned best available therapy. **Data available for 100 patients assigned 
cefiderocol and 49 assigned best available therapy. ††Based on the investigators’ 
clinical judgement (ie, there were no pre-defined criteria for infection severity).

Table 1: Baseline characteristics of the intention-to-treat and safety 
populations

Cefiderocol 
(n=80)

Best available 
therapy (n=38)

Number of carbapenem-resistant Gram-negative pathogens from 
appropriate specimens*

One 62 (78%) 30 (79%)

Two 13 (16%) 8 (21%)

Three 4 (5%) 0

Four 1 (1%) 0

Type of carbapenem-resistant Gram-negative pathogen

All patients N=87† N=40‡

Acinetobacter baumannii 37 (46%) 17 (45%)

Klebsiella pneumoniae 27 (34%) 12 (32%)

Pseudomonas aeruginosa 12 (15%) 10 (26%)

Stenotrophomonas 
maltophilia

5 (6%) 0

Acinetobacter nosocomialis 2 (3%) 0

Enterobacter cloacae 2 (3%) 0

Escherichia coli 2 (3%) 1 (3%)

Nosocomial pneumonia

A baumannii 26/40 (65%) 10/19 (53%)

P aeruginosa 6/40 (15%) 5/19 (26%)

K pneumoniae 6/40 (15%) 5/19 (26%)

S maltophilia 5/40 (13%) 0

A nosocomialis 2/40 (5%) 0

E cloacae 2/40 (5%) 0

E coli 0 1/19 (5%)

Bloodstream infections or sepsis

K pneumoniae 10/23 (44%) 4/14 (29%)

A baumannii 10/23 (44%) 7/14 (50%)

P aeruginosa 2/23 (9%) 3/14 (21%)

E coli 1/23 (4%) 0

Complicated urinary tract infections

K pneumoniae 11/17 (65%) 3/5 (60%)

P aeruginosa 4/17 (24%) 2/5 (40%)

A baumannii 1/17 (6%) 0

E coli 1/17 (6%) 0

Data are n (%) or n/N (%), where N is the total number of patients with at least one 
Gram-negative pathogen at baseline. *Based on data from the central 
microbiology laboratory  if available. Polymicrobial infections could include 
carbapenem-resistant and carbapenem-susceptible bacteria present at the primary 
infection site. †Total number of baseline carbapenem-resistant Gram-negative 
pathogens in the cefiderocol group. ‡Total number of baseline carbapenem-
resistant Gram-negative pathogens in the best available therapy group.

Table 2: Baseline carbapenem-resistant Gram-negative pathogen 
distribution in the carbapenem-resistant microbiological 
intention-to-treat population
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In the carbapenem-resistant microbiological ITT 
popu lation, the proportions of patients with HAP, VAP, 
or HCAP achieving a clinical cure at test of cure were 
50% (95% CI 33·8–66·2; 20 of 40) of the cefiderocol 
group and 53% (28·9–75·6; ten of 19) of the best 
available therapy group (table 3). For patients with 
bloodstream infection or sepsis, a clinical cure at test of 
cure was achieved by 43% (23·2–65·5; ten of 23) of the 
cefiderocol group and 43% (17·7–71·1; six of 14) of the 
best available therapy group (table 3). For patients with 

complicated UTIs, micro biological eradication at test of 
cure was achieved by 53% (27·8–77·0; nine of 17) of the 
cefiderocol group and 20% (0·5–71·6; one of five) of the 
best available therapy group (table 3). In subgroup 
analyses of clinical and microbiological outcomes at test 
of cure, numerical differences were noted by age 
(ie, <65 years or ≥65 years), pathogen group (ie, 
Enterobacterales), region (ie, North America and South 
America), race (ie, white, other, etc), and APACHE II 
score (ie, ≤15; appendix p 22).

Nosocomial pneumonia Bloodstream infections or 
sepsis

Complicated urinary tract 
infections

Overall

Cefiderocol 
(n=40)

Best available 
therapy (n=19)

Cefiderocol 
(n=23)

Best available 
therapy (n=14)

Cefiderocol 
(n=17)

Best available 
therapy (n=5)

Cefiderocol 
(n=80)

Best available 
therapy (n=38)

Clinical outcomes

End of treatment

Clinical cure 24 (60%; 
43·3–75·1)

12 (63%; 
38·4–83·7)

16 (70%; 
47·1–86·8)

7 (50%; 
23·0–77·0)

13 (77%; 
50·1–93·2)

3 (60%; 
14·7–94·7)

53 (66%; 
54·8–76·4)

22 (58%; 
40·8–73·7)

Clinical failure 13 (33%) 7 (37%) 6 (26%) 7 (50%) 1 (6%) 1 (20%) 20 (25%) 15 (40%)

Indeterminate 3 (8%) 0 1 (4%) 0 3 (18%) 1 (20%) 7 (9%) 1 (3%)

Test of cure

Clinical cure* 20 (50%; 
33·8–66·2)

10 (53%; 
28·9–75·6)

10 (43%; 
23·2–65·5)

6 (43%; 
17·7–71·1)

12 (71%; 
44·0–89·7)

3 (60%; 
14·7–94·7)

42 (53%; 
41·0–63·8)

19 (50%; 
33·4–66·6)

Clinical failure 16 (40%) 6 (32%) 9 (39%) 7 (50%) 2 (12%) 1 (20%) 27 (34%) 14 (37%)

Indeterminate 4 (10%) 3 (16%) 4 (17%) 1 (7%) 3 (18%) 1 (20%) 11 (14%) 5 (13%)

Follow-up

Sustained 
clinical cure

20 (50%; 
33·8–66·2)

6 (32%; 
12·6–56·6)

9 (39%; 
19·7–61·5)

4 (29%; 
8·4–58·1)

9 (53%; 
27·8–77·0)

3 (60%; 
14·7–94·7)

38 (48%; 
36·2–59·0)

13 (34%; 
19·6–51·4)

Relapse 0 3 (16%) 1 (4%) 1 (7%) 1 (6%) 0 2 (3%) 4 (11%)

Clinical failure 16 (40%) 6 (32%) 9 (39%) 7 (50%) 2 (12%) 1 (20%) 27 (34%) 14 (37%)

Indeterminate 4 (10%) 4 (21%) 4 (17%) 2 (14%) 5 (29%) 1 (20%) 13† (16%) 7† (18%)

Microbiological outcomes

End of treatment

Eradication 12 (30%; 
16·6–46·5)

5 (26%; 
9·1–51·2)

14 (61%; 
38·5–80·3)

4 (29%; 
8·4–58·1)

12 (71%; 
44·0–89·7)‡

1 (20%; 
0·5–71·6)‡

38 (48%; 
36·2–59·0)

10 (26%; 
13·4–43·1)

Persistence 15 (38%) 9 (47%) 1 (4%) 1 (7%) 0 0 16 (20%) 10 (26%)

Indeterminate 13 (33%) 5 (26%) 8 (35%) 9 (64%) 5 (29%) 4 (80%) 26 (33%) 18 (47%)

Test of cure

Eradication§ 9 (23%; 
10·8–38·5)

4 (21%; 
6·1–45·6)

7 (30%; 
13·2–52·9)

4 (29%; 
8·4–58·1)

9 (53%; 
27·8–77·0)‡

1 (20%; 
0·5–71·6)‡

25 (31%; 
21·3–42·6)

9 (24%; 
11·4–40·2)

Persistence 8 (20%) 7 (37%) 3 (13%) 2 (14%) 5 (29%) 1 (20%) 16 (20%) 10 (26%)

Indeterminate 23 (58%) 8 (42%) 13 (57%) 8 (57%) 3 (18%) 3 (60%) 39 (49%) 19 (50%)

Follow-up

Sustained 
eradication

8 (20%; 
9·1–35·6)

3 (16%; 
3·4–39·6)

6 (26%; 
10·2–48·4)

3 (21%; 
4·7–50·8)

7 (41%; 
18·4–67·1)‡

1 (20%; 
0·5–71·6)‡

21 (26%; 
17·0–37·3)

7 (18%; 
7·7–34·3)

Recurrence 0 1 (5%) 0 0 0 0 0 1 (3%)

Persistence 8 (20%) 7 (37%) 3 (13%) 2 (14%) 5 (29%) 1 (20%) 16 (20%) 10 (26%)

Indeterminate 24 (60%) 8 (42%) 14 (61%) 9 (64%) 5 (29%) 3 (60%) 43¶ (54%) 20¶ (53%)

Data are n (%) or n (%, 95% CI), categorised by clinical diagnosis and visit. *Primary endpoint for patients with nosocomial pneumonia, or bloodstream infections or sepsis. 
†Indeterminate clinical responses were reported as either deaths (for seven patients assigned cefiderocol and three assigned best available therapy), or missing 
(for six patients assigned cefiderocol and four assigned best available therapy [definitions in the appendix, p 8]). ‡Eradication was defined as reduction of urine culture Gram-
negative uropathogens from at least 105 colony forming units (CFU) per mL at baseline to less than 103 CFU per mL. §Primary endpoint for patients with complicated urinary 
tract infections. ¶Indeterminate microbiological responses were reported as deaths (21 patients assigned cefiderocol and six assigned best available therapy); additional 
therapy required (for ten patients assigned cefiderocol and seven assigned best available therapy); or missing (for 12 patients assigned cefiderocol and seven assigned best 
available therapy [definitions in the appendix, p 10]).

Table 3: Clinical and microbiological secondary outcomes in the carbapenem-resistant microbiological intention-to-treat population
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David L Paterson, Simon Portsmouth, Julian Torre-Cisneros, Kiichiro Toyoizumi, Richard G Wunderink, Tsutae D Nagata

Summary
Background New antibiotics are needed for the treatment of patients with life-threatening carbapenem-resistant 
Gram-negative infections. We assessed the efficacy and safety of cefiderocol versus best available therapy in adults 
with serious carbapenem-resistant Gram-negative infections.

Methods We did a randomised, open-label, multicentre, parallel-group, pathogen-focused, descriptive, phase 3 study 
in 95 hospitals in 16 countries in North America, South America, Europe, and Asia. We enrolled patients aged 18 years 
or older admitted to hospital with nosocomial pneumonia, bloodstream infections or sepsis, or complicated urinary 
tract infections (UTI), and evidence of a carbapenem-resistant Gram-negative pathogen. Participants were randomly 
assigned (2:1 by interactive web or voice response system) to receive either a 3-h intravenous infusion of cefiderocol 
2 g every 8 h or best available therapy (pre-specified by the investigator before randomisation and comprised of a 
maximum of three drugs) for 7–14 days. For patients with pneumonia or bloodstream infection or sepsis, cefiderocol 
treatment could be combined with one adjunctive antibiotic (excluding polymyxins, cephalosporins, and 
carbapenems). The primary endpoint for patients with nosocomial pneumonia or bloodstream infection or sepsis 
was clinical cure at test of cure (7 days [plus or minus 2] after the end of treatment) in the carbapenem-resistant 
microbiological intention-to-treat population (ITT; ie, patients with a confirmed carbapenem-resistant Gram-negative 
pathogen receiving at least one dose of study drug). For patients with complicated UTI, the primary endpoint was 
microbiological eradication at test of cure in the carbapenem-resistant microbiological ITT population. Safety was 
evaluated in the safety population, consisting of all patients who received at least one dose of study drug. Mortality 
was reported through to the end of study visit (28 days [plus or minus 3] after the end of treatment). Summary 
statistics, including within-arm 95% CIs calculated using the Clopper-Pearson method, were collected for the primary 
and safety endpoints. This trial is registered with ClinicalTrials.gov (NCT02714595) and EudraCT (2015-004703-23).

Findings Between Sept 7, 2016, and April 22, 2019, we randomly assigned 152 patients to treatment, 101 to cefiderocol, 
51 to best available therapy. 150 patients received treatment: 101 cefiderocol (85 [85%] received monotherapy) and 
49 best available therapy (30 [61%] received combination therapy). In 118 patients in the carbapenem-resistant 
microbiological ITT population, the most frequent carbapenem-resistant pathogens were Acinetobacter baumannii (in 
54 patients [46%]), Klebsiella pneumoniae (in 39 patients [33%]), and Pseudomonas aeruginosa (in 22 patients [19%]). In 
the same population, for patients with nosocomial pneumonia, clinical cure was achieved by 20 (50%, 95% CI 
33·8–66·2) of 40 patients in the cefiderocol group and ten (53%, 28·9–75·6) of 19 patients in the best available 
therapy group; for patients with bloodstream infection or sepsis, clinical cure was achieved by ten (43%, 23·2–65·5) 
of 23 patients in the cefiderocol group and six (43%, 17·7–71·1) of 14 patients in the best available therapy group. For 
patients with complicated UTIs, microbiological eradication was achieved by nine (53%, 27·8–77·0) of 17 patients in 
the cefiderocol group and one (20%, 0·5–71·6) of five patients in the best available therapy group. In the safety 
population, treatment-emergent adverse events were noted for 91% (92 patients of 101) of the cefiderocol group and 
96% (47 patients of 49) of the best available therapy group. 34 (34%) of 101 patients receiving cefiderocol and 
nine (18%) of 49 patients receiving best available therapy died by the end of the study; one of these deaths (in the best 
available therapy group) was considered to be related to the study drug.

Interpretation Cefiderocol had similar clinical and microbiological efficacy to best available therapy in this 
heterogeneous patient population with infections caused by carbapenem-resistant Gram-negative bacteria. 
Numerically more deaths occurred in the cefiderocol group, primarily in the patient subset with Acinetobacter spp 
infections. Collectively, the findings from this study support cefiderocol as an option for the treatment of carbapenem-
resistant infections in patients with limited treatment options.
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Summary
Background New antibiotics are needed for the treatment of patients with life-threatening carbapenem-resistant 
Gram-negative infections. We assessed the efficacy and safety of cefiderocol versus best available therapy in adults 
with serious carbapenem-resistant Gram-negative infections.

Methods We did a randomised, open-label, multicentre, parallel-group, pathogen-focused, descriptive, phase 3 study 
in 95 hospitals in 16 countries in North America, South America, Europe, and Asia. We enrolled patients aged 18 years 
or older admitted to hospital with nosocomial pneumonia, bloodstream infections or sepsis, or complicated urinary 
tract infections (UTI), and evidence of a carbapenem-resistant Gram-negative pathogen. Participants were randomly 
assigned (2:1 by interactive web or voice response system) to receive either a 3-h intravenous infusion of cefiderocol 
2 g every 8 h or best available therapy (pre-specified by the investigator before randomisation and comprised of a 
maximum of three drugs) for 7–14 days. For patients with pneumonia or bloodstream infection or sepsis, cefiderocol 
treatment could be combined with one adjunctive antibiotic (excluding polymyxins, cephalosporins, and 
carbapenems). The primary endpoint for patients with nosocomial pneumonia or bloodstream infection or sepsis 
was clinical cure at test of cure (7 days [plus or minus 2] after the end of treatment) in the carbapenem-resistant 
microbiological intention-to-treat population (ITT; ie, patients with a confirmed carbapenem-resistant Gram-negative 
pathogen receiving at least one dose of study drug). For patients with complicated UTI, the primary endpoint was 
microbiological eradication at test of cure in the carbapenem-resistant microbiological ITT population. Safety was 
evaluated in the safety population, consisting of all patients who received at least one dose of study drug. Mortality 
was reported through to the end of study visit (28 days [plus or minus 3] after the end of treatment). Summary 
statistics, including within-arm 95% CIs calculated using the Clopper-Pearson method, were collected for the primary 
and safety endpoints. This trial is registered with ClinicalTrials.gov (NCT02714595) and EudraCT (2015-004703-23).

Findings Between Sept 7, 2016, and April 22, 2019, we randomly assigned 152 patients to treatment, 101 to cefiderocol, 
51 to best available therapy. 150 patients received treatment: 101 cefiderocol (85 [85%] received monotherapy) and 
49 best available therapy (30 [61%] received combination therapy). In 118 patients in the carbapenem-resistant 
microbiological ITT population, the most frequent carbapenem-resistant pathogens were Acinetobacter baumannii (in 
54 patients [46%]), Klebsiella pneumoniae (in 39 patients [33%]), and Pseudomonas aeruginosa (in 22 patients [19%]). In 
the same population, for patients with nosocomial pneumonia, clinical cure was achieved by 20 (50%, 95% CI 
33·8–66·2) of 40 patients in the cefiderocol group and ten (53%, 28·9–75·6) of 19 patients in the best available 
therapy group; for patients with bloodstream infection or sepsis, clinical cure was achieved by ten (43%, 23·2–65·5) 
of 23 patients in the cefiderocol group and six (43%, 17·7–71·1) of 14 patients in the best available therapy group. For 
patients with complicated UTIs, microbiological eradication was achieved by nine (53%, 27·8–77·0) of 17 patients in 
the cefiderocol group and one (20%, 0·5–71·6) of five patients in the best available therapy group. In the safety 
population, treatment-emergent adverse events were noted for 91% (92 patients of 101) of the cefiderocol group and 
96% (47 patients of 49) of the best available therapy group. 34 (34%) of 101 patients receiving cefiderocol and 
nine (18%) of 49 patients receiving best available therapy died by the end of the study; one of these deaths (in the best 
available therapy group) was considered to be related to the study drug.

Interpretation Cefiderocol had similar clinical and microbiological efficacy to best available therapy in this 
heterogeneous patient population with infections caused by carbapenem-resistant Gram-negative bacteria. 
Numerically more deaths occurred in the cefiderocol group, primarily in the patient subset with Acinetobacter spp 
infections. Collectively, the findings from this study support cefiderocol as an option for the treatment of carbapenem-
resistant infections in patients with limited treatment options.
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In the safety population, there were numerically more 
deaths in the cefiderocol group than in the best available 
therapy group for patients with nosocomial pneumonia 
or bloodstream infection or sepsis at day 14, day 28, and 
the end of the study (table 5). Numbers of deaths were 
similar between treatment groups for patients with 
complicated UTIs (table 5). In an exploratory analysis to 
investigate the timing of all-cause mortality difference 
in patients across all diagnoses, we found that more 
deaths occurred in the cefiderocol group up to day 3 
(cefiderocol 4% [ four of 101], best available therapy 0% 
[none of 49]) and from day 29 to the end of study visit 
(cefiderocol 9% [nine of 101], best available therapy 0%), 
but a similar proportion of patients in either group died  
between  days  4  and 28  (cefiderocol 21% [21  of  101], 
best available therapy 18% [nine of 49]; appendix p 43). 
The Kaplan–Meier analysis showed similar results 
(appendix p 51).

Following the end of the study timepoint, the investi-
gators spontaneously reported deaths for two patients in 
the cefiderocol group and for five patients in the best 
available therapy group (details not available). Thus, 
all-cause mortality was 36% (36/101) in the cefiderocol 
group and 29% (14/49) in the best available therapy 
group. The masked adjudication committee found that 
47% (16 of 34) of deaths in the cefiderocol group 
and 44% (four of nine) of deaths in the best available 
therapy group that were documented by the end of study 
visit occurred from causes other than the underlying 
Gram-negative infection (appendix p 37). A post-hoc 
logistic regression analysis for day 28 all-cause mortality 
did not identify any baseline variable that could explain 
the mortality difference (appendix p 45).

All-cause mortality differences between the groups 
appeared to be largely driven by Acinetobacter spp 
infections (table 6). A mortality difference was noted for 
polymicrobial infections of P aeruginosa and Acinetobacter 
spp, whereas there was no difference when patients had 
no Acinetobacter spp co-infections at baseline (table 6).

For patients with Acinetobacter spp infections, moderate 
or severe renal dysfunction (33% [14 of 42] and 18% 
[three of 17]), ICU at randomisation (81% [34 of 42] 

and 47% [eight of 17]), ongoing shock (19% [eight of 42] 
and 6% [one of 17]), or shock within 31 days before 
randomisation (26% [11 of 42] and 6% [one of 17]) occurred 
more frequently at baseline in the cefiderocol group than 
in the best available therapy group, respectively (appendix 
p 47). In patients without Acinetobacter spp infection, 
there were no differences in mortality rates for any of the 
variables between the cefiderocol and best available 
therapy groups (appendix p 47).

Post-hoc analysis of all-cause mortality for regulatory 
purposes in the safety population showed that in the 
cefiderocol group there were 6·4% more deaths (95% CI 
–8·6 to 19·2) at day 28, 15·3% more deaths (–0·2 to 28·6) 
at the end of study visit, and 13·3% more deaths 
(–2·5 to 26·9) at day 49 compared with the best available 
therapy group (appendix p 44). 

In post-hoc analyses in the carbapenem-resistant 
microbiological ITT population, proportions of patients 
with clinical cure and microbiological eradication at test 
of cure were similar between patients treated with 
cefiderocol monotherapy and those treated with 
cefiderocol combination therapy (appendix p 29). In the 

Nosocomial pneumonia Bloodstream infections or 
sepsis

Complicated urinary tract 
infections

Overall

Cefiderocol 
(n=45)

Best available 
therapy (n=22)

Cefiderocol 
(n=30)

Best available 
therapy (n=17)

Cefiderocol 
(n=26)

Best available 
therapy (n=10)

Cefiderocol 
(n=101)

Best available 
therapy (n=49)

Day 14 11 (24%; 
12·9––39·5)

3 (14%; 
2·9–34·9)

5 (17%; 
5·6–34·7)

1 (6%; 
0·1–28·7)

3 (12%; 
2·4–30·2)

2 (20%; 
2·5–55·6)

19 (19%; 
11·7–27·8)

6 (12%; 
4·6–24·8)

Day 28 14 (31%; 
18·2–46·6)

4 (18%; 
5·2–40·3)

7 (23%; 
9·9–42·3)

3 (18%; 
3·8–43·4)

4 (15%; 
4·4–34·9)

2 (20%; 
2·5–55·6)

25 (25%; 
16·7–34·3)

9 (18%; 
8·8–32·0)

End of study 19 (42%; 
27·7–57·8)

4 (18%; 
5·2–40·3)

11 (37%; 
19·9–56·1)

3 (18%; 
3·8–43·4)

4 (15%; 
4·4–34·9)

2 (20%; 
2·5–55·6)

34 (34%; 
24·6–43·8)

9 (18%; 
8·8–32·0)

Data are n (%; 95% CI) by clinical diagnosis and overall. Percentages were calculated using n as the denominator, where n was the number of patients in the safety population 
who had the specified clinical diagnosis and known vital status at each timepoint. 

Table 5: All-cause mortality in the safety population

Cefiderocol (n=101) Best available 
therapy (n=49)

Acinetobacter spp* 21/42 (50%) 3/17 (18%)

Acinetobacter baumannii 19/39 (49%) 3/17 (18%)

Klebsiella pneumoniae 8/34 (24%) 4/16 (25%)

Without Acinetobacter spp 6/28 (21%) 4/15 (27%)

Pseudomonas aeruginosa 6/17 (35%) 2/12 (17%)

Without Acinetobacter spp 2/11 (18%) 2/11 (18%)

Escherichia coli 1/6 (17%) 0/3

Without Acinetobacter spp 0/3 0/1

Stenotrophomonas maltophilia 4/5 (80%) NA

Without Acinetobacter spp 2/3 (67%) NA

Data are n/N (%). NA=not available. *Includes Acinetobacter baumannii (for 
39 patients assigned cefiderocol and 17 assigned best available therapy), 
Acinetobacter nosocomialis (for two patients assigned cefiderocol), and 
Acinetobacter  radioresistens (for one patient assigned cefiderocol).

Table 6: All-cause mortality at the end of study by most frequent 
baseline pathogen in the safety population
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Patient 1 2 3 4 5 6 7 8 9 10 11 12

Strain CNR reference O81 A4 
(Cephyten 266)

O80 J10 
(Cephyten 267)

O81 A1 
(Cephyten 268)

O80 H7 
(Cephyten 240)

O80 H8 
(Cephyten 238) CNR 212 H7 O80 I4 

(Cephyten 255)
O80 I5 

(Cephyten 256)
O75 H8 

(Cephyten 265)
O81 A2 

(Cephyten 269)
O80 I3 

(Cephyten 254)
O80 H9 

(Cephyten 237)
O80 H10 

(Cephyten 239)

Type of infection RTI Vascular RTI + IAA + 
Vascular RTI RTI Prosthetic joint 

infection RTI RTI + IAA RTI RTI + UTI BJI + SSTI RTI

Immunosuppression Yes No No Yes Yes No Yes No Yes Yes No Yes

Septic shock
(SOFA score)

No
(1)

No
(9)

No
(5)

No
(8)

No
(5)

No
(0)

Yes
(9)

Yes 
(14)

No
(0)

Yes
(8)

No
(4)

No
(12)

XDR isolate that led to 
cefiderocol treatment P. aeruginosa A. baumannii A. baumannii P. aeruginosa P. aeruginosa

Enterobacter 
hormaechei 

subsp. 
hoffmannii

K. pneumoniae P. aeruginosa P. aeruginosa P. aeruginosa P. aeruginosa P. aeruginosa P. aeruginosa

Carbapenemase VIM-4 OXA-23 OXA-23 - VIM-2 - OXA-48 NDM-1 VIM-2 OXA-836 - VIM-2 -

Antimicrobial susceptibility 
(MIC)
Imipenem R (>32) R (32) R (32) 2 R (>32) R (8) I (2) R (>32) R (>32) R (32) 2 R (>32) R (32)
Meropenem R (>32) R (>32) R (>32) R (16) R (>32) R (16) R (2) R (>32) R (>32) R (16) R (16) R (>32) R (>32)
Ceftolozane-tazobactam R (>32) R (>32) R (>32) R (>32) R (>32) R (>32) R (16) R (>32) R (>32) R (>32) R (>32) R (>32) R (>32)
Ceftazidime-avibactam R (>32) R (>32) R (>32) R (>32) R (>32) S (8) S (≤0.25) R (>32) R (>32) R (>32) R (>32) R (>32) R (>32)
Imipenem-relebactam R (>32) R (32) R (32) 2 R (>32) S (1) S (1) R (>32) R (>32) R (32) 2 R (>32) R (16)

Meropenem-vaborbactam R (>32) R (>32) R (>32) R (16) R (>32) I (8) S (2) R (>32) R (>32) R (16) R (16) R (>32) R (>32)

Cefepime-zidebactam 8 32 32 ≤ 4 4 8 ≤ 4 8 ≤ 4 8 8 8 32
Cefiderocol S (2) S (1) S (0.5) S (4) S (2) S (1) S (0.5) S (4) I (8) R (16) R (16) R (>32) R (16)
Amikacin R (64) S (16) R (>256) R (>256) R (>256) S (16) S (4) R (>256) R (>256) R (>256) R (>256) R (>256) S (16)
Gentamicin R (>256) R (>256) R (>256) R (>256) R (>256) R (>256) S (0.5) R (>256) R (16) I (8) R (>256) R (>256) S (3)
Tobramycin R (>256) S (3) R (>256) R (>256) R (>256) R (48) S (6) R (>256) R (32) R (>256) R (>256) R (>256) S (1)
Colisitin S (2) S (2) S (1) R (4) S (2) S (0.5) S (1) S (2) S (2) R (64) S (2) S (2) S (2)
Tygecyclin R (16) 2 4 R (8) R (16) S (1) 2 R (8) R (8) R (8) R (8) R (8) R (16)
Eravacyclin R (8) 0.5 1 R (4) R (8) S (2) 0.5 R (4) R (4) R (4) R (4) R (4) R (8)

Outcome Cure Cure Cure Cure Cure Cure Failure Death (infection) Death (infection) Failure Failure Suppressive 
treatment
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Plazomicine
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Plazomicine

• Plazomicine = dérivé de la sisomicine
• Addition d'un groupe acide hydroxy-

aminobutyrique en position 1 + 1 groupe 
hydroxyéthyle en position 6’ 

• Actif sur la plupart des EPC (échappe
aux enzymes de résistance exceptée
AAC (2’))

• Inactif en cas de méthyltransférases
(fréquent chez NDM)

• Activité anti Pseudomonas aeruginosa et 
A. baumannii comparable aux autres AG 
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C o r r e s p o n d e n c e

Plazomicin for Infections Caused by Carbapenem-Resistant 
Enterobacteriaceae

To the Editor: Mortality among patients with 
infections caused by carbapenem-resistant En-
terobacteriaceae (CRE) is high, and such infec-
tions have few treatment options.1,2 We report 
results from the Combating Antibiotic-Resistant 
Enterobacteriaceae trial (CARE; ClinicalTrials.gov 
number, NCT01970371), a pathogen-focused trial 
designed according to Food and Drug Adminis-
tration guidance for the treatment of patients 
with an unmet medical need.3 The CARE trial 
evaluated the efficacy and safety of plazomicin as 
compared with colistin as part of a combination-
therapy regimen for serious CRE infections.

This multicenter, randomized, open-label 
trial was conducted from September 16, 2014, to 
September 15, 2016. Eligible patients with 
bloodstream infection or hospital-acquired or 
ventilator-associated bacterial pneumonia caused 
by suspected or confirmed CRE were randomly 
assigned, in a 1:1 ratio, to receive plazomicin (15 
mg per kilogram of body weight once daily) or 
colistin (5 mg colistin base per kilogram per 
day), in combination with adjunctive meropenem 
or tigecycline, for 7 to 14 days of therapy. Addi-
tional information about the trial is provided in 
the Supplementary Appendix and protocol, avail-
able with the full text of this letter at NEJM.org.

The primary end point was a composite of 
death from any cause at 28 days or clinically 
significant disease-related complications in the 
microbiologic modified intention-to-treat popu-
lation, which included patients with confirmed 
CRE infection who received at least one dose of 
a trial drug. The trial was stopped prematurely 
because of slow enrollment. Owing to the small 
sample size, no formal hypothesis testing was 
performed. Two-sided 95% exact confidence in-
tervals are provided for descriptive purposes.

A total of 39 patients underwent randomiza-

tion and received a trial drug: 18 patients re-
ceived plazomicin and 21 received colistin (Fig. 
S1 in the Supplementary Appendix). The micro-
biologic modified intention-to-treat population 
included 37 patients with confirmed CRE (29 
with bloodstream infection and 8 with hospital-
acquired or ventilator-associated bacterial pneu-
monia).

A primary end-point event occurred in 4 of 17 
patients (24%) who received plazomicin and in 
10 of 20 patients (50%) who received colistin 
(difference, −26 percentage points; 95% confi-
dence interval [CI], −55 to 6). Among patients 
with bloodstream infection, death from any 
cause at 28 days or clinically significant disease-
related complications occurred in 2 of 14 pa-
tients (14%) who received plazomicin and in 8 of 
15 patients (53%) who received colistin (differ-
ence, −39 percentage points; 95% CI, −69 to −4). 
Among patients with hospital-acquired or venti-
lator-associated bacterial pneumonia, a primary 
end-point event occurred in 2 of 3 patients (67%) 
who received plazomicin and in 2 of 5 patients 
(40%) who received colistin (difference, 27 per-
centage points; 95% CI, −48 to 82). In a second-
ary analysis of time to death, numerically fewer 
deaths were observed at day 14 among patients 
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who received plazomicin-based treatment, and 
this trend continued through day 60 (Fig. 1A).

Overall, serious adverse events occurred less 
frequently in the plazomicin group than in the 
colistin group (in 9 of 18 patients [50%] vs. 17 of 
21 patients [81%]). Fewer patients in the plazo-
micin group than in the colistin group had a 
clinically meaningful increase (≥0.5 mg per 
deciliter) in the serum creatinine concentration 
at any time during the trial4 (Fig. 1B).

The CARE trial, combined with evidence from 
a phase 3 trial involving patients with compli-
cated urinary tract infections,5 provides informa-
tion about the use of plazomicin in patients with 
serious infections caused by multidrug-resistant 
Enterobacteriaceae who have limited treatment 
options.

James A. McKinnell, M.D.
Los Angeles Biomedical Research Institute 
Los Angeles, CA 
dr . mckinnell@  gmail . com

Adrian M. Jubb, M.B., Ch.B., Ph.D.
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in the Supplementary Appendix, available at NEJM.org.

Individual participant data that underlie the results reported 
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less prohibited by applicable law) to researchers who provide a 
methodologically sound proposal beginning 12 months follow-
ing article publication; proposals should be directed to 
 datarequests@  achaogen . com.
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Figure 1. Results of a Definitive Combination-Therapy Regimen with Plazomicin or Colistin for Serious Infections 
Caused by Carbapenem-Resistant Enterobacteriaceae.

Panel A shows the Kaplan–Meier estimates of the cumulative probability of survival during 60 days of follow-up  
in the microbiologic modified intention-to-treat population, which included patients with confirmed carbapenem-
resistant Enterobacteriaceae infection who received at least one dose of a trial drug. The time to death was defined 
as the number of days between the first dose of the trial drug and death from any cause on or before day 60. The 
tick marks indicate censored data. Panel B shows the number of patients with an increase in serum creatinine con-
centration of 0.5 mg or more per deciliter at any time during the trial and the magnitude of postbaseline increases 
in serum creatinine concentration among patients who could be evaluated in the safety population. The safety pop-
ulation included all randomly assigned patients who received any amount of a trial drug. An increase in the serum 
creatinine concentration of at least 0.5 mg per deciliter from baseline (on the basis of values determined by a cen-
tral laboratory) was chosen as an objective, clinically meaningful measure of decreased renal function.4
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§ RCT (1:1) ouvert (septembre 
2014-2016)

§ Bactériémies et HVAP
§ Plazomicine (15 mg/kg) vs 

colistine (5 mg colistine 
base/kg), 

§ En association avec 
méropénème ou tigécycline 
(durée totale 7 à 14j)

§ Critère principal composite : 
décès toute cause 
J28+complication septique

§ Arrêt prématuré recrutement 
insuffisant

§ 39 patients randomisés (37 avec 
EPC confirmées)

§ 28 bactériémies et et 8 HVAP
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Aztreonam plus Clavulanate, Tazobactam, or Avibactam for
Treatment of Infections Caused by Metallo-!-Lactamase-
Producing Gram-Negative Bacteria
Cécile Emeraud,a,b,c,d Lelia Escaut,e Athénaïs Boucly,d,f,g Nicolas Fortineau,a,b,c Rémy A. Bonnin,b,c,d Thierry Naas,a,b,c,d

Laurent Dorteta,b,c,d

aDepartment of Bacteriology-Hygiene, Bicêtre Hospital, Assistance Publique-Hôpitaux de Paris, Le Kremlin-Bicêtre, France
bEA7361 “Structure, dynamic, function and expression of broad spectrum β-lactamases,” Paris-Sud University, Paris Saclay University, LabEx Lermit, Le Kremlin-Bicêtre,
France

cFrench National Reference Center for Antibiotic Resistance, Le Kremlin-Bicêtre, France
dParis-Sud University, Paris Saclay University, Faculty of Medicine, Le Kremlin-Bicêtre, France
eDepartment of Infectious Diseases, Bicêtre Hospital, Assistance Publique-Hôpitaux de Paris, Le Kremlin-Bicêtre, France
fDepartment of Pneumology, Bicêtre Hospital, Assistance Publique-Hôpitaux de Paris, Le Kremlin-Bicêtre, France
gINSERM UMR_S 999, Marie Lannelongue Hospital, Le Plessis Robinson, France

ABSTRACT Metallo-!-lactamase (MBL)-producing Gram-negative bacteria are often ex-
tremely resistant, leading to a real therapeutic dead end. Here, we evaluated the in vitro
and in vivo efficacy of aztreonam in combination with ceftazidime-avibactam, ceftolo-
zane-tazobactam, or amoxicillin-clavulanate for the treatment of infections caused by
MBL-producing Enterobacteriaceae, MBL-producing Pseudomonas aeruginosa, and extreme-
ly drug-resistant Stenotrophomonas maltophilia. First, we report two clinical cases, namely, a
urinary tract infection caused by an NDM-5-producing Escherichia coli isolate and a pul-
monary infection caused by a S. maltophilia isolate efficiently treated with the associa-
tion of aztreonam-ceftazidime-avibactam and aztreonam-amoxicillin-clavulanate, respec-
tively. Then, a total of 50 MBL-producing Enterobacteriaceae isolates, 3 MBL-producing P.
aeruginosa isolates, and 5 extremely drug-resistant S. maltophilia isolates were used to
test aztreonam susceptibility in combination with ceftolozane-tazobactam, ceftazidime-
avibactam, or amoxicillin-clavulanate. The Etest strip superposition method was used to
determine the MICs of the aztreonam/inhibitor combinations. According to CLSI break-
points, aztreonam susceptibility was fully restored for 86%, 20%, and 50% of the
MBL-producing Enterobacteriaceae isolates when combined with ceftazidime-avibactam,
ceftolozane-tazobactam, and amoxicillin-clavulanate, respectively. In P. aeruginosa, the
aztreonam-ceftazidime-avibactam combination was the most potent, even though the re-
duction in MICs was at most 2-fold. With the 5 S. maltophilia isolates, aztreonam-ceftazidime-
avibactam and aztreonam-amoxicillin-clavulanate were found to be equal (100% suscep-
tibility). Overall, aztreonam-ceftazidime-avibactam was the most potent combination
to treat infections caused by MBL producers compared with aztreonam-amoxicillin-
clavulanate and aztreonam-ceftolozane-tazobactam. However, in many cases aztreonam-
amoxicillin-clavulanate was found to be as efficient as aztreonam-ceftazidime-avibactam, of-
fering the main advantage to be markedly cheaper. We also confirmed the validity of Etest
superpositions as a very simple method to determine MICs of aztreonam combinations.

KEYWORDS IMP, NDM, VIM, carbapenemase, case report, monobactam, therapeutic
impasse

Carbapenem-resistant Gram-negative bacilli are increasingly reported worldwide
(1). In Enterobacteriaceae, carbapenem resistance is mainly mediated by the

production of carbapenemases belonging to (i) Ambler class A carbapenemases
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Imipénème
Relebactam

Méropénème 
Vaborbactam

Ceftazidime
Avibactam

Probable (futur) backbone (probabiliste)
Epargne des carbapénèmes

Activité anti Pseudomonas aeruginosa
Attention si KPC !!

KPC 
Pseudomonas aeruginosa

KPC ++++

NDM (metallo B lactamases)
Autres mécanismes de R que carbapénèmase

Non fermentant : acineto/serratia…

Sévérité ? 
Association ? 

Allergie ?
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IDSA Guidance on the Treatment of Antimicrobial Resistant Gram-Negative Infections 

Table 3.  Recommended antibiotic treatment options for carbapenem-resistant Enterobacterales (CRE), assuming in 
vitro susceptibility to agents in table 
 
Source of Infection Preferred Treatment Alternative Treatment  

(first-line options not available or 
tolerated) 

Cystitis  Ciprofloxacin, levofloxacin, trimethoprim-
sulfamethoxazole, nitrofurantoin, or a 
single-dose of an aminoglycoside 
 
Meropenem1 (standard-infusion): only if 
ertapenem resistant, meropenem 
susceptible, AND carbapenemase testing 
results are either not available or 
negative. 

Ceftazidime-avibactam, 
meropenem-vaborbactam, 
imipenem-cilastatin-relebactam, 
and cefiderocol 
 
Colistin (only when no alternative 
options are available) 

Pyelonephritis or cUTI2 
 

Ceftazidime-avibactam, meropenem-
vaborbactam, imipenem-cilastatin-
relebactam, and cefiderocol 
 
Meropenem1 (extended-infusion): only if 
ertapenem resistant, meropenem 
susceptible, AND carbapenemase testing 
results are either not available or 
negative. 
 

Once-daily aminoglycosides 

Infections outside of the urinary 
tract  
 
Resistant to ertapenem, susceptible 
to meropenem, AND 
carbapenemase testing results are 
either not available or negative 
 

Meropenem1 (extended-infusion) Ceftazidime-avibactam 

Infections outside of the urinary 
tract  
 
Resistant to ertapenem, 
meropenem, AND carbapenemase 
testing results are either not 
available or negative 
 

Ceftazidime-avibactam, meropenem-
vaborbactam, and imipenem-cilastatin-
relebactam 

Cefiderocol 
 
 
Tigecycline, eravacycline 
(uncomplicated intra-abdominal 
infections only) 

KPC identified 
 
(Or carbapenemase positive but 
identify of carbapenemase 
unknown3) 
 

Ceftazidime-avibactam, meropenem-
vaborbactam, imipenem-cilastatin-
relebactam 
 
 

Cefiderocol  
 
Tigecycline, eravacycline 
(uncomplicated intra-abdominal 
infections only) 
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Metallo-ɴ-lactamase (i.e., NDM, 
VIM, or IMP) carbapenemase 
identified 
 

Ceftazidime-avibactam + aztreonam, 
cefiderocol 
 

Tigecycline, eravacycline 
(uncomplicated intra-abdominal 
infections only) 
 

OXA-48-like carbapenemase 
identified 

Ceftazidime-avibactam 
 
 

Cefiderocol  
 
Tigecycline, eravacycline 
(uncomplicated intra-abdominal 
infections only) 

1The majority of infections caused by CRE resistant to ertapenem but susceptible to meropenem are caused by 
organisms that do not produce carbapenemases. 

2cUTI: Complicated urinary tract infections are defined as UTIs occurring in association with a structural or 
functional abnormality of the genitourinary tract, or any UTI in a male patient. 
3The vast majority of carbapenemase producing Enterobacterales infections in the United States are due to 
bacteria that produce Klebsiella pneumoniae carbapenemase (KPC). If a disease-causing Enterobacterales is 
carbapenemase-producing but the specific carbapenemase enzyme is unknown, it is reasonable to treat as if 
the strain is a KPC-producer. If a patient is infected with a CRE strain with an unknown carbapenemase status 
and the patient has recently traveled from an area where metallo-ɴ-lactamases are endemic (e.g., Middle East, 
South Asia, Mediterranean), treatment with ceftazidime-avibactam plus aztreonam, or cefiderocol 
monotherapy are recommended. Preferred treatment approaches for infections caused by metallo-ɴ-
lactamase producers also provide activity against KPC and OXA-48-like enzymes. 
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