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SALUD

Resistencia antibiótica: el segundo registro en hospitales españoles confirma la
gravedad

Los datos recogidos en 133 hospitales concluyen que más de 220.000 personas se infectarán este año con bacterias resistentes a antibióticos y
26.000 de ellas morirán.
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“En los años noventa creíamos que las infecciones bacterianas estaban a punto de desaparecer. Y qué
paradoja, la situación en que nos encontramos hoy”, afirma José Miguel Cisneros, presidente de la
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Sensible, cuando se incrementa la exposición (I) 

I – Sensible, cuando se incrementa la exposición: Un 
microorganismo se categoriza como Sensible, cuando se 
incrementa la exposición*, cuando hay una alta probabilidad 
de éxito terapéutico porque la exposición al agente está 
incrementada por ajuste del régimen de dosificación o por su 
concentración en el lugar de la infección. 

 
*La exposición está en función del modo de administración, la dosis, el intervalo entre dosis, el 
tiempo de infusión, así como la distribución, el metabolismo y la excreción del antimicrobiano, 
que pueden influir en el microorganismo infectante en el lugar de la infección. 
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TABLE 3 | Potential combination therapeutic strategies and new antibiotics for the
treatment of carbapenem-resistant Enterobacteriaceae infections.

Combination therapeutic strategies

High-dose tigecycline

High-dose prolonged-infusion of carbapenem

Double-carbapenem therapy

New antibiotics

Ceftazidime/avibactam

Meropenem/vaborbactam

Plazomicin

Eravacycline

New antibiotics in development

Imipenem/cilastatin and relebactam

Cefiderocol

subgroup analysis concluded that combination therapy, defined
as receiving more than one in vitro-active antimicrobial, did not
improve survival except in patients with a high mortality score
(Gutierrez-Gutierrez et al., 2017).

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

The first and only RCT for the treatment of carbapenem-
resistant Gram-negative bacteria was recently published, and is
therefore not included in any of the above-mentioned systematic
reviews or meta-analyses. The open-label RCT compared the
outcomes of colistin monotherapy vs. combination therapy with
high-dose and prolonged infusion meropenem (2 g every 8 h,
infused over 3 h) (Paul et al., 2018). A total of 406 patients

were enrolled, with pneumonia and bacteremia comprising 87%
of the infections. Most infections were caused by A. baumannii
(77%), while Enterobacteriaceae only contributed to 18% (73/406)
of all infections. Most Enterobacteriaceae infections were BSIs
(77%), with K. pneumoniae being the main pathogen (89%). In
the post hoc subgroup analysis of Enterobacteriaceae infections,
there were no significant di�erences in clinical outcomes
between colistin monotherapy and combination therapy with
meropenem. However, combination therapy seemed to be
associated with a lower clinical failure rate (46% vs. 68%,
P = 0.185) and a lower 28-day mortality (21% vs. 35%, P = 0.235).
There is another ongoing RCT (NCT01597973) investigating
colistin monotherapy vs. combination with carbapenem in the
treatment of bacteremia or pneumonia caused by extensively
drug-resistant Gram-negative bacteria. The trial is estimated to
be completed in 2021.

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

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

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

Two small retrospective studies conducted by Sbrana et al.
(2013) and Balandin Moreno et al. (2014) included 26 episodes
of KPC-producing K. pneumoniae and 16 episodes of VIM-
1-producing K. pneumoniae infections from a trauma-referral
ICU and a multidisciplinary ICU, respectively. In the study by
Sbrana et al. (2013), high-dose tigecycline was administered in
25/26 infection episodes in combination with gentamicin (19/26)
and colistin (12/26). Fosfomycin was used as a third antibiotic
in 13/26 episodes. In the study by Balandin Moreno et al.
(2014), high-dose tigecycline was administered in 10/16 infection
episodes and standard-dose regimen in 6/16 episodes. Fourteen
(14/16) episodes were treated with combination therapy,
including colistin in 8/16, carbapenem in 5/16, ciprofloxacin
in 2/16, piperacillin/tazobactam in 1/16, and amikacin in 1/16.
Sbrana et al. (2013) suggested a favorable outcome by the double-
or triple-combination with high-dose tigecycline, with a 30-day
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a b s t r a c t

Background: Antibiotic resistance in Gram-negative resistance has developed without a commensurate
response in the successful development of antibiotic agents, though recent progress has been made.
Aims: This review aims to provide a summary of the existing evidence on efficacy, spectrum of activity
and the development of resistance of new agents that have been licensed or have completed advanced
clinical trials and that possess activity against resistant Gram-negative organisms.
Sources: A review of the published literature via MEDLINE database was performed. Relevant clinical
trials were identified with the aid of the clinicaltrials.gov registry. Further data were ascertained from
review of abstracts from recent international meetings and pharmaceutical companies.
Content: Data on the mechanism of action, microbiological spectrum, clinical efficacy and development
of resistance are reported for new agents that have activity against Gram-negative organisms. This in-
cludes the b-lactam/b-lactamase inhibitor combinations ceftazidime/avibactam, ceftolozane/tazobactam,
imipenem/cilastatin/relebactam, meropenem/vaborbactam and aztreonam/avibactam; cefiderocol, a
siderophore cephalosporin; plazomicin and eravacycline.
Implications: The development of new agents with activity against multidrug-resistant Gram-negative
pathogens has provided important therapeutic options for clinicians. Polymyxins appear to have been
supplanted by new agents as first-line therapy for Klebsiella pneumoniae carbapenemase producers.
Cefiderocol and ceftazidime/avibactam/aztreonam are promising options for metallo-b-lactamase pro-
ducers, and cefiderocol and ceftolozane/tazobactam for multiply resistant Pseudomonas aeruginosa, but
definitive data showing clinical efficacy is as yet lacking. Reports of the development of resistance early
after the release and use of new agents is of concern. Orally administered options and agents active
effective against Acinetobacter baumannii are under-represented in clinical development. H. Wright, Clin
Microbiol Infect 2017;23:704
© 2017 Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and Infectious

Diseases.

The advent of antibiotics in the middle of the twentieth cen-
tury revolutionized medical care. The increasing threat of anti-
biotic resistance poses a significant danger to the miraculous
advances that effective antibiotic therapy has wrought. Serious
infections caused by Gram-negative bacteria are becoming an
increasingly difficult clinical challenge. The emergence of organ-
isms producing extended-spectrum b-lactamases (ESBLs) has
become a major public health concern globally [1]. Resistance to

broad-spectrum antibiotics such as third-generation cephalospo-
rins (e.g. ceftazidime and ceftriaxone) in Escherichia coli and
Klebsiella pneumoniae is widespread [2]. A concomitant increase in
the use of carbapenems has increased the selection pressure for
carbapenem resistance [3]. Increasing rates of carbapenem-
resistant Enterobacteriaceae (CRE) are seen in the nosocomial
setting and beyond with invasive infections from these organisms
resulting in a high mortality [4]. Multidrug-resistant (MDR) iso-
lates from common nosocomial pathogens Pseudomonas aeruginosa
and Acinetobacter spp. frequently harbour multiple resistance
mechanisms and there are few available therapeutic options to
combat them. The threat of the development of pan-resistance,
with isolates non-susceptible to all therapeutic options available,

* Corresponding author. D. Paterson, The University of Queensland, Centre for
Clinical Research, Royal Brisbane and Women's Hospital Campus, Brisbane,
Australia.

E-mail address: david.antibiotics@gmail.com (D.L. Paterson).

Contents lists available at ScienceDirect

Clinical Microbiology and Infection

journal homepage: www.cl in icalmicrobiologyandinfect ion.com

http://dx.doi.org/10.1016/j.cmi.2017.09.001
1198-743X/© 2017 Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and Infectious Diseases.

Clinical Microbiology and Infection 23 (2017) 704e712



fmicb-10-00080 January 28, 2019 Time: 18:40 # 3

Sheu et al. Carbapenem-Resistant Enterobacteriaceae

TABLE 1 | Classification and characteristics of major carbapenemases in Enterobacteriaceae.

Carbapenemase KPC MBLs (NDM, VIM, IMP) OXA-48

Ambler molecular class A B D

Substrates of hydrolysis All b-lactams All b-lactams except for aztreonam Penicillins and carbapenems

Inhibited by classic b-lactamase
inhibitors

Minimally No No

Inhibited by avibactam Yes No Yes

Inhibited by vaborbactam Yes No No

Inhibited by relebactam Yes No No

Common species in
Enterobacteriaceae

K. pneumoniae, E. coli,
Enterobacter spp.

NDM: K. pneumoniae, E. coli VIM:
K. pneumoniae IMP: K. pneumoniae

K. pneumoniae

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

TABLE 2 | Antimicrobial agents used for carbapenem-resistant Enterobacteriaceae infections.

Antimicrobial agents Recommended dose for CRE infectionsa Comments

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

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

Ertapenem Consider 2 g every 24 h Used in double-carbapenem therapy

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

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

Tigecycline Loading dose of 100 mg, followed by 50 mg every 12 h Consider loading dose of 200 mg, followed by 100 mg every 12 h for
severe infections

Eravacycline 1 mg/kg every 12 h Approved by FDA in August 2018 for the treatment of cIAI. Activity
against carbapenem-resistant Enterobacteriaceae has been
demonstrated In vitro. Clinical data in CRE infections are still lacking

Gentamicin Tobramycin 5–7 mg/kg/day Used in combination therapy. Consider a higher dose of
10–15 mg/kg/day for severe infections without other options. Risk of
toxicity may increase. TDM is recommended

Amikacin 15–20 mg/kg/day Used in combination therapy. Consider a higher dose of
25–30 mg/kg/day for severe infections without other options. Risk of
toxicity may increase. TDM is recommended

Plazomicin 15 mg/kg/day Approved by FDA in June 2018 for the treatment of cUTI including
pyelonephritis. Activity against ESBL- and carbapenemase-producing
Enterobacteriaceae has been demonstrated In vitro. Clinical data in
CRE infections are still lacking

Fosfomycin 4 g every 6 h to 8 g every 8 h Used in combination therapy

Aztreonam 1–2 g every 8 h MBL producers are susceptible if not ESBL or AmpC producers

Ceftazidime 1–2 g every 8 h OXA-48 producers are susceptible if not ESBL or AmpC producers

Ceftazidime/avibactam 2.5 g (2 g/0.5 g) every 8 h KPC and OXA-48 producers are frequently susceptible

Meropenem/vaborbactam 2 g (1 g/1 g) every 8 h KPC producers are frequently susceptible

cIAI, complicated intraabdominal infection; cUTI, complicated urinary tract infection; ESBL, extended-spectrum �–lactamase; KPC, Klebsiella pneumoniae
carbapenemase; MBL, metallo-�-lactamase; MIC, minimum inhibitory concentration; OXA, oxacillinase; TDM, therapeutic drug monitoring.
Adapted from Rodriguez-Bano et al. (2018).
aFor patients with normal renal function.

et al., 2017), the two largest retrospective studies to date
concordantly identified the protective e�ects to be significant
in populations with high disease severity (Tumbarello et al.,
2015; Gutierrez-Gutierrez et al., 2017). In the multicenter
Italian cohort, with 661 episodes of BSI and non-BSI caused
by KPC-producing K. pneumoniae, Tumbarello et al. (2015)
compared clinical outcomes between 307 patients receiving
monotherapy (colistin in 121, tigecycline in 116, gentamicin in
70) and 354 patients receiving combination therapy (receiving 2
or more in vitro-active drugs, with meropenem in all cases). They

found significantly decreased mortality rates with combination
therapy among patients with BSI (OR, 0.45; 95% CI, 0.29–0.68),
lower respiratory tract infections (OR, 0.35; 95% CI, 0.11–0.99),
high APACHE III scores (OR, 0.55; 95% CI, 0.37–0.80), septic
shock (OR, 0.18; 95% CI, 0.05–0.53), and among isolates with
a meropenem MIC of 8 mg/L (OR, 0.57; 95% CI, 0.32–1.03)
(Tumbarello et al., 2015). The INCREMENT project, which
included monomicrobial BSIs due to CPE from a total of 437
patients worldwide (26 tertiary hospitals in 10 countries), is
by far the largest retrospective international cohort study. The
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online at http://www.mayoclinicproceedings.
org). The results of the hierarchical logistic
regression analysis of the association in the
DC between exposures and 14-day all-cause
mortality are presented in Table 2. The blocks
and variables included were as follows: block
1 (underlying patient conditions): age 70 years
or more, sex, Charlson comorbidity index of 2
or more, chronic kidney disease, chronic liver
disease, and leukemia or metastatic cancer;
block 2 (microbiological and epidemiological
characteristics): Enterobacteriaceae species,
ESBL coproducer, carbapenemase type, source
of BSI, nosocomial acquisition, intensive care
unit admission, center and study period; block
3: interaction between the center and the study
period (Supplemental Figure 15, available
online at http://www.mayoclinicproceedings.
org); block 4 (acute severity): Pitt score of 6
or more, severe sepsis or septic shock, mental
status and mechanical ventilation; and block
5 (therapy): inappropriate early targeted
therapy.

Variables with a P value less than .05 in the
final model were as follows: Charlson comor-
bidity index of 2 or more; source of BSI other
than urinary or biliary tract; interaction be-
tween the study period and the center; Pitt
score of 6 or more; severe sepsis or shock;
and inappropriate early targeted therapy.
This final model reported an AUROC curve
of 0.84 (95% CI, 0.80-0.88) for mortality.
When the variable “inappropriate early tar-
geted therapy” was removed, the AUROC
curve of the resulting model was 0.82 (95%
CI, 0.77-0.87). The score assigned to each sig-
nificant variable according to their regression
coefficient is listed in Table 3. The sensitivity,
specificity, PPV, NPV, and accuracy values for
different break points of each score and the
proportion of patients are listed in Table 4.
The prediction rule based on the scores estab-
lished an AUROC curve of 0.80 (95% CI,
0.74-0.85).

The predictive model obtained was then
applied to the VC. The AUROC curve ob-
tained for 14-day all-cause mortality was
0.80 (95% CI, 0.73-0.88). The sensitivity,
specificity, PPV, NPV, and accuracy values
for different break points of each score are
listed in Table 4. The NPV for scores of up
to 8 was 87.0% in the DC and 87.0% in the
VC; and the PPV for a score of 14 or more

was 79.1% in the DC and 81.8% in the VC.
A classification into low (score, 0-8), interme-
diate (score, 9-13), and high (score, 14-17)
mortality was developed, with mortality rates

TABLE 3. Assignment of Scores on the Basis of the Regression Coefficients
Obtained for the Selected Variables Using Hierarchical Logistic Regression

Variable
Regression coefficient

(95% CI) Score

Severe sepsis or septic shock 1.76 (1.01-2.50) 5
Pitt score !6 1.39 (0.54-2.25) 4
Charlson comorbidity index !2 0.93 (0.09-1.78) 3
Source of BSI other than urinary or biliary tract 0.92 (0-1.85) 3
Inappropriate early targeted therapy 0.69 (0.07-1.31) 2
Total points 17

BSI ¼ bloodstream infection.

TABLE 4. Proportion of Patients, Sensitivity, Specificity, Positive Predictive
Value (PPV), and Negative Predictive Value (NPV) for Different Break Points
According to the Score Predicting 14-D All-Cause Mortality in the Derivation and
Validation Cohorts

Variable
Proportion

of patients (%)
Sensitivity

(%)
Specificity

(%)
PPV
(%)

NPV
(%)

Accuracy
(%)

Derivation cohort
Score !3 92.0 99.1 11.7 37.4 96.0 42.0
Score !4 78.7 95.4 30.2 42.1 92.5 52.9
Score !5 78.0 95.4 31.2 42.4 92.8 53.5
Score !6 71.3 89.9 38.5 43.8 87.8 56.4
Score !7 60.8 85.3 52.2 48.7 87.0 63.7
Score !8 58.3 84.4 55.6 50.3 87.0 65.6
Score !9 41.4 68.8 73.2 57.7 81.5 71.7
Score !10 39.2 66.1 75.1 58.5 80.6 72.0
Score !11 33.8 59.6 80.0 61.3 78.8 72.9
Score !12 24.2 51.4 90.2 73.7 77.7 76.8
Score !13 19.7 43.1 92.7 75.8 75.4 75.5
Score !14 13.7 31.2 95.6 79.1 72.3 73.2
Score !15 8.6 21.1 98.0 85.2 70.0 71.3
Score !16 3.2 9.2 100.0 100.0 67.4 68.5
Score 17 3.2 9.2 100.0 100.0 67.4 68.5

Validation cohort
Score !3 99.4 100.0 1.0 35.9 100.0 36.4
Score !4 77.3 94.5 32.3 43.7 91.4 54.5
Score !5 76.6 92.7 32.3 43.2 88.9 53.9
Score !6 73.4 90.9 36.4 44.2 87.8 55.8
Score !7 55.2 83.6 60.6 54.1 87.0 68.8
Score !8 55.2 83.6 60.6 54.1 87.0 68.8
Score !9 39.0 69.1 77.8 63.3 81.9 74.7
Score !10 39.0 69.1 77.8 63.3 81.9 74.7
Score !11 35.7 67.3 81.8 67.3 81.8 76.6
Score !12 27.3 56.4 88.9 73.8 78.6 77.3
Score !13 23.4 52.7 92.9 80.6 78.0 78.6
Score !14 14.3 32.7 96.0 81.8 72.0 73.4
Score !15 13.0 29.1 96.0 80.0 70.9 72.1
Score !16 3.2 5.5 98.0 60.0 65.1 64.9
Score 17 3.2 5.5 98.0 60.0 65.1 64.9
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Abstract

Objective: To develop a score to predict mortality in patients with bloodstream infections (BSIs) due to
carbapenemase-producing Enterobacteriaceae (CPE).
Patients and Methods: A multinational retrospective cohort study (INCREMENT project) was performed
from January 1, 2004, through December 31, 2013. Patients with clinically relevant monomicrobial BSIs
due to CPE were included and randomly assigned to either a derivation cohort (DC) or a validation cohort
(VC). The variables were assessed on the day the susceptibility results were available, and the predictive
score was developed using hierarchical logistic regression. The main outcome variable was 14-day all-
cause mortality. The predictive ability of the model and scores were measured by calculating the area
under the receiver operating characteristic curve. The sensitivity, specificity, positive predictive value,
negative predictive value, and accuracy were calculated for different cutoffs of the score.
Results: The DC and VC included 314 and 154 patients, respectively. The final logistic regression model of
the DC included the following variables: severe sepsis or shock at presentation (5 points); Pitt score of 6 or
more (4 points); Charlson comorbidity index of 2 or more (3 points); source of BSI other than urinary or
biliary tract (3 points); inappropriate empirical therapy and inappropriate early targeted therapy (2 points).
The score exhibited an area under the receiver operating characteristic curve of 0.80 (95% CI, 0.74-0.85) in
the DC and 0.80 (95% CI, 0.73-0.88) in the VC. The results for 30-day all-cause mortality were similar.
Conclusion: A validated score predictive of early mortality in patients with BSIs due to CPE was developed.
Trial Registration: clinicaltrials.gov Identifier: NCT01 764490.

ª 2016 Mayo Foundation for Medical Education and Research n Mayo Clin Proc. 2016;91(10):1362-1371

T he dramatic worldwide increase in the
rate of infections due to multidrug-
resistant Enterobacteriaceae over the

past decade is considered a major public

health problem.1 Treating carbapenemase-
producing Enterobacteriaceae (CPE) has
become an important challenge,2 with mortal-
ity rates of 40% to 60% in patients with
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Does combination therapy have an advantage compared 
with monotherapy when antibiotics are used? Four 
main reasons exist for why to use multiple antibiotics. 
Sometimes, combination therapy is needed to avoid 
resistance development in difficult-to-treat infections, 
such as tuberculosis or biofilm-associated infections 
treated with rifampin or fosfomycin. Other reasons 
apply to certain antibiotics like macrolides, which are 
able to attenuate severe inflammation, or clindamycin, 
which is able to inhibit bacterial toxin production.1 
In some cases, combinations act synergistically 
(eg, ampicillin plus gentamicin against enterococci) 
and might therefore accelerate pathogen clearance in 
patients with high bacterial loads. However, mostly the 
intention is to broaden the antimicrobial spectrum and 
decrease the risk of initial inappropriate treatment that 
is associated with increased mortality.

However, the broader the better would be the wrong 
conclusion, not only from the perspective of antibiotic 
stewardship,2 but also from that of the individual 
patient. The prospective cohort study by Kett and 
colleagues3 published in The Lancet Infectious Diseases 
6 years ago revealed that the guideline-compliant 
triple treatment for hospital-acquired pneumonia 
was associated with increased mortality. The solution 
to this paradox—increased mortality when the 
underlying pathogen is not eradicated and increased 
mortality and resistance associated with (unnecessary) 
combination therapy—is the de-escalation strategy. 
De-escalation is usually considered on the third day 
after commencement of treatment, when the clinical 
course of an infection can be judged and the results of 
the microbiological test are available.2,4 De-escalation 
has become the accepted main strategy for antibiotic 
stewardship.

However, the de-escalation principle was challenged 
for bloodstream infections by carbapenemase-
producing Enterobacteriaceae (CPE)—one of the 
major challenges to infectious diseases physicians. 
Investigators of Italian5 and Greek6 multicentre 
retrospective cohort studies found that combination 
therapy with two or three active drugs decreases 
mortality compared with appropriate monotherapy 
in patients with severe infections caused by Klebsiella 
pneumoniae carbapenemase (KPC)-producing Klebsiella 

pneumonia. Does this finding mean that all patients 
with bloodstream infections due to CPE should be given 
targeted combination therapy?

This question is addressed by an international study 
published in The Lancet Infectious Diseases by Belén 
Gutiérrez-Gutiérrez and colleagues7 including some of the 
same authors who reported the advantage of combination 
therapy in the aforementioned studies. They show in 
a retrospective cohort of patients with bloodstream 
infections due to CPE that appropriate treatment (ie, 
including an active drug against the blood isolate and 
started in the first 5 days after infection) was associated 
with reduced 30 day mortality. 132 (38·5%) of 343 patients 
who received appropriate treatment died compared with 
57 (60·6%) of 94 in those who received inappropriate 
treatment (adjusted hazard ratio [HR] 0·45 [0·33–0·62]; 
p<0·0001). In the subgroup of patients who received 
appropriate treatment, overall mortality was not different 
between those receiving combination therapy (47 [35%] 
of 135 patients died) or monotherapy (85 [41%] of 208; 
adjusted HR 1·63 [0·67–3·91]; p=0·28). But combination 
therapy compared with monotherapy was associated with 
improved survival in the subgroup of patients receiving 
appropriate therapy with a high pretreatment probability 
of death as measured by the modified INCREMENT-CPE 
mortality score (30 [48%] of 63 patients died vs 64 [62%] 
of 103; adjusted HR 0·56 [0·34–0·91]; p=0·02).

Gutiérrez-Gutiérrez and colleagues have developed 
and validated this INCREMENT-CPE mortality score 
in a previous study8 in patients with bloodstream 
infections due to CPE for prediction of early mortality. 
This score includes five variables: severe sepsis or shock 
at presentation (five points), a Pitt bacteraemia score 
of 6 or more (four points), a Charlson comorbidity 
index score of 2 or more (three points), a source of BSI 
other than urinary or biliary tracts (three points), and 
inappropriate empirical and early targeted therapy (two 
points). In this study, the last factor of the INCREMENT 
score was not considered since appropriateness of 
therapy was specifically assessed as an outcome 
predictor.

The data from this study are in line with a meta-analysis 
by Kumar and colleagues9 who have shown that generally 
in studies with a mortality of 25%, combination therapy 
was advantageous, whereas in studies with a mortality of 
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infections due to CPE for prediction of early mortality. 
This score includes five variables: severe sepsis or shock 
at presentation (five points), a Pitt bacteraemia score 
of 6 or more (four points), a Charlson comorbidity 
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less than 15%, appropriate monotherapy achieved a better 
outcome than did combination therapy, and that no 
difference was seen in studies with a mortality of 15–25%.

However, in addition to patient-related factors 
like severity, comorbidities, and source of infections, 
as measured by the INCREMENT-CPE mortality 
score, other treatment-associated and pathogen-
associated factors—which could not be assessed in 
this study—could also plausibly influence patient 
outcomes. These factors include antibiotic blood and 
tissue concentrations, the method of action of the 
antibiotic, the minimal inhibitory concentration, and 
the possible mechanism of resistance of the pathogen 
and presence of certain virulence factors. Findings from 
an in-vitro study,10 which has investigated the effect 
of combination treatment on CPE, for example, found 
no advantage of a third substance compared with an 
already active dual combination.

In the area of spreading antimicrobial resistance, we 
should use antibiotics only as much as needed and as little 
as possible—this conclusion also means an individualised 
approach is needed that identifies patients in need of 
combination therapy. Patient-based clinical scoring 
systems like the INCREMENT-CPE mortality score, which 
are easy to implement in routine clinical practice, are the 
first step towards an individualised antibiotic treatment, 
but should in the future be complemented by pathogen-
related and treatment-related factors. These factors might 
require advanced diagnostic point-of-care techniques. 
With rapid development of novel diagnostic tools for 
pathogen and resistance identification11 or measurement 
of antibiotic blood concentrations, the future challenge 
for infectious diseases physicians will be to implement 
all of these data in a meaningful way to identify the best 
tailored antibiotic treatment for the individual patient.

Expanding the armamentarium for the treatment of 
Clostridium difficile infection

In The Lancet Infectious Diseases, Richard Vickers 
and colleagues1 report results of a phase 2 study of 
ridinilazole, a promising new drug for the treatment 
of Clostridium difficile infection. Although efforts to 
improve infection control practices and antimicrobial 
stewardship have led to significant reductions in some 

countries,2 C difficile infection remains a substantial 
problem worldwide.

All-cause 30-day mortality associated with C difficile 
infection has been reported to be in the region of 
9–38%.3,4 Furthermore, cases are associated with 
excess length of hospital stay of approximately 7 days 
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however, to control for the site effect, we classified 
centres into those with low (low-mortality-risk centres) 
and high (high-mortality-risk centres) mortality using 
TreeNet considering all other variables; therefore, sites 
classified as high-risk centres were those with high 
mortality after consideration of patients’ features. We did 
multivariate analyses using Cox regression after 
assessing the proportional hazards assumption. We 
included variables with a univariate p of 0·2 or less for 
mortality and manually selected them in a backward 
stepwise manner according to their association and 
biological value. We calculated the variance inflation 
factor value for every variable included to control for the 
potential occurrence of collinearity between the 
pro pensity score and other potential confounders. We 
selected the best model according to the likelihood 
ratio test.

For the analyses of combination therapy, we calculated a 
propensity score for receiving of combination therapy 
using a non-parsimonious logistic regression model in 
which the outcome variable was combination therapy. We 
investigated the INCREMENT-CPE mortality score as an 
effect modifier. We did stratified analyses according to the 
INCREMENT-CPE mortality score (0–7 [low mortality 
score] vs 8–15 [high mortality score]) because we found a 
significant interaction of combination therapy and 
INCREMENT-CPE mortality score (this analysis had not 
been planned when the study was registered). We did 
sensitivity analyses in subgroups and using different 
definitions (considering as active only antibiotics for which 
the bacteria were susceptible; classifying therapy into only 
one active drug, one active plus at least one inactive drug, 
and more than one active drug; and considering only 
combinations including a carbapenem). Finally, we 
matched patients given monotherapy and combination 
therapy (1:1) using calipers of 0·2 width of the SD of the 
logit of the propensity score and the INCREMENT 
mortality score strata. We compared mortality in matched 
pairs with a Cox regression analysis using a robust variance 
estimator (approximate jack-knife estimator of the variance) 
and with conditional logistic regression. We did analyses 
using R software (version 3.0.1), SPSS 15.0, Classification 
and Regression Tree software 7.0, and TreeNet version 7.0.

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report. BG-G and JR-B had full access to all 
the data in the study. The corresponding author had final 
responsibility for the decision to submit for publication. 

Results
Between Jan 1, 2004, and Dec 31, 2013, 480 patients with 
BSIs due to CPE were included in the INCREMENT 
cohort. After application of the exclusion criteria, we 
included 437 (91%) in this study (figure 1). The number 
of patients per site ranged from two (<1%) to 56 (13%); 
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Figure 2: Monotherapy versus combination therapy
HR=hazard ratio.
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Effect of appropriate combination therapy on mortality of 
patients with bloodstream infections due to 
carbapenemase-producing Enterobacteriaceae 
(INCREMENT): a retrospective cohort study
Belén Gutiérrez-Gutiérrez*, Elena Salamanca*, Marina de Cueto, Po-Ren Hsueh, Pierluigi Viale, José Ramón Paño-Pardo, Mario Venditti, 
Mario Tumbarello, George Daikos, Rafael Cantón, Yohei Doi, Felipe Francisco Tuon, Ilias Karaiskos, Elena Pérez-Nadales, Mitchell J Schwaber, 
Özlem Kurt Azap, Maria Souli, Emmanuel Roilides, Spyros Pournaras, Murat Akova, Federico Pérez, Joaquín Bermejo, Antonio Oliver, 
Manel Almela, Warren Lowman, Benito Almirante, Robert A Bonomo, Yehuda Carmeli, David L Paterson, Alvaro Pascual, Jesús Rodríguez-Baño, 
and the REIPI/ESGBIS/INCREMENT Investigators†

Summary
Background The best available treatment against carbapenemase-producing Enterobacteriaceae (CPE) is unknown. 
The objective of this study was to investigate the effect of appropriate therapy and of appropriate combination therapy 
on mortality of patients with bloodstream infections (BSIs) due to CPE.

Methods In this retrospective cohort study, we included patients with clinically significant monomicrobial BSIs due to 
CPE from the INCREMENT cohort, recruited from 26 tertiary hospitals in ten countries. Exclusion criteria were 
missing key data, death sooner than 24 h after the index date, therapy with an active antibiotic for at least 2 days when 
blood cultures were taken, and subsequent episodes in the same patient. We compared 30 day all-cause mortality 
between patients receiving appropriate (including an active drug against the blood isolate and started in the first 5 days 
after infection) or inappropriate therapy, and for patients receiving appropriate therapy, between those receiving active 
monotherapy (only one active drug) or combination therapy (more than one). We used a propensity score for receiving 
combination therapy and a validated mortality score (INCREMENT-CPE mortality score) to control for confounders in 
Cox regression analyses. We stratified analyses of combination therapy according to INCREMENT-CPE mortality score 
(0–7 [low mortality score] vs 8–15 [high mortality score]). INCREMENT is registered with ClinicalTrials.gov, number 
NCT01764490. 

Findings Between Jan 1, 2004, and Dec 31, 2013, 480 patients with BSIs due to CPE were enrolled in the INCREMENT 
cohort, of whom we included 437 (91%) in this study. 343 (78%) patients received appropriate therapy compared with 
94 (22%) who received inappropriate therapy. The most frequent organism was Klebsiella pneumoniae (375 [86%] of 
437; 291 [85%] of 343 patients receiving appropriate therapy vs 84 [89%] of 94 receiving inappropriate therapy) and the 
most frequent carbapenemase was K pneumoniae carbapenemase (329 [75%]; 253 [74%] vs 76 [81%]). Appropriate 
therapy was associated with lower mortality than was inappropriate therapy (132 [38·5%] of 343 patients died vs 
57 [60·6%] of 94; absolute difference 22·1% [95% CI 11·0–33·3]; adjusted hazard ratio [HR] 0·45 [95% CI 0·33–0·62]; 
p<0·0001). Among those receiving appropriate therapy, 135 (39%) received combination therapy and 208 (61%) 
received monotherapy. Overall mortality was not different between those receiving combination therapy or 
monotherapy (47 [35%] of 135 vs 85 [41%] of 208; adjusted HR 1·63 [95% CI 0·67–3·91]; p=0·28). However, combination 
therapy was associated with lower mortality than was monotherapy in the high-mortality-score stratum (30 [48%] of 
63 vs 64 [62%] of 103; adjusted HR 0·56 [0·34–0·91]; p=0·02), but not in the low-mortality-score stratum (17 [24%] of 
72 vs 21 [20%] of 105; adjusted odds ratio 1·21 [0·56–2·56]; p=0·62).

Interpretation Appropriate therapy was associated with a protective effect on mortality among patients with BSIs due 
to CPE. Combination therapy was associated with improved survival only in patients with a high mortality score. 
Patients with BSIs due to CPE should receive active therapy as soon as they are diagnosed, and monotherapy should 
be considered for those in the low-mortality-score stratum.

Funding Spanish Network for Research in Infectious Diseases, European Development Regional Fund, Instituto de 
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Introduction
Among antibiotic-resistant organisms, carbapenemase-
producing Enterobacteriaceae (CPE) are probably the 
most worrying threat because the therapeutic options 

against these bacteria are very few.1 Most CPE are 
resistant to all first-line anti-Gram-negative antibiotics, 
such as cephalosporins, β-lactam–β-lactamase inhibitors, 
carbapenems, and fluoroquinolones. Alternative drugs, 

Lancet	Infect	Dis	2017;	17:	726–34	



CEFTOLOZANO-TAZOBACTAM	

•  Gran	acMvidad	frente	de	P	aeruginosa	

•  Alta	afinidad	a	PBP1b,	PBP1c,	and	PBP3	

•  Estabilidad	frente	a	beta-lactamasas	AmpC	

•  AcMvidad	frente	a	BGN	productores	de	BLEEs	

•  Punto	de	corte	establecido	MIC90	of		inferior	o	igual	4	mg/L	

•  Sin	acMvidad	frente		a	carbapenemasas	Mpo	A	y	B	

•  	Ensayos	clínicos	comparaMvos	de	no	inferioridad	en	infección	urinaria	e	
intraabdominal	frente	levofloxacino	y	meropenem	respecMvamente	(ASPECT	ITU	
y	ASPECT	IA)	

•  	Reciente	en	el	estudio	ASPECT-NP	demostró	la	no	inferioridad	frente	a	
meropenem	

Wright	et	al	Clinical	Microbiology	and	Infec9on	23	(2017)	704e712	



CEFTAZIDIMA-AVIBACTAM	

•  AcMvidad	frente	a	carbapenemasas	Mpos	A,	C	y	algunas	cepas	de	clase	D	
	
•  No	acMvidad	frente	a	la	clase	B	(metalobetalactamasas)	
	
•  AcMvidad	variable	frente	a	P	aeruginosa	MDR	

•  Estudio	en	c	IAI	junto	a	metronidazol	vs	meropenem	(RECLAM)	

•  Estudio	en	c	UTI	vs	doripenem		(RECAPTURE)	

•  Estudio	en	NP	(incluye	VAP)	vs	meropenem	(REPROVE)	

Wright	H	et	al.	Clinical	Microbiology	and	Infec9on	23	(2017)	704e712	
Kalil	AC	et	al.	Lancet	Infect	Dis.	Mar;18(3):285-295	



Imipenem/cilasta9n		+		Relebactam		
	

•  AcMvidad	frente	a	EPC	clase	A	y	C	

	
•  No	acMvidad	frente	a	clase	D	

	
•  Estudios	fase		II	en	ITU	e	IIA	

	
•  RESTORE-IMI	1	estudio	comparaMvo	de		imipenem-cilastaMna	+	relebactam		vs		

IMP+ColisMna	en	infección	urinaria	o	intraabdominal	complicadas	y	neumonía	
nosocomial	y	asociada	a	venMlación	mecánica	

	
•  Menor	mortalidad	por	cualquier	causa	en	día	28	con	imipenem-cilastaMna	+	

relebactam		
	
	

Sheu,	S	et	al.	Front.	Microbiol.	10:80.	doi:	10.3389/fmicb.2019.00080	



MEROPENEM-VABORBACTAM	

	
Espectro	similar	meropenem	y	frente	a	EPC	Mpo	A	y	C	
	
	
Estudio	TANGO	1	

•  MulMcentrico,	randomizado,	doble	ciego	vs	piperacilina-tazobactam	en	ITU	
complicada.		SUPERIORIDAD	

	
	
Estudio	TANGO	2	
	
•  MulMcentrico,	randomizado,	abierto	frente	a	la	mejor	opción	terapéuMca	en	ITU,	

neumonia,	bacteriemia	e	infección	intraabdominal	en	infecciones	por	EPC.	
Mayor	eficacia	y	menos	efectos	adversos	

	
	

Sheu,	S	et	al.	Front.	Microbiol.	10:80.	doi:	10.3389/fmicb.2019.00080	
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•  Aztreonam/cebazidime-avibactam	was	the	most	potent		
					combinaMon	to	treat	infecMons	caused	by	MBL	producers	compared	to						
					aztreonam/amoxillin-	clavulanate	and	aztreonam/cebolozane-tazobactam.		
 

•  However, in many case  aztreonam/amoxillin-clavulanate was found to be as efficient 
as aztreonam/ceftazidime-  avibactam, offering the main advantage to be markedly 
cheaper  

 

METALOBETALACTAMASAS	O	CLASE	B	DE	AMBLER	



CEFIDEROCOL	

•  Nuevas	cefalosporina	siderofora	con	acMvidad	frente		CRE	(Mpos	KPC, 
NDM, IMP, VIM) 	

•   P.	aeruginosa		MDR	
		
•  A.	baumannii	productor	de	OXA	48	

•  S	maltophilia.		

•  Estudios	de	no	inferioridad	en	cUTI	vs	imipenem-cilastaMna	

•  Estudio		CREDIBLE	cefedirecol	frente	al	mejor	tratamiento	disponible		

Sheu,	S	et	al.	Front.	Microbiol.	10:80.	doi:	10.3389/fmicb.2019.00080	

Wright	H	et	al.	Clinical	Microbiology	and	Infec9on	23	(2017)	704e712	



PLAZOMICINA	
	
•  Nuevo	aminoglucósido	con	mayor	acMvidad	frente	a	enterobacterias	productoras	de	

carbapenemasas	

•  Similar	acMvidad	que	otros	aminoglucósidos	frente	a	P	aeruginosa	

•  Buena	acMvidad	frente	a	Acinetobacter	baumanii	productor	de	OXA-48	

•  Estudios	realizados	principalmente	en	c	UTI	

ERAVACICLINA	
	
•  Nuevo	derivado	de	la	familia	de	las	tetraciclinas	que	inhibe	la	síntesis	proteínica	

•  AcMvidad	frente	a	KPC,	OXA-48	y	cepas	NDM		
			
•  Buena	correlación	con	sensibilidad	de	Mgeciclina	

•  Fase	III	no	inferioridad	en	cIAI		(vs	ertapenem	)	y		cUTI	(vs	levofloxacino)		

Sheu,	S	et	al.	Front.	Microbiol.	10:80.	doi:	10.3389/fmicb.2019.00080	
Wright	H	et	al.	Clinical	Microbiology	and	Infec9on	23	(2017)	704e712	
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The mechanisms of carbapenem resistance in glucose-non-
fermenting organisms differ according to the organism. 
Carbapenem-resistant P aeruginosa strains generally evolve 
because of an interplay of multiple complex mechanisms, 
including mutations in OprD porins, hyperproduction of 
AmpCs, upregulation of efflux pumps, and mutations in pen-
icillin-binding proteins [8]. Carbapenemases are an infrequent  
mechanism behind carbapenem-resistant P aeruginosa in 
the United States [8] and are found more commonly in other 
regions of the world such as Europe, Asia, and Latin America; 
VIM carbapenemases are responsible for approximately 11% 
of carbapenem-resistant P aeruginosa infections in Europe [9], 
12% of overall P aeruginosa infections (regardless of carbape-
nem susceptibility) from Asia [10], and up to 19% of carbap-
enem-resistant infections in Latin America [11]. Carbapenem 
resistance in A baumannii strains in both the United States and 
abroad is generally the result of the production of class D car-
bapenemases, with OXA-23-like, OXA-40-like, OXA-58-like, 
and OXA-143-like carbapenemases commonly implicated [8]. 
S maltophilia has a chromosomally mediated MBL, L1 β-lact-
amase, that renders this organism intrinsically resistant to car-
bapenems [12]. A  number of phenotypic and genotypic tests 
are available to clinical microbiology laboratories for identify-
ing carbapenemase production by Gram-negative organisms 
and the specific carbapenemase(s) produced [13, 14]. Because 
the newer β-lactams exhibit unique profiles in their activity 
against some carbapenemases but not others, we believe that 
the role of the clinical microbiology laboratory in identifying 
both the presence of a carbapenemase as well as the specific 

carbapenemase gene is becoming increasingly important for 
guiding effective treatment decisions.

AZTREONAM-AVIBACTAM

Spectrum of Activity

Aztreonam is known for its ability to withstand hydrolysis by 
MBL carbapenemases. Aztreonam, however, is generally sus-
ceptible to hydrolysis by serine β-lactamases, including ESBLs, 
AmpCs, KPCs, and OXA-48-like carbapenemases, which is 
concerning because plasmids that contain MBL genes gener-
ally also harbor genes that encode several of these other β-lac-
tamases [5]. Avibactam is a β-lactamase inhibitor that is not 
susceptible to hydrolysis by ESBLs, AmpCs, KPCs, or OXA-
48-like carbapenemases and therefore overcomes the short-
comings of aztreonam [15, 16]. Together, the combination of 
aztreonam and avibactam provides broad coverage against 
a wide range of β-lactamase–producing Enterobacteriaceae 
(Figure 1). More specifically, in a large surveillance study that 
included clinical isolates from both the United States and 
abroad, the minimum inhibitory concentrations required 
to inhibit the growth of 90% of organisms (MIC90) for azt-
reonam-avibactam against KPC producers (n  =  102), MBL 
producers (n  =  59), and OXA-48-like producers (n  =  57) 
were ≤0.50  µg/mL for all of these carbapenemase-producing 
Enterobacteriaceae [17]. A  separate international collection 
of isolates yielded similar results [18]. MBL producers can be 
particularly challenging to treat given the limited number of 
agents with activity against them. Aztreonam-avibactam has 

Agent KPC-
producer

NDM-
producer

OXA-48-like-
producer

Carbapenem-
resistant

Pseudomonas 
aeruginosa 

Carbapenem-
resistant

Acinetobacter 
baumannii

Stenotrophomonas
maltophilia

Aztreonam-avibactam
Cefiderocol
Ce!azidime-avibactam1

Ce!olozane-tazobactam1

Eravacycline1,2

Fosfomycin (intravenous)

Imipenem-relebactam3

Meropenem-vaborbactam1

Plazomicin1,4

Polymyxin B1,5 or Colis"n1,5

Tigecycline1,2

Figure 1. Select antibiotics with activity against carbapenem-resistant organisms. Green, susceptibility anticipated to be >80%; yellow, susceptibility antic-
ipated to be 30% to 80%; red, intrinsic resistance or susceptibility anticipated to be <30%. 1, US Food and Drug Administration–approved agent; 2, synthetic 
tetracycline derivative; 3, imipenem-cilastatin–relebactam; 4, synthetic aminoglycoside; 5, polymyxin class. Abbreviations: KPC, Klebsiella pneumoniae car-
bapenemase; NDM, New Delhi metallo-β-lactamase.
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I N V I T E D  R E V I E W

Defining the Role of Novel β-Lactam Agents That Target 
Carbapenem-Resistant Gram-Negative Organisms
Pranita D. Tamma,1 and Alice J. Hsu2

Departments of 1Pediatrics and 2Pharmacy, Johns Hopkins University School of Medicine, Baltimore, Maryland

With the current carbapenem-resistant organism crisis, conventional approaches to optimizing pharmacokinetic-pharmacodynam-
ic parameters are frequently inadequate, and traditional salvage agents (eg, colistin, tigecycline, etc) confer high toxicity and/or have 
low efficacy. However, several β-lactam agents with activity against carbapenem-resistant organisms were approved recently by the 
US Food and Drug Administration, and more are anticipated to be approved in the near future. The primary goal of this review is to 
assist infectious disease practitioners with preferentially selecting 1 agent over another when treating patients infected with a carbap-
enem-resistant organism. However, resistance to some of these antibiotics has already developed. Antibiotic stewardship programs 
can ensure that they are reserved for situations in which other options are lacking and are paramount for the survival of these agents.

Keywords. aztreonam-avibactam; cefiderocol; ceftazidime-avibactam; ceftolozane-tazobactam; imipenem-cilastatin–relebac-
tam; meropenem-vaborbactam.

Carbapenem-resistant Gram-negative organisms continue to 
pose a serious clinical threat, and few treatment options are 
available [1]. However, a number of β-lactam antibiotics with 
activity against these organisms are currently in or recently 
completed phase III studies in the United States. As clinical tri-
als in adults continue, studies investigating dosage and infusion 
strategies for optimizing pharmacokinetics and pharmacody-
namics in children are being explored or have begun for all of 
these agents.

In this article, we provide a brief overview of mecha-
nisms of carbapenem resistance followed by a discussion of 
recently approved β-lactam agents (ie, ceftazidime-avibactam, 
ceftolozane-tazobactam, and meropenem-vaborbactam) and 
agents that, at the time this review was prepared, have not yet 
obtained US Food and Drug Administration (FDA) approval 
(eg, aztreonam-avibactam, cefiderocol, and imipenem-cilasta-
tin–relebactam [referenced herein as  imipenem-relebactam]) 
along with their role in the treatment of infections caused by 
carbapenem-resistant Enterobacteriaceae (CRE), carbapen-
em-resistant Pseudomonas aeruginosa, carbapenem-resistant 
Acinetobacter baumannii, and Stenotrophomonas maltophilia. 
The primary goal of this review is to assist infectious disease 
practitioners in preferentially selecting 1 agent over another 

when treating patients infected with a carbapenem-resistant 
organism. Information on pharmacokinetics and pharmaco-
dynamics will generally not be addressed. Because ongoing 
studies are being conducted for all of these agents, particu-
larly those not yet approved by the FDA, we anticipate that our 
understanding of the role of these antibiotics will continue to 
evolve over the next several months to years.

OVERVIEW OF MECHANISMS OF CARBAPENEM 
RESISTANCE

Carbapenem resistance occurs as a consequence of a number 
of heterogenous mechanisms [2]. Carbapenemase enzymes, 
which hydrolyze the β-lactam ring of carbapenem antibi-
otics, are common to Enterobacteriaceae and A baumannii. 
Carbapenemase producers account for slightly less than 50% 
of CRE strains in the United States; approximately 95% of 
carbapenemases are Klebsiella pneumoniae carbapenemases 
(KPCs), and the remainder belong to the New Delhi metal-
lo-β-lactamases (NDMs) or oxacillinase-48-like (OXA-48-
like) carbapenemase group [3, 4]. KPCs and OXA-48-like 
carbapenemases are serine carbapenemases, and NDMs, 
along with Verona integron-encoded metallo-β-lactamases 
(VIMs) and imipenemases  (IMPs), are common metal-
lo-β-lactamase (MBL) carbapenemases, named as such 
because they require the presence of zinc at their active site 
to function [5]. The remainder of carbapenem resistance 
in Enterobacteriaceae is generally caused by the production 
of extended-spectrum β-lactamases (ESBLs) and/or AmpC 
β-lactamases (AmpCs), in combination with reduced porin 
expression (eg, Ompk35 mutation, Ompk36 mutation, etc) 
[6] or overexpression of efflux pumps (eg, the AcrAB–TolC 
efflux pump) [7].
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a b s t r a c t

Background: The number of antibiotics in the pipeline targeting Gram-positive pathogens has increased
in recent years.
Aims: This narrative review aims to provide a summary of existing evidence on efficacy, microbiological
spectrum and safety of novel systemic antibiotics that have either recently been licensed or completed
phase III trials, and possess activity predominantly against Gram-positive organisms.
Sources: A review of the published literature via the MEDLINE database was performed. In addition,
ongoing trials were identified through a search of the clinical trial registration platform clinicaltrials.gov,
and when necessary, pharmaceutical companies responsible for the development of the drug were
contacted for further information.
Content: Data on development, microbiological spectrum, pharmacokinetic/pharmacodynamic proper-
ties, clinical efficacy, safety and cost are presented for the new cephalosporins ceftaroline and ceftobi-
prole; the lipoglycopeptides dalbavancin, oritavancin and telavancin; the fluoroquinolones delafloxacin,
nemonoxacin and zabofloxacin; the dihydrofolate-reductase inhibitor iclaprim; the pleuromutilin
lefamulin; and the tetracycline omadacycline.
Implications: Although promising, these new antibiotics have so far been tested in non-severe infections
whose treatment is generally uncomplicated and whose aetiologies were not predominantly multidrug-
resistant pathogens. None of the new antibiotics have shown superiority to standard care, and none have
been investigated for patient-relevant outcomes. Safety and pharmacokinetic data continue to be lacking.
How these new drugs are to be integrated into the current armamentarium remains to be established.
M. Abbas, Clin Microbiol Infect 2017;23:697
© 2017 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All

rights reserved.

Introduction

The emergence and spread of resistant Gram-positive pathogens
such as methicillin-resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant Enterococcus spp. (VRE) have spurred the
development of new drugs, with recent legislative and regulatory
changes promoting and facilitating antibiotic discovery and devel-
opment [1]. These include granting ‘fast-track’ or ‘qualified infec-
tious disease product’ (QIDP) status, which provides expedited
revieworfive additional years ofmarket exclusivity, respectively [2].

The purpose of this narrative review is to summarize the
existing evidence on efficacy, microbiological spectrum, and safety
of systemic antibiotics (a) predominantly targeting S. aureus or
enterococci and (b) that have been recently licensed or have un-
dergone clinical phase III trials for which at least preliminary re-
sults are available.

Expectations from evidence on antibiotics against Gram-
positive bacteria

We considered the evidence in relation to the following clinical
expectations. In the community, we need oral antibiotics active
against penicillin-resistant Streptococcus pneumoniae and MRSA.
The relevant infections are upper or lower respiratory infections

* Corresponding author. M. Abbas, Infection Control Programme, Geneva Uni-
versity Hospitals, Geneva, Switzerland.

E-mail address: Mohamed.Abbas@hcuge.ch (M. Abbas).

Contents lists available at ScienceDirect

Clinical Microbiology and Infection

journal homepage: www.cl inicalmicrobiologyandinfect ion.com

http://dx.doi.org/10.1016/j.cmi.2017.06.010
1198-743X/© 2017 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved.
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Table 1
Summary of approval status, dosage, approximate costs, and spectrum of activity of the antibiotics

Molecule FDA approval EMA approval Dose (for normal
renal function)

Total cost
(for normal renal
function and
adult of ~70 kg)a

Typical
treatment
duration
(days)

Spectrum of activity Inactive against Reference

Ceftaroline 2010 2012 600 mg/12 h V 1320 10 MRSA
CoNS
PNS-SP
BHS
Haemophilus influenzae
Enterococcus faecalis

Enterococcus
faecium
VRE
ESBL-E
Pseudomonas
aeruginosa

[56e59]

Ceftobiprole not approved not approvedb 500 mg/8 h V 1990 10 MRSA
CoNS
PNS-SP
BHS
H. influenzae
P. aeruginosac

E. faecium
VRE
ESBL-E

[17,60,61]

Dalbavancin 2014 2015 1500 mg single dose
(or 1000 mg followed
1 week later by 500 mg)

N/A 7e14 MRSA
CoNS
BHS
E. faecium

VRE [62,63]

Oritavancin 2014 2015 1200 mg single dose V 2260 10 MRSA
CoNS
BHS
E. faecium
(including VRE)

[63,64]

Tedizolid 2014 2015 200 mg/24 h V 1008 6 MRSA
CoNS
BHS
E. faecium
(including VRE)

[56,65,66]

Delafloxacin not approved not approved 300 mg/8 h N/A N/A MRSA
CoNS
BHS
PNS-SP
H. influenzae
Moraxella catarrhalis

[41,42]

Nemonoxacin not approved not approved 500 mg/24 h N/A N/A MRSA
CoNS
BHS

E. faecium [67]

Zabofloxacin not approved not approved 367 mg (tablet po) N/A 5 MSSA
CoNS
PNS-SP
H. influenzae

MRSA
MRCoNS
E. faecium
P. aeruginosa

[49,68]

Iclaprim not approved not approved 80 mg/12 h N/A 5e14 MRSA
BHS

E. faecium [69]

Lefamulin not approved not approved 150 mg/12 h (po)
600 mg/12 h (po)

N/A N/A MRSA
BHS
PNS-SP
VRE

E. faecium [51,52]

Omadacycline not approved not approved 100 mg/24 h (iv)
150 mg/24 h (po)

N/A N/A MRSA
E. faecium
(including VRE)
PNS-SP
BHS

[53]

Comparison
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b Approved in 13 European countries.
c Variable activity.
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test can be reported as CDI positive10. This two-step
algorithm may help reduce NAAT-related overdiagnosis
of CDI.

Strategies such as intervention on the frequent use of
PCR testing and/or using a modified NAAT cutoff to
predict toxins also are options for reducing inappropriate

Fig. 2 Bacterial targets for CDI therapeutics. Texts in red and green are the indicated targets for diagnostic and therapeutic approaches,
respectively
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Bezlotoxumab for Recurrent C. difficile Infection

Across prespecified subpopulations of partici-
pants who were at high risk for recurrent C. diffi-
cile infection or for adverse outcomes related to 
C. difficile infection, the rates of recurrent infec-
tion were lower in the bezlotoxumab group and 
in the actoxumab–bezlotoxumab group than in 
the placebo group, both in the pooled data set 
(Fig. 3) and in the individual trials (Figs. S3 and 
S4 in the Supplementary Appendix). The ob-
served effects on the rate of recurrent infection 
were similar with bezlotoxumab and actoxumab–
bezlotoxumab in all subgroups except partici-

pants with infection caused by C. difficile strain 
027 and participants with infection caused by 
strain 027, 078, or 244. Among participants with 
one or more risk factors (1964 of 2559, 77%), 
recurrent infection occurred in 17% of the par-
ticipants (100 of 592) in the bezlotoxumab group, 
in 16% of the participants (99 of 606) in the 
actoxumab–bezlotoxumab group, and in 30% of 
the participants (174 of 583) in the placebo group 
(post hoc analysis). In a comparison of partici-
pants according to hospitalization status, standard-
of-care antibiotic therapy, and geographic region, 

Figure 2. Kaplan–Meier Plot of Time to Recurrent C. diff icile Infection.

The results shown are for the modified intention-to-treat population with data pooled from the two trials. Shown at 
the bottom of the graph are the numbers of participants who were at risk at the start of the interval and the Kaplan–
Meier rates and 95% confidence intervals at each time point. Data from participants who did not have initial clinical 
cure were right-censored at day 1 (the day of the infusion). Data from participants who completed the 12-week study 
period without documented recurrent infection were censored at the date of the last completed stool count. For 
participants who discontinued before recurrent infection, the time to event was considered to be right-censored at 
the date of the last stool record. The inset shows the same data on an expanded y axis.
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Editorial

New drugs e will they solve the problem of resistance to antibiotics?

A large body of data points to the growing rate of resistance,
especially in Acinetobacter baumannii, Pseudomonas aeruginosa
and Enterobacteriaceae,with Klebsiella pneumoniae as the notorious
‘collector’ of new resistance mechanisms. Despite a large arsenal of
usually effective antibiotics, the therapeutic options are few in
cases of infections caused bymultidrug-resistant (MDR) organisms,
and evenmore so by extensively drug-resistant (XDR) strains, often
leaving only colistin as reliable option. Reports of pan-drug resis-
tance, for which no antibiotic options exist, are accumulating in
some parts of the world. The production of carbapenemases
together with other resistance mechanisms, including those to un-
related antibiotic groups, has hampered the usefulness of carbape-
nems as the therapy of choice for extended-spectrum b-lactamase
producing MDR Gram-negative bacteria.

The rise of an ever-broadening range of b-lactamases has
inspired the revival of an old concept. After more than 20 years,
the strategy of rescuing a well-proven b-lactam antibiotic with a
b-lactamase inhibitor (BLI) has been revisited. The first fruits of
these efforts are now available for therapy, as two new combina-
tions of a cephalosporine þ BLI have been approved [1]. The com-
binations of avibactam plus ceftazidime and the old BLI
tazobactam plus the improved cephalosporin derivative ceftolo-
zane target different resistance problems. Avibactam inhibits
most class A carbapenemases such as K. pneumoniae carbapenem-
ase (KPC). The KPC enzymes are a major cause of carbapenem resis-
tance in Klebsiella in areas in which class B carbapenemases
(metallo-b-lactamases) or class D b-lactamases (OXA enzymes)
are not common. In areas with predominately class B and D b-lac-
tamases, avibactam does not provide much benefit in case of
carbapenem-resistant Enterobacteriaceae.

The relevance of these transferable b-lactamases is much lower
in P. aeruginosa, where chromosomal resistance mechanisms (e.g.
hyperproduction of AmpC, up-regulation of efflux and loss of por-
ins) prevail. In this case, ceftolozane has an advantage, as the anti-
biotic is less vulnerable to these resistance mechanisms. On the
other hand, tazobactam does not inhibit carbapenemases, which
are important in XDR Enterobacteriaceae. Despite the promise of
substantial gains in susceptibility rates of ceftazidimeeavibactam
in P. aeruginosa [2] and almost universal susceptibility in Enterobac-
teriaceae [3], as well as retained potency of ceftoloza-
neetazobactam against many MDR and XDR strains [4], both new
antibiotics are solutions for specific resistance problems in specific
world regions and may lose their shiny image soon. Reports about
KPC-producing K. pneumoniae isolates resistant to ceftazidime
eavibactam emerged soon after the drug was approved and
became available in practice. These isolates came from patients
with no prior treatment with ceftazidimeeavibactam, but more

so from patients during treatment with the drug, especially those
with KPC-3-producing ST258 isolates [5,6]. The KPC-3 variants
may increase specificity to ceftazidime rather than conferring avi-
bactam resistance [7]. In any case, the result is resistance to the
drug combination. With increased use of this new BLI combination,
more variants of the KPC enzyme are expected to emerge, mutant
genes are expected to disseminate by horizontal gene transfer
and resistant bacteria will spread in the hospital environment [8].
A similar story unfolds with ceftolozaneetazobactam, where resis-
tance emerges that is associated with mutations conferring AmpC
overexpression in P. aeruginosa [9].

With the exception of one Pseudomonas-specific drug, all antibi-
otics in the global clinical pipeline with activity against Gram-
negative rods are modifications of chemical or functional classes
that have been used extensively in clinical practice. Bacteria had de-
cades to adapt to this selection pressure and develop efficient sur-
vival tools. In the context of high selection pressure and high
resistance rates in some parts of the world, all new antibiotics
with improvements towards class-specific resistance mechanisms
are merely partial solutions to the problem: they are short-term
strategies against specific bacteria, and even specific resistance
mechanisms among specific bacteria. These specific resistance
mechanisms have specific geographical distribution patterns that
may change and evolve over time. In many places, all of these
MDR or XDR Gram-negative bacteria are common, and the new an-
tibiotics cannot be used alone for empirical therapy. Additionally,
rapid identification of resistance mechanisms is usually not
available.

Innovative approaches without decades of bacterial adaption to
widespread use in the past are needed. Research and development
(R&D) is a long-lasting process with low success rates in the early
stages. To increase the chances of advancing innovative antibiotics
to phase 3 clinical trials and approval, investing all efforts and pub-
lic support in antibacterial innovation is needed [10]. Innovation in
the antibiotic R&D field may be defined as discovering and devel-
oping an antibiotic with no cross-resistance to existing antibiotics.
This requirement can most likely be achieved by focusing on new
chemical scaffolds, novel multimolecular targets/novel binding
sites and associated novel mode of action [11]. Such a new anti-
biotic should be safeguarded and used sustainably to prolong its
effectiveness as long as possible [12].

The situation looks very different for infections caused by Gram-
positive pathogens, including methicillin-resistant Staphylococcus
aureus (MRSA). Several new products have been approved, and
more are expected to become available soon [13]. All of them are
modified compounds of known chemical classes with more or
fewer drawbacks as described in the review article in this issue
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Abstract
Objectives
We characterized the first ceftazidime-avibactam-
resistant KPC-producing-Klebsiella pneumoniae
clinical isolate detected in Greece, before the
introduction of ceftazidime-avibactam in clinical
practice.

Methods
K. pneumoniae KP-90 was isolated from a
hospitalized patient in Thessaloniki during a
nationwide surveillance study conducted between
2014-2016. Antimicrobial susceptibility was tested
against a panel of agents. Whole-genome
sequencing (Ion Torrent TM platform) of the isolate
was carried out to identify the acquired resistance
genes and mutations that were associated with ceftazidime-avibactam resistance.

Results
The K. pneumoniae isolate belonged to multilocus sequence type ST258 and harboured bla  as the only
carbapenemase gene. The isolate had an MIC of 16mg/L to ceftazidime-avibactam and was highly resistant to
imipenem, meropenem (MICs, 512mg/L) and ceftazidime (MIC, >1024mg/L). bla  was detected on a
Tn4401a transposon, located on a pKPQIL-type plasmid. A nonfunctional outer membrane protein OmpK35 and
an OmpK36 variant that have been previously associated with K. pneumoniae isolates of ST258 were detected.
Transformation studies with Escherichia coli TOP10 showed that KPC-23 offered similar carbapenem MICs as
KPC-2 and KPC-3. However, KPC-23 conferred a four-fold higher ceftazidime MIC (>1024 mg/L), which in the
presence of avibactam was reduced (>7-fold) to 8 mg/L, which is just within the limit of the susceptibility
breakpoint.

Conclusion
Ceftazidime-avibactam resistance in a KPC-23- producing K.pneumoniae clinical isolate was due to increased
ceftazidime hydrolysis and was likely enhanced by OmpK35 porin deficiency.
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