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Opinion statement

The major progress in the history of medicine represented by the discovery of antibiotics is
nowadays compromised by the universal spread of antibiotic resistance. World Health
Organization (WHO) lists third-generation cephalosporin-resistant Escherichia coli and
Klebsiella pneumoniae and carbapenem-resistant K. pneumoniae in a group of seven
bacteria of international concern, responsible for both healthcare-associated and
community-acquired infections. Patients infected by these pathogens have limited ther-
apeutic options, worse clinical outcomes, increased mortality rates, and a higher
healthcare resources consumption. In infections caused by extended-spectrum β-
lactamase (ESBL)-producing Enterobacteriaceae, appropriate monotherapy is effective
and carbapenems are the drugs of choice; however, β-lactams/β-lactamase inhibitors
(BLBLIs) are regarded as an alternative mainly in patients without severe infections, with
E. coli bacteremia with urinary source or with low minimum inhibitory concentrations
(MICs). For infections caused by carbapenem-resistant Enterobacteriaceae (CRE), where
the predicted mortality rate of patients is high, a combination antimicrobial treatment
should be preferred. Many important variables in the treatment such as the role of high
dosages and loading doses, the variable degrees of dosage reduction for impaired renal
function, and the inclusion of carbapenems or tigecycline are a matter of debate. Despite
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the obscure vision provided by a notable number of meta-analyses, tigecycline is an
effective and safe option for the treatment of MDR Enterobacteriaceae, as part of a
combination regimen in case of infections caused by CRE, where a higher dosage
(200 mg/daily) should be preferred. Colistin is the most active in vitro agent against
CRE. Despite clinical data about the efficacy of fosfomycin against MDR Enterobacteriaceae
are limited, this molecule represents an interesting option for the treatment of lower
urinary tract and even systemic infections caused by difficult-to-treat Gram-negative
pathogens. Based on in vitro studies, ceftolozane–tazobactam and ceftazidime–avibactam
will represent very interesting new drugs for the treatment of ESBL-producing and CRE
infections, respectively.

Introduction

The report of successful treatment of life-threatening
infections early in the 1940s opened the Bantibiotic era.^
Stimulated by a widespread use over the Second World
War and by an impressive industrial effort to develop
and produce antibiotics, this major progress in the his-
tory of medicine is nowadays compromised by the

universal spread of antibiotic resistance which has
largely escaped from hospitals to project the human
being into the post-antibiotic era [1].

This reviewwill focus on the epidemiology and treat-
ment challenging of multi-drug resistant (MDR)
Enterobacteriaceae.

Epidemiology of multi-drug resistant (MDR) Enterobacteriaceae
worldwide and in Europe

Antibacterial resistance is a complex global health challenge. World
Health Organization (WHO) lists third-generation cephalosporin-resis-
tant Escherichia coli and Klebsiella pneumoniae and carbapenem-resistant
K. pneumoniae in a group of seven bacteria of international concern,
responsible for both healthcare-associated and community-acquired in-
fections. Patients infected by these pathogens have limited therapeutic
options, worse clinical outcomes, increased mortality rates, and a higher
healthcare resources consumption. The rapid worldwide spreading of
these isolates is threatening and the proportion of carbapenem-resistant
strains in K. pneumoniae is reported to be up to 54 % in some regions
(Tables 1 and 2) [2].

In the European Antimicrobial Resistance Surveillance Network
(EARS-Net) study, a population-weighted mean percentage of third-
generation cephalosporin-resistant E. coli of 11.9 % has been reported
(Fig. 1); 70.5–100 % of these strains were extended-spectrum β-
lactamase (ESBL) producers. The proportion of third-generation cepha-
losporin-resistant K. pneumoniae isolates was 25.6 %; of these, 62–100 %
resulted as ESBL producers.

Resistance to carbapenems remains very low (G0.1 %) in E. coli in
Europe; otherwise, it is increasingly common in K. pneumoniae (0–
60.5 %) (Fig. 2). Concerning, an increasing trend of combined resistance
to multiple antibiotics in both E. coli and K. pneumoniae emerged in the
last 4 years, mainly in three countries (Greece, Italy, and Malta) where
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an endemic spread of carbapenemase-producer strains was observed [3,
4].

In USA, ESBLs and carbapenem-resistant Klebsiella spp. and E. coli
cause 26,000 and 9300 hospital-acquired infections (HAI) per year,
respectively, with approximately 1710 and 600 associated deaths [5].
Among pathogens causing HAI, as reported by the National Healthcare
Safety Network (NHSN) in 2009–2010, up to 3.5 % of E. coli and
12.8 % of K. pneumoniae were found to be carbapenem resistant [6].

A meta-analysis describing the epidemiology of carbapenem-
resistant Enterobacteriaceae (CRE) in Asia in 2000–2012 shows a very
low prevalence, with average resistance rates of 1 % for meropenem

Table 2. Klebsiella pneumoniae: resistance to carbapenems (summary of reported or published proportions of
resistance by WHO region)

Data source
(based on at
least 30 isolates)

Overall reported
range of resistant
proportion (%)

Reported range of
resistant proportion (%)
in invasive isolates
(number of reports)

African region
– National data
(n=4 countries)

0–4

– Publications (n=0)
Region of America
– National data or report to
ReLAVRA (n=17 countries)
– Publications (n=2) from 2 additional countries

0–11
0–2

Eastern Mediterranean region
– National data
(n=4 countries)
– Publications (n=9) from 5

additional countries

0–54
0–21

54 (n=1)
0 (n=1)

European region
– National data or report to
EARS-net(n=31 countries)
– Publications (n=5) from 2

additional countries

0–68
2–7

0–68 (n=30)
2 (n=1)

Southeast Asia region
– National data
(n=5 countries)
– Publications (n=26) from 2

additional countries

0–8
0–55

0–52 (n=3)

Western Pacific region
– National data
(n=13 countries)
– Publications (n=4) from 2

additional countries

0–8
0–11

From WHO. Antimicrobial Resistance Global Report on surveillance WHO; 2014 (accessed July 28, 2015; http://www.who.int/drugresistance/
documents/surveillancereport/en/)
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with higher trend (up to 2.5 %) in Turkey and India. Klebsiella spp.
accounts for the largest proportion (39.9 %) of carbapenem-resistant
isolates [7].

It is difficult to know the real extent of ESBL-producing Enterobacteriaceae
and CRE in Africa due to scarcity of surveillance systems and reports; anyway,
available data show an increasing trend.

ESBL-producing Enterobacteriaceae have been described in South Africa,
Kenya, Senegal, Cameroon, Tanzania, and Nigeria [8]. A recent study conduct-
ed in Gabon reported that 15.4 % of Enterobacteriaceae (and 49.4 % of all
K. pneumoniae isolates) were ESBL producers [9]. Other available studies show a
prevalence rate of ESBLs ranging from 4 % of Central African Republic [8] to
50 % of Tanzania [10, 11].

Fig. 1. Proportion of third-generation cephalosporin-resistant (R+I) Escherichia coli isolates in EARS-NET participating countries in
2013. From the European Antimicrobial Resistance Surveillance Network (EARS-Net) Report 2014 (accessed July 28, 2015; http://
ecdc.europa.eu/en/healthtopics/antimicrobial_resistance/database/Pages/map_reports.aspx#sthash.4qVyWAm5.dpuf).
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General concepts for the treatment: importance of appropriate
treatment, pharmacokinetic/pharmacodynamic (PK/PD) data,
susceptibility test, and combination therapy

There are a number of important issues for the reduction ofmortality in patients
with infections caused by MDR Enterobacteriaceae, including the underlying
mechanism of resistance, the choice and timing of empiric or targeted treat-
ment, dosing and infusion, duration of treatment, and monotherapy versus
combination treatment [12]. In clinical practice, the main dilemma is the best

Fig. 2. Proportion of carbapenem-resistant (R+I) Klebsiella pneumoniae isolates in EARS-NET participating countries in 2013. From
the European Antimicrobial Resistance Surveillance Network (EARS-Net) Report 2014 (accessed July 28, 2015; http://ecdc.europa.
eu/en/healthtopics/antimicrobial_resistance/database/Pages/map_reports.aspx#sthash.U7TD809o.dpuf).
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use of carbapenems; these drugs are considered the treatment of choice for
infections caused by ESBL-producing Enterobacteriaceae, but carbapenem-
sparing strategies, based on the local epidemiology, must be adopted in order to
avoid the threat of carbapanemase-producing Enterobacteriaceae. In addition,
there are no large and robust studies on well-selected patient populations and
most available data on clinical outcome come from retrospective analyses, with
heterogeneity of drugs and dosages and often without any significant contri-
bution of PK/PD data, even in the setting of severe sepsis and septic shock.
Among clinical variables, the time to initiation of appropriate therapy is the
strongest modifiable independent predictor for mortality in infections due to
MDR Enterobacteriaceae [13, 14]; the delay with CRE may be as high as 120±
23 h, mainly due to current routine practices for identification in microbiology
laboratories [15, 16].

Microbiological details and characterization of susceptibilities have greatly
improved in the last 10 years but are still a matter of debate beyond CLSI and
EUCAST breakpoints and related methodologies. Extended-spectrum β-
lactamases (ESBL) hydrolyze penicillin, cephalosporins, and aztreonam with
different degree of activity according to the ESBL type, thus ESBL-producing
organisms may be susceptible in vitro to some of the above agents [17]. ESBL
detection can be done with phenotypic tests usually used in clinical routine and
genotypic tests (polymerase chain reaction, PCR), mainly used in referral cen-
ters. The phenotypic tests for ESBL detection involve testing for resistance to
cefpodoxime, cefotaxime, ceftazidime, ceftriaxone, or aztreonam and a confir-
matory step based on the demonstration of synergy between the above agents
and clavulanic acid. Poor sensitivity of these tests may be observed when the
evaluated ESBL-producing isolate additionally produces a β-lactamase not
inhibited by clavulanic acid, such as an AmpC β-lactamase or a metallo-β-
lactamase; methods to overcome this limitation were developed with cefepime,
which is a weak substrate for most AmpC β-lactamases, chromogenic agar,
cloxacillin-containing agar, or the addition of EDTA to inactivate metallo-β-
lactamases [18]. These principles have been incorporated in commercial sys-
tems, but their performance in this regard is variable and their accuracy appears
to be lower compared with the conventional phenotypic methods [19].

In infections caused by ESBL-producing Enterobacteriaceae, appropriate
monotherapy is effective and carbapenems are the drugs of choice as evi-
denced by Tamma et al. that reported an increased risk of 14-day mortality in
patients with bloodstream infections (BSIs) caused by ESBL-producing E. coli,
Klebsiella spp., or Proteus spp. treated with empiric piperacillin–tazobactam
versus carbapenems [20]. However, β-lactams/β-lactamase inhibitors (BLBLIs)
are regarded as an alternative mainly in patients without severe infections, with
E. coli bacteremia with urinary source or with low minimum inhibitory con-
centrations (MICs) [21, 22].

Therefore, data available may suggest the use of BLBLIs for BSIs caused by
ESBL-producing E. coli originating from the urinary tract or with low MICs
(≤2 μg/mL in the case of piperacillin–tazobactam). The choice of any β-lactam
should be maximized, by a PK/PD point of view, with high dosages and by
infusion strategies maximizing the time above the MIC (t9MIC); a loading dose
followed by maintenance doses with extended or continuous infusion is rec-
ommended [12]. Accordingly, the use of carbapenems, either empiric or
targeted, should be reserved for patients with severe infections caused by ESBL-
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producing bacteria with a complex resistance pattern, and de-escalation therapy
from carbapenems should be always performed if feasible [23]. However, there
are a number of unsolved issues especially for the use of BLBLIs which often are
perceived as inferior in the treatment of infections by ESBL producers, with data
not strongly supported by clinical evidence [24]. A randomized controlled trial
comparing piperacillin–tazobactam versus meropenem for the definitive treat-
ment of BSIs caused by ceftriaxone non-susceptible E. coli and Klebsiella spp. is
ongoing [25].

Carbapenem resistance is frequent in K. pneumoniae and rare in E. coli and
Enterobacter spp. [26]. Treatment guidelines are mostly based on expert opin-
ions and retrospective. The majority of the authors suggest a combination
treatment, often including carbapenems, for infections caused by CRE, where
the predicted mortality rate of patients is high. Many important variables in the
treatment such as the role of high dosages and loading doses, the variable
degrees of dosage reduction for impaired renal function, and the inclusion of
carbapenems or tigecycline are a matter of debate [27–29]. Evidences
supporting the efficacy of various antimicrobials are more often reported with
appropriate combination therapy, with multiple bias related to the retrospec-
tive collection of data, the different range of APACHE scores, and different local
epidemiology and differences coming from the possible utility of meropenem
(with different dosages and modality of administration), in combination reg-
imens, when the MICs is higher than 8 mg/L. However, there is more debate
than consensus on several issues with infections caused byCRE; a consensus has
been proposed on issues such as early screening for gastrointestinal coloniza-
tion of at-risk patients, criteria for early treatment on precocious signs of
infections, combination therapy versus monotherapy, and the rationale, if any,
of double-carbapenem combination such as meropenem plus ertapenem [30].

Treatment is mostly based on combination regimens, depending on local
epidemiology: tigecycline, polymyxins (colistin and polymyxin B), aminogly-
cosides, carbapenems, fosfomycin, and rifampin are the most frequently used
molecules [31, 32]. Particularly, the majority of available retrospective reports
highlighted the effectiveness of appropriate combination antibiotic treatment
including colistin, tigecycline gentamicin, and meropenem (Table 3) [33–35].

To obtain the maximal benefit from the limited options available, the
accuracy of susceptibility testing of these drugs is a crucial issue in the micro-
biology laboratory. Antimicrobial susceptibilities can be tested using commer-
cially available automated systems, including the VITEK2 (bioMérieux) and
MicroScan (Siemens) systems. Problems of low accuracy versus reference broth
microdilution (BMD) have been previously reported for testing of colistin and
tigecycline susceptibility with KPC-K. pneumoniae and other resistant Gram
negatives using automated and gradient diffusion systems, which are the most
used systems for susceptibility testing [36, 37]. There are several approaches to
confirmatory testing, using either molecular or non-molecular methods, and
themost adopted one is themodifiedHodge test which is a culture-based test to
detect release of carbapenemase into agarmedia [38]. One caveat is that this test
is designed to detect carbapenemases in general and not specifically KPC. A
rapid chromogenic test (BCarba NP test^) has also been developed, and it has
the same sensitivity but superior specificity in comparison withHodge test [39].
In countries or regions where KPC-producing organisms are endemic, inhibitor-
based testing using a boronic acid compound is an alternative to the
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aforementioned methods. Finally, molecular testing is emerging as a powerful
technology with higher sensitivity but lower specificity and higher costs. On the
other hand, PCR is considered to be the preferred method for definitive iden-
tification of carbapenemases in Enterobacteriaceae and PCR-based commercial
test kits are now available [40].

The application of the pharmacokinetic/pharmacodynamic (PK/PD) prin-
ciples has progressively gained major relevance. For carbapenems, as for other
time-dependent agents, the maintenance of concentrations for about 40 % of
the dosing interval above the MIC is the target for bactericidal activity, and,
especially in KPC-related infections, there is the need to maintain a Ctrough level
above the MIC for the entire dosing interval [41]. The most recent experimental
and clinical data seem to support the use of carbapenems for the treatment of
CRE, but with some fundamental conditions that must be met, such as low
carbapenem MIC for the infecting organism (≤4 mg/L), optimal pharmacody-
namic exposure to carbapenem, and combination with another active com-
pound [35].

A combination treatment including high dosage of tigecycline may be
appropriate in patients with KPC-Kp infections, also as part of a carbapenem-
sparing strategy. A higher dose of tigecycline (100 mg every 12 h) is not an
approved dose, and further studies would be required before this approach can
be recommended. Overall, despite the in vitro activity of tigecycline against
Gram-negative bacteria, its use, usually in the context of combination therapy
for CRE infections, should be considered with double dosage [42].

Randomized clinical trials aimed at comparing colistin alone and colistin
plus meropenem for CRE infections are ongoing in the USA and European
Union (NCT01597973 and NCT01732250). Findings from these studies are
expected to provide some information on the efficacy of these approaches when
pharmacokinetically optimized doses are used for these agents [31].

Role of carbapenems

Carbapenems are considered the treatment of choice against serious infections
caused by ESBL-producing bacteria and are usually associated with lower failure
rates and better outcomes in observational studies, including efficacy of
ertapenem in early-onset VAP [43–45]. Most studies evaluated imipenem or
meropenem, but some experiences with ertapenem are also reported, especially
as empirical therapy in community-acquired severe infections when coverage
against Pseudomonas aeruginosa or Acinetobacter baumannii is not needed [46].
Some concerns are rising regarding the resistance to ertapenem in some Klebsi-
ella and Enterobacter due to concurrent loss of porins [47, 48]. A meta-analysis
found that mortality was lower in patients who received empirical or definitive
therapy with carbapenem in comparison with other antibiotics, including
cephalosporins, fluoroquinolones, and aminoglycosides. No statistically sig-
nificant differences in mortality were found between carbapenems and β-
lactam/β-lactamase inhibitor combinations (BL/BLIs) administered as defini-
tive or empirical treatment [49]. This finding was not confirmed by a recent
paper on BSIs due to several ESBL-producing Enterobacteriaceae, where patients
receiving BL/BLIs had almost two times higher risk of dying compared with
those who were treated empirically with carbapenems [20].
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In a recent post hoc analysis of prospective cohorts of patients with ESBL-
producing E. coliBSIs, empirical or definitive therapywith in vitro active BL/BLIs
showed similar results to carbapenems [21]. All together, these data suggest that
carbapenems should also be used empirically in patients with severe infections
whereas BL/BLIs may be used in patients with urinary source of infection or
when susceptibility test display low MICs [12].

The role of carbapenems in infections caused by CRE,mostly KPC-Kp, is still
debated. KPC-Kp shows elevated MICs to carbapenem, with a highly variable
level of resistance. Meropenem is considered effective in KPC-Kp infections
when theMIC is ≤8mg/L, with appropriate PK/PD considerations, but the issue
of carbapenem MIC when deciding the possible addition to other antibiotics
still needs to be defined as well as the mechanism that confers therapeutic
activity to meropenem or imipenem when the MIC is well above the sensitivity
breakpoint [26]. Tumbarello et al., with the limits of a retrospective study,
reported that when the KPC-Kp isolate had a meropenem MIC of ≤4 mg/L,
inclusion of this drug in a combination regimen was associated with a higher
survival rate of (86.6 %), while when meropenem MICs was ≥16 mg/L, there
was a lower survival rate (64.7 %) [35]. Similarly, Daikos et al. reported that
when carbapenem MIC was ≤4 mg/L, combined therapy with a carbapenem
plus one other active drug (an aminoglycoside or colistin or tigecycline) was
associated with significantly lower mortality than combinations of non-
carbapenem drugs with in vitro activity [50]. For strains withMIC up to 4mg/L,
prolonged infusion of high dosage of carbapenem is suggested for bactericidal
effect [31].

In vitro and in vivo studies showed that dual carbapenem regimens may
have enhanced efficacy over either agent alone: Ceccarelli et al. reported a
successful ertapenem-doripenem combination (500mg q24h and 250mg q8h,
respectively) treatment of a 65-year-oldmale patient with bacteremic ventilator-
associated pneumonia due to colistin-resistant KPC-Kp [51]. The proposed
rational was that ertapenem has a higher affinity to the KPC enzyme, therefore
acting as a suicide substrate, thus allowing the second carbapenem to be
protected from the KCP carbapenemase. However, only case reports about dual
carbapenem therapy are available so far and controlled clinical data are needed
to determine the efficacy of this treatment.

Some authors suggested carbapenem-sparing strategies and rotation of an-
tibiotics in order to reduce the selective pressure on patients’ endogenous
microflora. For example, Sbrana et al. evaluated the effectiveness of carbapenem
sparing combination regimens for treating 26 KPC-Kp infections (ventilator
acquired pneumonia=16; bloodstream infections=7; urinary tract infections=2
patients; peritonitis=1) in 22 intensive care unit (ICU) patients with relatively
good health conditions, mostly polytrauma without other substantial comor-
bidities or immunosuppression. High-dose tigecycline was used in 25 of 26
infections as the Bbackbone^ drug (intravenously, 100 mg every 12 h), in
combination with iv gentamicin in 19 episodes or iv colistin in 12 episodes; iv
fosfomycin was used as a third drug in 13 of 26 infectious episodes. In this
series, a carbapenem-sparing regimen of tigecycline plus gentamicin or colistin
was effective for treating 24 of 26 (92 %) KPC-Kp infectious episodes [52].
Carbapenem-sparing strategies may be safely employed and are also useful in
reducing the selective pressure of carbapenems in hospital with high prevalence
of ESBL-producing Gram-negative bacteria; combination regimens including
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high-dose tigecycline as backbone drug could be proposed as an early treatment
of colonized patients with precocious signs of infection [42].

Role of tigecycline

Tigecycline is approved for the treatment of complicated skin and skin-
structures infections (cSSSIs) and complicated intra-abdominal infections
(cIAIs) in adults. The growing impact of infections caused by MDR Enterobac-
teriaceae and the current lack of alternative or new antibiotics suggest that
tigecycline continues to represent a good choice in approved indications and in
off-label combination regimens in routine clinical practice. According to the
results of the SENTRY surveillance program (2010–2013), 88.6 % of the
carbapenem-resistant Enterobacteriaceae (CRE) isolated from European medical
centers are susceptible to tigecycline [53]. In the setting of infections caused by
MDR pathogens, especially deep-seated infections, a major concern is repre-
sented by the correct dose of tigecycline.

For tigecycline, the pharmacokinetic/pharmacodynamic (PK/PD) measure
that ismost predictive of efficacy is the ratio of the area under the concentration-
time curve at 24 h to the MIC (AUC0–24/MIC) [54]. Bhavnani et al. conducted a
study in patients with complicated intra-abdominal infections, where Entero-
bacteriaceae were the most frequently isolated pathogens: multivariate logistic
regression analyses identified AUC0–24/MIC ratio as being predictive of clinical
response to therapy together with other variables. For tigecycline AUC0–24/MIC
values ≥3.1, a positive clinical response was reported in 89 % of patients; with
lower values, only 50 % of patients experienced a successful clinical response
(OR, 33.0; p=0.003) [55].

About concerning results reported in tigecycline phase 3 and 4 comparative
clinical trials, Bassetti et al. recently investigated clinical failure and mortality in
cSSSIs and cIAIs trials: using descriptive analyses of a blinded adjudication of
mortality and multivariate regression analyses, tigecycline did not appear to be
a factor either for failure (cSSSI and cIAI studies) or for death (cIAI studies) [56].

Data from studies showing a good penetration in lung and in the epithelial
lining fluid (ELF) suggest that tigecycline may represent a suitable option in the
treatment of patients with hospital-acquired pneumonia (HAP), where MDR
Enterobacteriaceae play a major role [57, 58]. Anyway, in this setting, the ade-
quate dose continues to represent a matter of debate among clinicians. In a
phase 3 study involving patients with HAP, tigecycline administered at the dose
used in the approved amounts (100 mg as a loading dose followed by 50 mg
every 12 h) did not achieve the pre-established efficacy endpoints compared to
imipenem–cilastatin [59]. Assuming that a higher AUC0–24/MIC ratio was
necessary in patients with HAP, Ramirez et al. conducted a phase 2 study
comparing the safety and efficacy of two higher doses of tigecycline (150 mg
followed by 75 mg every 12 h or 200 mg followed by 100 mg every 12 h) with
imipenem–cilastatin. In the clinically evaluable population, clinical cure with
tigecycline 100 mg (17/20, 85.0 %) was numerically higher than with tigecyc-
line 75 mg (16/23, 69.6 %) and imipenem–cilastatin (18/24, 75.0 %). No new
safety signals were identified [60].

In our opinion, despite the obscure vision provided by a notable number of
meta-analyses, tigecycline is effective and safe in the treatment of MDR
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Enterobacteriaceae, as part of a combination regimen in case of infections caused
by CRE. In this setting, we support the use of higher doses (200mg as a loading
dose followed by 100 mg every 12 h) in order to achieve an adequate AUC0–24/
MIC ratio.

Role of aminoglycosides

The activity of aminoglycosides against ESBL-producing pathogens is diverse
according to geographical areas. Overall, amikacin is usually the most fre-
quently active drug among these compounds, and it can be used in combina-
tion with other drugs for urinary tract sepsis, in selected patients, to avoid the
use of carbapenems [22, 61]. Kim and colleagues reported 15 cases of bacter-
emia due to ESBL-producing K. pneumoniae and E. coli treated with active
aminoglycosides in monotherapy with a 50 % positive clinical response [62].

From a PK/PD point of view, aminoglycosides are concentration-dependent
antibiotics; there are preliminary data in 146 critically ill patients from a
prospective observational monocentric study showing that even with a very
high daily dosage (25 mg/kg once daily of amikacin), up to two thirds of
patients may not reach target plasma levels for efficacy [63]. Among indepen-
dent determinants of Cmax G60 mg/L, there was a positive 24-h fluid balance
(OR per 250-mL increment 1.06, 95 % [CI 1.01–1.11], p=0.018) which should
always be taken into account when caring patients with septic shock.

Gentamicin plays an important role in the treatment of KPC-Kp in combi-
nation therapy usually with carbapenem or tigecycline. Concerns are raised
about the use of aminoglycosides with colistin due to the high risk of nephro-
toxicity. In a recent observational, retrospective cohort study, the use of targeted
treatment with gentamicin was associated with lower mortality compared with
the use of targeted treatment without gentamicin (20.7 vs. 61.9 %, p=0.02).
Mortality was significantly reduced when the strain was susceptible to genta-
micin (7.7 vs. 80.0%, p=0.008) and lower when the strain showed intermediate
susceptibility (31.2 vs. 53.3%, p=0.133). Mortality in the group of patients with
optimal targeted treatment containing gentamicin was 20.7 %, compared with
37.5 % of patients with optimal targeted treatment without gentamicin (p=
0.21). The survival analysis performed using Kaplan–Meier curves showed that
patients treated with gentamicin had higher survival rates at 30 days after
diagnosis (p=0.001) [64].

Aminoglycoside resistance among Enterobacteriaceae is mediated bymultiple
mechanisms, including impaired membrane permeability, efflux mechanisms,
ribosomal alterations, or expression of aminoglycoside-modifying enzymes
(AMEs), but gentamicin seems to bemore effective on the KPC-Kp clone ST258
and a concentration of 10 mg/L has been shown to be bactericidal against
gentamicin-susceptible strains [65–68].

Oral gentamicin has been used for the selective gut decontamination from
KPC-Kp, which could be an important approach to reduce the risk of spreading
severe infection in colonized patients. Oral gentamicin may be an ideal agent
for gut decontamination due to the fact that oral formulation is virtually non-
absorbable, without systemic activity and toxicity, and has a limited spectrum
and no activity against anaerobes, being less disruptive to the gastrointestinal
flora. So far, data are discordant about the successful eradication rate, which
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ranges from 42 to 68 %, and the risk of selection of KPC-Kp gentamicin-
resistant strains [69–72]. A higher eradication rate was reported in patients who
received selective decontamination without concomitant antibiotic therapies
[73]. In contrast, aminoglycosides are not considered as an option for NDM-
producing Enterobacteriaceae because the majority of the isolates produce 16S
ribosomal RNA methyltransferase, which renders them completely resistant to
aminoglycosides [74].

Role of colistin

In the management of CRE infections, association of at least two active com-
pounds has been advocated to increased survival rates, prevent emergence of
reduced susceptibility, and achieve bacterial synergy [34, 35]. The therapeutic
armamentarium is often limited to antibiotics with high potential toxicity, such
as colistin, a molecule which plays a major role in combination regimens.
Colistin is considered to be the most active in vitro agent against CRE [75].
Anyway, its utility is still limited by an overall lack of understanding on how to
optimally administer the agent; furthermore, nephrotoxicity remains a
concerning adverse effect of colistin, especially when used at high doses. A
recent review suggests that risk factors of colistin nephrotoxicity can be catego-
rized as dose and duration of colistin therapy, co-administration of other
nephrotoxic drugs, and patient-related factors such as age, sex, hypoalbumin-
emia, hyperbilirubinemia, underlying disease, and severity of patient illness
[76].

Emergence of resistance to colistin represents a major public health concern
in many different regions as USA, Canada, South America, Europe, and China.
A laboratory surveillance program conducted in Canada from 2010 to 2012
revealed that 31 % of the isolates were resistant to colistin [77].

A large survey from the northeast of Italy showed that a statistically signif-
icant increase in the proportion of colistin-resistant strains occurred in 2013
(25.6 %) and in 2014 (22 %) with respect to 2012 (10.7 %) [78]. In a study
conducted in Sicily (Italy), colistin non-susceptibility was found in 42 % of
isolates [79]. In another recent Italian paper, 36.1 % of carbapenem-resistant
K. pneumoniae strains were shown to be resistant to colistin and resistance to
colistin resulted as an independent risk factor for mortality at the multivariate
analysis adjusted for appropriate treatment, combination therapy, and
infectious-source removal. The unexpected high rate of resistance among iso-
lates was supposed to be due to the increased use of this drug during recent
years, especially as monotherapy, but data on colistin use previously the study
period were not available [80]. These results were confirmed by another paper
in which colistin resistance was identified as an independent predictor of 14-
day mortality; furthermore, in this study combination therapy with at least two
drugs displaying in vitro activity against the isolate was associated with lower
mortality [81].

The optimal regimen for the treatment of colistin-resistant strains is un-
known. In an Italian study, the combination of colistin plus rifampicin showed
synergistic antimicrobial activity against 13 KPC-producing K. pneumoniae
colistin-resistant strains isolated from different pathological samples [32].
Based on this study, another Italian group investigated the synergistic activity
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and post-antibiotic effect (PAE) of colistin in combination with other antimi-
crobial agents against colistin-susceptible and colistin-resistant KPC-producing
K. pneumoniae strains isolated from bloodstream. The authors observed a syn-
ergistic in vitro activity for colistin–rifampicin combinations in all colistin-
resistant strains. Time-kill kinetic analysis confirmed synergy and persistent
growth inhibition of colistin-resistant strains exposed to colistin–rifampicin
combination. The PAE activity of colistin–rifampicin combination was further
prolonged by tigecycline [82]. The combination of rifampicin with other anti-
microbials, namely tigecycline or meropenem, showed no synergistic activity,
supporting that it is the ability of colistin to disrupt the bacterial membrane
integrity that allows the access and accumulation of rifampicin.

In the setting of the treatment of CRE, we suggest to include colistin in
combination regimens at high doses (9 million units, MU, as a loading dose,
followed by 4.5 MU mg every 12 h in a patient with normal renal function;
renal dose adjustments are necessary). We strongly recommend close moni-
toring of the renal function, especially if other nephrotoxic drugs are co-ad-
ministered. If non-susceptibility to colistin is documented, colistin may be
continued and adding of rifampicin should be considered in order to exploit
synergism.

Role of fosfomycin

Despite clinical data about the efficacy of fosfomycin against MDR Enterobac-
teriaceae that are limited, this molecule has attracted renewed interest for the
treatment of lower urinary tract and even systemic infections caused by difficult-
to-treat Gram-negative pathogens. While oral fosfomycin is available world-
wide, an intravenous formulation (fosfomycin disodium) is available in many
countries in Europe but not in the USA.

Activity of fosfomycin has been tested in many in vitro studies. In the study
by Falagas et al., susceptibility to fosfomycin of the 79 carbapenemase-pro-
ducing, 34 extended-spectrum β-lactamase-producing, and 24 metallo-β-
lactamase-producing isolates was 94.9, 94.1, and 83.3 %, respectively [83]. A
recent study has demonstrated that fosfomycin is highly active against Serratia
marcescens and Klebsiella pneumoniae resistant to carbapenems harboring
blaKPC-2 [84]. Susceptibility of New Delhi metallo-β-lactamase (NDM)-1-
producing Enterobacteriaceae to fosfomycin has been reported in a study con-
ducted in Pakistan [85].

Oral fosfomycin (trometamol salt) remains a valuable option in the treat-
ment of uncomplicated urinary tract infections. In a large surveillance from
Germany involving 499 Escherichia coli isolated from urine samples, resistance
to fosfomycin was shown in six strains only and all but one ESBL-producing
strains were fosfomycin susceptible [86]. The well-known ability of fosfomycin
to achieve high urinary concentrations has been exploited in some clinical cases
which demonstrated the success of oral fosfomycin in the treatment of urinary
tract infections caused by KPC- and NDM-producing Enterobacteriaceae [87, 88].

In a small study involving 11 critically ill patients with nosocomial infec-
tions caused by KPC-producing K. pneumoniae, intravenous fosfomycin (2–4 g
q6h) was administered in combination with colistin, gentamicin, or piperacil-
lin–tazobactam; treatment-related microbiological and clinical outcome was
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good for all patients while the all-cause hospital mortality was 18.2 % (two
patients) [89].

There is a great concern about the use of fosfomycin as a monotherapy
because resistance can develop easily. Furthermore, the emergence of resistance
has been described even when fosfomycin was used as an adjunct in combi-
nation therapy in three cases of KPC-producing K. pneumoniae bacteremia [90].

We strongly suggest to consider the use of intravenous fosfomycin as part of
a combination regimen for the treatment of MDR Enterobacteriaceae, especially
in complicated urinary tract infections and sepsis. The drug should be usually
administered at the dose of 4 g every 6 h, but recent data demonstrated that
higher doses, up to 24 g/day, are needed to prevent the emergence of bacterial
resistance [91].

New antibiotics

Novel antimicrobials that could provide clinical efficacy towards MDR Gram-
negative pathogens, including ESBL and carbapenemase producers, are urgently
needed.

The Food and Drug Administration recently approved two novel combina-
tion antibiotics, ceftolozane–tazobactam and ceftazidime–avibactam. Both of
these combination agents have shown in vitro activity against selected resistant
Gram-negative pathogens, including Enterobacteriaceae and Pseudomonas
aeruginosa; notably, ceftazidime–avibactam has demonstrated consistent activ-
ity against K. pneumoniae carbapenemase (KPC)-producing organisms [92].
Ceftolozane is a new antipseudomonal cephalosporin which has been com-
bined with tazobactam, a well-established β-lactamase inhibitor. Spectrum of
activity of ceftolozane–tazobactam includes difficult-to-treat Gram-negative
pathogens, including ESBL strains. In vitro studies have demonstrated that
ceftozolane has superior activity against resistant strains of Enterobacteriaceae
compared to piperacillin–tazobactam and ceftazidime [93, 94].

A phase 3 clinical trial has shown that ceftolozane–tazobactam (1.5 g every
8 h) is noninferior to levofloxacin (750 mg once daily) for the treatment of
complicated urinary tract infections (cUTI); adverse events had similar inci-
dence in the two treatment groups and weremainly non-serious [95]. Similarly,
in patients with complicated intra-abdominal infections (cIAI), treatment with
ceftolozane–tazobactam, administered with metronidazole, was noninferior to
meropenem in clinical cure rates at the test-of-cure visit [96].

A phase 3 clinical trial to evaluate the safety and efficacy of ceftolozane–
tazobactam for the treatment of nosocomial pneumonia is ongoing. Consid-
ering a plasma-to-epithelial lining fluid (ELF) penetration ratio of approxi-
mately 50 %, a doubling of the current dose regimen (i.e., 3 g every 8 h in a
patient with normal renal function) is needed to achieve 990 % probability of
target attainment for nosocomial pneumonia [97].

Avibactam is a novel β-lactamase inhibitor with a broad spectrum of activ-
ity, covering class A, class C, and some class D enzymes. Notably, the activity of
avibactam also includes carbapenemases such as the KPC and OXA-48, but not
metallo-β-lactamases [98]. The combination of avibactam with the cephalo-
sporin ceftazidime is attractive, given the spectrum of activity and the low
toxicity of the cephalosporin class. Two phase 2 trials have shown that efficacy
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and safety of ceftazidime–avibactam were similar to comparator drugs for the
treatment of cUTI and cIAI [99, 100]. Phase 3 trials evaluating ceftazidime–
avibactam for the treatment of cIAI and cUTI have been recently completed, and
results will likely be available in late 2015. Interestingly, preliminary data show
that clinical cure rates for ceftazidime–avibactam were lower for patients with a
creatinine clearance between 30 and 50 mL/min [101].

An overview of emerging treatment options for MDR Enterobacteriaceae can
be found in Table 4.

Infection control measures

Bundled interventions are required to control CRE transmission. Hand hygiene
and standard precautions remain the keys of the prevention strategies, as
highlighted by ESCMID and CDC guidelines [102, 103]. The use of appropriate
infection prevention practices can minimize the risk of spread of CRE infection
and colonization. Some factors have been associated with higher risk for
colonization, such as intensive care unit stay, being transferred to other facili-
ties, and prolonged hospitalization [104, 105]. The strategy to prevent the
spread of KPC-Kp includes different key elements: one of the primary is to act
pro-actively and survey those at risk of being colonized or infected. Patients at
high risk, such as those previously colonized or infected with KPC-Kp, recently
treated at endemic institutions should be subject to screening and isolated until
culture results are available, for active surveillance purposes. Asymptomatic
carriers, colonized with KPC-Kp, constitute a reservoir for transmission, and
most of the papers describing successful infection control measures during
outbreaks included an early identification and isolation of infected patients
[106]. Schwaber et al. reported a nationwide intervention implemented in 2007
by the Israel Ministry of Health, based on ward-basedmandatory guidelines for
carrier isolation, patient and staff cohorting, active surveillance, and other
interventions including rules for microbiology identification, direct site visits at
healthcare facilities, and communications networking. There was a decline of
the nosocomial CRE acquisition from a monthly rate of 55.5 to an annual low
of 4.8 cases per 100,000 patient-days (pG0.001) [107]. On the basis of several
guidelines, rectal swab is the most common way to detect colonization, al-
though no systematic comparative studies are performed so far to identify the
most effective system to screen for KPC organism [108].

For CRE, the use of contact precaution is recommended and both contact
isolation and cohorting have been shown to limit the number of secondary
cases and control outbreaks in different settings. Moreover, several studies have
reported cohorting nursing staff as an effective measure to prevent cross-
transmission [109, 110].

The duration of isolation for colonized patients is unknown. The mean
duration of excretion of CRE associated with gastrointestinal colonization
varies significantly between 9.8 and 19 days, and depends on the
carbapenemase enzyme isolated in Enterobacteriaceae. One study found a me-
dian carriage time of 3 months [111], but prolonged excretion for up to 1 year
has been documented [70, 112]. Several factors are associated with persistent
carriage: fluoroquinolone use, intra-facility transfer, and re-admission within
3 months of a culture growing CRE. So far data are discordant regarding the
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persistence of positive screening, thus many recommend that isolation be
maintained until hospital discharge [113].

Other infection prevention strategies have also been used in different out-
breaks to control the spread of CRE, such as decolonization of patients by the
use of daily chlorhexidine bathing as part of a bundled intervention plan to
control an outbreak of KPC-producing Klebsiella species in a long-term-care
facility; this approach was found to be successful [114]. Contamination of the
environment has been suspected in different outbreaks, and these have led to
the recommendation of frequent cleaning of environmental surfaces [115,
116]. Passaretti et al. demonstrated a reduction in the acquisition of MDR
Gram-negative bacteria with vaporized hydrogen peroxide decontamination of
environment [117].

These studies showed that multiple interventions should be employed to
successfully control CRE epidemics, also including simultaneous interventions
in different hospitals and antimicrobial stewardship policies which may be
useful for other so-called enteropathogenetic syndromes such as infections
caused by Clostridium difficile and Candida spp. [118].

Conclusions

Current clinical practice relating to Enterobacteriaceae infections has been ex-
tremely challenged by the emergence of multidrug resistance. Treatment op-
tions seem to be more optimistic for Gram-positive pathogens (including
C. difficile), for which the pipeline is more promising. In the field of Gram-
negative MDR infections, there is a great concern about the therapeutic future,
as only a handful of the upcoming agents will address the unmetmedical needs.

Currently, the most effective approach is the PK/PD optimization of the
available antibiotics, particularly given the increasing awareness of the phar-
macokinetic alterations that occur in the critically ill patient. Combination
treatments seem to be important, at least in the empirical phase of treatment, to
ensure adequate coverage of the patient and improve clinical outcome. How-
ever, randomized clinical trials are urgently needed to define the possible
benefit from combinations in various settings. Most importantly, infection
control measures and prompt diagnostics are the cornerstones to prevent
further transmission of MDR pathogens in healthcare settings and to optimize
early antimicrobial treatment.
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