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Abstract Carbapenems are the broadest spectrum antimicro-
bials utilized in the treatment of serious infections since the
1980s. Soon after their introduction, the discovery of
carbapenem-resistant Enterobacteriaceae (CRE) was reported
in the 1990s. Invasive CRE infections are associated with high
mortality and limited treatment options making care for pa-
tients with these infections challenging for clinicians. Current
practice has reverted back to the use of Bolder^ antimicrobials,
such as the polymyxins, tigecycline, and fosfomycin, to com-
bat invasive CRE infections. However, recent approval of
ceftazidime-avibactam has added another treatment option to
the current antimicrobial armamentarium. Resistance among
the Bolder^ agents is still rare but has been reported. Currently,
there are numerous agents that are under investigation as well
as combination therapy that looks promising in the treatment
of CRE infections.
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The first carbapenem that was introduced and approved for use
in the mid 1980s was imipenem [1]. Subsequent carbapenems

included meropenem, biapenem, ertapenem, and doripenem
[2]. Enterobacteriaceae resistancewas rare after the introduction
of the carbapenems until the mid-to-late 1990s when the first
carbapenemase was described [3]. Carbapenemases are a type
of extended-spectrum-β-lactamase that hydrolyze β-lactam an-
tibiotics. Isolates that produce these types of enzymes often
carry other resistant genes, making clinical therapeutic deci-
sions complex and difficult. Carbapenemases are composed
of serine enzymes and metallo-carbapenemases. Serine
carbapenases include two groups: Group A (SME, GES, IMI,
NMC, KPC) and class D OXA enzymes [most commonly
OXA-48] [2]. The most clinically important metallo-
carbapenemases are VIM and NDM. Carbapenem resistance
in Enterobacteriaceae was uncommon in the USA until an out-
break in the Northeast in the early 2000s [3]. Since then,
carbapenem-resistant Enterobacteriaceae (CRE) have spread
throughout the country. In the most recent report, the Centers
for Disease Control and Prevention (CDC) has classified CRE
as an immediate public health threat, warranting urgent and
aggressive action [4••].

As previously stated, CRE usually carry other genes on
plasmids or mobile genetic elements that confer resistance to
other classes of antimicrobials [5]. In addition to β-lactamase,
these genetic elements can carry resistant mechanisms such as
aminoglycoside modifying enzymes and fluoroquinolone-
resistant determinants making them multidrug-resistant
[MDR] [6, 7]. Resistance is distributed throughout
Enterobacteriaceae such as Escherichia coli, Klebsiella,
Enterobacter, Salmonella, and Serratia [8]. Other
carbapenemases, such as K. pneumoniae carbapenemases
(KPC), have been found in non-Enterobacteriaceae as
well [9].

The first report of CRE (KPC-producing K. pneumoniae)
was in 2001 from project ICARE [3]. The strain was isolated
from an intensive care unit (ICU) in North Carolina in 1996.
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Some of the first reported wide-spread outbreaks occurred in
the New York area [10, 11]. Since then, CRE has spread
throughout the USA. Currently, CRE is considered en-
demic in the USA and a clinically relevant nosocomial
pathogen. More recent outbreaks have been associated
with endoscopic procedures [12••]. In response to these
outbreaks, the Food and Drug Administration (FDA) has
released a guidance document to follow manufacturer
cleaning instructions focusing on the most common de-
vice involved in the outbreaks, the elevator mechanism
in endoscopic retrograde cholangiopancreatography
(ERCP) duodenoscope [12••].

Like other Enterobacteriaceae, infections caused by CRE
can be attributed to many sites and types of infections. Urinary
tract, intra-abdominal, respiratory tract (pneumonia), and
acute bacterial skin and soft tissue infections are the most
common infections caused by CRE [13, 14]. The purpose of
this overview is to review resistance as well as current and
future treatment in CRE infections.

Colonization, Risk Factors, Transmission

Colonization and subsequent infection with CRE have
been an area of growing interest. In a recent retrospec-
tive matched cohort study, critically ill patients who
were colonized with CRE were examined [15••].
Invasive infections with the same species as the colo-
nizing strain were compared to matched non-carriers.
The CRE colonization was an independent risk factor
for infection caused by Enterobacteriaceae (hazard ratio,
HR, 2.06 [95 % confidence interval (CI) 1.03–4.09].
The ICU in this study routinely screened for coloniza-
tion via rectal swab upon ICU admission and twice
weekly throughout the ICU stay. Although CRE screen-
ing is not routinely done as a standard of care, the
results of this study offer some support to implement
screening, at least in critically ill patients. More data
are needed before routine screening can be recommend-
ed across all patient groups.

The most common risk factor for CRE infection is
exposure through a hospital or long-term care facility
[16]. Other risk factors are the same as for other noso-
comial pathogens: presence in ICU during admission,
invasive material [indwelling catheters and lines], and
recent or current antibiotic exposure [16, 17]. One study
evaluating risk factors for CRE infection found that pre-
vious exposure to third or fourth generation cephalospo-
rins (OR 4.56, p < 0.001) and carbapenems (OR 4.45,
p = 0.001) was an independent risk factor for CRE in-
fection [18••]. This study is different than earlier stud-
ies, which demonstrated that previous exposure of

fluoroquinolones was associated with CRE infection
[19•, 20, 21].

Clinical Outcomes of Infection

In general, CRE infection is associated with a very high mor-
tality rate. One review found that monotherapy with colistin or
tigecycline had mortality rates of 57–80 % [22••]. Although
the authors found lower mortality with a combination therapy
(50–67 %), it is still an unacceptable rate of mortality associ-
ated with these infections, despite treatment with recognized
CRE activity. Patients with CRE infection also have
prolonged lengths of hospital stay and prolonged lengths of
ICU stay along with increased mortality [18••]. Risk factors
that have been associated with mortality are central venous
catheter presence and immunosuppression. A recent review
of published cases on CRE infections found that the lowest
mortality rates were observed in patients with urinary tract
infections (30.1 %) while bacteremia had the highest mortality
rate (38.5 %) [23••].

Current Treatment Options

There are relatively few treatment options for serious CRE
infections. Most of the data are retrospective in nature, based
on case reports or series or single center, observational studies.
More data are currently needed to support treatment recom-
mendations for serious CRE infections. There have been four
major systematic reviews or meta-analyses that have been
published regarding treatment options for CRE infections
[22••, 23••, 24••, 25]. Many of the antibiotics reported in these
studies have low efficacy rates when used as monotherapy;
therefore, an emerging trend has begun for combination ther-
apy. Tzouvelekis and colleagues examined 20 studies with
large cohorts of CRE-infected patients [23••]. The authors
concluded that monotherapy is not better than inappropriate
therapy, and a combination therapy offers a survival advan-
tage over monotherapy. In addition, monotherapy can lead to
resistantance and possible loss of that class of antimicrobials.
The combinations associated with the lowest rates of mortality
contained a carbapenem. The individual antibiotics or classes
of antibiotics are discussed below.

Tigecycline

Tigecycline has been studied in CRE in combination with
other antibiotics. Due to its black boxed warning for increased
mortality, it should be reserved for cases without any other
treatment options. Outcomes with tigecycline monotherapy
have not been favorable [23••]. One potential explanation
could be low likelihood of target pharmacokinetic/
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pharmacodynamic (PK/PD) parameters with conventional
dosing of 50 mg (mg) twice daily. These targets might be able
to be achieved by increasing the dose of tigecycline to 100 mg
twice daily [23••]. Although data are limited with this treat-
ment strategy, consideration for the high dosing of tigecycline
might be warranted depending on the clinical condition of the
patient and other patient-specific factors. Tigecycline resis-
tance is not commonly reported to date. In a recent study of
bacterial isolates from Latin America from the SENTRY
Antimicrobial Surveillance Program, tigecycline is able to
maintain susceptibility in CRE [193 isolates, 97.4 %] [26].

Polymyxins

Polymyxin E (colistin) and polymyxin B have been evaluated
in CRE infection [22••, 23••, 24••]. A review was published in
2015 assessing trials containing over 1000 patients who re-
ceived polymyxins for CRE infections [24••]. The authors
concluded that combination therapy was associated with a
trend towards lower 28-day or 30-day mortality compared to
monotherapy (OR, 0.79; 95 % CI, 0.58–1.08). Although these
agents retain in vitro activity against many strains of CRE,
combination therapy is preferred over monotherapy due to
poor outcomes associated with monotherapy [23••, 24••].
Colistin-resistant CRE is still very rare. The first reported clin-
ical bacterial CRE-isolated resistant to colistin was reported
recently [27••]. The isolate was discovered in a patient with
recurrent urinary tract infections (UTI) and originally isolated
in 2014. The authors highlight the importance of active sur-
veillance for this combination of colistin and carbapenem re-
sistance as it was traced back to 2014 and could have been
unknowingly transmitted since then [27••].

Aminoglycosides

Although CRE can show variable susceptibility to aminogly-
cosides, if in vitro activity is observed, aminoglycosides are
potential treatment options for CRE infection. Due to their
high urinary concentrations, aminoglycosides are a feasible
option for CRE UTIs. Aminoglycosides were compared to
polymyxin B and tigecycline for UTIs caused by
K. pneumoniae CRE [28]. Microbiologic clearance was sig-
nificantly higher (88 %) compared to polymyxin B (64 %,
p = 0.02) and tigecycline (43 %, p < 0.001). Although retro-
spective and non-randomized, this study is able to provide
comparative effectiveness of available agents for CRE UTIs.

Fosfomycin

Fosfomycin is an orally available agent that has been used in
the treatment of CRE UTIs. Due to its ability to attain persis-
tent concentrations in the urine for 48–72 h after a 3-g dose
[14], its main place in therapy is for UTIs. Although, it has

been evaluated as salvage therapy in combinations in very
serious CRE infections, where no other treatments options
exist, sufficient data are lacking supporting fosfomycin use
outside of the urinary tract [29–32]. The current recommen-
dations in CRE are for UTIs only.

Ceftazidime-avibactam

Avibactam is the newest β-lactamase inhibitor and is able to
retain activity in the presence of OXA-48 and KPC [33, 34••].
Ceftazidime-avibactam was approved in early 2015 for the
treatment of complicated urinary tract and intra-abdominal
infections. Ceftazidime-avibactam has been evaluated in
phase 2 and 3 trials for complicated UTI (cUTI) and compli-
cated intra-abdominal infections (cIAI). For cUTIs, a favor-
able microbiological response was achieved in 70.4 % of mi-
crobiologically evaluable patients receiving ceftazidime-
avibactam and 71.4 % receiving imipenem-cilastatin at the
test of cure visit in the microbiologically evaluable population
[observed difference −1.1 % (95 % CI: −27.2 %, 25.0 %)]
[35]. In another phase 3 trial, ceftazidime-avibactam plus met-
ronidazole was compared with meropenem for cIAIs [36]. In
the microbiologically evaluable patients at the test of cure
visit, there was a favorable clinical response observed
[91.2 % (62/68) in ceftazidime-avibactam plus metronidazole
group and 93.4 % (71/76) in the meropenem group (observed
difference: −2.2 %; 95 % CI: −20.4 %, 12.2 %)] [36].
Ceftazidime-avibactam was also evaluated for IAIs and un-
complicated UTIs in phase 3 trials [RECLAIM1/RECLAIM2
and REPRISE] [37, 38]. Ceftazidime-avibactam in combina-
tion with metronidazole was compared with meropenem in
RECLAIM with a primary outcome of clinical cure.
Ceftazidime-avibactam plus metronidazole was found to be
non-inferior to meropenem with clinical cure rates of 81.6 %
in ceftazidime-avibactam plus metronidazole compared with
85.1 % in the meropenem group (difference −3.5 %, 95 % CI
−8.64–1.58) [37]. A subset of patients with moderate renal
impairment, defined as creatinine clearance 30–50 mL/min,
had a decreased response in clinical cure. Upon further anal-
ysis and subsequent PK/PD modeling, it was determined that
the recommended dose adjustment for this group might have
been too low. The package insert labeling has been updated to
reflect the most current renal impairment recommendations.
The final trial was evaluating ceftazidime-avibactam versus
best therapy (97 % received a carbapenem) for known
ceftazidime-resistant Enterobacteriaceae or Pseudomonas
aeruginosa cUTIs [38]. At the test of cure visit, there were
comparable rates of clinical cure between the two groups
(91 % (95 % CI 85.6–94.7 %) ceftazidime-avibactam group
versus 91 % (95 % CI 85.9–95 %) in the best therapy group)
[38]. While these trials support that ceftazidime-avibactam is
non-inferior to a carbapenem for cUTIs and cIAIs, the efficacy
of ceftazidime-avibactam in more severe infections such as
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bacteremia or pneumonia in CRE or for other organisms is still
unknown.

Combination Therapy

Studies for combination therapy that have been reported are
mostly observational with relatively small sample sizes. Paul
and colleagues published a recent review article examining
combination therapy which mostly consisted of various colis-
tin combinations versus colistin monotherapy [39•]. The au-
thors concluded that combination therapy offered a mortality
benefit only in the subgroup of Bany combination^ compared
to colistin monotherapy. However, more data are necessary
prior to considered combination therapy as standard of care.

The rationale for using two carbapenems together is to
provide a competitive substrate for the β-lactamase [40–42].
Ertapenem is often administered in combination with
doripenem or meropenem. In this case, ertapenem acts as a
substrate and allows the other carbapenem (doripenem or
meropenem) to retain its activity [40]. Data are limited for this
practice, but could potentially be used depending on the clin-
ical scenario.

Future Treatment Options

Plazomicin

Plazomicin is an aminoglycoside with activity against MDR
K. pneumoniae, including carbapenemase-producing strains
[43]. Although structurally similar to currently available ami-
noglycosides, it retains activity in the presence of aminogly-
coside modifying enzymes [44]. A phase 3 study is currently
recruiting patients for a study of CRE for bloodstream infec-
tion, hospital-acquired bacterial pneumonia, and ventilator-
associated bacterial pneumonia where plazomicin will be
compared to colistin [45].

Eravacycline

Eravacycline is a novel synthetic fluorocycline with a potency
two to four times greater than tigecycline in CRE [46••, 47].
Its activity was evaluated in 200 community and hospital iso-
lates from a phase 2 clinical trial where it was shown to dem-
onstrate in vitro activity against CRE [48, 49]. Eravacycline
has also been studied in phase 3 clinical trial against
ertapenem for cIAIs [50]. Preliminary data are available, and
the manufacturer released a statement that the primary end-
point was reached in this trial, but no statistical analysis is
available for the microbiological intent to treat population at
this time. In another phase 3 trial evaluating eravacycline
compared to levofloxacin in cUTIs, according to the

manufacturer, eravacycline did not meet the endpoint of
non-inferiority. Data also have not been released at this time
[51].

Meropenem-vaborbactam (formally RPX-7009)

Vaborbactam is a boronic acid derivative that has activity
against serine carbapenemases, with particularly potent activ-
ity against KPC [52]. Meropenem-vaborbactam has been
evaluated in phase 1 and 2 clinical trials [53, 54]. The phase
1 trial showed adequate penetration into epithelial lining fluid
suggesting potential application in lower respiratory tract in-
fections [54]. A phase 3 studied has recently been completed
and awaiting publication; disease states studied were cUTIs,
including acute pyelonephritis, in adults compared to
piperacillin/tazobactam [55].

Imipenem-cilastatin-relebactam (formally MK-7655)

Relebactam is similar to avibactam in that it is a reversible,
covalent non-β-lactam, β-lactamase inhibitor [56, 57]. It has
been evaluated in phase 1 and phase 2 trials. The phase 2 trials
were completed in cIAIs [58] and cUTIs [59]. Data available
for cIAIs for two different relebactam dosing strategies (125
and 250 mg, both given with imipenem/cilastatin 500 mg in-
travenously every 6 h) were found to be non-inferior to
imipenem/cilastatin alone [58]. Data are not yet available for
the cUTI study where imipenem/cilastatin-relebactam was
compared to various combinations including ciprofloxacin
or imipenem/cilastatin alone [59].

Conclusion

In conclusion, invasive CRE infections present a clinical chal-
lenge with limited treatment options and high-associated mor-
tality. In years since the original description of CRE, the ab-
sence of newer agents has led clinicians to start using Bolder^
antimicrobial agents with varying success. Though still rare,
resistance with polymyxins has been reported. With the recent
approval of ceftazidime-avibactam and other carbapenem-β-
lactamase inhibitor combinations in clinical trials, better ther-
apeutic options might help combat CRE infections and reduce
burden across the spectrum of disease. Further study with
combination therapy is needed in regards to CRE infections.
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