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ABSTRACT

Antibiotic resistance is one of the main menaces to public
and individual health worldwide. In the last two decades, an
increase in the detection of carbapenem-resistant Enterobac-
terales has been reported. The treatment of infections caused
by these strains is a therapeutic challenge. The use of carbap-
enems may be beneficial depending on MIC value and source
of infection. New drugs, with different activity against the
different classes of carbapenemases, are developed showing
significant benefits.
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INTRODUCTION

Antibiotic resistance is one of the main menaces to public
and individual health worldwide. Enterobacterales can acquire
numerous resistance-encoding plasmids, specially Klebsiella
pneumoniae. Two decades ago, carbapenemase-producing £n-
terobacterales (CPE) began to spread. The most clinically rele-
vant carbapenemases in Enterobacterales belong to classes A
(i.e., mainly KPC type), B (i.e, metallo-beta-lactamases, VIM, IMP
and NDM types) and D (i.e, mainly OXA-48 type). These en-
zymes exhibit significant variations in hydrolytic efficiency and
are characterized by elevated minimal inhibition concentration
(MIC) of carbapenems compared to the epidemiological cutoff
values. The combination with other resistant mechanisms, like
decreased outer membrane permeability or extended spectrum
beta-lactamase (ESBL) production, are also frequently described.
In addition, CPE often coharbor resistance mechanisms against
other antimicrobial classes such as fluoroquinolones, aminogly-
cosides, tetracyclines, and trimethoprim-sulfamethoxazole.
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CPE cause serious infections, especially in immunocom-
promised patients, prolong hospital stays and increase mortal-
ity rates, ranging from 24% to as high as 70%, depending on
the study population. Despite the need to establish effective
early treatments, the few therapeutic options available limit
the alternatives [1].

EPIDEMIOLOGY OF CARBAPENEMASES

Isolates of carbapenem-resistant Enterobacterales (CRE) are
increasingly being described. The SENTRY Antimicrobial Surveil-
lance Program analyzed the CRE isolates obtained during the
period 1997-2016 in 42 countries from the main geographical
regions. A statistically significant increase in CRE rates was re-
ported over time for the overall isolates and breakdowns by all
regions and infection sources. CRE rates increased from 0.6%
in 1997-2000 to 2.9% in 2013-2016 with gradual increases of
0.8%-0.9% per period since 2005-2008. In this study, a repre-
sentative number of CRE isolates was analyzed for the presence
of carbapenemase encoding genes. KPC producers were the
most frequently detected, with rates maintained throughout
the study, while a notable increase in MBL (mainly by NDM) and
OXA-48 isolates was reported. The detection of double carbap-
enemases (e.g., KPC+MBL, MBL+0XA-48 or KPC+0XA-48) was
only reported during the second period [2].

In the same line, in the epidemiological survey carried
out in 2018, all 37 participating European countries reported
CPE isolates, whereas in the previous study performed in 2015,
three countries had still not identified a single case. Overall,
11 countries reported a worsened epidemiological situation of
CPE than in 2015, 25 countries described no change, and one
country reported an improvement of the CPE epidemiological
situation. Twenty out of 37 countries reported inter-institu-
tional spread of CPE within the country, and compared with
2015, 4 additional countries reported regional or inter-region-
al spread in 2018, thus increasing the number of countries
with regional or inter-regional spread to 16 [3].
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In Spain, in a national study involving 42 hospitals con-
ducted over a 5-year period (2010-2014) with isolates of K
pneumoniae obtained from blood cultures, resistance to imi-
penem increased from 0,27% in 2010 to 3,46% in 2014, and
86% of these isolated produced carbapenemases (i.e., mainly
OXA-48, followed by VIM, KPC, IMP and GES) [4]. In another
prospective multicenter Spanish study (with 83 hospitals par-
ticipating) from February to May 2013, the impact of CPE from
clinical infections and carriers was analyzed. The percentag-
es of CPE isolates significantly diverse between species, being
significantly higher in K pneumoniae (75.4%) than in Entero-
bacter cloacae (35.1%) and Escherichia coli (33%). Again, the
most detected carbapenemase was OXA-48 (71.5%), followed
by VIM (25.3%), KPC (2.1%) and IMP (1.6%) [5].

Infections caused by CPE are associated with increased
mortality. In the systematic review and metaanalysis published
by Falagas et al collecting all data available until 2012, attrib-
utable deaths to CRE infections were analyzed. The number
of deaths was 2-fold higher among patients with bacteriemia
caused by CRE than among patients with bacteriemia caused
by carbapenem-susceptible isolates. Those studies showed that
many patients with infections caused by CRE had not received
adequate empirical treatment, which could explain this in-
crease in mortality [6].

CAN WE STILL USE CARBAPENEMS TO THREAT
CARBAPENEM-RESISTANT INFECTIONS?

The use of imipenem or meropenem in monotherapy for
the treatment of CPE infections is associated with therapeutic
failure when isolates show high MIC values. A large review an-
alyzed 15 studies with 50 patients with carbapenem-resistant
(CR) K. pneumoniae infections treated in monotherapy with car-
bapenems. Twenty-nine of these isolates exhibited carbapenem
MICs <2 mg/L, 13 equal to 4 and 8 mg/L, and 8 isolates =8 mg/L.
Therapeutic failure increased from 29.4% for MICs <1 mg/L to
75.0% for MICs >8 mg/L, showing some therapeutic benefit in
infections caused by strains with intermediate susceptibility to
carbapenems (28.6% and 33.3% of failure for MICs 4 and 8 pg/
ml, respectively) [1]. Carbapenem display time-dependent bacte-
ricidal killing when free drug concentrations remain above the
MIC for 40 to 50% of the time between dosing intervals. Monte
Carlo simulation models of different dosing regimens of carbap-
enems indicate that prolonging the infusion time from 30 min
to 3 h increases the probability of bactericidal target attainment
at each MIC value. In addition, for isolates with high MICs, only
the high-dose/prolonged-infusion regimen displays a relatively
high probability of bactericidal target attainment [7].

COMBINED TREATMENT

A combination therapy with =2 active drugs, including
a carbapenem, has been reported as the lowest failure rate
(8.3%) in the treatment of infections by carbapenemase-pro-
ducing K. pneumoniae in comparison to other regimens, such
as combination therapy with =2 active drugs not including a

carbapenem, monotherapy with an aminoglycoside, mono-
therapy with a carbapenem, monotherapy with tigecycline,
monotherapy with colistin and inappropriate therapy. The
highest rate of therapeutic failure was presented by patients
with inappropriate therapy, followed by patients receiving
monotherapy with colistin, combination therapy with =2 ac-
tive drugs not including a carbapenem and monotherapy with
tigecycline [1].

Tumbarello et al reported the survival benefits of non-em-
pirical regimens that include 2 or 3 active drugs (as compared
with monotherapy) in the treatment of infections caused by
KPC-producing K. pneumoniae. In this large multicenter co-
hort study, combination regimens that include meropenem
provided appreciable therapeutic benefits when the meropen-
em MIC was <8 mg/L, but no benefits were obtained when the
meropenem MIC exceeds 32 mg/L [8].

In the same line, a prospective cohort study including epi-
sodes of bacteriemia caused by colistin-resistant and high-lev-
el meropenem-resistant (=64 mg/L) KPC-producing K. pneu-
moniae showed that the combination therapy (e.g., tigecycline
+ gentamicin, tygecicline + fosfomycin, gentamicin + fosfo-
mycin, or tigecycline + fosfomycin + gentamicin) was asso-
ciated with reduced mortality (25%) compared to the use of
these antibiotics in monotherapy (43.8%) [9].

Gutiérrez-Gutiérrez et al reported data obtained in a ret-
rospective cohort study of bloodstream infections (BSI) caused
by CPE. In this study, 26 tertiary hospitals of 10 countries par-
ticipated and compared 30-day all-cause mortality between
patients receiving appropriate or inappropriate therapy, and
among those patients receiving appropriate therapy, combi-
nation therapy or monotherapy. Lower mortality was signifi-
cantly lower in patients receiving appropriate (38.5%) than
inappropriate (60.6%) therapy, but overall mortality was not
different between those receiving combination therapy (39%)
and monotherapy (41%). Combination therapy was associat-
ed with improved survival only in patients with high mortality
score [10].

NOVEL ANTIBIOTICS FOR THE TREATMENT OF CRE
INFECTIONS

Infections caused by CRE/CPE are associated high mortal-
ity rates. Although, as it has been shown, combined therapy
can be beneficial in the treatment of these infections, new
drugs are needed to achieve better clinical outcomes and low-
er mortality rates. Several antibiotics are recently approved
(e.g., ceftolozane/tazobactam, ceftazidime/avibactam, mero-
penem/vaborbactam, plazomicin, imipenem/relebactam, or ce-
fiderocol) [11].

Several studies showed the efficacy of ceftazidime-avi-
bactam (CAV) -a cephalosporin-beta-lactamase inhibitor com-
bination- in the treatment of infections caused by CRE. Van
Duin et al reported lower mortality rates in patients with CRE
infections treated with CAV (9%) than in those treated with
colistin (32%), and inverse probability of treatment weight-
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ing-adjusted efficacy of a better clinical outcome (64%) for
CAV [12]. Shields et al compared outcomes of patients with CR
K. pneumoniae BSI receiving definitive treatments containing
CAV or alternative regimens (e.g., carbapenem + aminoglyco-
side, carbapenem + colistin, or other including monotherapy
with aminoglycoside or colistin). CAV was associated with
higher rates of clinical success and survival than other regi-
mens [13]. Tumbarello et al analyzed 138 cases of KPC-pro-
ducing K pneumoniae infections treated with CAV as a salvage
therapy after a first-line treatment with other antimicrobials,
and most cases (78.9%) CAV was administered with at least 1
other active antibacterial agent (e.g., gentamicin, tigecycline,
colistin, fosfomycin, and other drugs). The overall 30-day mor-
tality rate was 34.1%, and the highest rate was recorded in
patients with bacteriemia. The 30-day mortality rate among
patients with bacteriemia was significantly lower in patients
who received CAV (36.5%) than patients without CAV (55.8%),
and in patients treated with CAV in monotherapy (40.9%) than
patients treated with single-drug (77.8%). A similar difference
was observed in patients managed in combination therapy
but without statistically significant results. In the multivariate
analysis of risk factors for 30-day mortality in patients with
bacteriemia, receipt of CAV was the sole independent predictor
of survival [14].

Relebactam is a novel non-beta-lactam inhibitor of class
A carbapenemases and class C cephalosporinases (e.g., AmpC)
which, in combination with imipenem, can restore the activ-
ity against many imipenem-nonsusceptible Enterobacterales.
The efficacy of treatment with imipenem/relebactam (IMI/REL)
has been reported. In a randomized, controlled, double-blind,
phase 3 trial, hospitalized patients with hospital-acquired/
ventilator-associated pneumonia, complicated intraabdominal
infection or complicated urinary tract infection caused by imi-
penem-nonsusceptible (but colistin- and IMI/REL-susceptible)
pathogens the efficacy of IMI/REL was evaluated. Favorable
overall response was observed in 71% IMI/REL and 70% colistin
+ imipenem patients, day 28 favorable clinical response in 71%
and 40%, and 28-day mortality in 10% and 30%, respectively.
No statistically significant differences were observed in favor-
able overall response, but serious adverse occurred in 10% of
patients treated with IMI/REL vs 31% of patients treated with
colistin + imipenem patients, and treatment-emergent nephro-
toxicity in 10% and 56%, respectively. So, this trial presented
IMI/REL as an efficacious and well-tolerated treatment option
for CRE infections [15]. Vazquez-Ucha et al analyzed the in vi-
tro activity of IMI/REL, and other 16 widely used antimicrobi-
als, against a Spanish nationwide collection of CPE. All isolates
showed high rates of susceptibility to colistin (86.5%), IMI/REL
(85.8%) and CAV (83.8%). Susceptibility rates to other beta-lac-
tams, aminoglycosides, quinolones and fosfomycin were under
80% in all cases and only amikacin retained activity against
>75% of the isolates. Antibiotic susceptibility varied widely
depending on the type of carbapenemase detected. While CAV
was the most active agent against OXA-48 producers (97.7%)
followed by IMI/REL (87.9%), IMI/REL was the most active drug
(100.0%) against KPC producers (followed by CAV (93.4%)) [16].

Vaborbactam is a boron-based beta-lactamase inhibitor
with activity against class A carbapenemases. Combination
with meropenem restores activity against KPC-producers. In a
phase 3, multinational, open-label, randomized controlled tri-
al, the efficacy and safety of meropenem/vaborbactam (MER/
VAR) was evaluated versus the best available therapy (mono/
combination therapy with colistin, carbapenems, aminoglyco-
sides, tigecycline or CAV) for the treatment of CRE infections
(e, bacteremia, hospital-acquired/ventilator-associated bac-
terial pneumonia, complicated intraabdominal infections, and
complicated urinary tract infection/acute pyelonephritis). Day-
28 all-cause mortality was 15.6% and 33.3% for MER/VAR and
best available therapy, respectively. Treatment-related adverse
events and renal-related adverse-events were 24.0% and 4.0%
for MER/VAR, and 44.0% and 24.0% for other treatments.
So, monotherapy with MER/VAR was reported with increased
clinical cure, decreased mortality and reduced nephrotoxicity
compared with other drugs [17]. In a multicenter, retrospec-
tive cohort study, Ackley et al compared the efficacy and safe-
ty of MER/VAR to CAV in the treatment of CRE infections. No
significant difference in clinical success, and 30- and 90-day
mortality rates were observed between groups, although in
patients with recurrent infection, development of resistance
occurred in 3 patients receiving CAV in monotherapy (no resis-
tance was detected in patients with MER/VAR treatment) [18].

Cefiderocol is a novel siderophore cephalosporin designed
to threat carbapenem-resistant bacteria, with activity against
ESBL, AmpC and class A, B and OXA-48 carbapenemases. An
open-label multicenter study assessed the efficacy and safety
of cefiderocol and best available therapy for the treatment of
patients with serious carbapenem-resistant Gram-negative in-
fection. For patients with hospital-acquired pneumonia, clini-
cal cure rate was very similar in both groups (50% and 53% for
cefiderocol and best available therapy, respectively). The same
clinical cure rate was achieved for both groups in patients with
BSI and sepsis (43%). Cefiderocol achieved higher microbiolog-
ical eradication in patients with complicated urinary tract in-
fection (53%) than in the best available therapy group (20%).
At the end of the study, more patients receiving cefiderocol
died (349%) that patients receiving best available therapy (18%)
[19].

Plazomicin is a new aminoglycoside with activity against
ESBL, AmpC and class A and D carbapenemases. In a multi-
center, randomized, open-label trial including patients with
bloodstream infection or hospital-acquired/ventilator-associ-
ated bacterial pneumonia caused by CRE, efficacy and safety
of plazomicin versus colistin were evaluated. Among patients
with BSI, death from any cause at 28 days or clinically signifi-
cant disease-related complication occurred more frequently in
patients receiving colistin (53%) than in patients receiving pla-
zomicin (149%). In patients with pneumonia, numerically fewer
deaths were observed at day 14 among patients who received
plazomicin-based treatment [20].

Infectious Diseases Society of America (IDSA) guidelines
recommendations are summarized in Table 1. Although it is
expected that bacteria will continue developing resistance
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Table 1

Summary of treatment of carbapenem-resistance Enterobacterales according to IDSA Guidelines.

Source of infection

Preferred treatment

Alternative treatment

Uncomplicated cystitis

Pyelonephritis and complicated urinary tract
infections

Infections outside of the urinary tract caused by
ertapenem-resistant meropenem-susceptible and
carbapenemase testing are neither available or
negative

Infections outside of the urinary tract caused
by ertapenem and meropenem-resistant and
carbapenemase testing are neither available or
negative

Infections outside of the urinary tract caused by
carbapenem-resistant and carbapenemase-producer
Enterobacterales

Infections caused by metallo-beta-lactamase-
producers Enterobacterales

Infections caused by OXA-48 -producers
Enterobacterales

Ciprofloxacin, levofloxacin, trimethoprim-
sulfamethoxazole, nitrofurantoin or a single dose of
an aminoglycoside

Meropenem (standard infusion): For cystitis caused by
CPE, if ertapenem-resistant, meropenem-susceptible,
and no carbapenemases are detected

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

Meropenem (extended infusion), if ertapenem-
resistant, meropenem-susceptible, and no
carbapenemases are detected

Meropenem (extended infusion)

Ceftazidime-avibactam, meropenem-vaborbactam,
imipenem-relebactam

Ceftazidime-avibactam, meropenem-vaborbactam,
imipenem-relebactam

Ceftazidime-avibactam + aztreonam, cefiderocol

Ceftazidime-avibactam

Ceftazidime-avibactam, meropenem-vaborbactam,
imipenem-relebactam, cefiderocol, colistin (when no
alternative options are available)

Once-daily aminoglycosides

Ceftazidime-avibactam

Cefiderocol

Tigecycline, eravacycline
Cefiderocol
Tigecycline, eravacycline

Tigecycline, eravacycline

Cefiderocol

Tigecycline, eravacycline

mechanisms against these new antibiotics, their correct use 3
will determine the benefit that we can obtain from them [21].
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