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Abstract: Antimicrobial resistance represents a serious threat for global health, causing an unaccept-
able burden in terms of morbidity, mortality and healthcare costs. In particular, in 2017, carbapenem-
resistant organisms were listed by the WHO among the group of pathogens for which novel treatment
strategies are urgently needed. Fortunately, several drugs and combinations have been introduced in
recent years to treat multi-drug-resistant (MDR) bacteria. However, a correct use of these molecules
is needed to preserve their efficacy. In the present paper, we will provide an overview on the epidemi-
ology and mechanisms of resistance of the most common MDR Gram-negative bacteria, proposing a
treatment algorithm for the management of infections due to carbapenem-resistant bacteria based on
the most recent clinical evidence.
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1. Introduction

Despite the global shift in attention toward the SARS-CoV-2 infection, antimicrobial
resistance (AMR) still represents a serious threat and it should be considered as a silent
undervalued pandemic. The rate of multi-drug-resistant (MDR) strains of Gram-negative
bacteria is of great concern across the Europe, with particular attention to Klebsiella pneu-
moniae and Acinetobacter spp. [1]. According to the latest European Centre for Disease
Prevention and Control (ECDC) report on antimicrobial resistance in Europe, referring
to 2020 data, K. pneumoniae strains showed a very high rate of resistance to carbapenems
(>25%) in about one-third of European countries, while the prevalence of MDR Acine-
tobacter spp. was even higher, with rates of strains resistant to carbapenems of >50%
in more than half of the European countries [1]. The epidemiological situation of other
MDR gram-negative bacteria was not acceptable, also considering that each year there
are more than 670,000 infections due to antibiotic-resistant bacteria in Europe, with more
than 30,000 people dying as direct consequence of these infections [2]. It is also becoming
clear that the SARS-CoV-2 pandemic has had a negative impact on the implementation
of Antimicrobial Stewardship Programs (ASP) and on the prevalence of MDR strains in
countries particularly engaged in fighting COVID-19 [3]. In this scenario, an increase
in the rate of MDR isolates, including Gram-negative strains, is expected. Fortunately,
several drugs and combinations have been introduced in recent years to treat MDR bacteria.
However, an appropriate and conscientious use of these drugs is needed to preserve their
long-lasting efficacy. In this perspective, the five Ds of antimicrobial stewardship must
always be applied when treating infections caused by MDR bacteria in the clinical setting
(Table 1).

Table 1. The five Ds of antimicrobial stewardship.

Diagnosis Make the right diagnosis based on signs and symptoms and
laboratory findings

Drug In the context of empiric treatment, always choose the drug on the base of
international guidelines and local epidemiology

Dose
Always use the appropriate dose, avoiding underdosage especially in critical
ill setting. Always adjust the dosage in accordance with hepatic and
renal impairment

Duration Pay attention to the right duration of antibiotic treatment. Avoid the “longer
is better” mentality

De-escalation Based on the antimicrobial susceptibility tests results, always de-escalate
therapy, preferring monotherapy when possible.

With the present paper, we aim to develop a therapeutic algorithm for the treatment
of infections caused by gram-negative MDR bacteria, conceived in accordance with interna-
tional literature and the principles of conscientious use of antibiotics. In this perspective,
we evaluated the mechanisms of resistance of Gram-negative bacteria and the more recent
drugs and combinations effective against these pathogens.

2. Methods

In 2021, a panel of 17 experts of antimicrobial therapy operating in the Campania
region, in Southern Italy, worked to develop an algorithm for the empirical and targeted
treatment of infections due to carbapenem-resistant Gram-negative bacteria (GNB) in
order to provide to the prescribers a guidance for the management of these difficult-to-
treat infections. Moreover, NC, RS, LO, AM and IG performed an extensive review of
the available evidence, using published material in the English language, and submitted
to all panel members the results of their work. After a discussion, a consensus was
reached, and the proposed algorithm was sent for evaluation to all the panel, that finally
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approved it. In the following paragraphs, we will describe the algorithm developed for the
targeted treatment.

2.1. Epidemiology of Carbapenem-Resistant Pathogens and Mechanisms of Resistance

Carbapenem-Resistant Enterobacterales (CRE)

In 2019, the European Centre for Disease Prevention and Control (ECDC) documented
an increasing prevalence of carbapenem-resistant Enterobacterales (CRE) in Europe, with
43% of countries reporting regional or inter-regional spread of CRE [4]. In 2017, a total
of 137,728 invasive isolate of carbapenem-resistant E. coli and 32,461 invasive isolates of
carbapenem-resistant K. pneumoniae were reported from European countries [5].

Several mechanisms are responsible for carbapenem resistance among Enterobac-
terales (i.e., alterations of the penicillin-binding proteins, decrease in bacterial membrane
permeability and increase in efflux pumps), although the production of carbapenemase
enzymes is the most represented mechanism of resistance, with 85% of CRE worldwide
producing carbapenemases [6,7]. According to the Amber classification of ß-lactamases,
carbapenemases are found in Ambler’s class A, B and D (Table 2). Molecular identification
of the specific carbapenemase is critical for the choice of appropriate antibiotic [8].

Table 2. Major carbapenemase enzymes. Adapted from: Tompkins K et al. [8].

Ambler Class Major Enzymes Active Site Treatment Notes

A KPC, NMC, SME Serine
Clavulanate and tazobactam are not
effective Avibactam, vaborbactam

and relebactam are effective

B VIM, IMP, NDM Zinc
All available BLI are ineffective
Do not hydrolyze monobactams

and cefiderocol

D OXA-48 Serine

Clavulanate, tazobactam,
vaborbactam and relebactam are

not effective
Avibactam is effective

KPC: K. pneumoniae Carbapenemase; NMC: not metalloenzyme carbapenemase; SME: Serratia marcescens
enzyme; VIM: Verona Integron-encoded metallo-beta-lactamase; IMP: Imipenemase; NDM: Delhi metallo-β-
lactamase; OXA: oxacillinase.

2.2. Pseudomonas aeruginosa with Difficult-to-Treat Resistance (DTR-PA)

P. aeruginosa is the most common cause of infection among non-fermenting Gram-
negative bacteria, frequently involved in nosocomial setting and affecting fragile popula-
tions [9].

Carbapenem-resistant P. aeruginosa (CRPA) isolates represent a global health menace,
similarly to Enterobacterales species as well as A. baumannii: they all are considered “top
priority pathogens” for which novel antibiotics are urgently, needed according to the World
Health Organization [10].

DTR-P. aeruginosa (PA) is defined by the non-susceptibility to all of the following
first-line agents among beta-lactams and quinolones: ceftazidime, cefepime, piperacillin-
tazobactam, aztreonam, ciprofloxacin, levofloxacin, meropenem and imipenem-cilastatin [11].
DTR-PA, as far as P. aeruginosa was concerned, represented the focus of the guideline for
Gram-negative infections by resistant pathogens endorsed by the Infectious Diseases Society
of America (IDSA) [12]. Subsequent European guidelines, endorsed by both the European
Society of Clinical Microbiology and Infectious Diseases (ESCMID) and the European
Society of Intensive Care Medicine (ESICM), referred to DTR-CRPA [13]. Eventually, the
very recent Italian guidelines addressing infections by MDR bacteria also focused on
DTR-PA [14].
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2.3. Carbapenem-Resistant A. baumannii (CRAB)

A. baumannii is a Gram-negative, strictly aerobic, non-fermentative coccobacillus; it can
be present in humans as a colonizer (in the skin, in the respiratory tract and in the digestive
system) and can be isolated in the healthcare environment due to its ability to produce
robust biofilms. It has emerged as a major cause of health-care-associated infections and, in
subjects at risk, it behaves as an opportunistic pathogen causing wound infections, urinary
tract and respiratory tract infections including community-acquired and, most frequently,
hospital-acquired or ventilator-associated pneumonia [15]. It is considered a difficult-to-
treat bug due to its intrinsic and acquired resistance to various classes of antibiotics, with a
more worrying increasing resistance to carbapenems and colistin with some geographic
variations in the resistance patterns.

Indeed, the percentages of carbapenem-resistant Acinetobacter spp. are equal to or
above 50% in 21 (55%) countries/areas in southern and eastern Europe [1].

Common mechanisms of resistance include enzymatic inactivation by beta-lactamases,
overexpression of drug efflux pumps, and mutations in antibiotic binding targets [16,17].

Resistance to carbapenems is mainly mediated by oxacillinases. The blaOXA-51 gene
is an intrinsic gene of A. baumannii species, while other oxacillinases are plasmid-acquired
such as those of group 23 (includes OXA-27 and OXA-49), (24)-40-like (includes OXA-25,
OXA-26, and OXA-40), 58, 143 and 235 [18–20]. Acinetobacter more rarely hosts metallo-
enzymes, mostly represented by Verona Integron-encoded metallo-beta-lactamase (VIM)
and Imipenemase (IMP) and less frequently New Delhi metallo-beta-lactamase-1 (NDM-1)
and 2.

Besides resistance to the beta-lactam group of antimicrobials, resistance to other classes
of antibiotics is almost always present in the Acinetobacter species. Aminoglycoside resis-
tance is mediated by plasmid- or transposon-coded Aminoglycoside-Modifying Enzymes
(AMEs) [21]. Reduced drug entry and alteration in the target ribosomal protein are the
other mechanisms involved in aminoglycoside resistance. Resistance to colistin is thought
to be mediated with modifications of the lipopolysaccharides of the bacterial cell membrane
that interfere with the agent’s ability to bind bacterial targets while decreased susceptibility
to tigecycline has been associated with the overexpression of the AdeABC multidrug efflux
pump, which confers resistance to various classes of antibiotics [22,23].

2.4. Stenotrophomonas maltophilia

S. maltophilia is a Gram-negative obligate aerobe rod, an opportunistic pathogen which
has becoming increasingly common, particularly among immunocompromised subjects
or patients admitted to intensive care units (ICUs). According to the data of the INFORM
Network, S. maltophilia was the sixth most common pathogen isolated from patients with
pneumonia admitted to ICUs, among 75 US medical centers between 2015 and 2017 [24].
A recent retrospective cohort study based on the Premier Healthcare Database reported
that S. maltophilia was the most frequent carbapenem-resistant Gram-negative pathogen
isolated from blood culture between 2010 and 2015, accounting for 30.3% of all isolates [25].
Several case series reported a mortality rate as high as 69% in patients with bloodstream
infections due to S. maltophilia; the highest mortality rates were demonstrated in patients
with hematological malignancies, previous chemotherapy, hypoalbuminemia, pneumonia,
septic shock, inadequate initial antimicrobial therapy and quinolone resistance [26].

The high mortality associated to life-threatening infections caused by this microor-
ganism is mainly due to the limited treatment options. The natural resistance to most
beta-lactams is due to the production of two chromosomically encoded beta-lactamases, the
L1 enzyme, which is a metallo-beta-lactamase, and L2 enzyme, a clavulanic acid-sensitive
cephalosporinase [26]. Resistance to other antibiotic classes is mainly mediated by the
expression of several efflux pumps, including members of the ATP-binding cassette (ABC)
family, conferring resistance to aminoglycosides, macrolides and polymyxins, proteins be-
longing to the major facilitator superfamily (MfsA), targeting aminoglycosides, macrolides,
tetracyclines, fluoroquinolones and rifampicin, or to the RND family, contributing to
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the resistance to fluoroquinolones, trimethoprim-sulfamethoxazole (TRS), tetracyclines,
macrolides and chloramphenicol [27]. Additional determinants of resistance that can be
acquired by S. maltophilia include the qnr genes, conferring resistance to fluoroquinolones
though target protection, acetyltransferase (aac) or phosphotransferase (aph) inactivating
the aminoglycosides, as well as the sul and dfrA genes, contributing to the resistance to
TRS [26].

3. Available Treatments for Carbapenem-Resistant Gram-Negative Bacteria: Old
Drugs and Novel Options
3.1. Ceftolozane/Tazobactam

Ceftolozane/tazobactam (CTT) belongs to the first wave of novel beta-lactam/beta-
lactamase inhibitor combinations aimed at countering Gram-negative resistant bacteria [28].
Relying on the results of the ASPECT-cIAI and ASPECT-cUTI trials, it was approved by
the Food and Drug Administration (FDA) in 2014 and by the European Medicines Agency
(EMA) in 2015 [29,30]. Initial indications were for the treatment of complicated intra-
abdominal infections (cIAIs) and complicated urinary tract infections (cUTIs), including
pyelonephritis, in adult patients at a dosage of 1.5 g every 8 h. In 2019, the indications for
ceftolozane/tazobactam expanded to include nosocomial pneumonia, following the results
of ASPECT-NP study, a non-inferiority phase 3 trial comparing the efficacy and safety of
the drug against meropenem [31]. Notably, the drug was administered at a doubled dosage
compared to what was previous approved (3 g every 8 h) [31].

As comprehensively synthetized by Yahav and colleagues, ceftolozane/tazobactam
shows activity against ESBL-producing Enterobacterales and several strains of P. aeruginosa
with difficult-to-treat resistance (DTR-PA), but not towards Ambler Class A, B or D car-
bapenemases, and it has very limited activity versus Acinetobacter spp. and Stenotrophomonas
maltophilia [32]. Ceftolozane has enhanced affinity for the penicillin-binding proteins (PBPs)
of the bacterium, allowing tazobactam to target other beta-lactamases; therefore, it is
significantly less affected by the changes in the porin permeability or efflux pumps [32].
In numerous microbiological surveys across the world, almost the totality of P. aerugi-
nosa strains were susceptible to ceftolozane/tazobactam, with rates above 80% for MDR
strains [33–35].

The most recent systematic review on the real-world use of ceftolozane/tazobactam
included 83 studies (up to June 2020) comprising 3701 patients: 90.7% of them had a P.
aeruginosa infection, with good clinical and microbiological responses in spite of the high
heterogeneity regarding types of infections and patients, the level of resistance expressed
by the pathogen and the different schedules used [36].

As better explained in the dedicated paragraph, ceftolozane/tazobactam has become
one of the reference drugs for P. aeruginosa infections in the case of resistance to all first-line
options (quinolones, beta-lactams such as cefepime and piperacillin/tazobactam) plus car-
bapenems. Although related evidence from a randomized clinical trial is lacking, there are
interesting data from observational studies informing this recommendation. In a retrospec-
tive, multicenter, observational cohort study comparing patients treated with ceftolozane–
tazobactam with those treated with either polymyxin or aminoglycoside-based regimens
for infections due to drug-resistant P. aeruginosa, subjects receiving ceftolozane/tazobactam
shower higher clinical cure (adjusted odds ratio [aOR]: 2.63; 95% CI, 1.31–5.30) and lower
acute kidney injury (aOR: 0.08; 95% CI: 0.03–0.22), after adjusting for differences in base-
line characteristics between groups [37]. The incidence of nephrotoxicity was 6% in
the ceftolozane/tazobactam arm versus 34% in the comparator group. Notably, in the
ceftolozane/tazobactam arm, combination therapy was used only in 15% of cases, whereas
in the comparator group, combination was more common (72%) [37].

The emergence of resistance to ceftolozane/tazobactam is becoming a not-negligible
issue, with potential cross-resistance involving other novel beta-lactams such as cef-
tazidime/avibactam. Resistance is most commonly owing to amino acid substitutions,
insertions or deletions in Pseudomonas-derived cephalosporinase (PDC), the chromosomally
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encoded class C β-lactamase of P. aeruginosa, usually named as “the pseudomonal Ampi-
cillinase C (AmpC)” [38]. In a recent study, it is suggested that development of resistance
in patients treated with ceftolozane/tazabactam for carbapenem-resistant P. aeruginosa
may be driven by inadequate source control and by intermittent instead of extended (3 h)
infusion [39].

Eventually, its place in therapy may also include infections by Extended Spectrum Beta-
lactamase (ESBL)-producing Enterobacterales. In a multicenter Italian cohort of 153 subjects
treated with ceftolozane/tazobactam (48.3% in intensive care units), used as empiric therapy
in 46 (30%) patients and as monotherapy in 127 (83%) patients, clinical success was observed
in 78.3% of the cases, whereas 30-day mortality was 9.8% [40]. In multivariable analysis,
receiving ceftolozane/tazobactam as empiric therapy (OR, 0.12; 95% CI, 0.01–0.34) was
the sole factor associated with clinical success, along with an adequate source control
of the infection (OR, 0.42; 95% CI, 0.14–0.55) [40]. Thus, ceftolozane/tazobactam may
come in useful for infections due to ESBL-producing strains against the backdrop of a
carbapenem-sparing strategy [41].

3.2. Ceftazidime/Avibactam

Ceftazidime/Avibactam (CTV) is a ß-lactam/ß-lactamase inhibitor (BL/BLI) combina-
tion approved by the Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) for the treatment of complicated intra-abdominal infections (cIAI), compli-
cated urinary tract infections (cUTI), hospital-acquired pneumonia (HAP) and ventilator-
associated pneumonia (VAP) [42,43]. Ceftazidime (CTZ) is a third-generation cephalosporin
with a broad spectrum of activity against Gram-negative bacilli, including Pseudomonas
aeruginosa [44]. Avibactam (AVI) is a non-ß-lactam-BLI which has a different mechanism of
action compared with other BLIs [45]. AVI indeed lacks a beta-lactam ring and exploits a
reactive urea to inhibit class A ESBLs and carbapenemases (e.g., K. pneumoniae Carbapene-
mase, KPC) as well as some class C and class D betalactamases (e.g., AmpC, OXA) [46]. In
fact, AVI was shown in in vitro study to potently inhibit all tested class A BLs (including
TEM-1, CTX-M-15 and KPC-2) and to restore the susceptibility to cephalosporins and aztre-
onam against bacteria producing CTX-M, KPC, amp-C and OXA-48 beta-lactamases [46–49].
On the contrary, AVI did not show such an effect against MBL-producing bacteria [50]. It
should also be stressed that neither AVI nor its combination with CTZ showed efficacy
against Acinetobacter baumannii [51]. Moreover, Enterobacterales can develop resistance
to CTV through mutations of both the KPC and AmpC genes, as well as through porin
loss, while P. aeruginosa can develop resistance against CTV through mutations in porin-
encoding genes and overexpression of efflux pumps [52–55]. According to the INFORM
global surveillance 2012–2015 study, >95% of tested Enterobacterales showed in vitro sus-
ceptibility to CTV (except for MBL-producing Enterobacterales), with a subset of isolates
non-susceptible to ceftazidime or meropenem. It was effective against MBL-negative Enter-
obacterales with all combinations of class A, C and D BL, including KPC and OXA-48 [56].
The clinical indications for the use of CTV came from several phase 3 trials conducted
among patients with complicated cIAI (RECLAIM, REPRISE), cUTI (REPRISE, RECAP-
TURE) and HAP/VAP (REPROVE). In the RECLAIM study, CTV plus metronidazole
showed non-inferiority to meropenem in the treatment of cIAI with a difference in clinical
cure rate at time of cure (TOC) of −2.4 (95%CI: −6.90 to 2.10) in the modified intention-to-
treat (MITT) population, and of −3.5 (95%CI: −8.64 to 1.58) in the microbiologically MITT
(mMITT) population [57]. In the REPRISE study, adult inpatients with cIAI or cUTI with
evidence of infections caused by ceftazidime-resistant bacteria were treated with CTV or
with best available therapy (BAT) for 5–21 days; CTV was associated with metronidazole in
patients with cIAI [58]. Globally, CTV showed non-inferiority to BAT in patients with either
cIAI or cUTI (clinical cure at TOC: 91% [95%CI: 85.6–94.7] vs. 91% [95%CI: 85.9–95.0%]).
CTV was also compared with doripenem for treatment of cUTI in the RECAPTURE trial,
in which the non-inferiority of CTV was also demonstrated [59]. Finally, in the REPROVE
study, CTV was effective in the treatment of adult inpatients with HAP (including VAP),
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showing non-inferiority to meropenem, with differences in clinical cure at TOC of −4.2
(95%CI: −10.79 to 2.46) in the clinically MITT population, and of −0.7 (95%CI: −7.86 to
6.39) in the clinically evaluable population [60]. In all these studies, CTV was adminis-
tered at a dosage of 2000 mg of CTZ plus 500 mg of AVI intravenously every 8 h. In an
Italian retrospective observational multicenter study, CTV was confirmed to be effective
in infections caused by carbapenemases-producing K. pneumoniae [61]. The mortality rate
of the 577 inpatients included in the analysis was of 26.1% among patients receiving CTV
alone and of 25.0% (p = 0.79) in patients treated with a CTV-based combination treatment.
Mortality was associated with the presence of septic shock and neutropenia and was lower
among patients treated with prolonged infusion of CTV. Similar results were shown in
a systematic meta-analysis conducted among studies evaluating efficacy of CTV, alone
or in combination, in the treatment of CRE and carbapenem-resistant P. aeruginosa [62].
Mortality rates of 30.9% and of 38.1% were indeed reported for CTV monotherapy and
combination treatment, respectively (Relative Risk (RR): 1.18; 95CI: 0.88–1.58, p = 0.259).
Moreover, no differences in rates of microbiological cure were reported in the two groups
(63.4% vs. 64.9%; RR: 1.05; 95CI: 0.85–1.28, p = 0.705).

3.3. Meropenem/Vaborbactam

Meropenem/Vaborbactam (MEV) is the combination of the widely known carbapenem
meropenem with the new-generation beta-lactamase inhibitor (BLI)Vaborbactam. Meropenem
and other carbapenems have been extensively used for the treatment of Enterobacterales
resistant to third and fourth generation cephalosporins in the past years. However, due to
the alarming increase in the rate of carbapenem-resistant Enterobacterales, the development
of new drugs with activity against these strains became necessary. MEV was initially
approved by the FDA in 2017 for the treatment of cUTI, including pyelonephritis at a
dosage of 2 g (1 g of Meropenem plus 1 g of Vaborbactam) i.v. every 8 h [63]. In 2018, MEV
was also approved by the EMA for treatment of cUTI, cIAI and HAP (including VAP) at
the same dosage [64].

Some authors found that MER-based combinations are almost effective in treating
CRE when MER is given as high-dose continuous infusions, but this therapeutic conduct is
controversial [65]. VAB is a non-ß-lactam serine BLI based on a cyclic boronic acid pharma-
cophore with potent activity especially against KPC [66]. These characteristics make VAB
different from other BLI that also inhibit KPC, such as avibactam and relebactam. The cyclic
boronic acid possesses affinity for the serine-based active sites of BL across the formation
of a covalent complex which prevents the hydrolysis by serine carbapenemases [66]. VAB
showed potent activity against class A and class C BLI, especially against KPC, but it has no
activity against other Amber’s Class BLI such as class B and class D carbapenemases. In fact,
in vitro studies showed very low MICs of the MEV combination for all tested Enterobac-
terales, which were known to be KPC-positive, OXA-48-negative and MBL-negative [67].
On the contrary, MEV showed little efficacy against MBL-producing CRE, DTR P. aeruginosa,
S. maltophilia and A. baumannii in in vitro study [68–70]. The clinical efficacy of MER/VAB
was evaluated in two phase 3 RCTs: TANGO I and TANGO II. In the TANGO I study,
550 patients with cUTI or acute pyelonephritis were randomized and allocated in a 1:1 ratio
to receive MEV 2 g/2 g i.v. every 8 h or Piperacillin/Tazobactam (PIT) 4 g/0.5 g i.v. every
8 h. [71]. MEV met the non-inferiority endpoint with an efficacy difference in the mMITT
population of 4.5% (95CI: 0.7–9.1%, p < 0.001). Microbiological eradication in the mMITT
population occurred in 66.7% of patients in the MEV group and in 57.7% of patients in the
PIT group (difference, 9.0% [95CI: −0.9% to 18.7%]). Combining the different endpoints,
the overall success in the MEV group was 74.5% vs. 70.3% in the PIT group (difference, 4.1%
[95CI: −4.9% to 9.1%]). In the TANGO II study, patients with confirmed or suspected CRE
infections were enrolled [72]. Eligible patients were those with cUTI/acute pyelonephritis,
HAP/VAP, cIAI or bacteremia. Seventy-seven patients were randomized 2:1 to MER/VAB
or BAT. MEV was given i.v. at a dosage of 2 g/2 g every 8 h for 7–14 days. Efficacy in the
microbiological-CRE-modified ITT (mCRE-MITT) population at TOC was higher for MEV
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than for BAT (59.4% vs. 26.7%; difference, 32.7%; 95CI: 4.6–60.8%; p = 0.02). Moreover,
all-cause mortality at day 28 was lower in the MER/VAB group than in the BAT group
(15.6% vs. 33.3%; difference −17–7%; 95CI: 44.7–9.3%; p = 0.20). Results from a real-world
retrospective multicenter study conducted in the United States showed a 30-day mortality
of 18.3% among 126 patients with Gram-negative bacterial infections, including CRE [73].
Mortality at day 30 was similar in patients with confirmed CRE infections (n = 99, 19.2%).
The rate of patients who showed a worsening of clinical condition or a failure to improve
while on treatment with MEV was 23.8%, while it was 25.8% in patients with confirmed
CRE infections. The most common sources of infections were respiratory tract (38.1%), cIAI
(19.0%) and urinary infections (13.1%). In a multicenter retrospective study of adults with
CRE infections, no differences in clinical success were reported in patients treated with
MEV (69.2%) compared with patients treated with CTV (61.1%, p = 0.49), although patients
in the MEV group (n = 13) were fewer than patients in the CTV group (n = 90) [74]. The
mortality rate at day 30 (11.5% vs. 18.1%, p = 0.57) and at day 90 (26.9% vs. 28.6%, p= 0.48)
was similar between the two groups.

3.4. Imipenem/Cilastatin/Relebactam

Imipenem/cilastatin/relebactam (IMR) links together the carbapenem imipenem, the
renal dehydropeptidase-I inhibitor cilastatin (having no antimicrobial activity but reducing
the renal metabolism of imipenem) and the novel beta-lactamase inhibitor relebactam [75].
The latter one can protect imipenem from degradation by Ambler class A and class C beta-
lactamases and from Pseudomonas-derived cephalosporinase (PDC); however, relebactam
is not active against class B metallo-beta-lactamases or class D oxacillinases [70]. At
any rate, the addition of relebactam does not enhance the activity of imipenem against
A. baumannii and Stenotrophomonas maltophilia [76]. Imipenem/cilastatin/relebactam is
approved in the United States, as well as in the European Union, in adults for the treatment
of nosocomial pneumonia, cUTIs, cIAIs and other infections by antibiotic-resistant Gram-
negative pathogens (essentially carbapenem-resistant Enterobacterales and Pseudomonas)
in the case of limited or no alternative treatment options [75].

The efficacy and safety of the drug have been tested in two Phase 3 RCTs, RESTORE-
IMI 1 and RESTORE-IMI 2, while limited real-life data are available in literature [77–79].

RESTORE-IMI 1 compared imipenem/cilastatin/relebactam versus a combination
of imipenem and colistin for different types of infections brought on by imipenem non-
susceptible pathogens such as nosocomial pneumonia (including the ventilator-associated
forms), cUTI and cIAI [77]. Overall, 47 patients were included in the study: 31 in the arm of
the investigational drug and 16 in the other one; the mMITT population was smaller, 21 ver-
sus 10 subjects, and P. aeruginosa accounted for 77% of cases, the rest being represented by
Enterobacterales. The primary endpoint was a favorable clinical response in the mMITT
population: most mMITT patients fulfilled the outcome, 71% in the investigational group
and 70% in the comparator arm (adjusted difference, –7.3%; 90% CI, –27.5–21.4%) [77]. In-
terestingly, 28-day all-cause mortality was 20% lower with imipenem/cilastatin/relebactam
(9.5% versus 30%, adjusted difference, –17.3%; 90% CI, –46.4–6.7%) [77]. Of the 47 patients
belonging to the overall population, 45 had enough data to assess nephrotoxicity: no
patients undergoing imipenem/cilastatin/relebactam experienced kidney failure according
to Risk, Injury, Failure, Loss, and End-stage Kidney Disease (RIFLE) criteria, as opposed to
the group undergoing imipenem plus colistin (25%) [80].

RESTORE IMI-2 evaluated the non-inferiority of imipenem/cilastatin/relebactam in
comparison with piperacillin/tazobactam for the treatment of hospital-acquired/ventilator-
associated bacterial pneumonia (HABP/VABP) in hospitalized adults [78]. Of 537 random-
ized subjects, the MITT population consisted of 264 imipenem/cilastatin/relebactam and
267 piperacillin/tazobactam patients. The most common causative agents were K. pneumo-
niae (25.6%) and P. aeruginosa (18.9%). Imipenem/cilastatin/relebactam was non-inferior
to piperacillin/tazobactam in the MITT population as to the primary outcome of 28-day
all-cause mortality (adjusted treatment difference 5.3%; 95% CI, –11.9 to 1.2%) [78]. Of



Antibiotics 2022, 11, 1263 9 of 28

note, 28-day mortality was lower in two predefined subgroups: mechanically ventilated
patients (adjusted treatment difference –11.2%; 95% CI, –21.6 to –0.5%) and those with an
APACHE II score equal/greater than 15 (adjusted treatment difference –15.4%; 95% CI,
–26.2 to –4.4%) [78].

Lastly, the emergence of resistance towards this new drug has already been described:
currently, changes in permeability and efflux are deemed the primary drivers of non-
susceptibility [81].

3.5. Cefiderocol

Cefiderocol is a novel siderophore-cephalosporin antibiotic that received FDA ap-
proval for the treatment of urinary tract infections and nosocomial pneumonia, both
hospital-acquired pneumonia and ventilator-associated bacterial pneumonia. It is active
in vitro on aerobic fermentative and non-fermentative multidrug-resistant (MDR) Gram-
negative rods.

Cefiderocol is a synthetic conjugate composed of a cephalosporin moiety and a
catechol-type siderophore, which binds to iron and facilitates bacterial cell entry using ac-
tive iron transporters, utilizing a “Trojan horse” approach [82]. Once inside the periplasmic
space, it dissociates from iron and the cephalosporin moiety binds primarily to penicillin-
binding protein 3 to inhibit bacterial cell wall synthesis [83]. The ability to be actively
transported within the cell gives cefiderocol the ability to overcome resistance mechanisms
due to a reduction in the permeability of the bacterial membrane resulting from reduced
expression or mutation of porin channels and/or upregulation of the efflux pumps and
inactivation by carbapenemases [82,84,85]. More specifically, in carbapenem-resistant En-
terobacterales, cefiderocol has been shown to have activity against extended spectrum
beta-lactamases (ESBLs), such as CTX-type, SHV-type and TEM-type, as well as all Ambler
classes of beta-lactamases, including class A (KPC), class B (NDM, IMP and VIM), class C
(AmpC) and class D (OXA, OXA-24, OXA-48, and OXA-48-like) [86]. Its broad spectrum
of action and its extended activity on all carbapenemases makes cefiderocol a drug that
could be reserved for patients with limited or no alternative therapeutic options in order to
prevent widespread resistance or as empirical treatment in high-resistance settings.

The global surveillance studies, SIDERO-WT and SIDERO-CR, demonstrated a very
high rate of susceptibility to cefiderocol compared with other β-lactam/cephalosporin
antibiotics [67,87]. Analyzing data from the SIDERO surveillance studies [88], 236 strains
not susceptible to carbapenems (MICs > 8 mg/L) showed susceptibility rates as high as
94.9% for cefiderocol [89]. Susceptibility rates over 90% are also reported for OXA-23- and
OXA-24-like producers. However, in vitro studies showed the MICs for New Delhi metallo-
β-lactamase (NDM) positive isolates to be significantly higher than those harboring other
β-lactamase genes, with a susceptibility rate of 83.4% for cefiderocol [90]; the expression
of NDM appears to facilitate the emergence of cefiderocol resistance by mutations in
siderophore receptors [91,92].

As with other cephalosporins, the activity of cefiderocol is best described by time-
dependent killing, which is enhanced when cefiderocol is administered as an extended 3 h
infusion compared to a 1 h infusion [93].

3.6. Colistin

Colistin is an old antimicrobial agent available since the 1950s that belongs to the
polymyxin antibiotic class which consists of five polymyxins, A, B, C, D and E, where
colistin is the polymyxin E. It shows activity against a variety of Gram-negative rods, such
as A. baumannii, P. aeruginosa, E. coli and K. pneumoniae MDR, while it is not active, due
to intrinsic resistance, against Serratia spp., Proteus spp., Morganella spp. and Providencia
spp. Their clinical use has recently resurfaced as salvage therapy for difficult-to-treat MDR
and extensively drug-resistant (XDR) Gram-negative infections, due to the emergence of
superbugs, which are resistant against all other available antibiotics [94]
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Colistin is a bactericidal agent mainly active against GNB due to the presence of
lipopolysaccharide (LPS) in the GNB cell wall [95]. Indeed, polymyxins have a unique mech-
anism of action involving disruption of the outer membrane integrity of Gram-negative
bacteria that, in addition to providing rapid bactericidal activity, may enhance the activity
of other antibiotic classes [96].

Colistin sulfate is available for oral or topical use or use with an inhalator. In the
case of pneumonia, the aerosolized route of administration is favorable, as it presumably
delivers a high concentration of drug directly to the infection site.

Colistin, for parenteral use, is administered as an inactive prodrug, colistimethate (also
known as colistin methanesulfonate [CMS]) which makes it the preferred polymyxin for
the treatment of lower urinary tract infections, given renal clearance of the prodrug CMS
that then converts to the active moiety colistin in the urinary tract [97].

Unfortunately, its use is limited because it is characterized for a narrow therapeutic
window due to its nephrotoxicity that occurs frequently with conventional doses and
neurotoxicity.

The main mechanism of resistance is represented by the replacement of the phosphate
groups of lipid A with cationic moieties, mediated by the acquisition of mcr genes. The SEN-
TRY study reported a prevalence of colistin resistance of 1.7% among over 21,000 clinical
isolates of E. coli and K. pneumoniae collected worldwide in 2014 and 2015 [98]. A recently
published meta-analysis including 218 observational studies estimated a 7.4% prevalence
of resistance among E. coli strains isolated from healthy individuals and a 4.2% prevalence
among clinical isolates [99].

3.7. Fosfomycin

Fosfomycin is an old antibiotic which has been progressively repurposed in recent
years as a combination partner in the therapeutic management of both Gram-positive and
Gram-negative MDR and XDR bacteria.

Fosfomycin is a bactericidal antibiotic agent that plays an important role in urinary
tract infections by reducing the adherence of bacteria to urinary epithelial cells [100].

Aside from its use for urinary tract infections, fosfomycin was predominantly used for
sepsis/bacteraemia, respiratory tract, central nervous system and bone and joint infections.
Indeed, its ability to penetrate into biofilms and its action not only have been able to reduce
or eradicate clinically significant bacteria from biofilms, but also resulted in modifications
of the biofilm structure [100,101].

Fosfomycin is active against many problematic Gram-positive pathogens such as Ente-
rococcus spp. (including Enterococcus faecalis and E. faecium irrespective of vancomycin resis-
tance), Staphylococcus aureus (irrespective of methicillin resistance) and S. epidermidis [102,103].
Fosfomycin also exhibits considerable activity against Enterobacteriaceae (e.g., Salmonella
spp., Shigella spp., E. coli, Klebsiella spp., Enterobacter spp., Serratia spp., Citrobacter spp.
and Proteus mirabilis) [100,104] while showing no activity, due to intrinsic resistance,
against non-fermenting Gram-negative bacteria (e.g., Pseudomonas spp., Acinetobacter spp.,
Stenotrophomonas maltophilia and Burkholderia cepacia) [105,106]. It also shows only very
limited activity against anaerobic species [107]. However, in some studies, Fosfomycin
has been shown to reduce MIC to other antibiotics, thus restoring their susceptibility for
non-fermenting bacteria [108].

It is not fully elucidated whether bacterial killing with fosfomycin is time- or concentration-
dependent. According to in vitro data, it displays time-dependent killing against P. aerugi-
nosa and S. aureus, while concentration-dependent activity was demonstrated against E.
coli [109,110].

3.8. Aminoglycosides

Aminoglycosides were among the first antibiotics to be introduced in clinical practice,
but their use declined due to safety concerns and the availability of many other alternative
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options. With the current rise in antimicrobial resistance, such an “old” antibiotic class is
receiving renewed clinical interest. [111].

Moreover, a novel agent in this class has been quite recently approved by FDA for cUTI
including pyelonephritis: plazomicin, that has demonstrated potent in vitro activity against
ESBL-producing and carbapenem-resistant Enterobacterales [112]. Plazomicin is protected
from nearly all clinically relevant aminoglycoside-modifying enzymes (AMEs), allowing
it to overcome the limitations in the management of infections by antibiotic-resistant
Enterobacterales typical of older aminoglycosides [112]. On the other hand, plazomicin
does not show improved activity over traditional aminoglycosides against other superbugs
among the Gram-negative bacteria, such as P. aeruginosa and A. baumannii.

Two clinical studies have been conducted in patients with cUTI comparing intra-
venously plazomicin 15 mg/kg once-daily with meropenem 1 g every 8 h and levofloxacin
750 mg once-daily, the first being a Phase 3 and the other a Phase 2 trial [113,114]. Both
studies showed non-inferiority of plazomicin. A third study specifically focused on in-
vasive infections by carbapenem-resistant Enterobacterales, poorly represented in the
afore-mentioned trials, was stopped prematurely due to slow enrolment of patients:
plazomicin-based therapy was compared with colistin-based regimens [115,116]. Of
note, the pooled analysis of these trial studies showed that the rates of plazomicin and
comparator-associated nephrotoxicity were 4.8% and 4.1%, respectively; therefore, pla-
zomicin was not associated with a higher risk of nephrotoxicity than that of the compara-
tor [117].

At any rate, plazomicin is not available in most European markets after the withdrawal
of its application by the related company to the European Medicines Agency (EMA),
advancing pharmacoeconomic considerations [118].

Therefore, indications from the Infectious Diseases Society of America (IDSA) guide-
lines back the use of single-dose aminoglycosides for uncomplicated cystitis, both for
carbapenem-resistant Enterobacterales and for difficult-to-treat resistance (DTR) P. aerug-
inosa, if susceptibility is demonstrated [12]. European guidelines recommend, although
with low certainty of evidence, aminoglycosides as monotherapy for non-severe infections
by carbapenem-resistant Enterobacterales in the case of a favorable source such as the
urinary tract; otherwise, on case-by-case basis and according to the susceptibility testing
results, aminoglycosides may be used in the framework of a combination therapy, and
the same reasoning applies to DTR-P. aeruginosa [13]. In conclusion, aminoglycosides in
these scenarios may be taken into account for simplified treatment or when other drugs are
not allowed.

3.9. Antibiotics in the Pipeline for the Treatment of MDR-GNB Infections

In this section we will provide a brief overview on antibiotics that have not reached or
completed phase 3 of development.

Durlobactam is a diazabicyclooctanone (DBO) b-lactamase inhibitor that has been stud-
ied in combination with sulbactam and has intrinsic activity against A. baumannii (through
affinity to PBP1 and PBP3) in an ongoing phase 3 trial. This beta-lactam/beta-lactamase
inhibitor (BL/BLI) combination, not yet FDA-approved, demonstrates activity against
Ambler class A, C and D β-lactamases with potential utility for carbapenem-resistant A.
baumannii (CRAB). The phase 3 trial designed to study pneumonia and bacteremia caused
by A. baumannii–calcoaceticus complex infections compares sulbactam-durlobactam plus
imipenem versus colistin plus imipenem [119].

The spectrum of activity of cefepime/tazobactam includes Enterobacterales that are
AmpC-, ESBL-, K1-, or OXA-48-β-lactamase-producing, while KPC- and NDM-producing
Enterobacterales are mostly resistant [32]. An interventional RCT comparing cefepime–
tazobactam versus meropenem for cUTI is ongoing, while clinical experience is reported
only from India in a retrospective study in which clinical improvement was documented in
142 patients (92.2%) among 154 patients [120,121].
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Cefepime–taniborbactam inhibits class A, C, D and even class B β-lactamases, in-
cluding VIM, NDM, SPM-1 and GIM-1 (but not IMP) [32]. The combination cefepime–
taniborbactam has been demonstrated to provide potent activity against strains with an
elevated MIC to ceftazidime–avibactam and it was recently demonstrated to have po-
tent in vitro activity against Enterobacterales and P. aeruginosa. A phase 3, randomized,
double-blind noninferiority study is currently recruiting patients to evaluate cefepime–
taniborbactam versus meropenem for the treatment of cUTI in adults [120].

Cefepime–enmetazobactam is a combination that was shown to be as effective as
carbapenems against ESBLs in vitro. In addition, the combination is active against class
A, C and D β-lactamases, while it does not enhance the potency of cefepime against P.
aeruginosa. An ongoing phase 3, randomized, controlled, double-blind noninferiority
trial is currently recruiting adult patients with cUTI for treatment with cefepime versus
piperacillin/tazobactam [120,122].

Finally, aztreonam/avibactam is able to inhibit cell wall synthesis in metallo-beta-
lactamase (MBL)-producing strains and showed potent in vitro activity against Enterobac-
terales with class B, A, C and some D beta-lactamases. Neither aztreonam alone nor the com-
bination of aztreonam–avibactam has in vitro activity against A. baumannii [49]. A phase
3 randomized controlled trial comparing aztreonam/avibactam with or without metron-
idazole versus meropenem with or without colistin for the treatment of HABP/VABP and
cIAI is ongoing [32,123].

3.10. Treatment Strategies for Carbapenem-Resistant Gram-Negative Bacteria
Carbapenem-Resistant Enterobacterales (CRE)

Before the availability of the newest beta-lactam antibiotics such as CTV and MEV,
treatment of infections caused by CRE consisted of salvage combination therapies based on
colistin, carbapenem-containing combinations or a double carbapenem combination [124].
According to the INFORM global surveillance study on in vitro susceptibility to CTV, most
of the meropenem non-susceptible Enterobacterales were found to be susceptible to CTV
(83.5%; MIC50: 1 µg/mL; MIC90: >128 µg/mL) [125]. The susceptibility rate to CTV was
higher among MBL-negative CRE (97.7%; MIC50: 1 µg/mL; MIC90: 4 µg/mL), and OXA-48-
like-positive MBL-negative CRE (98.5%; MIC50: 0.5 µg/mL; MIC90: 2 µg/mL). Conversely,
the susceptibility rate to CTV of MBL-positive CRE was 3.4% (MIC50: >128 µg/mL; MIC90:
>128 µg/mL).

MEV was specifically developed to target KPC-producing CRE [126]. A European survey
among clinical isolates of inpatients with pneumonia showed that most isolated Enterobac-
terales were susceptible to MEV (98%; MIC50: 0.03 µg/mL; MIC90: 0.06 µg/mL) [68]. How-
ever, susceptibility to MER/VAB dropped to 63.0% (MIC50: 4 µg/mL; MIC90: >32 µg/mL)
due to the presence of OXA-48- and MBL-producing strains of Enterobacterales. Sus-
ceptibility to MEV was indeed 99.1% (MIC50: 0.12 µg/mL; MIC90: 1 µg/mL) among
KPC-producing CRE. Another in vitro study showed that most tested OXA-48-positive
and MBL-positive Enterobacterales had MEV MICs of ≥16 µg/mL, thus confirming the
inactivity of this combination against CRE producing Amber’s Class B and D carbapen-
emases [127]. IMR possess an activity spectrum against CRE which is similar to that of
MEV. It is indeed active against class A carbapenemases, but it showed no activity against
MBL and class D OXA-48 enzymes [128]. The SMART European surveillance report,
conducted among clinical isolates of Enterobacterales from intra-abdominal and urinary
tract infections, showed an overall in vitro susceptibility to IMI/REL of 98.4% [129]. The
susceptibility rate dropped to 42.4% when only imipenem-non-susceptible strains were
considered, but it was 98.6% among KPC-producing Enterobacterales. In most IMR-non-
susceptible Enterobacterales the presence of MBLs (53.9%) or OXA-48-like enzymes (42.4%)
were detected. In a subsequent report of the SMART study, which was also conducted
among respiratory samples, isolated Enterobacterales showed a susceptibility rate of 95.2%
(MIC50: 0.25 µg/mL; MIC90: 1 µg/mL) to IMR, while the susceptibility rate among IMR-
non-susceptible Enterobacterales was 66.3% (MIC50: 1 µg/mL; MIC90: >32 µg/mL) [130].
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From what has been discussed thus far, with the available paraphernalia of BL/BLI,
it may be challenging to deal with infections due to MBL-producing Enterobacterales.
A treatment option for MBL-producing CRE may be represented by combinations of
aztreonam with new BL/BLI. Aztreonam is indeed effective against class B and D carbapen-
emases, but it is not active against ESBLs and class A carbapenemases, which are often
concurrently carried by MBL-producing CRE [131,132]. The most studied combination
is Aztreonam plus CTV, which showed in vitro activity against different strains of CRE,
including NDM-producing E. coli, VIM-producing C. freundii and OXA-producing A. bau-
mannii [133]. Furthermore, a study conducted among 40 MBL-producing K. pneumoniae
isolates showed the presence of in vitro synergistic activity of Aztreonam combined with
CTV (97.5%), MEV (72.5%) and also IMR (97.5%) [134].

Finally, the novel siderophore cephalosporine Cefiderocol represents a promising
treatment option for MBL-producing Enterobacterales. In fact, an in vitro study conducted
among MDR Gram-negative isolates showed that Cefiderocol inhibited 78.7% and 92.1% of
MDR Enterobacterlaes isolates at MICs of 2 µg/mL (EUCAST breakpoint) and 4 µg/mL
(CLSI breakpoint), respectively [135]. In particular, cefiderocol inhibited most isolates of
Enterobacterales producing IMP (93.3% at MIC of 2 µg/mL; 100% at MIC of 4 µg/mL), VIM
(80.9% at MIC of 2 µg/mL; 95.7% at MIC of 4 µg/mL) and OXA-48-like beta-lactamases
(92.9% at MIC of 2 µg/mL; 98.2 at MIC of 4 µg/mL) and those expressing AmpC + porin
loss (100% at either MIC 2 µg/mL and 4 µg/mL). The susceptibility rate to cefiderocol was
lower among Enterobacterales harboring the NDM MBL (41% at MIC of 2 µg/mL; 72.1%
at MIC of 4 µg/mL) and ESBL + porin loss (61.5% at MIC of 2 µg/mL; 88.5% at MIC of
4 µg/mL). The reduced susceptibility to Cefiderocol among NDM-producing CRE was
confirmed in the SIDERO-WT-2014 global surveillance program [136].

3.11. Pseudomonas aeruginosa with Difficult-to-Treat Resistance (DTR-PA)

All the current guidelines [12–14] have tried to answer two fundamental questions:
(i) the place in therapy of novel anti-pseudomonal agents, such as ceftolozane/tazobactam,
ceftazidime/avibactam and imipenem/cilastatin/relebactam, cefiderocol; and (ii) the po-
tential role of targeted combination therapy. The conclusions among the afore-mentioned
documents are not uniform but the premises are the same: there is a lack of head-to-head
trials comparing the novel available anti-pseudomonal agents against each other, and the
evidence is substantially rooted in pre-clinical data, observational studies and randomized
controlled trials (RCTs) of limited sample size [12–14].

For instance, ceftolozane/tazobactam is acknowledged as one of the most powerful
new-generation anti-pseudomonal antibiotics; nevertheless, the pivotal RCTs allowing its
introduction in clinical practice were not aimed at including carbapenem-resistant strains;
in the ASPECT-NP study on nosocomial pneumonia, a small fraction of patients (15 out
of 726 enrolled) were affected by XDR P. aeruginosa, and no information on CRPA was
available [31]. Still, although the important limitations of polymyxins in terms of toxicity
and suboptimal efficacy are widely known [137], no sufficiently powered RCT has been
published demonstrating the clear-as-day inferiority of colistin-based therapy versus new
anti-pseudomonal beta-lactams [13,14]. To this purpose, it is worth citing the pivotal RCTs
regarding imipenem/cilastatin/relebactam and cefiderocol: the RESTORE-IMI trial and the
CREDIBLE-CR study, respectively, both designed to assess the efficacy against carbapenem-
resistant organisms of the novel drugs, the first having colistin (plus imipenem) as the
comparator, the second a “best available therapy” based on colistin in two-thirds of cases
concerning the carbapenem-resistant mITT population. [77,138]. In the former RCT, only
47 patients were recruited and invasive infections by DTR-PA accounted for 77% of the
31 cases representing the mITT: a favorable overall response (the primary endpoint) was
observed in 81.3% versus 62.5% cases, but the adjusted difference was not statistically
significant in this precise subset [77]. In the latter RCT, the all-cause mortality in the
small DTR-PA subgroup (only 22 patients) was equal among the intervention and the
comparator (18%) [138]. Therefore, these results do not bring forth rock-solid evidence of
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the apparent inferiority of colistin-based therapy for DTR-PA infections when compared
with new-generation beta-lactams.

Nevertheless, beta-lactams have traditionally represented the mainstay of anti-pseudomonal
treatment [139]; their convenient safety profile and their wide therapeutic window also
make them preferable to other options in the setting of DTR-PA [12–14].

The second question involves the role of combination therapy. Historically, in contexts
characterized by a high likelihood of P. aeruginosa as a causative agent, such as nosocomial
pneumonia and febrile neutropenia, a dual anti-pseudomonal coverage was advocated
as the empirical strategy, especially in the case of very serious infection or a high preva-
lence of resistant pathogens and considering that delaying appropriate therapy for about
48 h significantly raises the risk of 30-day mortality related to invasive P. aeruginosa in-
fections [140–142]. Nonetheless, when it comes to definite treatment, monotherapy turns
out not to be inferior compared with combination therapy. A recent meta-analysis on
bloodstream infection or pneumonia by P. aeruginosa found no mortality difference among
patients receiving targeted beta-lactam monotherapy and subjects undergoing combination
therapy (relative risk 1.05, 95% confidence interval 0.86–1.28; p = 0.658) [143]. The same
group of researchers had already demonstrated no difference in mortality regarding cef-
tazidime/avibactam for carbapenem-resistant GNB (including a limited number of DTR-PA
cases) when used as monotherapy versus a combination regimen [62]. Recent observational
data specifically on ceftolozane/tazobactam against drug-resistant P. aeruginosa highlighted
how the receipt of the novel beta-lactam as monotherapy was independently associated
with clinical cure on multivariable analysis and with a far better safety profile as opposed
to polymyxin- or aminoglycoside-based therapies, often in combination regimens [37,144].

In Table 3 a summary of the current guidelines on DTR-PA infections is provided [12–14].
In the absence of head-to-head trials or robust observational data, it is difficult to pri-
oritize one novel anti-pseudomonal beta-lactam over the others [12]. Pending a full
susceptibility report, a useful aid may come from genotype testing: P. aeruginosa de-
ploys a long list of resistance mechanisms, and in the framework of carbapenem resis-
tance the role of carbapenemases, although not predominant as far as Enterobacterales
are concerned, is becoming more relevant [145]. As synthetized by Karakonstantis and
colleagues in a review, in settings where DTR-PA are not linked with carbapenemases
production, ceftolozane/tazobactam and ceftazidime/avibactam may represent the first
choice [146]. Imipinem/cilastatin/relebactam, like the two previous drugs, is not active
against carbapenemases-producing strains, but may be an option in the case of AmpC
mutations that confer resistance to ceftolozane/tazobactam and to ceftazidime/avibactam.
Actually, the latter may be active in the case of GES-type beta-lactamases (class A carbapen-
emases), whereas the only beta-lactam currently authorized for clinical use active against
infections by isolates producing metallo-beta-lactamases, the most frequent carbapene-
mases in DTR-PA, is cefiderocol [146].

Table 3. Key recommendations from different recent authoritative guidelines on DTR-PA infections.

IDSA [12] ESCMID [13] Italian Guidelines [14]

General approach

Ceftolozane–tazobactam,
ceftazidime–avibactam,

imipenem–cilastatin–relebactam and
cefiderocol as monotherapy are preferred

options for the treatment of infections outside
of the urinary tract and of the urinary tract; a

single dose of an aminoglycoside or
cefiderocol may also be used for

uncomplicated cystitis; cefiderocol may be
used for pyelonephritis and complicated

urinary tract infections as well.

Therapy with ceftolozane–tazobactam, if
active in vitro, is suggested (conditional

recommendation, very low certainty of evidence).
Insufficient evidence is available for

imipenem–relebactam, cefiderocol and
ceftazidime–avibactam.

Ceftolozane/tazobactam and
ceftazidime/avibactam are deemed the
first-line options for targeted treatment.

Imipenem/cilastatin–
relebactam and cefiderocol might be potential

alternatives, as well as
colistin-based therapy (strong recommendation,

moderate certainity of evidence).



Antibiotics 2022, 11, 1263 15 of 28

Table 3. Cont.

IDSA [12] ESCMID [13] Italian Guidelines [14]

Monotherapy versus combination therapy

Combination antibiotic therapy is not routinely
recommended if in vitro susceptibility to a

first-line antibiotic (i.e.,
ceftolozane–tazobactam,

ceftazidime–avibactam, or
imipenem–cilastatin–relebactam) has been

confirmed.

Lacking evidence, no recommendation can be
made for or against the use of combination

therapy with the new beta-lactams
(ceftazidime–avibactam and

ceftolozane–tazobactam).
When treating severe infections caused by

CRPA with polymyxins,
aminoglycosides or fosfomycin, a treatment
with two in vitro active drugs is suggested

(conditional recommendation, very low certainty of
evidence).

No recommendation for or against specific
combinations can be made.

Combination therapy should not be the
routine choice but may be considered on a

case-by-case basis, especially upon
consultation with infectious diseases
specialists. In particular, combination

regimens including fosfomycin as companion
agent could be considered (conditional

recommendation, low certainity of evidence).

3.12. Carbapenem-Resistant A. baumannii (CRAB)

Due to its difficult-to-treat resistance phenotype and the increased mortality rate com-
pared with carbapenem-susceptible A. baumannii infections, the preferred treatment for
CRAB infections is still controversial [147]. Treatment selection depends on the interpre-
tation of in vitro efficacy, host factors, and pharmacokinetic–pharmacodynamic (PK/PD)
data [16]. The emergence of resistance is limiting the use of the traditional agents used
for CRAB infections such as polymyxins, sulbactam, tetracyclines and fosfomycin. The
recent development of novel agents such as cefiderocol and eravacycline could expanded
the armamentarium against CRAB infections.

Colistin represented, for several years, the therapeutic backbone for the treatment
of severe Acinetobacter infections, although its use is limited by nephrotoxicity and neu-
rotoxicity [148], suboptimal pharmacokinetics and poor pulmonary penetrability. The
inhaled route of administration of colistin could be useful for CRAB infections involving
the airways. Zheng et al., evaluating 183 patients with A. baumannii pneumonia treated
with colistin, showed that inhaled colistin was the only independent predictor of 30-day
survival, clinical response and microbiological eradication, unlike intravenous colistin,
which appeared to be an independent predictor of clinical failure [149].

Several combination therapies with various antibacterial agents (such as carbapenems,
sulbactam and fosfomycin) have been explored and compared with colistin monotherapy
to treat drug-resistant A. baumannii infections.

An RCT [150] evaluated treatment with colistin in combination with meropenem and
did not find better clinical improvement or lower mortality than colistin monotherapy in
infections caused by carbapenem-resistant A. baumannii. Additionally, Huang et al., in
a recent meta-analysis of 10 studies, provided evidence that colistin monotherapy was
associated with similar rates of clinical improvement, 14-day mortality, hospital mortality,
and nephrotoxicity to colistin plus meropenem combination therapy with low quality evi-
dence that colistin plus meropenem combination therapy demonstrated a microbiological
benefit [151].

In the meta-analysis by Kengkla et al., there was no statistically significant difference
in clinical cure outcomes among colistin-based combinations with other antibiotic therapies
in patients with MDR and XDR A. baumannii infections. However, colistin in combination
with sulbactam was associated with a significantly higher microbiological cure rate than
colistin monotherapy [152].

A retrospective study of patients diagnosed with CRAB pneumonia found that patients
treated with colistin or ampicillin–sulbactam had similar clinical cure rates [153]. However,
colistin was associated with higher rates of microbiologic failure, a reduction in renal
function and increased 30-day mortality [153]. A recent systematic review found that
high-dose sulbactam combined with additional anti-bacterial agents (including colistin)
showed a certain level of efficacy for treating drug-resistant A. baumannii infections; the
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combinations were associated with significantly superior rates of microbiological evaluation
when compared with colistin monotherapy alone or high-dose sulbactam combined with
one additional antibacterial [154]. Finally, no combinations were associated with significant
reductions in mortality from all causes, although nephrotoxicity that developed in response
to drug combinations that included high doses of sulbactam was detected less frequently
than in response to combinations that included colistin.

A study simulating in vitro triple therapy with high-dose minocycline, continuous-
infusion sulbactam, and polymyxin B with a pharmacodynamic model found that this
combination showed the most significant kill against CRAB, with no regrowth and minimal
resistance development [155].

In a prospective, observational, multicenter study conducted from January 2017 to
June 2020 including 180 hospitalized patients with severe pneumonia due to MDR-A.
baumannii, a fosfomycin-containing regimen was independently associated with 30-day
survival [156]. Additionally, Jung et al. [157] evaluated a fosfomycin-containing regimen
for the treatment of pneumonia caused by drug-resistant A. baumannii, showing a more
beneficial effect on all-cause mortality, with favorable effectiveness in clinical cure and
microbiologic eradication [157]. Furthermore, in another study, a combination of colistin
and fosfomycin had a significantly more favorable microbiological response and a trend
toward more favorable clinical outcomes and lower mortality than those who received
colistin alone [158]. Two studies evaluated the potential synergistic activity between
fosfomycin and colistin against OXA-23-producing A. baumannii; they reported synergy
against 50% of the strains in one study and 12.5% of strains in the other [159,160]. One of
these studies reported synergy against 75% of strains when fosfomycin was combined with
sulbactam [159].

Novel agents with in vitro activity against CRAB have been developed in recent
years. The efficacy of cefiderocol was evaluated in two non-inferiority studies in patients
with severe urinary tract infections (APEKS-cUTI) [161] or hospital-acquired pneumonia
(APEKS-NP) [162] and in a randomized, open-label, phase 3 multicentre study (CREDIBLE-
CR) [138].

APEKS-NP was a randomized, double-blind, phase 3, non-inferiority study conducted
at 76 centers in Asia, Europe and the United States that found how cefiderocol was non-
inferior to high-dose meropenem (2 g IV every 8 h, 3 h extended infusion) in critically
ill patients with hospital-acquired pneumonia, with similar tolerability. A total of 19%
of patients had infections with carbapenem-resistant pathogens (mainly A. baumannii or
other Acinetobacter spp). Fourteen-day all-cause mortality, clinical cure, and microbio-
logic eradication were similar between treatment groups for participants infected with A.
baumannii [162].

In the CREDIBLE-CR study [138], while cefiderocol had similar clinical and microbio-
logical efficacy to BAT and clinical cure rates were higher with cefiderocol than with BAT,
participants randomized to cefiderocol treatment had a significantly higher rate of all-cause
mortality (34% vs.18%), mainly in the subgroup of patients with Acinetobacter infections.
At the time of study enrollment, those infected with CRAB were older, with severe renal
dysfunction and higher rates of intensive care unit admission and ongoing septic shock, so
it cannot be excluded that discrepancies in the patients’ characteristics between arms could
have influenced these results.

A recent observational retrospective study included patients with CRAB infections that
were divided in two study groups according to the antibiotic treatment received: cefiderocol-
and colistin-containing regimens. The authors found that thirty-day mortality was higher in
patients receiving colistin compared to those who received cefiderocol-containing regimens
(55.8% versus 34%, p = 0.018) [163]. Nephrotoxicity was more common in the colistin
group. Microbiological failure occurred in 17.4% of patients receiving cefiderocol versus
6.8% of those receiving colistin (p = 0.079) [163]. Additionally, a retrospective multicentre
observational study performed at four Italian hospitals on adult patients admitted to
the ICU for severe COVID-19 and further diagnosed with CRAB infections found that
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cefiderocol was associated with a non-significant lower mortality risk (Hazard Ratio, HR
0.64, 95% CI 0.38–1.08, p = 0.10) [164].

Finally, Eravacycline is a tetracycline analogue that is FDA-approved for compli-
cated intra-abdominal infections (cIAI). In vitro, eravacycline demonstrates lower MICs
against CRAB than tigecycline and retains activity against isolates in the presence of
OXA carbapenemases and colistin-resistant isolates [165,166]. Phase 3 cIAI trials demon-
strated non-inferiority of eravacycline to both ertapenem and meropenem; however, A.
baumannii infections only comprised 3% and 2% of the total study infecting pathogens,
respectively [167,168].

3.13. Stenotrophomonas maltophilia

Although a real standard of care for the treatment of infections due to S. maltophilia
has never been defined, cotrimoxazole has always been regarded as the drug of choice for
this microorganism. This drug has retained a high level of activity against most strains,
with rates of susceptibility ranging from 90% to 100% according to the largest surveillance
studies [169]. However, the most recent reports from the SENTRY Surveillance Program
have described a slight decrease in the susceptibility rate among 6467 clinical isolates of
S. maltophilia, from 97.2% in 2001–2004 to 95.7% in 2013–2016 [170]. A recently published
retrospective cohort study including a total of 284 patients with S. maltophilia infections
reported a 36% rate of clinical failure and 15% 30-day mortality among the 217 subjects
receiving TRS monotherapy [171].

Other antibiotics commonly used to treat S. maltophilia infections are fluoroquinolones.
According to the data of the SENTRY Program, approximately 81% of isolates were suscep-
tible to levofloxacin [170]. In a systematic review and meta-analysis conducted by Ko et al.
including 663 patients with S. maltophilia infections treated with either a fluoroquinolone or
trimethoprim-sulfamethoxazole, a slightly lower mortality rate was demonstrated in the
group receiving fluoroquinolones (OR 0.62, 95% CI 0.39–0.99) [172]. This difference was
not observed when comparing the single molecules (levofloxacin or ciprofloxacin vs. TRS).
However, the lower genetic barrier and the higher risk of selecting resistant strains during
treatment render the fluoroquinolones a less attractive option for severe infections [173].

A less commonly prescribed but certainly interesting treatment choice is represented
by minocycline. Among a total of 1289 strains of S. maltophilia collected from 2014 to 2018
from 87 US medical centers, minocycline demonstrated a 99.5% susceptibility rate, retaining
a high rate of activity (92.8%) even against TMP/SMX-resistant isolates [174]. Although
limited clinical data are available in the literature, minocycline has reported promising
results, with a 31% rate of treatment failure and 5% 30-day mortality among 39 patients
treated in a recent retrospective study.

Considering its stability against both serine and metallo-beta-lactamases, cefiderocol
has rapidly emerged as one of the most promising candidates for anti-Stenotrophomonas
treatment. Several data confirmed the high in vitro activity of cefiderocol against this
pathogen [175,176]. The SIDERO-WT study, including 127 clinical isolates of S. maltophilia
collected in Italy from 2014 and 2018, reported a 100% susceptibility of cefiderocol against
the tested strains [177]. Similarly, a retrospective study collecting 100 strains isolated from
blood culture in Taiwan reported a MIC90 of 0.25 mg/L, with a range from ≤0.03 to 1 [176].
Unfortunately, clinical data on the efficacy of cefiderocol against S. maltophilia are limited. In
the CREDIBLE-CR study [138] only five patients with infections due to this microorganism
were included, and all of them had pneumonia and were assigned to the cefiderocol arm.
At the end of the study, four out of five (80%) died, but no clear conclusion can be drawn
from these data.

Aztreonam displays a unique stability against metallo-beta-lactamases, so the activity
of aztreonam against L1 metallo-beta-lactamase, combined with the inhibition of the L2
enzyme by avibactam, can be used against S. maltophilia. Several reports have demonstrated
that avibactam is able to restore the in vitro activity of aztreonam against Stenotrophomonas
strains [178–180]. The aztreonam–avibactam combination was tested against 1839 S. mal-
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tophilia isolates collected worldwide, showing potent antimicrobial activity, including
against TRS -resistant strains [181]. However, the clinical data are still limited to a few case
reports, demonstrating the successful use of the aztreonam and ceftazidime/avibactam
combination for bloodstream infections due to S. maltophilia [182,183].

3.14. Treatment Algorithm Description

Our therapeutic algorithm for the targeted treatment of infections due to carbapenem-
resistant Gram-negative bacteria is displayed in Figure 1. For DTR-P. aeruginosa we propose
as first-line regimens ceftolozane–tazobactam or ceftazidime–avibactam, according to the
susceptibility profile and the potential production of carbapenemases or other resistance
mechanisms, and cefiderocol as alternative treatment. Moreover, we consider the possibility
of adding a second active agent, among colistin, fosfomycin or an aminoglycoside, in
critically ill patients. Several preclinical data have demonstrated a synergistic effect of
combination based on a beta-lactam associated to fluoroquinolones, aminoglycosides,
colistin, fosfomycin or rifampicin [184] against MDR P. aeruginosa. However, combination
therapy has never been demonstrated to reduce mortality or improve microbiological
outcomes in clinical studies [143,185–187].
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Figure 1. Treatment algorithm for infections due to carbapenem-resistant Gram-negative bacteria.
DTR: Difficult-to-Treat Resistance; MDR: Multidrug Resistant; XDR: Extensively Drug Resistant;
KPC: Klebsiella Pneumoniae Carbapenemase; MBL: Metallo-β-lactamase; NDM: New Dehli Metallo-
β-lactamase; VIM: Verona Integron-encoded Metallo-β-lactamase; IMP: Imipenemase.

For infections due to carbapenem-resistant A. baumannii, our algorithm suggests the
use of cefiderocol, preferably as a combination, or colistin in combination with high-dose
ampicillin–sulbactam or fosfomycin with or without meropenem. Despite a quite high
mortality rate reported in the CREDIBLE-CR trial among patients with CRAB infections
receiving cefiderocol [138], the drug was proved to be a good treatment option in this
setting in a subsequent retrospective study, resulting in a lower mortality rate as compared
to colistin, which was mostly used in monotherapy or in combination with tigecycline [163].
Although a colistin-based combination has demonstrated no clear benefit over colistin
monotherapy against A. baumannii [188], the only prospective study showing a superiority
of the combination strategy included ampicillin–sulbactam in the experimental arm [189].

Regarding the treatment of KPC-producing Enterobacterales, ceftazidime–avibactam
and meropenem–vaborbactam are included in the algorithm, the latter being a preferred
option in patients with pneumonia because of the higher concentrations achieved in the
epithelial lining fluid [190]. For strains harboring metallo-beta-lactamase, the proposed op-
tions include cefiderocol, either in monotherapy or combination, or ceftazidime–avibactam
associated with aztreonam, according to the indication of the most recent IDSA guide-
lines [191]. The latter option demonstrated a therapeutic advantage as compared to other
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active agents in a multicentre prospective study including 102 patients with bloodstream in-
fections due to NDM- or VIM-producing Enterobacterales [192]. For strains producing class
D carbapenemases ceftazidime–avibactam proved to be a valid option, while vaborbactam
and relebactam display no activity against oxacillinases [193].

Finally, for the treatment of infections due to S. maltophilia resistant to cotrimoxazole,
cefiderocol and the combination of ceftazidime–avibactam and aztreonam are promising
options; however, further clinical data are needed to evaluate their efficacy.

4. Conclusions

Carbapenem-resistant Gram-negative bacteria represent a serious threat for public
health due to the high burden of morbidity and mortality and the limited treatment options.
Novel agents have been developed in recent years against these pathogens, and several
others are in the pipeline. Considering that the different molecules are active against
specific mechanisms of resistance, the molecular characterization of the isolates is becoming
of utmost importance for a correct therapeutic management of patients. Further data are
needed to define the most appropriate role of the newly available antibiotic combinations.
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