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Abstract: The worldwide propagation of antimicrobial resistance represents one of the biggest threats
to global health and development. Multi-drug-resistant organisms (MDROs), including carbapenem-
resistant non-fermenting Gram-negatives and Enterobacterales, present a heterogeneous and mutating
spread. Infections by MDRO are often associated with an unfavorable outcome, especially among
critically ill populations. The polymyxins represented the backbone of antibiotic regimens for Gram-
negative MDROs in recent decades, but their use presents multiple pitfalls. Luckily, new agents with
potent activity against MDROs have become available in recent times and more are yet to come. Now,
we have the duty to make the best use of these new therapeutic tools in order not to prematurely
compromise their effectiveness and at the same time improve patients’ outcomes. We reviewed the
current literature on ceftazidime/avibactam, meropenem/vaborbactam and cefiderocol, focusing
on antimicrobial spectrum, on the prevalence and mechanisms of resistance development and on
the main in vitro and clinical experiences available so far. Subsequently, we performed a step-by-
step construction of a speculative algorithm for a reasoned prescription of these new antibiotics,
contemplating both empirical and targeted use. Attention was specifically posed on patients with
life-risk conditions and in settings with elevated prevalence of MDRO.

Keywords: antimicrobial stewardship; ceftazidime/avibactam; meropenem/vaborbactam; cefide-
rocol; place in therapy; multidrug resistant organisms; carbapenemase-producing Enterobacterales;
carbapenem-resistant Acinetobacter baumannii

1. Introduction

In 2020, WHO outlined multi-drug-resistant organisms (MDROs) as one of the biggest
threats to global health, development, and food security; this phenomenon is acceler-
ated by misuse of antibiotics and produces longer hospital stays, higher medical costs
and increased mortality [1]. The worldwide spread of resistances has not occurred uni-
formly, but shows regional and even local heterogeneity. As for carbapenemase enzymes,
metallo-β-lactamases (MBLs) prevail in the Indian sub-continent and Balkan states, Kleb-
siella pneumoniae carbapenemase (KPC) in United States, Israel, Greece and Italy, and the
oxacillinase-β-lactamases (OXA-48) in Turkey, the Middle East and North Africa. Never-
theless, the risk of the sudden introduction of a new MDRO into regions of non-endemicity
via cross-border patient transfers or returning travelers is on the prowl, as witnessed by
the two distinct outbreaks of New Delhi MBL (NDM) producing K. pneumoniae infections
that occurred in Tuscany and Western Pomerania in 2019 [2,3].

In terms of deaths and disability adjusted life years (DALY) Italy has felt the greatest
impact of MDRO in the European Economic Area (EEA) [4]. Even considering its ageing
population, one third of MDRO-related deaths of the EEA occur in Italy, heavily affecting
infants and older people. This burden is mostly healthcare-associated and comparable
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to the cumulative effect of influenza, tuberculosis and HIV [4]. After the adoption in
2017 of the National Action Plan on Antimicrobial Resistance (PNCAR), Italian antibiotic
consumption is now slowly decreasing, although with regional discrepancies and an overall
utilization still higher than the European average [5]. National plans are probably not
enough, and some experts are now demanding a decisive intervention of the European
Parliament in a similar manner to that successfully used to fight air pollution [6].

Infections from MDRO are generally associated with poor prognosis. A retrospective
study on Gram-negative (GN) bloodstream infections (BSIs) in 173 US hospitals defined
difficult-to-treat resistance (DTR) as non-susceptibility to all first-line agents, which severely
constrains treatment options. The risk of death significantly increased as the number of
active first-line agents fell to zero [7]. Infections by A. baumannii with DTR (DTR-Ab), which
exhibits resistance to all β-lactams, β-lactam/β-lactamases inhibitor combinations and
fluoroquinolones, present an increased fatality of over 40% [8]. In countries with endemic
presence of MDRO pathogens like Italy, highly fatal outbreaks frequently occur, especially
among critically ill patients in intensive care units (ICUs) [9,10]. Data collected during a
10-year period within the Italian SPIN-UTI network showed that 6.2% of patients admitted
to ICU developed sepsis, with a case fatality rate of 46%. Acinetobacter baumannii, Klebsiella
pneumoniae and Pseudomonas aeruginosa accounted for 44.9% of isolates [11].

Effective prevention and management of outbreaks, together with multidisciplinary,
shared and finalized antimicrobial stewardship (AMS) programs are of paramount impor-
tance to contain MDRO-related morbidity and mortality, especially in ICU settings [12].
In recent decades, polymyxins gained renewed interest in the management of MDRO as
they demonstrated potent activity against carbapenem-resistant (CR) GNs. Limitations in
their clinical use are imposed by the outstanding incidence of renal toxicity, their poor lung,
bone and central nervous system penetration and the lack of an accurate and practical
susceptibility testing. Nowadays, the rising trend of resistance requires new molecules
with the potential to act as colistin-supplanting agents [8,13].

Ceftazidime/avibactam (CZA), meropenem/vaborbactam (MVB) and cefiderocol
(CFDC) are three recently introduced antimicrobials. Taken as a whole, these drugs repre-
sent a hopeful answer to the top tier global priority list of MDRO published by WHO: CR
A. baumannii, CR P. aeruginosa and CR, third generation cephalosporin-resistant Enterobac-
terales [14,15].

Here, we firstly revise the current literature highlighting the pearls, pitfalls, and
upcoming features of CZA, MVB and CFDC. Secondly, we propose and describe a simple
clinical and epidemiology-based algorithm that speculatively outlines a reasoned utilization
of those latecomer and probably “game changing” antibiotics.

While imipenem/relebactam and plazomicin have only recently entered the market, many
new promising molecules including cefepime/vaborbactam and sulbactam/durlobactam are
still in a phase three trial. Therefore, we focused our attention on CZA, MVB and CFDC rather
than other new antibiotics in the pipeline as they have been available for longer and benefit
from a wider available literature and real-life clinical experience.

2. Results
2.1. Ceftazidime/Avibactam

Ceftazidime/avibactam (CZA) is a second-generation intravenous β-lactam/β-lactamase
inhibitor combination composed of avibactam, a reversible diazabicyclooctane inhibitor of class
A, class C and some class D β-lactamases, coupled with ceftazidime, a third-generation anti-
Pseudomonas cephalosporin in a 4:1 ratio [16,17]. In vitro studies have shown that avibactam,
through covalent acylation of its targets, restores the activity of ceftazidime against extended-
spectrum beta-lactamase (ESBL), AmpC, KPC, OXA-48 producing Enterobacterales and P.
aeruginosa with DTR (DTR-Pa), including strains producing GES carbapenemase. Despite
this broad antimicrobial spectrum, CZA has no activity on MBLs and most Acinetobacter spp.
isolates [18] (Table 1).
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The European Medicines Agency (EMA) approved CZA for complicated intrabdom-
inal (cIAI) and urinary tract (cUTI) infections, hospital-acquired (HAP) and ventilator-
associated (VAP) pneumonia and for GN infections with limited treatment options [19]. In
the pre-CZA era, infections by CR Enterobacterales (CRE) were burdened by a 30–50% mor-
tality rate [20]. In a meta-analysis including 54 studies conducted up until 2018 and 3352 pa-
tients with CR K. pneumoniae infection, pooled mortality was 37.2%, with no significant
difference between carbapenem-, polymyxin-, aminoglycoside- and tigecycline-containing
or other carbapenem-sparing regimens [21]. Therefore, after its marketing authorization,
CZA was quickly established as treatment of choice. In a retrospective observational study
on 138 adults with KPC-producing K. pneumoniae (KPC-Kp) infection that received CZA as
salvage therapy after a first-line treatment, the mortality rate was significantly lower respect
to the control group (36.5% vs. 55.8%), both in those receiving a single drug and a combina-
tion regimen [22]. Among mechanically ventilated patients with life-threatening infections
caused by CRE, mostly with septic shock and multiorgan failure, a CZA-containing regi-
men was an independent predictor of survival and clinical cure [23]. Recently, Karaiskos
et al. found a significantly lower mortality in subjects with KPC-Kp BSI treated with a
CZA-containing regimen with respect to those treated with “classic” agents, mainly col-
istin and tigecycline (18.3% vs. 40.8%) [24]. CZA has been confirmed to be a valuable
treatment option for KPC-Kp in a large retrospective analysis of real-life post marketing
CZA use in 22 Italian hospitals. Of note, mortality was negatively associated with CZA
administered as prolonged infusion (≥3 h). Despite the fact that over 70% of cases were
managed through association regimens (usually with fosfomycin, tigecycline, gentamicin
and meropenem) authors found no significant difference in mortality between CZA alone
or in combination, whereas favorable trends were observed among patients with VAP [25].
Although evidence is limited for infections due to OXA-48 producing Enterobacterales,
avibactam showed strong inhibitory properties against OXA-48 and significantly reduced
MICs of ceftazidime, cefepime and imipenem [26]. CZA was demonstrated to be effective
and have a better safety profile compared to the best available therapy (BAT) in OXA-48
infections; results were comparable to those observed in Enterobacterales infections due
to KPC producers [27]. Hirsh and colleagues tried out CZA and ceftolozane/tazobactam
against a collection of P. aeruginosa, obtaining outstanding results: both drugs were active
in >80% of β-lactam resistant isolates (75% meropenem non-susceptible) and on 88% of
DTR-Pa [28]. In an investigation in 360 P. aeruginosa strains, CZA was the most active
compound against meropenem- and imipenem-resistant strains (92.6% and 93.8% suscepti-
ble, respectively) [29]. The antimicrobial activity of CZA and comparator agents was also
assessed against a collection of 8615 isolates of Enterobacterales and P. aeruginosa from central
European countries and Israel. CZA susceptibility rate was high and stable in the two time
periods considered (2014–2017 and 2018), although alarming trends of resistance to com-
parators were detected [30]. The importance of CZA in the management of Pseudomonas
infections was further increased by the voluntary manufacturing stop and global product
recall of ceftolozane/tazobactam that Merk conducted from December 2020, because of
compromised sterility process [31]. Despite CZA displaying no activity on MBL-producing
Enterobacterales, the combination of CZA with aztreonam showed promising results in a
recent observational multicenter study where colistin-based regimens had a significantly
higher mortality [32]. In a prospective pharmacokinetic (PK) study, standard dosing of
triple combination CZA + avibactam was investigated in a complex population of critically
ill patients with multiple comorbidities. Estimated kidney function through CKD-EPI
equation represented the primary covariate influencing PK; this result was probably largely
driven by the elderly population included [33].

As for Stenotrophomonas maltophilia, one of the leading MDROs that urgently needs
new treatment options, Lin et al. recently published an in vitro study on 76 non-repetitive
strains. Results were promising, as the addition of avibactam to ceftazidime and aztreonam
restored susceptibility to ∼50% and ∼90% of a collection of isolates, respectively [34].
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Of note, in this study, approximately 80% of tested isolates were selected for their non
susceptibility to minocycline, levofloxacin and cotrimoxazole [34].

According to European, U.S. and Asian reports, the baseline resistance rate to CZA in
Enterobacterales is less than 2.6% but raises to over 8% in DTR-Pa strains and even 74% in
strains of A. baumannii from ICU [35]. A systematic literature review found 80% of KPC-
Kp-resistant isolates were reported in the U.S.A., Greece, and Italy, mostly belonging to
ST258 strain and one third with no previous exposure to CZA. Restoration of meropenem
susceptibility occurred in 52.6% of isolates with CZA resistance acquired during treat-
ment [36]. The main resistance mechanism is represented by point mutations that increase
the flexibility in the Ω-loop of lactamase, enhancing its ability to trap ceftazidime and
decreasing the binding of avibactam [17]. The accumulation of multiple resistance mecha-
nisms is probably responsible for CZA resistance, also involving mutations in Omp35 and
Omp36 porin channels and efflux pumps overexpression [35]. Very recently, Carattoli et al.
characterized nine different CZA-resistant KPC-3 variants, five of them never previously
reported, after a one-year period of microbiologic surveillance. Some isolates retained
carbapenem-susceptibility with meropenem MIC <8 mg/L. Worryingly, the vertical evolu-
tionary trajectory of some clones as well as the transmission of CZA-resistant strains to
untreated patients was observed [37].

Real-life studies disclosed a CZA treatment failure rate of around 10–30% when used
on susceptible CR pathogens [38,39]. Some clinical situations have been associated to the
risk of in vivo resistance to CZA, probably through an under-exposure effect resulting in a
deranged PK/pharmacodynamic (PD) profile [40]. In 2015, Nicolau et al. demonstrated
a dose-proportional ELF penetration of only 30% compared to plasma levels in healthy
volunteers [41] and comparable results were observed in infected neutropenic mice [42].
Shields et al. found that pneumonia was an independent risk factor for CZA clinical failure,
while the receipt of renal replacement therapy (RRT) predicted microbiological failure and
CZA resistance development [39]. Recently, clinical and microbiological failures with CZA
have combined to the development of decreased susceptibility/resistance to this agent, as
described in a case of septic thrombosis, a high clinical complexity condition [43], and in a
case of delayed source control [44].

Given its clinical and microbiological characteristics, CZA should be considered the
preferred agent not only in settings with a predominance of KPC-producing organisms,
but also in settings with OXA-48 or with OXA-48/KPC co-prevalence [45] (Figure 1).
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2.2. Meropenem/Vaborbactam

Meropenem/vaborbactam (MVB) is a recently approved coformulation where vabor-
bactam, a new generation, competitive inhibitor with a boron-ring structure and high
affinity to serine-β-lactamase, preserves the activity of meropenem, a carbapenem with
broad spectrum and anti-Pseudomonas action, on KPC-producing Enterobacterales [46]. Cas-
tanheira et al. tested MVB against 14,304 worldwide collected GN isolates and 99.6% of
Enterobacterales were inhibited. Considering only CR strains, MVB was the most active
β-lactam agent (84.2%), with lower MIC50/MIC90 values in US and Latin American isolates
and higher in those from the Asian Pacific region. Unfortunately, the activity of MVB was
similar to that of meropenem alone on P. aeruginosa, A. baumannii and S. maltophilia [47]. No
susceptibility of MVB was showed against strains producing OXA-48 carbapenemase, and
only weak inhibition activity of vaborbactam was evoked on MBL enzymes [48] (Table 1).
An in vitro study tested MVB and comparators against a global collection of 991 KPC-
positive Enterobacterales and susceptibility was obtained in 99%. Notably, based on MIC90
values, MVB was 4 times and 32 times more potent than CZA on K. pneumoniae and E. coli,
respectively. No difference emerged when stratified by KPC variant type [49]. This new
combination benefits of optimal PK properties: the PK profiles of the two molecules are
virtually superimposable, with vaborbactam cleared slightly slower to effectively protect
meropenem. This allows a high-dose, extended-infusion regimen that minimizes the devel-
opment of resistance and achieves identical concentration-time profiles in extravascular
compartments such as epithelial lining fluid (ELF) [46]. The TANGO I trial compared this
first carbapenem/β-lactamase inhibitor combination with piperacillin/tazobactam (PTZ)
for cUTI and pyelonephritis. Non-inferiority was demonstrated, although 15% of isolates
tested resistant to PTZ [50]. The TANGO II evaluated efficacy and safety of MVB monother-
apy versus BAT on patients with a CRE infection and showed an increased clinical cure
and decreased mortality and nephrotoxicity [51]. Later, a post-hoc analysis of TANGO II
conducted on 38 subjects with no prior antimicrobial failure found MVB superior to BAT.
The authors suggested an advantage of MVB when administered as first-line and raised
the question about finding a correct balance between curtailing the use of novel agents
and simultaneously offering active early therapy, especially for difficult-to-treat vulnerable
patients [52]. In Europe, MVB has been approved for cIAI, cUTI, HAP and VAP, for BSI
associated with one of those conditions and for GN infections in patients with limited
treatment options [53].

As described above, CZA-resistance selection is mainly linked to acquired structural
changes in the KPC enzyme. Meanwhile, it has been shown that MVB-resistance is pri-
marily driven by an increase of blaKPC copy number and by porin loss/mutations [17,54].
Importantly, these resistance mechanisms can be prevented by the drug concentrations
achieved with an optimal dosing. In other words, MVB detains a higher barrier to resis-
tance to the KPC Ω-loop binding site mutations, with D179Y being the most frequently
associated with CZA-resistance development [54]. Direct clinical comparison of CZA
and MVB on KPC-producing Enterobacterales is still lacking. However, Ackley et al. per-
formed a retrospective analysis comparing CZA monotherapy, CZA combination and MVB
monotherapy. Despite similar clinical success and adverse event rates, more patients in
the CZA monotherapy arm underwent recurrent infection, five had increased MIC of CZA
and three developed CZA resistance. As stated by the authors, it is intriguing to note that
all the three patients had respiratory source of infection and received RRT [55].

MVB should probably be considered the preferred agent against organisms with
confirmed production of KPC2 and KPC3 enzymes due to its enhanced in vitro potency
and reduced emergence of resistance [45]. In the setting of empirical treatment, MVB should
be taken into consideration in contexts of KPC predominance over other mechanism of
carbapenem resistance [56]. This is particularly true in the aforementioned situations that
underpin a risk of CZA under-exposure (severe pneumonia, RRT, septic thrombosis and
delayed source control) (Figure 1).
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2.3. Cefiderocol

The advent of cefiderocol (CFDC) represents a change of paradigm in the current land-
scape of antimicrobial stewardship. This siderophore-conjugated cephalosporin is actively
taken up by iron transporters overcoming the poor permeability of GNs outer membrane
(Table 1). This way, the effect of porin channel mutations and efflux pump upregulation is
negligible. Once it has reached the periplasmic space, CFDC maintains structural stability
against both serine- and metallo-enzymes, exerting a wide spectrum of activity that com-
prises ESBL, AmpC, KPC, OXA and MBLs and non-fermentative GN MDROs such as P.
aeruginosa, A. baumannii and S. maltophilia [57]. An in vitro study conducted on a collection
of 231 selected high-risk GN MDROs showed CFDC to have the strongest activity in respect
to comparators. In particular, CFDC was active on all KPC-Kp, including those resistant to
CZA, on DTR-Pa, including those resistant to ceftolozane/tazobactam and on S. maltophilia,
including those resistant to levofloxacin and trimethoprim/sulfamethoxazole [58]. Lee
and colleagues investigated the in vitro susceptibilities of bacteraemic CRE collected in
the Taiwanese SMART program. CFDC was the most effective agent, with only 4.5% of
resistant isolates, closely followed by CZA that was active on 88.5% of E. coli and 93.7%
of K. pneumoniae [59]. Recently, combined data from SIDERO-WT and SIDERO-Proteeae
on 20,911 Enterobacterales and non-fermenter isolates collected in 24 European countries
displayed CFDC activity against over 97%, regardless of infection site. CFDC had similar
activity to colistin against Acinetobacter spp (∼90%) and far superior against S. maltophilia
(99.6% vs. 67.2%). Notably, the drop of activity between carbapenem-susceptible and CR
strains of K. pneumoniae was deeper for CFDC (98.0% vs. 69.2%) respect to CZA (99.6% vs.
75%), while the opposite effect occurred for E. coli strains (CFDC 99.4% vs. 77.8%; CZA
99.7% vs. 33.3%). When considering infections by DTR-Pa, the difference was striking,
with 97.5% susceptibility to CFDC vs. 44.1% to ceftolozane/tazobactam and 43.2% to CZA,
respectively [60]. CFDC was also evaluated against a collection of 150 DTR-Ab and was
found to be active on 94% of the colistin-resistant isolates [61]. Interestingly, with the iron
chelation property of its chlorocatechol sidechain, CFDC was superior to comparators in
biofilm reduction of P. aeruginosa, K. pneumoniae, S. maltophilia, B. cepacia, E. coli and A.
baumannii [62].

When considering specific carbapenemase type, the SIDERO-CR European isolates
showed excellent activity of CFDC on KPC, OXA-48-like and Verona Integron-encoded MBL
(VIM). However, effectiveness on NDM-producing Enterobacterales was suboptimal [63].
Accordingly, Zalacain et al., when testing the new MBL inhibitor ANT2681 on NDM-
producers against comparator agents, found higher effectiveness of a aztreonam/avibactam
combination compared to CFDC, especially on E. coli NDM producer [64].

Although still rare, some strains with resistance to CFDC have been reported. The
mechanisms involved would be mostly represented by mutations in iron transporters. In
addition, Hobson et al. pointed out the risk of cross-resistance with ceftazidime is caused
by extension of KPC spectrum through specific mutations (namely KPC-31). Furthermore,
they revealed a strong impact of a high-inoculum effect on CFDC MICs, which is even
more worrisome [65]. Tiseo et al. described a case of recurrent KPC-Kp bacteremia success-
fully treated with MVB after in vivo, CZA-induced resistance development to CZA and
CFDC [44]. Moreover, a case of a NDM producing E. coli intra-abdominal infection in a
hematopoietic stem cell transplant recipient was reported where CFDC resistance evolved
after 19 days of administration. Whole genome sequencing analysis indicated a blaNDM-5
copy number increase that reduced CFDC susceptibility [66].

CFDC was challenged in the APEKS-cUTI trial vs. imipenem-cilastatin for the treat-
ment of cUTI [67] and in the APKES-NP trial in comparison to high-dose, prolonged-
infusion meropenem for HAP [68], demonstrating non-inferiority. The CREDIBLE-CR
trial compared CFDC with BAT in a CR pathogen-focused trial, as EMA requested for
approval [69]. Unluckily, a higher mortality rate in CFDC group, probably driven by
Acinetobacter, tempered the enthusiasm on this new molecule [70]. It should be noted
that patients receiving CFDC had a higher baseline prevalence of moderate and severe
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renal dysfunction, chronic pulmonary disease, liver impairment and severe infection status
(based on clinical judgement), a higher rate of ICU admission, ongoing or recent shock,
as well as higher values of CPIS and SOFA score at the time of randomization. Moreover,
it appears exceptionally low, and thus poorly comparable, to the mortality rate occurred
among patients affected by Acinetobacter spp. infections in CREDIBLE-CR and treated with
BAT (18%), as it usually exceeds 40% in the literature [71,72].

Real-life experiences with CFDC are limited but slowly expanding. In a case se-
ries, three critically ill patients with DTR-Ab infection obtained clinical improvement and
microbiological eradication [73]. An Italian casuistry included 10 ICU subjects that re-
ceived compassionate use of CFDC after failure to respond to previous therapy for CR
non-fermenting GNs and CRE. Microbiologic failure occurred in two burn patients and
clinical failure in one COVID-19 patient [74]. Bavaro et al. presented 13 patients with severe
infection by MDRO (mainly CR Acinetobacter) and relevant comorbidities including respira-
tory failure, post-surgical infections and profound immunocompromise. Eradication with
no recurrence was achieved in the whole cohort. Interestingly, no patient received CFDC
monotherapy. Authors displayed different companion drugs, principally represented by
fosfomycin, high-dose tigecycline and colistin [75]. In comparison, in a case series of 13
ICU admitted subjects with DTR-Ab infection treated with compassionate CFDC, trough
concentration revealed that 23% had a suboptimal f Cmin/MIC ratio (i.e., failure to achieve
PK/PD target). This group underwent microbiological failure in 80% of the cases [76]. The
few reports available in the literature concerning the treatment of MDRO prosthetic joint
infections with CFDC obtained encouraging clinical and microbiologic outcomes possibly
linked to the peculiar activity of this agent in the biofilm [77,78].

Although data are still limited, combination treatment or intensified dosages will
probably be necessary in some critically ill patients with septic shock and/or with high
inoculum infections and those caused by the hardest-to-treat pathogens, to maintain
and make the best of the extraordinary potential of CFDC. An in vitro study showed a
high potency of CFDC against S. maltophilia, one of the most challenging MDROs, and
synergy was detected when combined with levofloxacin, minocycline, polymyxin B or
trimethoprim-sulfamethoxazole [79]. In the study by Abdul-Mutakabbir et al., six strains
of a collection of DTR-Ab had high baseline MIC to CFDC and whole genome sequencing
revealed extended-spectrum AmpC, OXA-51 like and OXA-23 carbapenemase. Authors
observed an average 28-fold decline in the CFDC MIC values with the addition of β-
lactamase inhibitors tazobactam, sulbactam, avibactam and clavulanic acid. Avibactam
produced the strongest reduction. Furthermore, they demonstrated synergistic activity of
CFDC with meropenem, amikacin, tigecycline, minocycline and ampicillin/sulbactam in
all these isolates [61].

Ultimately, although active towards most of the resistance mechanisms that are cur-
rently widespread, CFDC can be considered of choice for infections caused by MBL pro-
ducing Enterobacterales and non-fermenting pathogens with DTR, whereas it could be
considered a reasonable alternative to MVB and CZA for treating KPC and OXA-48 pro-
ducing Enterobacterales (Figure 1).
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Table 1. Principal features of ceftazidime/avibactam, meropenem/vaborbactam and cefiderocol.

Antibiotic Mechanism of Action In-Vitro Activity Emergence of
Resistance Use in Combination Disadvantages Comments

Ceftazidime/avibactam

β-lactam/β-lactamase
inhibitor
Avibactam is a
non-β-lactam inhibitor
through a reversible
mechanism
that regenerates an intact
molecule of avibactam,
allowing for inhibition of
further enzymes

-Enterobacterales
• ESBL
• CTX-M
• CPE (KPC, OXA-48)
-MDR/XDR P. aeruginosa
-S. maltophilia
Synergism with
carbapenems, tigecycline
and fosfomycin against
KPC-producing K.
pneumoniae [80,81]
Synergism with fosfomycin
against P. aeruginosa

Yes (point mutations in
the Ω-loop of lactamase;
mutations in Omp35 and
Omp36 porin channels
and efflux pumps
overexpression)
Risk of in vivo resistance:
-CRRT
-pneumonia
-septic thrombosis
-delayed/absence of
source control

Used as
monotherapy or in

combination
No definite evidence

on superiority of
monotherapy over

combination therapy
In real-life studies,

mostly used in
combination

-No activity against
MBLs
-No activity against
CRAB
-Emergence of resistance

Decreasing susceptibility
to this agent during
treatment represents a
significant concern
Combination with
aztreonam restores
activity against MBL
ELF concentration is 30%
compared to plasma
concentration [42]

Meropenem/vaborbactam

β-lactam/β-lactamase
inhibitor
Vaborbactam is a
competitive inhibitor
with a boron-ring
structure with high
activity towards KPC
(Kiapp = 69 nM)

-Enterobacterales
• ESBL
• CTX-M
• CPE (KPC)

Yes (increased KPC
production and porin
mutations)
Less emergence of
resistance than
ceftazidime/avibactam

Mostly used as
monotherapy

-No activity against MBL
-No activity against
OXA-48
-No activity against
XDR-P. aeruginosa
-No activity against
CRAB

Reduced emergence of
resistance as compared
to
ceftazidime/avibactam
Combination with
aztreonam restores
activity against MBL
ELF concentrations are
65% (meropenem) and
79% (vaborbactam)
compared to plasma
concentration

Cefiderocol

Siderophore-conjugated
cephalosporin actively
taken up by iron
transporter

-Enterobacterales
• ESBL
• CTX-M
• CPE (KPC, OXA-48, MBL)
-MDR/XDR-Pa
-S. maltophilia
-CRAB
-B. cepaciae

Yes (mutations in iron
transporters)
Risk of in vivo resistance
due to increased copy
numbers of bla NDM
genes

Used as
monotherapy or in

combination

Suboptimal activity
against NDM

Combination treatment
may probably be
necessary in high
inoculum infections
Due to suboptimal
activity against NDM,
combination with
aztreonam should be
considered
Anti-biofilm activity
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3. Algorithm Construction

To preserve the effectiveness of a slowly expanding armamentarium against MDROs
and, at the same time, guarantee appropriateness of empirical therapy to critically ill
patients, we need a shared criteria for a rational use of new antibiotics. A persuasive,
education-based approach of AMS proved to be effective in decreasing antibiotic consump-
tion, incidence and mortality of MDRO BSIs [82]. In this regard, systematic consultation of
a dedicated infectious diseases specialist demonstrated the reduction antimicrobial costs,
overall hospital and ICU length of stay and mortality [83]. Furthermore, it leads to a more
streamlined use of drugs and increased adherence to management guidelines resulting
in an advantage for patients in terms of outcome and for community in terms of reduced
resistances [84].

In Figure 1 we represented an algorithm to address a suspected infection by a MDRO
and perform a reasoned prescription of CZA, MVB and CFDC. The algorithm is dis-
cussed below.

3.1. Sample Collection, Source Control, Severity of Infection and Risk of Death

After a syndromic framework analysis based on patient clinical appearance and
history, the collection of multiple biological samples represents the first step as it provides
the chance to characterize the resistance profile we are dealing with. Concurrently, an
early source control, following the principles of damage control, is of capital importance to
maximize the chances of survival. Endovascular, intrabdominal, soft-tissue and obstructive
urinary infection are the most frequent conditions addressing a surgical commitment [85].

Moreover, we deemed that patients in a critical state or with pre-existent conditions
posing them at immediate risk of life in case of confirmed MDRO infection constitute
the group that would gain the maximum benefit from an early appropriate therapy. The
conditions of severe HAP or VAP, septic shock and severe immunodeficiency were taken
into considerations for an enlightened prescription of CZA, MVB and CFDC. In addition,
the risk of death estimated through the INCREMENT-CPE score [86], validated for CRE
only, was included for CZA and MVB. Besides, empirical coverage of gram-positive
pathogens is possibly less troublesome but strongly recommended in settings with a
high rate of methicillin-resistant Staphylococcus aureus (MRSA) (prevalence >20%) and for
inpatients with known colonization [87].

When VAP is suspected in a severely ill subject, the initiation of antimicrobial therapy
should not be withheld because delayed treatment is associated with increased morbidity
and mortality [88]. Furthermore, an inappropriate choice, related to the presence of
MDROs unaffected by the empirical treatment, is the most relevant potentially modifiable
prognostic factor [89]. Unfortunately, correct diagnosis of VAP is tricky. Clinical Pulmonary
Infection Score (CPIS), with six points as cut-off, is a non-invasive diagnostic tool with
acceptable accuracy [90], while a reduced PaO2/FiO2 ratio showed a prognostic value in
VAP [91].

An observational retrospective study was conducted on 102 adults hospitalized in
ICU with KPC-Kp BSI: septic shock occurred in 39.2% and infection-related mortality in
42.2% of cohort. Authors found that patients appropriately treated within the first 24 h had
significantly lower 30-day mortality and in general the time (in hours) from blood culture
collection to administration of in vitro active antibiotic treatment was independently asso-
ciated with outcome [92]. Consistent findings were observed in a real-world multicenter
study with early (within 48 h) MVB administration significantly associated with patient
survival [93]. In bloodstream and even nonbacteremic CRE infections, the Pitt score reliably
predicted mortality, with ≥4 confirmed as the best cut-off point [94,95]. In recent times, the
Pitt score also proved to be an independent predictor of mortality in P. aeruginosa [96] and
A. baumannii [97] BSIs.

Infections by GN MDROs significantly impact outcome in solid organ transplant (SOT)
recipients. Wan et al. estimated an incidence between 10% and 75% of MDRO BSI in SOT,
with K. pneumoniae, P. aeruginosa and A. baumannii as the most frequent pathogens. Mortality
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was between 18% and 44% [98]. In patients with chemotherapy-induced neutropenia,
bacterial colonization is considered the first step in infection development, followed by
translocation of the mucosal barrier. In an observational prospective cohort of adults
with haematological malignancies who received chemotherapy and underwent febrile
neutropenia, the lowest mortality rate was documented in the non-colonized group [99].
In an Italian casuistry, 46% of patients with a positive rectal swab at the time of stem cell
transplantation developed an overt infection. GN MDROs caused a heavy reduction of
overall survival and were considered to be the most frequent cause of death in recipients
of allogeneic transplant [100]. In high risk KPC-Kp-colonized haematological patients
(mainly affected by acute myeloid leukemia) the pre-emptive administration of an active
antimicrobial regimen for the empiric treatment of febrile neutropenia resulted in a drop
from 67% to 11% of KPC-Kp BSI-related mortality [101].

On the contrary, waiting for a microbiological identification before starting admin-
istration of antimicrobials would be appropriate for hemodynamically stable, with no
organ damage nor any risk factors for a sudden deterioration (i.e., neutropenia) patients.
If the physician still considers it useful the initiation of an empirical antibiotic regimen,
the use of molecules with anti-Pseudomonas activity (ceftazidime, cefepime, PTZ), possibly
associated with anti-MRSA coverage, is probably appropriate. In this regard, ceftobiprole, a
fifth generation, recently introduced cephalosporin with anti-MRSA and anti-Pseudomonas
activity, could represent a reasonable empiric choice in hospital-acquired pneumonia in
non-mechanically ventilated patients [102].

3.2. Risk Factors, Colonization, and Ecology

Unfortunately, most of the risk factors for MDRO infections are similar between dif-
ferent GN organisms [89,103,104], and not too different for Gram-positives [105] and even
fungi [106]. As a matter of fact, severe comorbidities, immunodeficiency, advanced age,
invasive procedures, recent exposure to antimicrobials, previous and prolonged hospital-
ization are common risk factors for almost all healthcare-associated MDRO infections. For
this reason, risk factors often provide little or no help to clinicians that must decide on
antibiotic treatment empirically.

We assumed patient colonization by a pathogenic MDRO as the starting point to
identify subjects at elevated risk of MDRO infection. In fact, contrarily to the redundant
nature of risk factors, colonization of a body site with a specific pathogen usually increases
the risk of infection by the same colonizing organism [107]. In 2014 Giannella et al. found a
KPC-Kp BSI incidence rate of 7.8% among KPC-Kp rectal carriers. They proposed a score
that included admission to ICU, invasive abdominal procedures, chemotherapy/radiation
therapy and body site colonization as predictors of KPC-Kp BSI development. Of note,
colonization at multiple body sites was the strongest predictor of BSI [108]. Later, the
INCREMENT-CPE score (ICS) was developed and validated from a multinational retro-
spective cohort. This tool demonstrated good reliability in predicting early mortality in
patients undergoing to CPE BSI [86]. In 2018 Cano et al., in a prospective observational
cohort study carried out during a prolonged KPC-Kp outbreak, provided external valida-
tion to the Giannella risk score (GRS) for the prediction of KPC-Kp infection among rectal
carriers, with <7 and ≥7 as optimal cut-off. They also validated the ICS for subsequent
30-day mortality, with <8 and ≥8 points associated with low and high risk, respectively.
Moreover, authors combined the two scores in a management algorithm to support physi-
cians in deciding which patients should start rapidly empirical treatment and who would
benefit from a combinatory regimen [109]. The retrospective study by Tumbarello et al.
on patients with KPC-Kp infection treated with CZA recently confirmed the impact of
INCREMENT-CPR score on mortality [25].

Alongside individual colonization, knowledge of local ecology has been demonstrated
to be a helpful tool to forecast the presumable pattern of susceptibility, especially in
settings with elevated prevalence of MDROs [88]. In fact, the contamination of the hospital
environment with MDROs represents the biggest reservoir for outbreak development and
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for endemic persistence. If the aqueous environment of the hospital represents the source
of MDR Enterobacterales, dry surfaces and medical equipment are associated with Gram-
positive and non-fermenting GN organisms [110]. Active microbiological surveillance, both
focused on inpatient and hospital environments, was shown to be helpful in controlling
the onward spread of MDROs and guiding infection control practices [111].

In the algorithm, cumulative data from local ecology and patient colonization indicate
the MDRO most likely to be responsible and that should be included in the spectrum
of empirical treatment. As explained above, MVB exerts the strongest activity on KPC
producers but, at the same time, has the narrowest spectrum on MDROs among the new
antimicrobials. CZA provides activity also on OXA-48 producers and on DTR-Pa, but
suffers the risk of underexposure in some clinical situations. Although many data still
need confirmation, CFDC possesses high potency and penetration as well as the wider
spectrum on MDROs. Therefore, empirical CFDC might be considered in settings where
many different types of resistance mechanisms are widespread (Table 1).

3.3. Identification, De-Escalation, and Combination

As elegantly summed up by Timsit et al., culture-based methods remain the gold
standard to identify causative pathogens, but rapid molecular alternatives are increasingly
deployed, with multiplex-PCR and next-generation sequencing among the most pervasive
techniques [85]. At the time of writing, many hospitals have scant availability of such
resources. Therefore, diagnostic stewardship programs are being implemented for an
evidence-based use of these new fast diagnostic tools that may facilitate the diagnostic
process of common infectious syndromes [112]. Obviously, these tests can be considered
in our algorithm as a tool for faster access to targeted therapy. Once microbiological
identification and characterization are completed, treatment refinement and de-escalation
are key components of AMS, with the aim to optimize the spectrum of activity and decrease
the emergence of resistance, adverse events and costs [85].

In the algorithm, we suggested definite treatment regimens for the most common
resistance patterns assuming demonstrated in vitro susceptibility and taking into account
recently updated guidelines [113]. There is a lack of randomized controlled trials for re-
cently introduced antimicrobials, so evidence was almost totally obtained from in vitro and
observational studies. Among patients with a BSI from an ESBL producer, carbapenems
have demonstrated improved 30-day survival over PTZ [114]. Ceftolozane/tazobactam
provides an interesting carbapenem-sparing alternative for ESBL Enterobacterales. CZA use
may be considered in specific cases, but in general this combination should be preserved
for CR infections, as other β-lactam and non-β-lactam options are available for ESBLs [115].
When dealing with a KPC producer, MVB probably represents the preferred choice, but
CZA and CFDC are effective alternatives [113]. Literature evidence on the treatment of
OXA-48 producing organisms is still scarce. CZA is the preferred choice and CFDC may
represent a reasonable alternative [113]. Ceftolozane/tazobactam and CZA demonstrated
optimal efficacy for DTR-Pa [28] and CFDC represents again another reasonable treatment
option [113]. MBL-producing bacteria are an increasingly expanding threat, but treat-
ment possibilities remain an unmet medical need. CFDC is a recommended therapy for
MBLs [113]. A Greek study showed combinations of CZA + aztreonam, MVB + aztreonam
and imipenem/relebactam + aztreonam to have synergistic in vitro activity against 40 MBL
K. pneumoniae (mainly NDM) in 97.5%, 72.5% and 97.5%, respectively [116]. To the best of
our knowledge, no clinical experience is available for MVB + aztreonam combination, but
CZA + aztreonam was recently demonstrated to be a suitable option for the treatment of
MBL producers [32]. At present, DTR-Ab is probably the pathogen with the most limited
available treatment options. In vitro and early clinical evidence showed CFDC to be a
promising and effective tool for Acinetobacter infections [60,73,74].

The pros and cons of a combinatory antimicrobial regimen in GN MDRO infections are
a controversial issue that goes beyond the focus of this work. If the main advantages could
be represented by synergy, enlarged spectrum of activity, and limited risk of resistance
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development, disadvantages include increased adverse events rate (such as Clostridioides
difficilis infection) and costs [75]. In the meta-analysis by Agyeman et al. on 3352 patients
with infection by CR K. pneumoniae, monotherapy was associated with higher mortality
but no differences in clinical and microbiological outcomes was demonstrated [21]. A
recent systematic review stated that, despite the fact that combinations are widely used
in real-life (>50% of CZA prescriptions), there is currently not enough evidence to make
conclusions whether combo regimens are more effective than monotherapy [117]. In any
case, it is interesting to note that in some studies a demonstrated benefit of dual therapy
was restricted to the most severely ill patients with high probability of death [85].

We have chosen to incorporate in our place in therapy a role for fosfomycin, an
old-fashioned rediscovered agent, which demonstrated an extreme versatility, showing
synergism with many old and new antimicrobials against a wide range of MDROs and
providing an additional carbapenem-sparing regimen opportunity [118]. Since pneumonia
was recognized as a risk factor for CZA-resistance development, some have proposed that
fosfomycin, with its excellent lung PK, may compensate this phenomenon [117]. In a 6-year
retrospective study on 136 patients with DTR-Pa pneumonia, combination therapy, mainly
including fosfomycin, was clearly associated with a 28-day survival benefit [119].

4. Conclusions

We have proposed an algorithm for a reasonable use of CZA, MVB and CFDC, three
new antimicrobial agents on which many hopes have been placed. The notions and rea-
soning it is composed of are mainly derived from observational analysis, in vitro and
pharmacokinetic studies with little evidence from pivotal trials. However, we believe it
could represent a useful starting point for decisions in settings where critical patients are in-
volved and a high frequency of MDRO isolations must be taken into account. Future studies
in this field will certainly contribute to making it comprehensive and possibly effective.
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