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Abstract: (1) Background: To develop evidence-based algorithms for targeted antibiotic therapy
of infection-related ventilator-associated complications (IVACs) caused by non-fermenting Gram-
negative pathogens. (2) Methods: A multidisciplinary team of four experts had several rounds of
assessments for developing algorithms devoted to targeted antimicrobial therapy of IVACs caused
by two non-fermenting Gram-negative pathogens. A literature search was performed on PubMed-
MEDLINE (until September 2021) to provide evidence for supporting therapeutic choices. Quality
and strength of evidence was established according to a hierarchical scale of the study design. Six
different algorithms with associated recommendations in terms of therapeutic choice and dosing opti-
mization were suggested according to the susceptibility pattern of two non-fermenting Gram-negative
pathogens: multi-susceptible Pseudomonas aeruginosa (PA), multidrug-resistant (MDR) metallo-
beta-lactamase (MBL)-negative-PA, MBL-positive-PA, carbapenem-susceptible Acinetobacter bau-
mannii (AB), and carbapenem-resistant AB. (3) Results: Piperacillin-tazobactam or fourth-generation
cephalosporins represent the first therapeutic choice in IVACs caused by multi-susceptible PA.
A carbapenem-sparing approach favouring the administration of novel beta-lactam/beta-lactamase
inhibitors should be pursued in the management of MDR-MBL-negative PA infections. Cefiderocol
should be used as first-line therapy for the management of IVACs caused by MBL-producing-PA
or carbapenem-resistant AB. Fosfomycin-based combination therapy, as well as inhaled colistin,
could be considered as a reasonable alternative for the management of IVACs due to MDR-PA and
carbapenem-resistant AB. (4) Conclusions: The implementation of algorithms focused on prompt
revision of antibiotic regimens guided by results of conventional and rapid diagnostic methodologies,
appropriate place in therapy of novel beta-lactams, implementation of strategies for sparing the
broadest-spectrum antibiotics, and pharmacokinetic/pharmacodynamic optimization of antibiotic
dosing regimens is strongly suggested.

Keywords: antimicrobial stewardship; infection-related ventilator-associated complications; non-
fermenting Gram-negative pathogens; multidisciplinary taskforce; PK/PD dosing optimization;
targeted antibiotic therapy
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1. Introduction

Infection-related ventilator-associated complications (IVACs) represent the most preva-
lent infective events in patients admitted to the intensive care unit (ICU) and requiring me-
chanical ventilation [1], accounting approximately for one-third of hospital-acquired pneu-
monia (HAP) cases [2]. IVACs are associated with high mortality rate (over 50%) and with a
remarkable impact on length of ICU stay, antibiotic use, and overall health care costs [2-5].
Gram-negative pathogens are responsible for the majority of HAP and ventilator-associated
pneumonia (VAP), and among these, the non-fermenting Gram-negative pathogens (espe-
cially Pseudomonas aeruginosa and Acinetobacter baumannii) are responsible for a remarkable
amount of IVACs in critically ill patients, second only to Staphylococcus aureus in terms of
prevalence [6,7].

Pseudomonas aeruginosa and Acinetobacter baumannii are both characterized by innate
resistance mechanisms against multiple antimicrobials. Furthermore, these pathogens may
easily acquire new resistances by different mobile elements, thus making extremely chal-
lenging the choice of appropriate antibiotic therapy in this setting [6-9]. Prompt initiation
of empirical broad-spectrum antibiotic treatment is necessary in critically ill patients with
suspected IVAC, including agents with activity against non-fermenting Gram-negative
pathogens according to the existence of specific risk factors or in case of epidemiological
settings characterized by high prevalence. In the last report on antimicrobial surveil-
lance issued by the European Center for Disease Prevention and Control (ECDC) [10],
the proportion of invasive isolates of multidrug resistant (MDR) Pseudomonas aeruginosa
and carbapenem-resistant Acinetobacter baumannii accounted for 12.1% and 32.6%, respec-
tively. In the Italian context, the proportion of the invasive strains of MDR Pseudomonas
aeruginosa is in line with European data (13.1%), while that of carbapenem-resistant Acine-
tobacter baumannii isolates accounts for as much as 80% [10]. However, once that the
causative pathogen has been identified and its susceptibility pattern has been defined, ther-
apy should be revised and targeted, as recommended by the Surviving Sepsis Campaign
guidelines [11].

Microbiological confirmation of IVAC represents a crucial step for enabling targeted
antibiotic therapy in critically ill patients. Unfortunately, traditional culture-based methods
are time-consuming as they often require at least 1-2 days for pathogen isolation and
an additional day for determination of the antibiotic susceptibility pattern. Furthermore,
culture-based methods exhibit low sensitivity, as they may provide pathogen identification
in less than 40% of patients with clinically diagnosed IVACs [12]. This has traditionally
made challenging and often difficult a rapid implementation of targeted antibiotic ther-
apy [10]. In recent years, the development of rapid molecular tests has revolutionized
microbiological diagnosis in the pneumonia setting. These tests, based on syndromic pan-
els, may provide fast identification of the respiratory pathogens coupled with detection of
relevant genotypic markers of resistance. This approach is expected to have a huge impact
in daily clinical practice, by making more and more applicable both targeted antibiotic
therapy and antimicrobial stewardship strategies [12,13].

Appropriate targeted antimicrobial therapy, coupled with antibiotic dose optimiza-
tion and implementation of antimicrobial stewardship programs, could simultaneously
maximize efficacy, reduce antibiotic overconsumption, and minimize the development
of resistance in ICU patients [14]. This could be achieved by means of the coordinated
approach of a multidisciplinary task force, composed by the intensive care physician, the
infectious disease consultant, the clinical microbiologist, and the MD or PharmD clinical
pharmacologist. Early diagnosis with prompt identification of the causative pathogen
of IVACs coupled with targeted antibiotic therapy based on antimicrobial susceptibility
testing and on dosing optimization according to the pharmacokinetic/pharmacodynamic
(PK/PD) concepts and the therapeutic drug monitoring (TDM)-guided approach may be
fundamental for this purpose.

This multidisciplinary opinion article aims to develop evidence-based algorithms
for targeted antibiotic therapy of IVACs caused by two non-fermenting Gram-negative
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pathogens in critically ill adult patients. The objective is to provide a useful guidance for
intensive care physicians either in appropriately placing novel antimicrobial agents in lack
of definitive evidence or in considering antimicrobial stewardship strategies for possibly
sparing the broadest-spectrum antibiotics.

2. Results
2.1. Targeted Treatment of IVACs Caused by Pseudomonas aeruginosa in Critically Ill Adult Patients

Therapeutic algorithm for targeted treatment of IVACs caused by Pseudomonas aerug-
inosa in adult ICU patients is shown in Figure 1.

A2 MDR-MBL negative- A3 MDR-MBL negative-
GES negative GES positive

t tam avibactarn

AL MDR - MBL positive

Figure 1. Algorithms for targeted treatment of IVAC caused by Pseudomonas aeruginosa with different
pattern of antibiotic susceptibility. CI: continuous infusion; EI: extended infusion; LD: loading dose;
MBL: metallo-beta-lactamase; MD: maintenance dose; MDR: multidrug resistance.

2.1.1. Multi-Susceptible Pseudomonas aeruginosa

Continuous infusion piperacillin-tazobactam (18 g/day after 6.75-9 g loading dose
[LD]) is recommended as target therapy for the management of IVACs caused by multi-
susceptible Pseudomonas aeruginosa. Ceftazidime (6-8 g/day after 2 g LD) or cefepime
(2 g LD followed by 6 g/day) in continuous infusion should be reserved as second-line
alternatives in case of clinical or microbiological failure (Figure 1, panel A.1). ATS/IDSA
guidelines [15] recommended the use of piperacillin—tazobactam, ceftazidime or cefepime
as definitive therapy of HAP or VAP requiring a coverage on Pseudomonas aeruginosa with
demonstrated susceptibility, suggesting the administration in EI or CI to maximize lung
exposure. A summary of the studies evaluating the efficacy of piperacillin-tazobactam
or third /fourth-generation cephalosporins in patients affected by IVACs caused by multi-
susceptible Pseudomonas aeruginosa is provided in Table 1.
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Table 1. Summary of the studies investigating the treatment of multi-susceptible Pseudomonas aeruginosa infection-related ventilator-associated complications (IVACs)

with piperacillin-tazobactam or fourth-generation cephalosporins.

Author, Year Antibiotic and Clinical Relapse Rate—
and Study Design No. of Patients Dosi Rate of IVACs Isolates Severity Resistance Comments
osing Outcomes
Reference Development
Piperacillin—tazobactam
Kalil et al., Guidelines Piperacillin-tazobactam at dosage of 4.5 g q6h (preferring EI or CI) for empiric or definitive treatment of HAP/VAP caused by Pseudomonas aeruginosa according to antimicrobial susceptibility test (Strong
2016 [15] recommendation; low-quality evidence)

Clinical failure rate:
17% (PIT) vs. 29% (IMI)
p=0.09

PIT monotherapy is at least
as effective and safe as IMI

371 MI Mechanical Mortality rate for infection: Resistance monotherapy in the
500 mg q6h s o o o treatment of HAP. In P.
Jaccard et al., RCT, multicentre (IMI vs 49 2% HAP 28% P. aerucinosa ventilation 47% 8% (PIT) vs. 9% (IMI) development seriicinosa HAP. PIT
1998 [16] ! vs. : ’ ' 8 APACHE 1I score: p=0.78 25.0% IMI vs. 4.8% crug T
PIT achieved a better clinical
PIT) 14.6 = 6.8 PIT .
45gq8h .. . . efficacy than IMI, due to
Clinical failure rate in P.
; . reduced development of
aeruginosa HAP: microbiological resistance.
10% (PIT) vs. 50% (IMI) & :
p =0.004
PIT Clinical cure rate: PIT plus tobramycin was
3.375 g q4h 74.2% (PIT) vs. 57.9% (CTZ) shown to be more effective
300 + tobramycin p =0.004 and as safe as CTZ plus
Joshi et al RCT (155 PIT + 5mg/kg/day tobramycin in the treatment
1999 1 7]" multi r,1tr tobramycin vs. vs. 87% HAP 7.7% P. aeruginosa Severe infection 21% Clinical cure rate in P. NA of patients with HAP. A
wiicentre 145 CTZ + CTZ aeruginosa HAP: trend to higher
tobramycin) 2gq8h 67% (PIT) microbiological eradication
+ tobramycin vs. 30% (CTZ) was found P. aeruginosa
5mg/kg/day p=NS subgroup with PIT.
No significant difference in
mortality, clinical, and
microbiological outcomes
767 ICU admission Resistance or adverse events was
Retrospective, (213CTZ All 16.6% Mortality rate: development: demonstrated between
Babich et al., multicentre, vs. monotherapy All BSI 100% P. aeruginosa M h n(; 1 17.4% (CTZ) vs. 20% (MER- 17.5% (MER-IMI) vs. CTZ, carbapenems, and PIT
2020 [18] propensity score 210 MER/IMI 83.3% Intermittent 14.7% HAP/VAP 7.6% MDR t.i’ct.a ;;‘ 19 IMI) vs. 16% (PIT) 12.4% (CTZ) vs. 84% as definitive treatment of P,
adjusted analysis vs. infusion S‘glr; Al :cg;: 4 ('27 g) p=NS (PIT) aeruginosa bacteraemia.
344 PIT) p =0.007 Higher rates of resistance

development were found in
patients treated with
carbapenems.
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Table 1. Cont.

Relapse Rate—

Author, Year Antibiotic and Clinical
and Study Design No. of Patients . Rate of IVACs Isolates Severity Resistance Comments
Dosing Outcomes
Reference Development
Third/fourth-generation cephalosporins (Ceftazidime-Cefepime)
Kalil et al., Guidelines Both ceftazidime and cefepime at dosage of 2 g q8h (preferring EI or CI) for empiric or definitive treatment of HAP/VAP caused by Pseudomonas aeruginosa according to antimicrobial susceptibility test
2016 [15] (strong recommendation; low-quality evidence)
No difference in mortality
rate between ceftazidime
and carbapenems at
propensity score analysis
- Resistance (OR 1.14; CI 0.52-2.46).
Retrospective, @1 ;6C7TZ All Icu Téirg}];sswn Mortality rate: development:
Babich et al., multicentre, monotherapy All BSI 100% P. aeruginosa M h ? 1 17.4% (CTZ) vs. 20% (MER- 17.5% (MER- Significant higher
2020 [18] propensity score vs. 83.3% Intermittent 14.7% HAP/VAP 7.6% MDR echamical IMI) vs. 16% (PIT) IMI) vs. 12.4% (CTZ) occurrence of new
. . 210 MER/IMI vs. . . ventilation 12.1% o . .
adjusted analysis 344 PIT) infusion SOFA score 4 (2-6) p=NS vs. 8.4% (PIP-TZB) resistance development in P.
p =0.007 aeruginosa isolates in
patients treated with
carbapenems compared to
ceftazidime (17.5% vs.
12.4%; p = 0.007).
ICU admission
32.2% Overall 30-d talit .
Mechar{ical vera rafe}:/ mortality A cefepime MIdC' of4mg/L
. . may predict an
Su et al., 2017 . Cefepime All BSIs All P AETLZINOSA ventllatlor} 25‘6%. 36.7% unfavourable outcome
119] Retrospective 90 2gq8h I 30% HAP/VAP cefepime- Severe sepsis/septic NA among patients with
susceptible shock 23.3% Overall 30-day mortality . infecti
Mean APACHE II rate in HAP/VAP serous 1‘3“;5“0.“505:“59"1 by
score: 22.07 subgroup: 59.3% - ACTUZINOSa.
Neutropenia 20%
58 Ceftazidime
. Retrospective, 2gq8h 30-day No subgroup analysis was
< . . . .
R%lif; [eztoall., propensity score (29‘1/\2[1(2:9—leén E/ L or 20 4"/A£Izi’ljv AP All P. aeruginosa NA mortality rate: NA performed according to site
matched analysis 2 mg/L) Cefepime e 17.2% vs. 27.6% (p = 0.34) of infection.
& 2gql2h

BSI: bloodstream infections; CTZ: ceftazidime; CI: continuous infusion; EI: extended infusion; HAP: hospital-acquired pneumonia; ICU: intensive care unit; IMI: imipenem-—cilastatin;
MER: meropenem; MIC: minimum inhibitory concentration NA: not available; OR: odds ratio; PIT: piperacillin-tazobactam; RCT: randomized controlled trial; VAP: ventilator-associated

pneumonia.



Antibiotics 2022, 11, 33

6 of 34

Two different RCTs investigated the efficacy of piperacillin—tazobactam in the man-
agement of IVACs caused by Pseudomonas aeruginosa [16,17]. Jaccard et al. [16] random-
ized 371 patients affected by nosocomial infections (49.2% HAP, of which 28% caused by
Pseudomonas aeruginosa) to piperacillin-tazobactam or imipenem-—cilastatin. Although no
difference in clinical failure rate (17.0% vs. 29.0%; p = 0.09) and mortality rate (8% vs.
9%; p = 0.78) was found between the two agents in HAP subgroup, a significantly lower
clinical failure rate was found in patients affected by HAP due to Pseudomonas aeruginosa
receiving piperacillin—-tazobactam compared to imipenem-cilastatin (10.0% vs. 50.0%;
p = 0.004). Notably, a significantly higher rate of resistance development was reported
with imipenem-—cilastatin compared to piperacillin-tazobactam in HAP due to Pseudomonas
aeruginosa. Joshi et al. [17] randomized 300 patients (87% HAP, of which 7.7% due to
Pseudomonas aeruginosa), reporting a significantly higher clinical cure rate in 155 patients
receiving piperacillin—tazobactam associated with tobramycin compared to 145 patients
treated with ceftazidime plus tobramyecin (74.2% vs. 57.9%; p = 0.004). Furthermore, a trend
to higher microbiological eradication was found in Pseudomonas aeruginosa subgroup with
piperacillin—tazobactam (67% vs. 30%; p = 0.19). Babich et al. [18] retrospectively evaluated
clinical outcome in 767 patients receiving definitive monotherapy for the treatment of BSI
due to Pseudomonas aeruginosa. No difference in 30-day mortality rate emerged between cef-
tazidime (OR 1.14; 95% CI 0.52-2.46) or piperacillin-tazobactam (OR 1.30; 95% CI 0.67-2.51)
compared to carbapenems (meropenem or imipenem) at propensity score analysis, while
a higher development of new resistance in Pseudomonas aeruginosa isolates occurred in
patients treated with carbapenems compared to ceftazidime or piperacillin-tazobactam
(17.5% vs. 12.4% vs. 8.4%; p = 0.007). However, no subgroup analysis according to IVACs
was performed.

Several observational studies recently investigated the role of ceftazidime and ce-
fepime in the management of Pseudomonas aeruginosa BSIs [18-20]. Rate of IVACs ranged
from 14.7% to 30% and ICU admission was reported in up to 32.2% of cases. Conflicting
findings emerged in retrospective studies performing a subgroup analysis according to
MIC of Pseudomonas aeruginosa for ceftazidime or cefepime [19,20]. Su et al. [19] found that
a MIC for cefepime > 4 mg/L may predict an unfavourable outcome among patients with
serious infections due to Pseudomonas aeruginosa, including 30% of HAP/VAP. Conversely,
Ratliff et al. [20] found no difference in mortality rate between patients exhibiting a MIC for
ceftazidime or cefepime < 2 mg/L compared to those with a MIC > 2 mg/L in Pseudomonas
aeruginosa BSIs (17.2% vs. 27.6%; p = 0.34), although subgroup analysis in subjects affected
by IVACs was not performed.

In regard to recommended dosages, some well-established evidence may support
the use of CI over intermittent infusion in administering traditional antipseudomonal
beta-lactams in critically ill patients [21]. Additionally, we recently showed in a large cohort
of critically ill patients having documented Gram-negative infections treated with CI tradi-
tional beta-lactams that early achievement of an aggressive PK/PD target of Css/MIC > 5
within the first 72 h was significantly associated with both microbiological eradication
and prevention of resistance development [22]. In the same study, Pseudomonas aerugi-
nosa-related infections were independently associated with higher risk of microbiological
failure [22]. Accordingly, we consider that when treating IVACs caused by multi-susceptible
Pseudomonas aeruginosa isolates, the use of CI piperacillin-tazobactam and/or ceftazidime,
and/or cefepime after loading may represent a valuable approach for rapidly achieving and
maintaining an aggressive PK/PD target helpful at achieving microbiological eradication.

2.1.2. Multidrug-Resistant (MDR) Metallo-Beta-Lactamase (MBL)-Negative
Pseudomonas aeruginosa

The emergence of MDR and extensively drug-resistant (XDR) Pseudomonas aeruginosa
is a major clinical concern. The underlying mechanisms of the MDR/XDR phenotype are
heterogeneous and can be mediated by the selection of mutations in the chromosomal
genes or by horizontal acquisition of resistance determinants, including beta-lactamase and
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carbapenemase genes [23]. A major distinction regards MDR/XDR Pseudomonas aeruginosa
isolates producing or not metallo-beta-lactamases. In case of MDR/XDR metallo-beta-
lactamases (MBL)-negative isolates, antibiotics should be chosen according to antimicrobial
susceptibility tests. Among the different beta-lactamases responsible for MDR/XDR phe-
notype, GES enzymes, belonging to class A carbapenemases, could play a remarkable role
in the selection of appropriate targeted anti-pseudomonal agents. GES enzymes represents
a major resistance mechanism of MDR/XDR high-risk clones (e.g., ST-235 highly virulent
clone), exhibiting higher virulence compared to other clones (e.g., ST111 or ST175) and
resulting in more severe acute infections with significant mortality [23]. Furthermore,
production of GES enzymes confers resistance to ceftolozane-tazobactam [23]. In case of
IVACs caused by MDR/XDR MBL-negative GES-negative isolates (Figure 1, Panel A.2),
prolonged infusion of ceftolozane—tazobactam (3 g q8h CI after 3 g LD) is recommended
as first-line therapy. Cefiderocol (2 g LD followed by 2 g q8h in CI) should be reserved
as second-line alternative in case of clinical or microbiological failure (Figure 1, Panels
A.2-A3). A summary of the studies evaluating the efficacy of ceftolozane-tazobactam
or cefiderocol in patients affected by IVACs caused by MDR GES-negative Pseudomonas
aeruginosa is provided in Table 2.

In a phase III RCT, Kollef et al. [24] reported no significant difference in mortality
(25.4% vs. 18.5%; p = NS) and clinical cure rate (57.1% vs. 60%) between ceftolozane—
tazobactam and meropenem in subgroup of critically ill patients affected by HAP or VAP
caused by MDR/XDR Pseudomonas aeruginosa. However, Pseudomonas aeruginosa accounted
only for 17.4% of overall isolates. Several observational studies and case series [25-40]
reported the high efficacy of ceftolozane-tazobactam in critically ill patients (ICU admis-
sion ranging from 23.8% to 100%) affected by HAP/VAP in most cases, although both
relapse and resistance rate were not negligible (respectively up 29% and 14%). Notably,
Pogue et al. [25] retrospectively analysed two hundred MDR Pseudomonas aeruginosa (64%
HAP/VAP) infections, 100 treated with ceftolozane-tazobactam and the other 100 man-
aged with polymyxin- or aminoglycoside-based regimen. A significant higher clinical
cure rate (81% vs. 61%; p = 0.002) and lower AKI occurrence (6% vs. 34%; p < 0.001)
was found in patients treated with ceftolozane—tazobactam. Similarly, Fernandez-Cruz
et al. [28] found a significant lower mortality rate in 19 patients treated with ceftolozane—
tazobactam compared to 38 subjects receiving other anti-pseudomonal agents (5.4% vs.
28.9%; p = 0.045) for infections caused by ST-175 Pseudomonas aeruginosa clones. All patients
were affected by haematological malignancies and rate of nosocomial pneumonia was
26.3%. Interestingly, Gallagher et al. [29] retrospectively analysed 205 patients affected
by severe Pseudomonas aeruginosa infection (51.2% ICU admission; 59% HAP/VAP) and
treated with ceftolozane-tazobactam, reporting that pneumonia was significantly asso-
ciated with lower microbiological cure than observed for other infection sites (OR 0.12;
95% CI 0.05-0.30). Rodriguez-Nunez et al. [30] assessed 90 critically ill patients affected by
lower respiratory tract infections due to MDR/XDR Pseudomonas aeruginosa treated with
ceftolozane-tazobactam, founding that a MIC > 2 mg/L was an independent predictor of
mortality at multivariate analysis.

Two different phase III RCTs [41,42] supported the efficacy of cefiderocol for the treat-
ment of IVACs caused MDR Pseudomonas aeruginosa, reporting no significant difference in
mortality or clinical cure rate compared to meropenem or best available therapy (including
combination of aminoglycoside, carbapenems, colistin, fosfomycin or tigecycline) in case
of carbapenem-resistant isolates. However, the proportion of carbapenemase-producer
isolates in these studies was only 8-15%. Several in vitro studies [43-45] demonstrated the
activity of cefiderocol against MDR (carbapenemase-negative meropenem non-susceptible)
Pseudomonas aeruginosa (MIC range 0.002-8; MIC50 0.12). Notably, high susceptibility (90%)
against GES-positive isolates was reported.
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Table 2. Summary of the studies investigating the treatment of multidrug-resistant (MDR) metallo-beta-lactamase-negative GES-negative Pseudomonas aeruginosa
infection-related ventilator-associated complications (IVACs) with ceftolozane-tazobactam or cefiderocol.

S . Relapse Rate—
Author, Year Study Design No. of Patients Anhbm.hc and Rate of IVACs Isolates Severity Clinical Resistance Comments
and Reference Dosing Outcomes
Development
Ceftolozane-tazobactam
High-dose CTT is an
efficacious and well
ICU admission 92% 28-day mortality rate in P. tolerated treatment for
CIT All nosocomial o . APACHE II score >20 33% aeruginosa subgroup: Gram-negative HAP/VAP
- 17.4% P. aeruginosa .
Kollef et al phase III RCT, 726 3gq8h pneumonia Median SOFA score 6 25.4% vs. 18.5%
2019 [24] v multicentre (362 CTT vs. 364 vS. 71% VAP 38.1% MDR-PA Median CPIS 10 (p =NS) NA No difference in mortality
(ASPECT-NP) MER) MER 1 5' 90/0 XDR-PA Median duration of Clinical cure rate and clinical cure rate for P.
1gq8h 6% secondary BSI e mechanical ventilation: 5 57.1% vs. 60% aeruginosa between CTT
days (p =NS) and MER, including MDR
(54.2% vs. 54.5%) and XDR
isolates (40% vs. 40%)
Chsnllg/al Cugelll)‘/ate: CTT was independently
CTT ( 0_\65'002)0 associated with clinical
200 1.5-3 g q8h ICU admission 69% p=5 cure (OR 2.63; 95% CI
Retrospective (100 LOZ-TAZ vs. vs. Mechanical ventilation Overall AKI rate: Relapse 1.31-5.30) and protective
Pogue et al., observational 100 polymyxin- or COL/polymyxin B 52% VAP o, . 63% o, o o pse against AKI (OR 0.08; 95%
= . - - o, 100% P. aeruginosa 6% vs. 34% 14% vs. 16%
2019 [25] comparative, aminoglycoside- or 12% HAP Severe (p < 0.001) (p = NS) CI0.03-0.22)
multicentre combination gentamycin— sepsis/septic shock 42% p<b p= Preferential use CTT over
sl . % . ) .
therapy) amlkacm' Immunosuppression 14% In-hospital mortality rate: Polymyxu}s or
tobramycin 20% vs. 25% aminoglycosides for
(p°: 0 40) ° MDR-PA infections.
ICU admission 23.8% L linical .
Mechanical ventilation OWer clinica’ success in
CTT 100% P. aerucinosa 18.8%% patients with sepsis or
Retrospective 1.5-3 g q8h o 8 Sentic sh.ocli 11.9% requiring CRRT.
Bassetti et al., observational, (CI/EI118.8%) o, o °p O Clinical cure rate: Relapse 7%
. 101 31.7% HAP/VAP 17.8% MDR-PA Solid organ transplant o - o . . .
2019 [26] multicentre o . 9 0 83.2% Resistance 3% Higher clinical failure
o fiet i 50.5% XDR-PA recipients 10.9% . .
(CEFTABUSE) 38.6% first-line o . (25.0) in pneumonia
2% PDR-PA Haematological
therapy malignancy 12.9% subgroup compared to
Neut%openi}:a 10 90; other types of infection
ICU admission 100%
Mechanical ventilation Microbiological
Retrospective 100% P. aeruginosa 80% eradication: Mortality rate in
Balandin et al., b pt' 1 95 CTT 56.2% HAP/VAP Septic shock 45.3% 42.1% Rel 22,99 .ty b .
2020 [27] Onfjft‘;?elr?trl}: ’ 1.5-3 g q8h 8.4% VAT 48 4% XDR-PA RRT 27.4% elapse 22.7% P“eumorgzo/su group:
36.8% MDR-PA Mean SOFA 6.9 ICU mortality: °
Solid organ transplant 36.5%

recipients 6.2%




Antibiotics 2022, 11, 33

9 of 34

Table 2. Cont.

Relapse Rate—

Author, Year Study Design No. of Patients Antlblo.t icand Rate of IVACs Isolates Severity Clinical Resistance Comments
and Reference Dosing Outcomes D
evelopment
CTT
14-day clinical cure rate: showed lower mortality
CTT o, . ICU admission 26.3% ye o : compared to traditional
100% P. aeruginosa . 89.5% vs. 71.1% .
) 57 3gq8h Ha_ematologmag (p=0.18) thergpy in severe PA
Fernandez-Cruz Retrospective (19 CTT (HAP/VAP or BSI) 26.3% HAP/VAP 52.6% MDR-PA mahgnanc_y 100 {? Relal:‘y)se 1nfect1‘0ns in
etal., 2019 [28] case-control o Neutropenia 63.2% . . 15.8% haematological patients.
vs. 38 other agents) o, 47.4% XDR-PA . o 30-day mortality rate:
84.6% targeted o Sepsis 15.8% o, o
100% ST-175 clone 5.4% vs. 28.9% -
therapy Mean SOFA 5.42 (p = 0.045) No subgroup analysis in
p=0 patients with HAP/VAP
was performed.
Mortality rate was higher
in VAP subgroup (37.9%
CTT vs. 19%)
1.5-3 & a8h ICU admission 51.2% Overall mortality rate: Clinical success was lower
Gallagher et al Retrospective 84 Median APACHE II score 19% in VAP subgroup (50% vs.
g v observational, 205 . 59% HAP/VAP 100% P. aeruginosa 19 NA 73.7%)
2018 [29] . Dose adjustment . ..
multicentre . Solid organ transplant Clinical cure rate:
according to renal . C 17.1% 73.79 P . ated
function recipients 17.1% 7% neumonia was associate
with significant lower
microbiological cure (OR
0.12; 95% CI 0.05-0.30)
76.7% XDR-PA .
. . o Septic shock 34.4% MIC > 2 mg/L was an
Rodriguez- Retrospective CTT 70% HAP/VAP 23.3% MDR-PA RRT 12.2% 30-day independent predictor of
Nunez et al., observational, 90 60% 3 o a8h 30% VAT Solid t lant mortality rate: NA tality at multivariat
2019 [30] multicentre °o8d 0 Median MIC 2 Olc organ franspian 27.8% mortality at mutivaniate
recipients 8.9% analysis
mg/L
CTT
1.5-3 g q8h
Munita et al., Retrospective o o ~ Overall clinical cure rate: 38.9% clinical failure rate
2017 [31] observational % Dose adjustment 51% HAP/VAP 100% CR-PA NA 74% NA in HAP/VAP subgroup
according to renal
function
30-day mortality rate:
. . Mechanical ventilation 10% Relapse 29% o i :
il R 21 (sSTn  STORAPAL  lovivDRPA e
: ~Ed Immunosuppression 43% Clinical failure rate: Resistance 14% group
29%
30-day mortality rate:
.o 21%
. ICU admission 63% . . . . .
Bosaeed et al., Retrospective CTT 16% HAP o g . Microbiological failure in
2020 [33] observational 19 1.5-3 g q8h 16% VAP 100% CR-PA Haﬁ?matologme;l Microbiological NA 50% of HAP/VAP cases
malignancy 26% eradication:

74%
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Table 2. Cont.

Author, Year

Relapse Rate—

Study Design No. of Patients Antlblo.t icand Rate of IVACs Isolates Severity Clinical Resistance Comments
and Reference Dosing Outcomes
Development
Clinical failure was
CTT ICU admission 27.6% Clinical cure rate: documented in 42.9% of
. 86.2% XDR-PA Mechanical ventilation o ’ HAP/VAP
Diaz Prospective 15-35q8h 10.3% MDR-PA 32.8% 63.8%
-Canestro et al., pec 58 60.3% HAP/VAP e O Resistance 13.8% )
2018 [34] observational 91.4% tareeted Immunosuppression 30-day mortality rate: ST-175 clone associated
: : t}':)era & 50% ST-175 clone 12.1% y 27 6% y : with higher risk of clinical
124 Median SOFA 3 o7 failure at multivariate
analysis
100% XDR-PA ICU admission 31.6% 90-day géﬂ,‘,fal cure:
Escola-Verge Retrospective CTT o, Solid organ transplant e o Clinical failure in
etal., 2018 [35] observational 38 1.5-3 g q8h 36.8% HAP/VAP Median CTT MIC: recipients 28.9% 90-d tality rate: Relapse 21.1% HAP/VAP subgroup: 25%
2mg/L Neutropenia 15.8% ay mottaity rate:
13.2%
Higher mortality rate in
respiratory tract infections
0,
Clinical cure rate: (37%).
Xipell et al., Retrospective 23 CTT 17.4% HAP 17790/{:) I\)§[]])DII{{_-II)£ NA 87.5% NA Significant higher
2018 [36] observational 17.4% VAT 4% PDR-PA 6-week tality rate: mortality rate in patients
° S o T with HAP/ VAP treated
e with low-dosage (1.5 g
q8h) vs. high-dose (3 g
q8h) CTT (60% vs. 0%)
Overall mortality rate:
Caston et al CIT 25% Mortality rate in
M Case series 12 100% targeted 50% HAP/VAP 100% MDR-PA Septic shock 83.3% . . . Resistance: 16.6% HAP/VAP subgroup:
2017 [37] Microbiological o
therapy Lo 33.3%
eradication:
83.3%
o . ICU admission 53.3% Clinical failure: . . .
Dinh et al., 2017 c . _cIT 46.7% nosocomial . Mean SOFA score 7.6 33.3% . Clinical failure in
ase series 15 Median daily dose pneumonia (85.7% 100% XDR-PA . . . . Relapse 11.1% nosocomial pneumonia
[38] 6¢/d VAP) Immunosuppression In-hospital mortality rate: ber - 40°%
g/day 66.7% 27% subgroup: &0/
ICU admission 100% - .
Gelfand et al, Case series 3 CcIT 100% VAP 100% MDR-PA Mechanical ventilation I NA
2015 [39] 3gq8h 100% 100%
. Haematopoietic-cell - 33.3% clinical failure rate
Hakki et al., . CIT o . o . Clinical cure rate: o . ) X
2018 [40] Case series 6 3¢ qsh 50% pneumonia 100% MDR-PA transplant recipients 66.7% Relapse 28.6% in patients with

100%

nosocomial pneumonia
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. - Relapse Rate—
Author, Year Study Design No. of Patients Antlblo.t icand Rate of IVACs Isolates Severity Clinical Resistance Comments
and Reference Dosing Outcomes Development
Cefiderocol
Mortality rate in PA
Phase 3, Cefiderocol . o subgroup: A numerically higher
randomized, 2 g q8h (3h-infusion) ICU qdrmssmn 5(? o 35% vs. 17% proportion of patients
. o Septic shock 19% g . .
Bassetti et al. prospective, 150 100% target therapy Mechanical ventilation (p =NS) with CRE infections
2020 [41] v multicentre, (101 cefiderocol vs. 44.6% HAP/VAP 15% P. aeruginosa 50°% NA achieved a clinical cure in
open-label 49 BAT) Dose adjustment Immunocom roomise 4279 Clinical cure at the end of the cefiderocol group than
(CREDIBLE- according to renal P ° treatment (HAP/VAP in the BAT group (66% vs.
; Mean SOFA score 5.1 N
CR) function subgroup): 45%).
60% vs. 63%
Mor'tality rate at 14-day Cefiderocol was
i, £QO) in PA subgroup: e .
Phase 3, X o . ICU admission: 68% o o non-inferior to high-dose,
. Cefiderocol 16.4% P. aeruginosa . g 8% vs. 13% . . .
randomized, . . Mechanical ventilation: extended-infusion MER in
. ] 300 2 g q8h (3 h infusion) 123 VAP o (p =NS)
Wunderink prospective, ) o 60% terms of all-cause
) : (148 cefiderocol vs. Vvs. 119 HAP 8% NA . .
et al., 2020 [42] multicentre, Mean SOFA score 4.8 .. . mortality on day 14 in
152 meropenem) MER 50 HCAP carbapenemase- Clinical cure rate in PA : .
open-label 2 ¢ q8h (3 h infusion) roducers APACHE II score > 16: subetouD: patients with
(APEKS-NP) &4 p 49% upgroup: Gram-negative
67%vs. 71% nosocomial pneumonia
(p=NS) P
Delgado-
Valverde et al., In vitro study 6 5 ST-175; 1 IMP+. Cefiderocol MIC range: 0.125-0.5 (100% susceptibility)
2020 [43]
Mushtaq et al., . 30 VIM+; 25 IMP+; 20 GES+; 15 PER+; 11 NDM+; 10 VEB+. Overall resistance rate (MIC > 2): 18.9%. Susceptibility: VIM 93.3%; GES 90.0%; VEB 90.0%; IMP 80.0%; PER 66.7%; NDM
n In vitro study 111 o
2020 [44] 45.5%.
Kazmierczak In vi d 353 321 carbapenemase-negative meropenem non-susceptible (MIC range 0.002-8; MICsq 0.12; MIC90 1); 26 VIM+ (MIC range 0.008-2; MICs 0.25; MIC90 2); 4 IMP+ (MIC range 1-2); 4
etal., 2019 [45] vitro study

GES+ (MIC range 0.12-0.25)

AKI: acute kidney injury; BAT: best available therapy; BSI: bloodstream infections; CI: continuous infusion; COL: colistin; CR: carbapenem-resistant; CRE: carbapenem-resistant
Enterobacteriaceae; CRRT: continuous renal replacement therapy; CTT: ceftolozane-tazobactam; EI: extended infusion; HAP: hospital-acquired pneumonia; HCAP: healthcare-associated
pneumonia; ICU: intensive care unit; MER: meropenem; MIC: minimum inhibitory concentration; MDR: multidrug-resistant; NA: not available; NS: not significant; OR: odds ratio;
PA: Pseudomonas aeruginosa; PDR: pan drug-resistant; RRT: renal replacement therapy; SOFA: sequential organ failure assessment; VAP: ventilator-associated pneumonia; VAT:

ventilator-associated tracheitis; XDR: extensively drug-resistant.
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In regard to recommended dosages, the use of CI for ceftolozane—tazobactam is
supported by the findings of a prospective study showing that among 72 patients affected
by MDR Pseudomonas aeruginosa infections (mainly VAP), CI was associated with a higher
probability of target attainment of the aggressive PK/PD target of 100% fT >4 x MIC [46].
Additionally, a case-control study evaluating 28 patients affected by MDR Pseudomonas
aeruginosa infections (67.9% pneumonia) showed that prolonging infusion up to 3 h allowed
significantly lower resistance development compared to intermittent infusion (0.0% vs.
58.3%; p = 0.04) [47]. Consequently, we suggest CI of ceftolozane-tazobactam after loading
for rapidly achieving and then maintaining aggressive PK/PD targets in IVACs caused by
MDR MBL-negative GES-negative Pseudomonas aeruginosa isolates.

Continuous infusion of ceftazidime-avibactam (7.5 g/day after 2.5 LD) or cefiderocol
(2 g LD followed by 2 g q8h in CI) in monotherapy or in association with fosfomycin (6-8 g
LD followed by 16 g/day CI) represents the first-line therapy for the management of IVACs
caused by MDR GES-positive Pseudomonas aeruginosa (Figure 1, Panel A.3). A summary
of the evidence assessing the efficacy of ceftazidime-avibactam alone or with fosfomycin
in patients affected by IVACs caused by MDR GES-positive Pseudomonas aeruginosa is
provided in Table 3.

In a phase III RCT [48], Torres et al. reported no significant difference in clinical
cure rate (64.3% vs. 77.1%; p = NS) between ceftazidime-avibactam and meropenem in
subgroup of critically ill patients affected by HAP or VAP caused by MDR Pseudomonas
aeruginosa. However, Pseudomonas aeruginosa accounted only for 30% of overall isolates,
and no further analysis was provided to identify resistance mechanisms of Pseudomonas
aeruginosa isolates (including carbapenemases/GES-production). Several observational
studies and case series/reports [49-53] demonstrated the efficacy of ceftazidime-avibactam
in critically ill patients (ICU admission ranging from 41.5% to 100%) affected by HAP/VAP
in most cases. Particularly, Vena et al. [50] reported a clinical success of 87.8% in Pseudomonas
aeruginosa infections (48.8% HAP/VAP) in 41 patients treated with ceftazidime-avibactam
(prolonged infusion in 36.6% of cases). Notably, an in vitro analysis of a retrospective
study including 24 patients affected by XDR Pseudomonas aeruginosa infections (33.3%
nosocomial pneumonia) found an overall susceptibility to ceftazidime—avibactam of 100%
in GES-5-positive strains belonging to ST235 clone, showing a MICqg of 6 mg/L [54].

Only preclinical evidence supported the association therapy between ceftazidime-
avibactam and fosfomycin against MDR Pseudomonas aeruginosa [55-57]. Synergism be-
tween the two agents was retrieved in 25-61.9% of isolates and was also confirmed in a
murine model of infection [55].

Cefiderocol could represent a valuable alternative to ceftazidime—-avibactam in the
treatment of IVACs caused by MBL-negative MDR GES-positive Pseudomonas aeruginosa,
but caution is required due to the limited clinical experience in this setting and the quite
low number of GES-positive strains that have been tested in vitro for susceptibility to this
antibiotic. Anyway, considering that in most clinical studies MBL-negative MDR GES-
positive Pseudomonas aeruginosa isolates were rarely characterized, caution is recommended
in choosing any agent, including ceftazidime-avibactam.

In regard to recommended dosages, evidence supporting the use of CI for ceftazidime—
avibactam is stemmed from a large observational study among 577 patients with KPC-
producing Klebsiella pneumoniae treated with ceftazidime-avibactam, in which prolonged
and/or CI was independently associated with higher survival rate compared to intermit-
tent infusion [58]. In regard to cefiderocol, we recently showed in a descriptive case series
of PK/PD target attainment and microbiological outcome in critically ill patients with
documented severe XDR Acinetobacter baumannii BSI and/or VAP treated with cefidero-
col that the standard 3 h infusion was ineffective in achieving the aggressive PK/PD of
100%fT > 4 x MIC in more than 50% of included patients. This resulted in a remarkable
high rate of microbiological failure, especially among VAP cases [59].
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Table 3. Summary of the studies investigating the treatment of multidrug-resistant (MDR) metallo-beta-lactamase-negative GES-positive Pseudomonas aeruginosa
infection-related ventilator-associated complications (IVACs) with ceftazidime—avibactam monotherapy or in combination with fosfomycin.

Author, Year

Antibiotic and Clinical Relapse
Study Design No. of Patients . Rate of IVACs Isolates Severity Rate—Resistance Comments
and Reference Dosing Outcomes
Development
Ceftazidime-avibactam
Overall clinical cure:
CTV 30% P. aeruginosa 68'? /O—VIiI.S7)3 to tenti 1C11t"Vr native
Phase III RCT, 808 25gqsh ) ) g P= potential alternative to
Torres et al., . 67% HAP Mechanical ventilation carbapenems in the
2018 [48] multicentre (405 CTV vs. 33% VAP CTV 43% Clinical cure in PA NA management of
(REPROVE) vs. 403 MER) MER ° MICoy: ? b ) .gl )
1 ¢ a8h 8mg/L subgroup: nosocomial pneumonia,
&4 64.3% vs. 77.1% also caused by PA
(p=N9)
100% P. aeruginosa CTV
CTV could be an effective
CTV . o Clinical failure: therapy for MDR-PA as
Retrospective 25gq8h MICs: ICU admission 55.6% 30.2% o well as CRE infections.
Jorgensen et al., . o, Median SOFA score 5 Relapse 6.3%
) observational, 63 . 60.3% HAP/VAP 2mg/L . N o
2019 [49] g Dose adjustment Immunocompromised . Resistance 0% . . .
multicentre according to renal 6.39% 30-day mortality rate: No difference in mortality
fun. cgtion CTV = 17.5% rate between PA and CRE
MICgp: treated with CTV
6mg/L (17.5% vs. 16.2%; p = NS)
CTV ICU admission 41.5%
2.5gq8h Mechanical ventilation Clinical .
Retrospective (36.6% CI/EI) 48.8% nosocomial Septic shock 17.1% 90%% ’ CTV
Vena et al., 2020 pe 80.5% targeted pneumonia o . CRRT 12.2% ° as value option for
observational, 41 o o 80.5% P. aeruginosa . NA . .
[50] multicentre therapy (65% VAP—35% Solid organ transplant Clinical cure rate in PA XDR-PA infection,
HAP) recipients 19.5% beroun: including HAP/VAP
Dose adjustment Haematological Su87g8(;/up.
according to renal malignancies 9.8% =
function Neutropenia 12.2%
Clinical cure rate:
50%
) fTVSh (40% in HAP/VAP
Rodriguez- &4 subgroup)
Nunez, 2018 Case series 8 . 62.5% HAP/VAP MDR/XDR PA NA Relapse 20%
[51] Dose adjustment

according to renal
function

30-day mortality rate:
37.5%
(60% in HAP/VAP
subgroup)
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Table 3. Cont.
. - Relapse
Author, Year Study Design No. of Patients Antlblo.t ic and Rate of IVACs Isolates Severity Clinical Rate—Resistance Comments
and Reference Dosing Outcomes
Development
CTvV
2.5q8h -
; ICU admission 100% .
Santevecchi . o 2 MDR-PA X S Clinical cure rate:
etal,, 2018 [52] Case series 3 Dose adjustment 100% VAP 1 XDR-PA Mechami:(a)loxoz/enhlahon 66.7% None
according to renal ’
function
Xipell et al., CTV .. o
2017 [53] Case report 1 25 g qsh HAP XDR-PA NA Clinical cure 100% None
All XDR-PA
45.8% -
. . -, Overall susceptibility rate to CTV
. In vitro analysis GES-5-positive in GES-5-positive strains:100%; MICog 6 mg/L
Recio et al., 2018 of a o4 CcTV 33.3% HAP/VAP ST235 clone
[54] retrospective = 41.1% VIM-2 CTV
study 511;117 5 ig?f demonstrated in vitro high activity against GES-positive strains
carbapenemase
producers
Ceftazidime-Avibactam + Fosfomycin
Preclinical The association between CTV and FOS significantly reduced the P. aeruginosa (CFUs), by approximately 2 and 5 logs, compared with stasis and in the vehicle-treated control, respectively. Administration of
Papp study— ceftazidime-avibactam and fosfomycin separately significantly increased CFUs, by approximately 3 logs and 1 log, respectively, compared with the number at stasis, and only reduced CFUs by
-Wallace et al., murine i/no del approximately 1log and 2 logs, respectively, compared with the number in the vehicle-treated control.
2019 [55] I;nf tion The combination of CTV + FOS was superior to either drug alone and has the potential to offer infected patients with high bacterial burdens a valid therapeutic choice against infection with MDR-PA that
ectio lack metallo-beta-lactamases.
Avery et al, i d CR-PA: CTV baseli ibili %. Synergism with FOS in 25% of isol CI<
2019 [56] In vitro study 53 R-PA: CTV baseline susceptibility 89.5%. Synergism with FOS in 25% of isolates (FICI < 0.5)
Mo (e Invitrostudy 21 MDR-PA. CTV MIC reduction in 13/21 (61.9%) of isolates in combination with FOS. Combination between CTV and FOS was indifferent at time-kill analysis.

CFU: colony format unit; CI: continuous infusion; CR: carbapenem-resistant; CRE: carbapenem-resistant Enterobacteriaceae; CRRT: continuous renal replacement therapy; CTV:
ceftazidime—avibactam; EI: extended infusion; FICI: fractional inhibitory concentration index; FOS: fosfomycin; HAP: hospital-acquired pneumonia; ICU: intensive care unit; MER:
meropenem; MIC: minimum inhibitory concentration; MDR: multidrug-resistant; NA: not available; NS: not significant; PA: Pseudomonas aeruginosa; RCT; randomized controlled trial;
SOFA: sequential organ failure assessment; VAP: ventilator-associated pneumonia; XDR: extensively drug-resistant.
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Consequently, we recommend CI of ceftazidime—-avibactam and/or of cefiderocol
after loading for rapidly achieving and then maintaining aggressive PK/PD targets in
IVACs caused by MDR Pseudomonas aeruginosa, also taking into account the limited ELF
penetration rate of these agents [60-62].

2.1.3. Multidrug-Resistant (MDR) Metallo-Beta-Lactamase (MBL)-Positive
Pseudomonas aeruginosa

Prolonged infusion of cefiderocol (2 g LD followed by 2 g q8h in EI or CI) in combi-
nation therapy with inhaled colistin (2 MU g8h) is recommended as first-line therapy for
the management of IVACs caused by MDR metallo-beta-lactamase-producers (VIM, IMP,
or NDM) Pseudomonas aeruginosa. Combination therapy including high-dose prolonged
infusion meropenem (1-1.5 g g6h after 2 g LD), fosfomycin (6-8 g LD followed by 16 g/day
CI), and inhaled colistin (2 MU g8h) should be reserved as second-line alternative (Figure 1,
panel A.4). A summary of the evidence assessing the efficacy of these antibiotic regimens
in patients affected by IVACs caused by MDR metallo-beta-lactamase-positive Pseudomonas
aeruginosa is provided in Table 4.

Currently, no case of IVACs caused by metallo-beta-lactamase-positive Pseudomonas
aeruginosa treated with cefiderocol exists. Real-world evidence is limited to two different
case reports showing the efficacy of cefiderocol in osteomyelitis caused by NDM- or
VIM-positive Pseudomonas aeruginosa [66,67]. In vitro studies [44,45,63] demonstrated the
activity of cefiderocol against MBL-producing Pseudomonas aeruginosa, showing an overall
susceptibility respectively of 93.3%, 80%, and 45.5% for VIM-, IMP-, or NDM-positive
strains [44]. For VIM-positive isolates, MIC ranged from 0.008-0.03 to 1-2 mg/L with a
MICs5 of 0.25 [45,63].

Although no clinical evidence for the use of meropenem in combination with fos-
fomycin for the management of IVACs caused by MBL-producing Pseudomonas aeruginosa
currently exists, Albiero et al. [64] reported in vitro the synergic effect of the combination
regimen in ten MBL-positive Pseudomonas aeruginosa. Synergism was found in 100% of
isolates, resulting in a median decrease of MIC50 and MIC90 by eight-fold. PK/PD simu-
lation showed that high-dose fosfomycin (6-8 g q8h) or meropenem (1.5 g g6h in 3 h EI)
achieved the probability of target attainment of > 90% respectively at an MIC of 32 mg/L
and 16 mg/L. Additionally, combination therapy resulted in a significantly increase in
the cumulative fraction rate against MBL-positive Pseudomonas aeruginosa compared to
monotherapy with meropenem (32% vs. 68%) or fosfomycin (0% vs. 74%) [64].

A systematic review including patients affected by HAP or VAP due to MDR Pseu-
domonas aeruginosa reported respectively a clinical success and microbiological eradication
in 70.4% and 71.3% of cases with inhaled colistin monotherapy [65]. No evidence for
inhaled colistin in association with cefiderocol or meropenem/fosfomycin combination
therapy currently exists.
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Table 4. Summary of the studies investigating the treatment of multidrug-resistant (MDR) metallo-beta-lactamase-positive Pseudomonas aeruginosa infection-related
ventilator-associated complications (IVACs) with cefiderocol in association with inhaled colistin or combination therapy between meropenem, fosfomycin and

inhaled colistin.

Antibiotic and Rate of Clinical Relapse Rate—

Author, Year and Reference Study Design No. of Patients . Isolates Severity Resistance Comments
Dosing IVACs Outcomes
Development
Cefiderocol
Mushtaq et al., 2020 [44] In vitro study 66 30 VIM+; 25 IMP+; 11 NDM+. Susceptibility: VIM 93.3%; IMP 80.0%; NDM 45.5%.
Kazmierczak et al., 2019 [45] In vitro study 30 26 VIM+ (MIC range 0.008-2; MICsq 0.25; MICy 2); 4 IMP+ (MIC range 1-2).
Jacobs et al., 2019 [63] In vitro study 27 VIM+ (number of isolates not reported); MIC range 0.03-1; MICsg 0.25; MICyg 0.5

Meropenem + Fosfomycin + inhaled colistin

10 MBL+. Synergism was found in 100% of isolates with a FICI < 0.5. Median reduction in MIC50 and MIC90
by 8-fold.

PK/PD simulation showed that 6-8 g q8h FOS achieved the probability of target attainment of >90% at an MIC of
32 mg/L. 1.5 g g6h MER in 3 h EI achieved the probability of target attainment of >90% at an MIC of 16 mg/L.
Combination therapy significantly increase the cumulative fraction rate against MBL-PA compared to monotherapy
with MER (32% vs. 68%) or FOS (0% vs. 74%).

Albiero et al., 2019 [64] In vitro study 19

Inhaled colistin

Systematic 12 studies including 373
Vardakas et al., 2018 [65] review and patients
meta-analysis (8 VAP-2 HAP-2 VAT)
AB: Acinetobacter baumannii; EI: extended infusion; FICI: fractional inhibitory concentration index; FOS: fosfomycin; HAP: hospital-acquired pneumonia; MBL: metallo-beta-lactamase;
MER: meropenem; MIC: minimum inhibitory concentration; MDR: multidrug-resistant; PA: Pseudomonas aeruginosa; PK/PD: pharmacokinetic/pharmacodynamic; VAP: ventilator-
associated pneumonia; VAT: ventilator-associated tracheitis.

MDR-PA and MDR-AB mainly investigated. Pooled all-cause mortality: 33.8%; clinical success 70.4%; eradication
of Gram-negative pathogens 71.3% of cases.
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In regard to recommended dosages, evidence supporting the use of high-doses CI
meropenem after 2 g loading stemmed from a recent study that assessed the impact of max-
imizing Css/MIC ratio on efficacy of CI meropenem against documented Gram-negative
infections in critically ill patients [68]. In that study, it was shown that a Css/MIC ra-
tio >4.63 was significantly associated with favourable clinical outcome among 74 ICU
patients [68]. Monte Carlo simulation showed that higher meropenem dosages by CI
should be recommended for dealing tackling appropriately Pseudomonas aeruginosa and
Acinetobacter baumannii infections in critically ill patients with preserved renal function [68].
Likewise, a similar aggressive PK/PD target of Css/MIC > 5 within the first 72 h was
significantly associated with both microbiological eradication and prevention of resistance
development in a large cohort of critically ill patients having documented Gram-negative
infections treated with CI traditional beta-lactams [22]. In regard to cefiderocol, we recently
showed in a descriptive case series of PK/PD target attainment and microbiological out-
come in critically ill patients with documented severe XDR Acinetobacter baumannii BSI
and/or VAP that treatment with cefiderocol at the standard 3 #h infusion was ineffective
in achieving the aggressive PK/PD of 100%fT > 4 x MIC in more than 50% of included
patients. This resulted in a remarkable high rate of microbiological failure, especially among
VAP cases [59]. Consequently, we suggest CI of cefiderocol or of high dose meropenem
after loading for promptly achieving and then maintaining an aggressive PK/PD target in
critically ill patients affected by IVACs due to MDR Pseudomonas aeruginosa.

2.2. Targeted Treatment of IVACs Caused by Acinetobacter baumannii in Critically Il Adult Patients

Therapeutic algorithm for targeted treatment of IVACs caused by Acinetobacter bau-
mannii in adult ICU patients is shown in Figure 2.

B.1 Carbapenem B2 Carbapenem
susceptible resistant
/\ Cefiderocol Fosfomycin

Meropenem Imipenenicilastatin
Ampicillifsulbactam

+

Inhaledcolistin

Figure 2. Algorithms for targeted treatment of IVAC caused by full-susceptible and multidrug-
resistant Acinetobacter baumannii. CI: continuous infusion; EI: extended infusion; LD: loading dose;
MD: maintenance dose; MDR: multidrug resistance.

2.2.1. Carbapenem-Susceptible Acinetobacter baumannii

Continuous infusion of high-dose meropenem (1-1.5 g q6h after 2 g LD) or imipenem
(500 mg g4-6h after 1 g LD) are recommended as targeted therapy for the management
of IVACs caused by carbapenem-susceptible Acinetobacter baumannii (Figure 2, panel B.1).
Several clinical and in vitro evidence [69-75] demonstrated the efficacy of carbapenems
(particularly meropenem and imipenem) for the treatment of carbapenem-susceptible
Acinetobacter baumannii infections (Table 5).
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Table 5. Summary of the studies investigating the treatment of carbapenem-susceptible Acinetobacter baumannii infection-related ventilator-associated complications

(IVACs) with carbapenems.

[ .. Relapse
Author, Year Study Design No. of Patients Anhbm.hc and Rate of IVACs Isolates Severity Clinical Rate—Resistance Comments
and Reference Dosing Outcomes
Development
Carbapenems (Meropenem-Imipenem)
Clinical cure rate:
57% vs. 57%
Colistin (p =NS)
35 25_5&?11‘;8«3/ l(jl%éfsay " carbaialenem ICU admission 100% Mortality rate: N(;s:if T;F:t;el;;‘iglecr? <
Garnacho Prospective (21 colistin vs -resistant AB Septic shock 57.1% 61.9% vs. 64 2% carbapenem and
-Montero etal, observational Vs, Imi er'\em 100% VAP 14 APACHE II score: . p= II\IS). NA intravenous colistin in
2003 [69] 14 imi e;nem) 2-3 p/cla in carbapenem- 205+7 = the management of VAP
P s/aay P SOFA score: 11.7 + 6.6 . &
three/four susceptible AB VAP-related mortality caused by MDR-AB
doses rate:
38.0% vs. 35.7%
(p=NS)
61.7%
carbapenem- Clinical cure rate: Relapse: No difference in efficac
Colistin susceptible AB 75% vs. 71.7% ;215/ ’ nd ¢ fe tv bot Cn y
Kallel et al Retrospective 120 2MU g8h 38.3% ICU admission 100% (p=0.68) 27 O hanenom oy
2007 [70] v matched (60 colistin vs. vSs. 100% VAP carbapenem- SAPS-I1 33.2 + 10.8 Resistance intraven}c))us colistin in
case-control 60 imipenem) Imipenem susceptible P. Septic shock 23.3% Mortality rate: devel . h £ VAP
500 mg q6h aeruginosa 41.7% vs. 35% evelopment: the management o
(in patients (p = 0.45) 0.0% caused by MDR-AB
receiving imipenem)
MER Relapse rate: EI treatment with MER is
. . o ) .
Retrospective, 1gqsh 1‘2 infusion 100% MDR ICU admission 100% Clinical cure rate at day 7: 3.3% aé?i;gﬁ;i:;;}ggﬁffh
i . 9 = i i i O0 . B Q0 .
Wang, 2009 [71] observatl(zn'al 30 MER 100% HAP Cabal:;fegllerr‘& 5 Mechamie(l)lo};entllatlon 100.0(/ ifsN é())() 0% Resistance HAP due to MDR-AB,
monocentric 500 mg q6h susceptible ? P= development: being equally clinically
3 hinfusion 0.0% effective to II
etI{a(lo n;ggg?;z] In vitro study 320 40.6% resistance to meropenem (MICsy 4 mg/L; MICqy 8 mg/L); 67.8% resistance to imipenem (MICsy 8 mg/L MICgy 64 mg/L)
etﬁez;g(t)egs{%] In vitro study 107 88.8% MDR-AB. 59% resistance to meropenem (MICgy 64 mg/L); 50% resistance to imipenem (MICqy 32 mg/L)
Gl;g%( [E;tﬁl" In vitro study 54 22.2% resistance to doripenem; 22.2% resistance to imipenem; 42.6% resistance to meropenem
Jones et al., 2005 In vitro stud 33 100% wild-type Acinetobacter spp isolates. 75.8% susceptibility to meropenem (MICy > 8 mg/L); 75.8% susceptibility to imipenem (MICqy > 8 mg/L); 75.8% susceptibility to
[75] Y doripenem (MICg 16 mg/L)

AB: Acinetobacter baumannii; EI: extended infusion; HAP: hospital-acquired pneumonia; ICU: intensive care unit; II: intermittent infusion; MER: meropenem; MDR: multi-drug resistant;

MIC: minimum inhibitory concentration; NA: not available; NS: not significant; RCT: randomized controlled trial; VAP: ventilator-associated pneumonia.
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Two different observational studies [69,70] compared imipenem with intravenous col-
istin for the management of critically ill patients affected by VAP due to MDR Acinetobacter
baumannii, reporting no significant difference in clinical cure rate, mortality rate, resistance
development, and adverse events between the two agents. Wang [71] retrospectively evalu-
ated 30 critically ill patients affected by HAP/VAP due to MDR carbapenem-susceptible
Acinetobacter baumannii, reporting a clinical cure rate of 100.0%. Furthermore, the adminis-
tration of meropenem in EI was a cost-effective approach in this setting, although showing
an equal clinical efficacy compared to intermittent infusion. Several in vitro studies [72-75]
reported a variable susceptibility to carbapenems of Acinetobacter baumannii strains in differ-
ent ecological settings, ranging from 41% to 75.8% and from 32.2% to 77.8% for meropenem
and imipenem, respectively.

In regard to recommended dosages, evidence supporting the use of high-doses CI
meropenem after 2 g LD stemmed from a PK/PD analysis carried out among 74 ICU
patients affected by documented Gram-negative infections (of which pneumonia accounted
for half of cases), in which a Css/MIC ratio >4.63 was significantly associated with
favourable clinical outcome [68]. Monte Carlo simulation showed that, according to cu-
mulative fraction of response, higher meropenem dosages by CI should be recommended
for the management of Acinetobacter baumannii related infections among patients with
preserved renal function [68]. Likewise, a similar aggressive PK/PD target of Css/MIC > 5
within the first 72 h was significantly associated with both microbiological eradication
and prevention of resistance development in a large cohort of critically ill patients having
documented Gram-negative infections treated with CI traditional beta-lactams [22].

2.2.2. Carbapenem-Resistant Acinetobacter baumannii

Prolonged infusion of cefiderocol (2 g q8h EI or CI after 2 g LD) represents the first-line
therapy in the management of IVACs caused by MDR Acinetobacter baumannii. Combination
therapy including fosfomycin (6-8 g LD followed by 16-24 g/day CI), high-dose ampicillin-
sulbactam (6 g/3g q8h CI after 6-8 g/3—4 g LD), and inhaled colistin (2 MU q8h) could be
considered as second-line therapeutic alternative (Figure 2, panel B.2). A summary of the
evidence assessing the efficacy of these antibiotic regimens in patients affected by IVACs
caused by MDR Acinetobacter baumannii is provided in Table 6.
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Table 6. Summary of the studies investigating the treatment of carbapenem-resistant Acinetobacter baumannii infection-related ventilator-associated complications

(IVACs) with cefiderocol or combination therapy between fosfomycin and ampicillin/sulbactam.

Author, Relapse
Year and Study Design  No. of Patients Antlblo.t icand Rate of Isolates Severity Clinical R:ate— Comments
Dosing IVACs Outcomes Resistance
Reference
Development
Cefiderocol
Cefiderocol Mortality rate in AB
Phase 3, Z.g qSh ICU admission 56% St,‘bgmuP; A significant higher
. (3h-infusion) . o 49% vs. 18% . g
randomized, o Septic shock 19% mortality rate in
. . 100% target . (p =0.04) .
Bassetti prospective, 150 o o Mechanical patients affected by
. . therapy 44.6% 65% A. O o . -
et al., 2020 multicentre, (101 cefiderocol .. ventilation 50% . NA AB infections was
HAP/VAP baumannii . Clinical cure at the .
[41] open-label vs. 49 BAT) Immunocompromised found with
Dose end of treatment .
(CREDIBLE- adiustment 27% (HAP/VAP cefiderocol
CR) Jusy Mean SOFA score 5.1 compared to BAT
according to subgroup)
renal function :60% vs. 63%
Microbiological
. failure occurred in
30—dayr;10.rtahty 80% of patients with
100% ICU 30 8e0} suboptimal
Gatti et al., . Cefiderocol o o ) admission e fChin/MIC
2021 [59] Case series 13 1.5-2 g q8h 84.6% 100% XDR-AB 16004, mechanical L NA compared to 29% of
- Microbiological o
ventilation . those achieving
failure: .
549, optimal or
quasi-optimal
fChin/MIC ratio.
Cefiderocol 30-day mortality Cgmbmatlon tberapy
2 g q8h o . with fosfomycin was
. . 76.9% rate:
(8h-infusion) Carbapenem- 23.1% successfully
Bavaroetal, .. ceries 13 7.7% resistant-AB  38.5% ICU admission NA implemented in 9
2021 [76] Dose o . . . cases, including VAP
. 15.4% XDR-PA Microbiological
adjustment 7 79% KPC eradication: due to carbapenem-
according to e 100.0% ) resistant
i AB

renal function
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Author Relapse
Year and Study Design  No. of Patients Ant]l;;g;;and l;\a;\ecosf Isolates Severity OCultI?()lrc:(les ReI:iasttea:ce Comments
Reference Development
Chn.lcal failure rate Cefiderocol suggests
in AB VAP: that it may be useful
Falcone Cefiderocol 2 XDR ICU admission 100% 50% No relapsein  to treat un};es onsive
etal., 2020 Case series 10 152 & a6-8h 2 VAP Acinetobacter Mean SOFA score 10 AB ViP ICU-ac uIiDre d
[77] ML baumannii CRRT 50% 30-day mortality . -acq
rate in AB VAD: infections due to
ae : MDR AB
50%
Trecarichi Cezfldergo}fol XDR— IC;/[J aim1§51(l)n
etal., 2019 Case report 1 & 9°7 VAP/BSI Acinetobacter cchanica Clinical cure NA
78] (3h-infusion) baumannii ventilation
target therapy Septic shock
173 MER-non
Hackel et al., . susceptible (US) MIC range 0.002-8; MICs( 0.25; MICqyg 1
2017 [79] In vitro study
595 MER-non MIC range 0.004-64; MICs( 0.12; MICqg 1
susceptible (EU)
Mushtaq . 41 OXA-23; 20 NDM; 19 OXA-51; 10 OXA-58; 9 OXA-24/40. Susceptibility: 94.7% OXA-51; 90% OXA-58; 88.9% OXA-24/40; 85.4% OXA-23;
etal., 2020 In vitro study 99 50% NDM
[44] ?
Kazmierczak . 543 OXA-23; 124 OXA-24; 86 carbapenemase-negative/ MER non-susceptible; 14 OXA-58; 7 GES; 2 NDM. MIC range 0.002-64; MICs 0.12;
et al., 2019 In vitro study 768 MICor 1
Jacobs etal, In vitro study 101 Carbapenem non-susceptible isolates: MIC range 0.03—>64; MICs 0.25; MICgq 1 (96.0% susceptibility)

2019 [63]
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Author, e L. . .
Year and Study Design  No. of Patients Antlblojac and Rate of Isolates Severity Clinical R.ate— Comments
Reference Dosing IVACs Outcomes Resistance
Development
Fosfomycin + Ampicillin/Sulbactam
Clinical cure rate:
AMS ICU admission 100% 64'3( /O_VB' 7699)2 e The use of high-dose
Betrosian 6g/3gqsh MDR Mechanical p=5 AMS regimens is
et al., 2007 RCT 27 vs. 100% VAP Acinetobacter ventilation 100% 30-da NA effective for the
[80] AMS baumannii Mean APACHE II mortali ty};a te: treatment of VAP
8g/4gqsh score 15 42.9% vs. 53.8% caused by MDR-AB.
(p =NS)
C161;115c;l serSt?/te: COL and high-dose
AMS ICU admission 100% K ° NS) ° AMS were
Betrosian Prospective 28 6g/3gq8h MDR Mechanical p= comparably safe and
et al., 2008 obsers ational (15 COL vs. 13 VS. 100% VAP Acinetobacter ventilation 100% 28-da NA effective treatments
[81] AMS) COL baumannii Mean APACHE II mortalit };a te: for critically ill
3 MU q8h score 14 o y o patients with MDR
30% vs. 33% A. baumannii VAP,
(v =NS) ' '
The only case
reporting the clinical
AMS MDR efficacy of
3¢/15¢ qih Acinetobacter combination therapy
Mellon et al., 8/ 84 L baumannii - . between fosfomycin
Case report 1 + Meningitis ICU admission Clinical cure NA .
2012 [82] FOS and high-dose
4o a6h MIC AMS sulbactam for the
84 32mg/L management of

deep-seated AB
infection.
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Relapse
Author, e L. . .
Year and Study Design  No. of Patients Antlblojac and Rate of Isolates Severity Clinical R.ate— Comments
Dosing IVACs Outcomes Resistance
Reference
Development
Mohd Sazlly . A . o . S . .
. . Fosfomycin in combination with sulbactam showed synergism in 74% of AB isolates, resulting in a median MICsy and MICgj reduction
Lim et al., In vitro study 50 respectively of 4-8-fold
2021 [83] p y .
Inhaled colistin
12 studies
e\tlzlidzlz;sS rse}:fsiteewj\/n 2:51 mC;L:tiileI;%cs?’ " MDR-PA and MDR-AB mainly investigated.
[65] meta-analysis (8 VAP—2 Pooled all-cause mortality: 33.8%; clinical success 70.4%; eradication of Gram-negative pathogens 71.3% of cases.
HAP—2 VAT)
The use of inhaled
COL was the only
independent factor
78 Microbiological associated with the
39 eradication at eradication of
inhaled colistin 419 ICU admission 71.8% 14-day: Relapse rate: MDR-AB within
+ other HAP /\0/ AP Mechanical 84.6% vs. 10.3% 211) 9, ’ 14 days after the
Kuo etal., Retrospective,  antibiotics with Inhaled COL 599, 100% ventilation 38.5% (p <0.001) C OL' MOI C index day (OR
2012 [84] case-control activity against res ira(;or MDR-AB RRT 7.7% increase: 266.33; 95% CI
AB vs. 39 other cololilizatio}; APACHE II score 28-day mortality 28.6°% ’ 11.26-6302.18,
antibiotics with 20.0 +6.2 rate: e p <0.001), and
activity against 12.8% vs. 10.3% shortened the
AB) (p=0.72) duration of MDR-AB

recovery from the
respiratory tract by
13.3 £ 1.45 days.

AB: Acinetobacter baumannii; AMS: ampicillin-sulbactam; BAT: best available therapy; BSI: bloodstream infections; COL: colistin; CRRT: continuous renal replacement therapy; FOS:
fosfomycin; HAP: hospital-acquired pneumonia; ICU: intensive care unit; MIC: minimum inhibitory concentration; MDR: multidrug-resistant; NA: not available; NS: not significant; RCT:

randomized controlled trial; RRT: renal replacement therapy; SOFA: sequential organ failure assessment; VAP: ventilator-associated pneumonia; VAT: ventilator-associated tracheitis;
XDR: extensively drug-resistant.
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Although in vitro studies [44,45,63,79] reported high susceptibility rate of carbapenem
non-susceptible Acinetobacter baumannii isolates against cefiderocol (MICsj ranging from
0.12 mg/L to 0.25 mg/L, and susceptibility above the 85% in all different OXA-producing
strains), clinical evidence are currently limited. In the CREDIBLE-CR RCT [41], a significant
higher mortality rate in IVACs caused by Acinetobacter baumannii (accounting for 65% of
HAP/VAP) was reported in patients treated with cefiderocol compared to best available
therapy (49% vs. 18%; p = 0.04). In a case series including 13 patients, Gatti et al. [59] found
a microbiological failure rate of 54% in critically ill patients affected by XDR Acinetobacter
baumannii infections (84.6% VAP). Notably, microbiological failure occurred in 80% of
patients with suboptimal fCpnin, /MIC < 1 compared to 29% of those achieving optimal
(fCmin/MIC > 4) or quasi-optimal (fCpin/MIC = 1-4) PK/PD target. In a case series,
Falcone et al. [77] described two critically ill COVID-19 patients developing VAP caused
by XDR Acinetobacter baumannii and treated with cefiderocol. Clinical failure was reported
in 50% of cases. Conversely, Trecarichi et al. [78] reported a successful case of bacteraemic
VAP caused by XDR Acinetobacter baumannii treated with cefiderocol as targeted therapy.

Different RCTs and observational studies [80,81,83] demonstrated the efficacy of high-
dose sulbactam (up to 12 g/day) in monotherapy or combination therapy in IVACs caused
by MDR Acinetobacter baumannii, showing no difference in clinical cure rate compared to
colistin-based regimens [81]. However, evidence supporting combination therapy with
fosfomycin are currently scanty. A case report [82] demonstrated the efficacy of combination
therapy between high-dose sulbactam (9 g/day) and fosfomycin (16 g/day) in a critical care
patients affected by meningitis due to MDR Acinetobacter baumannii. Notably, a synergism
between sulbactam and fosfomycin was reported in 74% of MDR Acinetobacter baumannii
isolates, resulting in a median MICsy and MICqj decrease up to eight-fold [83].

A systematic review including patients affected by HAP or VAP due to MDR Acineto-
bacter baumannii reported respectively a clinical success and microbiological eradication
in 70.4% and 71.3% of cases with inhaled colistin monotherapy [65]. A retrospective case-
control study [84] assessing 78 patients affected by respiratory infection or colonization
due to MDR Acinetobacter baumannii found that the use of inhaled colistin was the only
independent factor associated with microbiological eradication within 14 days after the
index day (OR 266.33; 95% CI 11.26-6302.18, p < 0.001), and shortened the duration of MDR
Acinetobacter baumannii recovery from the respiratory tract by 13.3 days.

In regard to recommended dosages, no evidence for administering cefiderocol by CI
still exists Currently. However, it was shown in a descriptive case series of PK/PD target
attainment and microbiological outcome in critically ill patients with documented severe
XDR Acinetobacter baumannii BSI and /or VAP that treatment with cefiderocol with the stan-
dard 3 h infusion was ineffective in achieving the aggressive PK/PD of 100%fT > 4 x MIC
in more than 50% of included patients. This resulted in a remarkable high rate of microbio-
logical failure, especially among VAP cases [59].

Consequently, we recommend CI of cefiderocol after loading for rapidly achieving and
then maintaining aggressive PK/PD targets in IVACs caused by Acinetobacter baumannii,
also taking into account the limited ELF penetration rate of these agents [60-62].

3. Overview of Recommendations

Non-fermenting Gram-negative pathogens represent a leading cause of HAP or VAP
in critically ill patients requiring mechanical ventilation [2]. Particularly, Pseudomonas
aeruginosa represents one of the leading causative pathogens in critically ill patients affected
by HAP or VAP [85]. The widespread diffusion of MDR and XDR isolates coupled with the
emergence of high-risk clones (5T111, ST175, and ST235) calls for the prompt administration
of adequate antibiotic therapy and optimization of lung exposure [23,85].

Two main cornerstones should be pursued in the management of IVACs caused by
Pseudomonas aeruginosa: (1) the implementation of carbapenem-sparing regimens both in
case of multi-susceptible isolates (considering the higher risk of relapse or resistance devel-
opment [16,18]), preferring the use of piperacillin—tazobactam or third /fourth-generation
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cephalosporins (ceftazidime or cefepime), and of MDR/XDR isolates, favouring the admin-
istration of novel BL/BLIs (ceftolozane-tazobactam or ceftazidime—-avibactam) or cefidero-
col, according to the resistance mechanism exhibited by the specific strain); (2) the adoption
of altered dosing strategies (high-doses and/or prolonged infusion) in order to achieve op-
timal PK/PD target at the site of infection, considering the limited pulmonary penetration
of piperacillin—-tazobactam, ceftazidime, cefepime, ceftazidime-avibactam, and cefidero-
col (below 20%) [60-62,86—88]. Notably, in a prospective observational study including
72 patients affected by MDR Pseudomonas aeruginosa infections (79% ICU admission; 66.7%
HAP/VAP), Plimis et al. [46] reported that intermittent infusion of ceftolozane—tazobactam
was inadequate to achieve optimal PK/PD target for MIC > 4 mg/L compared to continu-
ous infusion. Similarly, ATS/IDSA guidelines recommended the use of prolonged infusion
of piperacillin—tazobactam, ceftazidime, or cefepime in HAP or VAP due to Pseudomonas
aeruginosa to maximize lung exposure [15].

The treatment of IVACs caused by MBL-producing Pseudomonas aeruginosa is challeng-
ing. In this scenario, cefiderocol could play a major role, although evidence is currently
limited to only in vitro studies. The administration of inhaled colistin could represent a
valuable therapeutic strategy in association with cefiderocol or meropenem and fosfomycin,
providing a targeted antibiotic delivery in respiratory tract infections and resulting in lower
systemic toxicity compared to intravenous colistin [89,90]. It should not be overlooked
that after administration of a single 2 MU of inhaled colistimethate, colistin concentra-
tions in the ELF ranged between 9.53 and 1137 mg/L, which are values much higher
than that achievable after the administration of the same dose by the intravenous route
(1.48-28.9 mg/L) [91]. The best dosing regimen of inhaled colistimethate has still to be
defined, as quite variable dosages have been proposed in the literature, ranging from
1 MU q12h up to 5 MU g8h [91]. However, we believe that the dosage of 2 MU q8h
should be preferred Currently considering that is the one supported by the major clinical
evidence [65,91].

MDR or XDR Acinetobacter baumannii is a leading causative pathogen in critically ill
patients affected by VAP, characterized by mortality rate up to 60% [92]. Although colistin-
or polymyxin-based regimens were widely used in clinical practice for the management
of severe Acinetobacter baumannii infections, relevant toxicity (mainly nephrotoxicity) and
PK/PD issues (low ELF exposure, high occurrence of breakthrough infections) strongly
affect their efficacy [92].

Notably, CREDIBLE-CR trial found [41] a remarkable mortality rate amongst patients
affected by Acinetobacter baumannii infections, thus mitigating the initial expectations for
cefiderocol [93]. Recently, it has been suggested to limit the use of cefiderocol to situations
when intolerance or resistance to other generally active drugs has been shown [93]. How-
ever, the favourable safety profile, the high in vitro activity, and the potential maximization
of lung exposure through the implementation of CI, make cefiderocol the first-line choice
for targeted therapy of IVACs due to MDR Acinetobacter baumannii in critically ill patients.

By virtue of their lung penetration [94], fosfomycin could be a valid alternative for
combination therapy with high-dose sulbactam (9-12 g/day) as second-line strategy for the
management of MDR Acinetobacter baumannii. A recent observational study [95] identified
fosfomycin-containing regimen as an independent predictor for 30-day survival in severe
pneumonia caused by MDR Acinetobacter baumannii. However, none of these combination
therapies included sulbactam.

Overall, in the management of IVACs caused by non-fermenting Gram-negative
pathogens, the implementation of beta-lactams altered dosing strategies consisting in
high-dose CI administration is strongly recommended for attaining aggressive PK/PD
target of 100% fT > 4-8 x MIC and maximizing lung exposure [87,96,97]. This approach
may both maximize clinical efficacy and prevent the development of resistance [87,98].
This aggressive strategy should be pursued also in the treatment of infections caused by
wild-type strains. Optimal exposure into the ELF is difficult to be achieved and maintained
with intermittent infusion of piperacillin—tazobactam, ceftazidime, and /or cefepime due
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to the limited penetration rates of these hydrophilic agents, and conversely, Pseudomonas
aeruginosa was found to be an independent predictor of microbiological failure in critically
ill patients affected by documented Gram-negative infections [22]. Clinicians must be aware
that the antibiotic dosing regimens that we recommended throughout the manuscript are
focused only on treatment of patients with normal renal function. It should not be over-
looked that the pharmacokinetics of hydrophilic antimicrobial agents, namely beta-lactams
and fosfomycin, may be affected among critically ill patients by several pathophysiological
conditions that may alter volume of distribution and/or renal clearance [97,99]. Conse-
quently, dose adjustments are needed in critically ill renal patients, especially among those
with transient acute kidney injury, augmented renal clearance (ARC), and/or undergoing
renal replacement therapy (RRT) [97,100]. In this scenario, adaptative daily therapeutic
drug monitoring (TDM) may represent a valuable tool in addressing these issues. Cur-
rently, routinely TDM of BLs is strongly recommended for optimizing treatment among
critically ill patients with Gram-negative infections [101], and an aggressive PK/PD target
is considered useful among patients undergoing CRRT or having ARC [97]. Interestingly,
the achievement of aggressive PK/PD target of Css/MIC ratio around 5 within the first
72 h of treatment with CI traditional beta-lactams was recently shown to be associated
with significantly higher probability of both clinical outcome and microbiological eradica-
tion among critically ill patients with documented Gram-negative infections [22,68]. This
suggests that early optimization of drug exposure by means of real-time TDM may be
extremely helpful in maximizing treatment with beta lactams among the critically ill pa-
tients. However, it should be recognized that the extensive use of a real-time TDM-guided
clinical pharmacologist advice approach is still burdened by many barriers [97,102-104]. To
mention some of these, measurement of unbound concentrations, daily TDM assessment,
timely turnaround time, appropriate interpretation of TDM data performed by well-trained
MD or PharmD clinical pharmacologists, and implementation of user-friendly methods for
novel beta-lactams still represent critical issues [97,102-104].

Furthermore, alternative agents should be considered for the treatment of patients with
well-documented life-threatening beta-lactam allergies. Fluoroquinolones, aminoglycosides
and colistin could be helpful in these cases depending on the susceptibility pattern of
Pseudomonas aeruginosa or Acinetobacter baumannii. Besides, in case of life-threatening
infections caused by MDR non-fermentative Gram-negatives with limited therapeutic
options, desensitization protocols should be taken into consideration.

Finally, it should be mentioned that the current COVID-19 pandemic has led to a
worldwide rise in antimicrobial resistance due to the massive disruption of infection
control and antimicrobial stewardship measures in COVID ICUs. This caused a remarkable
proportion of MDR bacterial co-infections and super-infections (including Pseudomonas
aeruginosa and Acinetobacter baumannii) in severe COVID-19 patients [105]. In this scenario
of more and more growing antimicrobial resistance, educational programs for improving
the culture of knowledge of appropriate antibiotic use and the pivotal role of antimicrobial
stewardship should be planned and delivered to young physicians [106].

In recent years, several leading guidelines for the management of Gram-negative
infections have been issued by the most important Infectious Disease Societies world-
wide [107-109]. Unfortunately, none of these focused on the treatment of IVACs and/or
provided extensive recommendations for appropriate place in therapy of novel agents
and/or for dosing optimization according to the PK/PD principles. Consequently, the
implementation of developed therapeutic algorithms based on susceptibility pattern of
non-fermenting Gram-negative isolated pathogens, coupled with the administration of
altered dosing strategies of beta-lactams [97], could provide intensive care physicians a
useful guidance for maximizing antibiotic treatment in ICU patients affected by IVACs, in
order to address three main purposes: (a) to provide a personalized and targeted antibiotic
therapy in each critically ill patient affected by HAP/VAP due to Pseudomonas aeruginosa
or Acinetobacter baumannii; (b) to appropriately place novel antimicrobial agents in lack
of definitive evidence; (c) to consider antimicrobial stewardship strategies for sparing
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the broadest-spectrum antibiotics (namely carbapenems). It is supposed that this strategy
could maximize clinical outcome while minimizing resistance development in a challenging
scenario as the management of IVACs in ICU patients.

4. Materials and Methods

A multidisciplinary task force, composed by one intensive care physician (B.V.), one
infectious disease consultant (P.V.), one clinical microbiologist (G.M.R.), and one MD clini-
cal pharmacologist (F.P.) met virtually on several occasions with the intent of developing
algorithms for targeted antimicrobial therapy of IVACs caused by Pseudomonas aeruginosa
and Acinetobacter baumannii in ICU critically ill patients. IVACs were defined as the pres-
ence of a ventilator-associated condition (consisting in a 48 h stable or decreasing daily
minimum positive end-expiratory pressure [PEEP] or FiO, followed by a rise in PEEP
of 3 cm HO or a rise in FiO; of 0.2 sustained for 48 h) coupled with the occurrence of
body temperature <36 °C or >38 °C and the start of at least one antibiotic agent continued
for over 96 h. VAP was considered a subgroup of IVACs, consisting in the presence of at
least 25 neutrophils/field coupled with positive semi-quantitative/quantitative culture
for pathogenic organisms at bronchoalveolar lavage [110]. The definitive agreement for
each therapeutic algorithm was reached by the multidisciplinary team after thoroughly
discussion based on specific long-standing experience and on the specific expertise of
each single member in terms of management of critically ill patients affected by IVACs,
in appropriately placing in therapy of the old and novel antimicrobial agents, in imple-
menting appropriate target antibiotic therapy and antimicrobial stewardship strategies in
challenging scenarios, in applying traditional and novel microbiological methods and in
interpreting microbiological findings and susceptibility test according to the specific clinical
scenarios, and in optimizing and individualizing antibiotic dosing regimens according to
the specific pathophysiological alterations. Each therapeutic algorithm was designed after
that unanimous agreement among the four members of the multidisciplinary team was
achieved. Six different scenarios were identified based on the resistance genotype of the
pathogens and/or on the antibiotic susceptibility pattern (namely multi-susceptible Pseu-
domonas aeruginosa, MDR metallo-beta-lactamase-negative Pseudomonas aeruginosa, MDR
metallo-beta-lactamase-positive Pseudomonas aeruginosa, carbapenem-susceptible Acineto-
bacter baumannii, and carbapenem-resistant Acinetobacter baumannii). MDR Pseudomonas
aeruginosa isolates were defined according to the classification proposed by Magiorakos
etal. [111]. A hierarchical scale was established whenever agreement on multiple therapeu-
tic options was achieved in one specific scenario. Optimized antibiotic dosing schedules
were provided as well.

A researcher (M.G.) retrieved the scientific evidence needed for supporting the specific
choices included in the algorithms by means of a PubMed-MEDLINE literature search
(until October 2021). Key terms were selected antibiotics, HAP, VAP, IVACs, and bacterial
pathogens with genotype of resistance and/or antibiotic susceptibility pattern. Quality of
evidence was established according to a hierarchical scale of the study design, as reported in
the evidence pyramid [112]: randomized controlled trials (RCTs), prospective observational
studies, retrospective observational studies, case series, case reports, and in vitro studies.
International guidelines issued by the Infectious Disease Society of America and/or by
the European Society of Clinical Microbiology and Infectious Diseases, systematic reviews
and meta-analyses were also consulted. Consistence between retrieved studies was also
considered, by assessing the concordance in clinical outcome of the included studies at
each level of the evidence pyramid. Only articles published in English were considered,
with a focus mainly on studies published in the last ten years.

5. Conclusions

In an era characterized by widespread diffusion of MDR Gram-negative pathogens
and continuous increase in antibiotic resistance, the implementation of a multidisciplinary
taskforce focusing on targeted therapy in critically ill patients has become a real need. Our
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approach is focused on prompt revision of inappropriate/unnecessary antibiotic therapy,
implementation of “carbapenem-sparing” strategies, and PK/PD optimization of antibiotic
exposure hopefully guided by real-time TDM whenever feasible. Rational use of broad-
spectrum antibiotics, especially carbapenems, could represent a powerful strategy for
tackling resistance spread in the ICU setting [14]. We believe that this strategy and these
algorithms could be helpful in improving clinical outcomes and in avoiding resistance
spread in the IVAC setting. The availability of molecular diagnostic tests that can rapidly
provide information about the nature of the infecting pathogens and the presence of some
relevant resistance determinants will be instrumental to improve antimicrobial stewardship
practices based on the proposed algorithms.
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