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Abstract: Clinical evidence suggests that nebulized colistimethate sodium (CMS) has benefits for treat-
ing lower respiratory tract infections caused by multidrug-resistant Gram-negative bacteria (GNB).
Colistin is positively charged, while CMS is negatively charged, and both have a high molecular
mass and are hydrophilic. These physico-chemical characteristics impair crossing of the alveolo-
capillary membrane but enable the disruption of the bacterial wall of GNB and the aggregation of
the circulating lipopolysaccharide. Intravenous CMS is rapidly cleared by glomerular filtration and
tubular excretion, and 20–25% is spontaneously hydrolyzed to colistin. Urine colistin is substantially
reabsorbed by tubular cells and eliminated by biliary excretion. Colistin is a concentration-dependent
antibiotic with post-antibiotic and inoculum effects. As CMS conversion to colistin is slower than its
renal clearance, intravenous administration can lead to low plasma and lung colistin concentrations
that risk treatment failure. Following nebulization of high doses, colistin (200,000 international
units/24h) lung tissue concentrations are > five times minimum inhibitory concentration (MIC) of
GNB in regions with multiple foci of bronchopneumonia and in the range of MIC breakpoints in
regions with confluent pneumonia. Future research should include: (1) experimental studies using
lung microdialysis to assess the PK/PD in the interstitial fluid of the lung following nebulization of
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high doses of colistin; (2) superiority multicenter randomized controlled trials comparing nebulized
and intravenous CMS in patients with pandrug-resistant GNB ventilator-associated pneumonia
and ventilator-associated tracheobronchitis; (3) non-inferiority multicenter randomized controlled
trials comparing nebulized CMS to intravenous new cephalosporines/ß-lactamase inhibitors in pa-
tients with extensive drug-resistant GNB ventilator-associated pneumonia and ventilator-associated
tracheobronchitis.

Keywords: nebulized polymyxin; nebulized colistimethate sodium; colistin; multidrug resistant
gram-negative bacteria; ventilator-associated pneumonia; ventilator-associated tracheobronchitis;
polylyxin resistance; phramacokinetic; pharmacodynamics; technique of nebulization

1. Introduction

Polymyxins are non-ribosomal, cyclic oligopeptide antimicrobials, produced by the
Gram-positive, spore-forming rod Bacillus aerosporus that were identified in 1946 from
the soil of market gardens in England [1]. Among the five antibiotics that belong to the
polymyxin group, only two can be used in human and veterinary medicine: polymyxin B
(PMB) and polymyxin E, also called colistin. Colistin sulfate is available for oral and topical
use. PMB sulfate and colistin methanesulfonate sodium (CMS) are available for aerosol
use and intravenous administration. PMB sulfate—available in North and South America,
Southeast Asia and Japan—combines two components with direct antibacterial activity:
PMB1 and PMB2. CMS is an essentially inactive prodrug that is hydrolyzed to multiple
components with direct bactericidal activity. Among these colistin components, two are
predominant, colistin A and colistin B. Colistin A and B are concentration-dependent
antibiotics, active against multidrug-resistant (MDR) Gram-negative bacteria (GNB) such
as carbapenemase-producing Enterobacterales, Pseudomonas aeruginosa and Acinetobacter
baumannii. CMS is an inexpensive antibiotic massively used worldwide and considered as
an essential antimicrobial agent by the World Health Organization [2]. The CMS dose is
labelled as “colistin base activity (CBA in mg)” in North and South America, Singapore,
Malaysia, New Zealand and Australia and as “international units (IU)” in Europe and
India. Milligrams of CBA and IU are expressions of the antibacterial activity measured
in vitro and do not reflect a mass unit. The equivalence between absolute mass of CMS and
IU or CBA is the following:

~ 80 mg CMS = one million IU CMS = ~ 33.3 mg CBA.

This narrative review is focused on nebulized CMS as a treatment of ventilator-
associated pneumonia (VAP) in critically ill patients. It has three aims: (1) to report
the historical background supporting its use in critically ill patients; (2) to describe the
complex and partially unknown PK/PD of intravenous and nebulized CMS; (3) to suggest
future research priorities for CMS nebulization in patients with VAP caused by extensive
drug-resistant (XDR) GNB.

2. Historical Background

Oral colistin was first used in veterinary medicine in 1952 and is still widely used in
pigs to treat or prevent intestinal infections [3]. The worldwide prophylactic administration
of colistin in swine industrial production is considered a major source of emerging colistin
resistance [4].

2.1. Prophylaxis of Gram-Negative Bacteria Pneumonia

From the early 1970s to the mid-1990s, polymyxins were topically administered
for prophylaxis of GNB pneumonia. In 744 spontaneously breathing or mechanically
ventilated critically ill patients, polymyxin B was sprayed into the posterior pharynx
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and/or instilled in the endotracheal tube eight times a day [5,6]. This prospective double-
blind study performed over an 11-month period, using alternating two-month cycles of
placebo or polymyxin B, significantly reduced both bronchial GNB airway colonization and
reduced the incidence of GNB nosocomial pneumonia without any apparent emergence
of polymyxin resistance. In a subsequent series of 292 patients who received a daily
intrapharyngeal and intratracheal prophylactic administration of polymyxin B during a six
month period, the incidence of nosocomial pneumonia was significantly reduced, although
pneumonias that did occur were more likely to be caused by polymyxin-resistant GNB [7].
Prolonged intratracheal prophylactic administration of polymyxins was subsequently
considered as potentially dangerous and abandoned. Ten years later, nebulized colistin
was advanced as a treatment for spontaneously breathing patients with cystic fibrosis and
bronchial superinfection [8]. Over the next decade, colistin was administered intratracheally
to prevent lung superinfection in baboons with oleic-acid- or hyperoxia-induced lung
injury [9,10] and VAP in critically ill patients [11]. In the latter prospective before after
study, the incidence of nosocomial GNB bronchopneumonia was significantly reduced in
347 critically ill patients on mechanical ventilation who received a two-week regimen of
intratracheal CMS (eight endotracheal instillations per day of 200,000 IU). The incidence of
nosocomial pneumonia was 40% in control patients (no prophylaxis by CMS) and 28% in
the patients who received prophylactic CMS (p < 0.001). Over the two-year study period,
there was no emergence of CMS resistance. Mortality was not significantly influenced
by the prophylactic administration of CMS. These results were confirmed 20 years later
in a single-center, two-arm, randomized, open-label, controlled trial performed in 186
critically ill patients on mechanical ventilation for > 48 h [12]. Eighty four patients received
nebulized CMS (500,000 IU×3/24 h for 10 days) and 84 received nebulized saline during
the same period. Nebulized CMS significantly reduced the incidence of MDR GNB VAP
and improved the survival rate of patients with VAP and without evidence of increased
resistance to colistin.

2.2. Treatment of MDR GNB Ventilator-Associated Pneumonia

In the early 2000s, intravenous [13,14] and nebulized [15] colistin became increasingly
used to treat VAP and ventilator-associated tracheobronchitis (VAT) caused by MDR
GNB. Over the first decade of the 2000s, the incidence of MDR GNB markedly increased
worldwide and P. aeruginosa and A. baumannii, with extensive drug resistance (XDR) became
the most common microorganisms causing VAP in Europe and Asia [16,17], and CMS often
remained the only antimicrobial agent available against these pathogens.

Between 2005 and 2019, 25 articles reporting the use of nebulized CMS as a treatment
of MDR VAP and VAT were published [15,18–41]. Nineteen were retrospective stud-
ies [15,18–21,23–27,29–33,35,36,38,39], four prospective observational studies [28,34,40,41]
and two randomized control trials (RCTs) [22,37]. Twelve studies concerned the adminis-
tration of nebulized CMS alone for treating VAP and VAT [15,18,19,22,26–28,32–34,36,41].
Thirteen studies compared the administration of nebulized CMS alone to the combination
of intravenous and nebulized CMS for treating VAP [20,21,23–25,29–31,35,37–40]. Between
2005 and 2016, either low—1.2 to 4 million IU/day—[15,18,20,21,23,24,28,31,32,34] or high—
4 million IU/day—[19,22,25,27,29,33,35,36] CMS doses were nebulized. From 2015, very
high doses—9 to 15 million IU/day—were nebulized [37–41]. These very high doses were
based on studies performed in 2008–2010 in anesthetized and mechanically ventilated
piglets whose lungs were infected by the bronchial inoculation with high concentrations of
P. aeruginosa [42]. The nebulization of 100,000 IU/kg of CMS could eradicate the causative
microorganism from 67% of the infected pulmonary segments within 24 h. These very high
doses are actually recommended [43]. In 2018, a meta-analysis performed on 12 studies
published between 2005 and 2016 [15,18,19,22,26–28,32–34,36,37] reported the effectiveness
of nebulized CMS as a monotherapy for treating respiratory tract infections caused by MDR
and/or CMS only susceptible GNB [44]. As shown in Figure 1, the clinical and microbiolog-
ical success rate was 70%, an efficacy similar to that observed in VAP caused by susceptible
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GNB treated by intravenous antibiotics. Three methodological concerns undermined the
clinical relevance of the meta-analysis: concomitant administration of intravenous antibi-
otics active against the causative microorganism in seven studies [22,27,28,32–34,36,37],
nebulization of low CMS doses in three studies [32–34] and optimization of nebuliza-
tion technique in only two studies [26,28]. Despite these limitations, the meta-analysis
brought strong evidence that nebulization of CMS could provide a clinical, radiological
and microbiological cure of VAP caused by MDR GNB and, specifically, XDR A. baumannii
(Figure 2).

Figure 1. Pooled analysis of mortality, clinical and microbiological success among 908 patients treated with nebulized
colistimethate sodium (CMS) for ventilator-associated pneumonia (VAP) or ventilator-associated tracheobronchitis (VAT)
caused by multidrug-resistant (MDR) Gram-negative bacteria (GNB), particularly Acinetobacter baumannii (AB). Squares =
proportion in each study; horizontal lines = 95% CI; diamonds = pooled proportion for the 12 studies. Doses of nebulized
CMS are expressed in million international unit (IU). Adapted with permission from ref. [44]. Copyright 2017 Elsevier.

In 2015, two meta-analyses [45,46], including ten studies performed between 2005
and 2014 [20–25,29–31,35], suggested that the association of nebulized and IV CMS as a
treatment of VAP and VAT caused by MDR GNB was associated with better clinical and
microbiological response and lower infection-related mortality than intravenous therapy
alone. However, a further meta-analysis published in 2018 [47] concerning thirteen studies
performed between 2005 and 2016 [20,21,23–25,29–31,35,48–51] did not confirm these
benefits. The retrospective nature of studies, their heterogeneous protocols, the lack of
optimization of the technique of nebulization and the variability of dosing restrict the
validity of these different meta-analyses. There is clinical and experimental evidence that
nebulization of high-dose CMS may be an efficient treatment of MDR GNB VAP and VAT.
It is unclear whether nebulized high-dose CMS is equivalent or superior to the treatment
by intravenous CMS or new cephalosporin/ß-lactamase inhibitors [52,53].
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Figure 2. Representative computed tomography images obtained in a patient with ventilator-
associated pneumonia (VAP) caused by multidrug-resistant Pseudomonas aeruginosa and treated
by nebulized colistimethate sodium (CMS) 5 million international units × 3 /24 h for 10 days. A
color encoding system identifies normally aerated lung regions (dark grey), poorly aerated lung
regions (light grey) and nonaerated consolidated lung regions (red). (a) Contiguous 10 mm thick
computed tomography sections obtained before nebulization (day 0) shows bilateral consolidation
of lower lobes with disseminated foci of interstitial pneumonia in upper lobes. (b) Ten days later,
lung consolidations are partially reaerated, attesting to the clinical efficiency of nebulized CMS
monotherapy. (c,d) Computed tomography quantitative assessment of gas volume (aeration) and
tissue volume (inflammation/infection) before and after CMS (colistin) nebulization in seven patients
with VAP caused by MDR Pseudomonas aeruginosa. Nebulized CMS monotherapy was associated with
a significant re-aeration and decrease in inflammation/infection. (e) Changes in Clinical Pulmonary
Infection Score in 29 patients with VAP caused by MDR Pseudomonas aeruginosa or Acinetobacter
baumannii successfully treated by nebulized CMS (green color) and in 13 patients with VAP caused
by MDR Pseudomonas aeruginosa or Acinetobacter baumannii unsuccessfully treated by nebulized CMS
(blue color). * indicates p < 0.001 [26].

3. Structure–Activity Relationship
3.1. Chemical Structure and Antimicrobial Activity

As shown in Figure 3a, both molecules differ only by the radical occupying position 6
of the Nα fatty acyl chain. PMB and colistin are composed of a mixture of active components
differing by the type of fatty acyl chain linked to the N-terminal Dab residue (PMB 1-6
and colistin A-F). The N-terminal fatty acyl chain is crucial for the antimicrobial activity
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of polymyxins: it allows the disruption of the lipid A fatty acyl chains of the lipopolysac-
charides (LPS) component of the outer membrane of GNB [54]. The polar residue of the
heptapeptide also plays an important role for antimicrobial activity and LPS binding affin-
ity. Of particular importance is the specific order of the cationic diaminobutyric acid (Dab)
residues within the primary sequence that confers the proper spatial distribution of the
positive charges for electrostatic interactions with the anionic phosphates of lipid A of the
LPS. Last but not least, the unique three-dimensional architecture of PMB and colistin is
required for both LPS binding and antimicrobial activity.

Figure 3. Chemical structures of polymyxin B (PMB), colistin and colistimethate sodium. (a) PMB is characterized by
D-Phenyl and colistin by D-Leuc in position 6. Each antibiotic is a mixture of active components differing by the type
of fatty acyl chain linked to the N-terminal diaminobutyric acid (Dab) residue. At physiological pH, Dab are positively
charged + and interact with anionic phosphates of lipid A of LPS, thereby disrupting the bacterial outer membrane; colistin
A and PMB1 = (S)-6-methyl-octanoic acid; colistin B and PMB2 = (S)-6-methyl-heptanoic acid; colistin C and PMB3 =
octanoyl acid; colistin D and PMB4 = heptanoyl acid; colistin E and PMB5 = nonanoyl; colistin F and PMB6 = 3-hydroxy-6-
methyloctanoyl acid. Light grey identifies the polar residues of the heptapeptide, light purple the hydrophobic motif within
the heptapeptide ring and dark grey the N-terminal fatty acid analogues. (b) Colistimethate sodium, the inactive prodrug of
colistin, is prepared from colistin by reaction of the free γ-amino groups of the Dab residues with formaldehyde followed by
sodium bisulfite (methanesulfonate moieties). Colistimethate sodium A and B are defined by the fatty acid chain linked
to Dab in position 1: (S)-6-methyl octanoic acid for colistimethate A and (S)-6-methyl heptanoic acid for colistimethate B.
At physiological pH, methanesulfonate moieties are negatively charged—and Dab cannot interact anymore with anionic
phosphates of lipid A of LPS, thereby precluding any bactericidal effect (see Figure 4). Adapted with permission from
ref. [54]. Copyright 2009 American Chemical Society.
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Figure 4. Schematic representation of the bactericidal action of polymyxins. (a) The outer membrane of the Gram-negative
bacterial wall is stabilized by the electrostatic interaction between divalent cations Ca++ and Mg++ and negatively charged
phosphodiesters of lipid A of lipopolysaccharide (LPS), thereby creating a permeability barrier against harmful external
agents. (b) Polymyxins disrupt the physiological bridges LPS/lipid A. The positively charged Dab interacts electrostatically
with negatively charged phospholipids of the LPS, producing the leakage of cellular components through the disrupted
bacterial membrane. The mechanisms by which polymyxins disrupt the bacterial inner membrane remain undetermined.
(c) Polymyxins aggregate free LPS released from the bacterial wall and block LPS interaction with macrophage receptor,
TLR4. The NF-kB pathway is no longer stimulated, and release of pro-inflammatory cytokines such as tumor-necrosing
factor-α (TNF-α), interleukins 1β and 6 (IL-1β and IL6) and monocyte chemoattractant protein 1 (MCP-1) is limited,
reducing the sepsis severity [26].

3.2. Mechanisms of Bacterial Killing

Polymyxins rapidly kill bacteria by disrupting the outer and inner membranes of
GNB [55]. As there is only one amino acid difference between colistin and polymyxin B,
it is generally considered that both antibiotics share the same mechanisms of action. As
shown in Figure 4a and b, the initial adherence of colistin to the outer membrane occurs via
electrostatic interactions between the Dab residues of the antibiotic and anionic phosphate
of the lipid A moiety of LPS. The positively charged amine groups and the hydrophobic
fatty acyl chains of colistin play important roles in the interaction with LPS. Physiologically,
divalent cations Ca++ or Mg++ associated with lipid A phosphodiesters serve as bridges
between adjacent LPS molecules and stabilize the outer membrane (Figure 4a). As cations
Dab of colistin have an affinity for anions phosphate of Lipid A that is at least three times
higher than the one of divalent cations [56], they competitively displace Ca++ or Mg++,
disrupt the LPS bridges of the outer membrane and permit the colistin penetration and
the leakage of cell content (Figure 4b). Colistin also acts through several other mecha-
nisms [55]: oxidative stress death pathway via the production of reactive oxygen species
(hydroxyl, superoxide and hydrogen peroxide radicals); vesicle–vesicle contact pathway
where colistin, after transiting the outer membrane, induces the fusion of the inner leaflet
of the outer membrane with the outer leaflet of the cytoplasmic membrane, leading to loss
of phospholipids and cell death; inhibition of respiratory enzymes of the tricarboxylic acid
cycle.

3.3. Anti-Endotoxin Activity

Colistin exerts a potent anti-endotoxin effect by inhibiting the activity of lipid A.
Colistin binds to the negatively charged lipid A region of the lipopolysaccharide via
electrostatic and hydrophobic interactions at a ratio of one colistin molecule to one LPS
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monomer unit [57]. As shown in Figure 4c, colistin aggregates LPS released in high
concentrations following the breakdown of the bacterial membrane and, thereby, decreases
the endotoxin’s ability to induce shock through the release of pro-inflammatory cytokines
(tumor necrosis factor-alpha, interleukins and monocyte chemoattractant protein 1).

The anti-endotoxin activity of polymyxins has been considered as a potential treatment
of sepsis [58]. Hemoperfusion using a polymyxin B-immobilized fiber blood purification
column was developed in Japan in the nineties and proposed to remove circulating en-
dotoxin in sepsis and shock [59]. Between 2004 and 2016, three RCTs were performed
in patients with intra-abdominal infection and VAP, testing the effect of two sessions of
polymyxin B hemoperfusion on mortality and severity of organ failure [60–62]. Unfortu-
nately, polymyxin B hemoperfusion failed to reduce mortality rate and severity of organ
failure, particularly in patients with high circulating endotoxin levels. Although a recent
meta-analysis suggested a benefit of polymyxin hemoperfusion in patients with less severe
forms of septic shock [59], this technique cannot be recommended as a routine treatment of
severe sepsis.

3.4. Mechanisms of Resistance

GNB resistance to colistin can be chromosomally encoded, resulting from genetic
mutations or can be plasmid-mediated, raising concern for potential dissemination. The
main mechanism of resistance is a reduction in the negative charges of the LPS that physio-
logically allow the electrostatic interaction of colistin with the outer membrane. Replacing
the anionic phosphate groups of lipid A by cationic moieties hinders the binding and
preclude the bactericidal activity of colistin [55]. Genetic mutations modify the structure
of the bacterial membrane in several ways [63]: addition of capsular polysaccharides or
cationic moieties to the LPS hiding the colistin binding sites; loss of the LPS; porin modi-
fications with overexpression of efflux pump systems; enzymatic inactivation of colistin.
Heteroresistance resulting from bacterial exposure to suboptimal colistin dosages repre-
sents a potential source of colistin resistance and should be considered as an emerging
menace [55].

The horizontal transfer of plasmid-borne genes of the family mobile colistin resistance
(mcr) is another mechanism of colistin resistance. Mcr genes encode a phosphoethanolamine
transferase leading to the addition of a phosphoethanolamine moiety to the lipid A of
LPS, increasing the cationic charges on LPS and, consequently, limiting the binding of
colistin to LPS. Up to now, nine mcr alleles have been reported, mcr-1 to mcr-9 [55]. As
shown in Figure 5, mcr-1 was reported on all continents after being initially identified from
chickens in China three decades ago when colistin started to be used in food-producing
animals [63]. The main reason for dissemination of colistin resistance worldwide is the
large and indiscriminate use of polymyxins in veterinary medicine [3]. In pigs and calves,
oral colistin is administered as a prophylaxis of gastrointestinal infections caused by Enter-
obacterales. In swine industrial production, colistin is administered by feed and drinking
water in the entire farm, involving indiscriminately both healthy animals and animals with
clinical symptoms. In 2016, the European Medicines Agency recommended to ban colistin
therapies for prophylactic purposes, as it carries a high risk of the emergence of resistance.
Despite this recommendation, prophylactic administration of colistin is still a common
practice worldwide, especially in Asia, to support farm animal production. Interestingly, in
the Netherlands, colistin is routinely used in selective digestive decontamination regimens
without a report of alarming rates of resistance.
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Figure 5. Worldwide distribution of mcr-1-producing isolates in humans and animals [63].

4. Pharmacokinetics
4.1. Pharmacokinetics of Intravenous Colistimethate Sodium

CMS is a complex mixture of up to ~30 methanesulfonated derivatives produced by
the reaction of colistin with formaldehyde and sodium bisulfite. The composition of CMS
pharmaceutical products may vary from brand-to-brand and even from batch-to-batch.
CMS acts as a polyanionic inactive prodrug that is less nephrotoxic than colistin sulfate.
As shown in Figure 3b, methanesulfonate moieties are masking the primary amines of the
Dab residues, are negatively charged at physiological pH and preclude the interaction of
CMS with anionic phospholipids of LPS. As a consequence, CMS lacks any antibacterial
activity [64].

As shown in Figure 6a, CMS is rapidly and massively cleared from the blood by
glomerular filtration and tubular excretion. Additionally CMS is spontaneously converted
to colistin by hydrolysis, a necessary step to achieve antibacterial activity. The renal elimi-
nation of CMS is quantitatively greater than its spontaneous hydrolysis into colistin. In
patients with normal renal function, approximately 20–25% of CMS is converted to colistin.
The various composition in methanesulfonated derivatives of the different pharmaceutical
products affects the spontaneous hydrolysis of CMS in biological fluids and is associ-
ated with a brand-to-brand and batch-to-batch interindividual variability in the rate of
conversion. Adding to the complexity of pharmacokinetics, colistin resulting from the
spontaneous hydrolysis of plasma CMS is filtered by the kidney and largely reabsorbed
by the renal tubules. Although only a minor fraction is directly excreted in urine, urinary
concentrations of colistin can be high, resulting from the spontaneous hydrolysis of CMS
within renal tubules and bladder [64]. The mechanism of elimination of polymyxins is
far from being elucidated [65]. Biliary excretion is likely the predominant pathway, as the
different components of polymyxin B have been detected in bile [66–68].
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Figure 6. Elimination and pharmacokinetics of colistimethate sodium (CMS) and colistin. (a) Schematic representation of
elimination pathways for CMS and colistin. Arrow thickness indicates the relative magnitude of each pathway when kidney
function is normal. CMS includes all partially methanesulfonated derivatives of colistin. After intravenous administration
of CMS, extensive renal excretion occurs, with some of the excreted CMS being converted to colistin within the urinary tract.
Colistin is massively reabsorbed by renal tubules and likely excreted in the biliary tract [63]. (b,c) Plasma concentration time
profiles of CMS (Figure 6b) and formed colistin (Figure 6c) with 105 critically ill patients who were treated by intravenous
CMS for blood stream infection or pneumonia caused by multidrug-resistant Gram-negative bacteria (89 not on renal
replacement, 12 on intermittent hemodialysis and 4 on continuous renal replacement therapy). Doses of replacement
therapy (d–f). The dashed line indicates the minimum inhibitory concentrations of susceptible strains [69].

Because renal elimination of CMS is much more rapid than its spontaneous conversion
to colistin, it is necessary to administer about 4–5 times the amount of CMS to generate
colistin plasma concentrations above the minimum inhibitory concentrations required for
a bactericidal activity. As shown in Figure 6d–f, the disposition of CMS is best described by
a two compartment linear model, whereas the disposition of colistin is best described by a
one compartment model [69,70]. Following a single administration per day, the colistin
profile is flatter than the CMS profile, offering the possibility of a longer half-life and a
prolonged antibacterial effect if intravenous administrations are repeated 2-3 times a day.
As in vivo conversion of CMS to colistin is slow, incomplete and variable, achievement
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of colistin plasma concentrations ≥ minimum inhibitory concentrations can be facilitated
by a loading dose of 9 million IU. However, even with a loading dose and high daily
doses (up to three times per day of 3 million IU), the brand-to-brand and batch-to-batch
variability in CMS components may decrease the rate of conversion to colistin, although
the CMS renal clearance remains rapid and efficient [71]. As a consequence, if renal
function is normal, an increase in inter-individual pharmacokinetics variability may result,
precluding the achievement of optimal colistin plasma concentrations required to obtain an
efficient bactericidal effect. This may have a negative impact on prognosis given the link
between delayed initiation of appropriate antibiotic therapy and patient outcome. Thus,
the intravenous administration of CMS, a complex prodrug whose conversion to colistin,
the active antibiotic, is far slower than its renal clearance and does not create optimal
conditions to treat efficiently VAP caused by MDR GNB. As a consequence, CMS selected
by physicians ranged between from 2.3 and 12 million IU/day, and plasma concentrations
were measured using high-performance liquid chromatography. (d–f) Representative
individual population pharmacokinetic model fits of CMS and colistin. Panel d illustrates
a critically ill patient not on renal replacement. Panels e and f are representative of a
patient on hemodialysis or on continuous renal; if intravenous CMS is used, concentrations
should be measured regularly to detect suboptimal dosage. Such a difficult issue can be
partially resolved by nebulization of CMS: the prodrug trapped in the distal lung undergoes
progressive local conversion to colistin with a low systemic absorption and limited renal
elimination.

4.2. Pharmacokinetics of Nebulized Colistimethate Sodium

Pharmacokinetics of nebulized CMS are incompletely understood mainly because of
the difficulty to assessing lung interstitial concentrations in human studies. Indeed, the
contamination of the bronchoscope by bronchial secretions during the bronchoalveolar
procedure skews the interpretation of epithelial lining fluid (ELF) concentrations following
antibiotic nebulization [53,72] and leads to a gross overestimation of interstitial space fluid
concentrations [73,74]. Animal studies demonstrate that high colistin concentrations mea-
sured in post mortem subpleural lung specimens are high following nebulization of CMS
100,000/kg × 2/24 h in ventilated piglets with massive Pseudomonas aeruginosa inoculation
pneumonia [42]. Lung homogenate colistin concentrations depend on both the severity
of aeration loss and histologic grade (Figure 8a,b) with lower colistin lung concentration
associated with a more severe histological grade of pneumonia. Colistin concentrations
> five times minimum inhibitory concentrations are exclusively obtained in lung regions
with a moderate severity of pneumonia and relative preservation of lung aeration, whereas
in pulmonary segments with confluent pneumonia, colistin concentrations are in the range
of minimum inhibitory concentrations. These high lung tissue concentrations, which un-
derestimate interstitial space fluid concentrations due to the dilution effect of pulmonary
cells and vessels, are associated with a rapid and potent bacterial killing [42].

Nebulization of high doses of CMS results in high lung tissue colistin concentrations
with correspondingly low plasma colistin concentrations (< 2 µg/mL) (Figure 6c) suggest-
ing limited diffusion into the systemic compartment [26,28,41,42,75–82]. After the initial
CMS nebulization of 2 million IU (Figure 8a,b), CMS and colistin plasma concentrations
show quite similar pharmacokinetic profiles [79]: an early peak concentration for CMS
(30 min), a delayed peak concentration for colistin (3 h) and a slow and progressive decrease
in concentrations over the following hours. After 2–3 days of CMS nebulization at a dose
of 4 million IU three times a day (Figure 7c,d), similar pharmacokinetic profiles were ob-
served [81]. Repeated nebulized CMS doses result in increased CMS plasma concentrations.
In the majority of patients, there was a slight increase in colistin plasma concentration
when the nebulized CMS dose was increased from 0.5 to 4 million IU (Figure 7b,d). In a few
patients, however, colistin plasma concentrations markedly increase, approaching concen-
trations observed after intravenous administration and plateauing over time (Figure 7d).
These results suggest that CMS and colistin accumulate in the lung compartment. Colistin
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plasma concentrations remain low (< 2 µg/mL) in the majority of patients due to the slow
diffuse of both CMS and colistin into the systemic circulation, rapid renal elimination of
CMS and slow hydrolysis of CMS to colistin.

Figure 7. Colistimethate sodium (CMS) and colistin plasma concentrations following nebulization of various doses of
CMS. (a,b) Plasma concentrations measured following the initial nebulization of CMS 0.5 and 2 million IU in a series of
twelve patients with ventilator-associated pneumonia caused by Gram-negative bacteria [79]. (c,d) Plasma concentrations
measured after 2–7 days of CMS nebulization at a dose of 4 million IU three times a day in a series of eight patients
with ventilator-associated pneumonia caused by multidrug-resistant Gram-negative bacteria. Plasma concentrations were
measured by high-performance liquid chromatography in the 8 h following an individual nebulization [81].

5. Pharmacodynamics
5.1. Concentration-Dependant Effect of Colistin and Post-Antibiotic Effect

As shown in Figure 8c, colistin shows rapid concentration-dependent killing against
GNB at clinically achievable concentrations [83]. Re-growth often occurs as early as within
2 h of the initial exposure. An inoculum effect (the bactericidal effect of a given colistin dose
decreases at high inoculum) has been reported in vitro [84]. Using neutropenic mouse lung
infection models, the ratio of the area under the free concentration–time curve to the MIC
(f AUC/MIC) best describes the antimicrobial activity of colistin [83]. For MDR strains, such
as P. aeruginosa and A. baumannii, an f AUC/MIC value of 7.4–13.7 and 7.4–17.6 is required
for a 2 log10 reduction in bacterial load. Following intravenous administration, 2 log10
killing in the lungs cannot be achieved with doses as high as 50,000/kg, likely due to limited
drug exposure in the lungs. Experimental and clinical PK/PD data clearly indicate that
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intravenous colistin (and CMS) has limited efficacy against respiratory tract infections [85].
Pharmacodynamics of nebulized CMS have not been described. Experimental studies
using intrapulmonary microdialysis are required to assess interstitial lung CMS and colistin
concentrations changes over time and their effect on bacterial killing [86].

Figure 8. Lung deposition and bactericidal effects of high-dose nebulized colistimethate sodium. (a) Colistin concentrations
measured in multiple post-mortem subpleural lung specimens in a series of six anesthetized and mechanically ventilated
piglets with inoculation pneumonia caused by Pseudomonas aeruginosa. Colistin concentrations were measured by high-
performance liquid chromatography in 17 pulmonary segments with mild pneumonia and moderate loss of lung aeration
and in 13 pulmonary segments with severe pneumonia and complete loss of lung aeration (infectious consolidation). The
dashed line indicates the minimal inhibitory concentration of the inoculated Pseudomonas aeruginosa [42]. (b) Lung bacterial
burden of Pseudomonas aeruginosa measured in post-mortem lung segments in sixteen piglets with massive inoculation
pneumonia caused by Pseudomonas aeruginosa. Six received three nebulizations of 100,000 IU/kg colistimethate sodium at
12 h intervals (aerosol), six received four intravenous administrations of 40,000 IU/kg at 8 h intervals (IV) and four did not
received any antibiotic (control). Quantitative lung bacteriology was measured in lung segments (triangles) sampled 1 h
after the third aerosol in the aerosol group and after the fourth infusion in the intravenous group (IV) and 49 h after the
bacterial inoculation in the untreated control group. The grey area indicates the lower limit of quantification for bacterial
counts. Asterisk at the top of the figure indicates the statistically significant difference existing between the percentage of
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lung segments characterized by bacterial counts ranging between 0 and 102 cfu·g−1 in aerosol and intravenous groups
and in aerosol and control groups [42]. (c) Colistin in vitro time–kill curve. An inoculum of 5 × 106 colony forming
unit (CFU)/mL of a wild-type Pseudomonas aeruginosa strain was prepared by a suspension of the bacteria from an 18 h
logarithmic-growth-phase culture in Mueller–Hinton broth. The experiments were performed in 10 mL glass tubes that were
incubated at 37 ◦C for 18 to 24 h. Colistin was added to obtain concentrations of 0.25, 0.5, 1, 2 and 4 µg/mL (corresponding
to 0.5 to eight times the minimal inhibitory concentrations). The bacteria were counted at 0, 2, 6, 8, 24 and 30 h. The
limit of quantification was 100 CFU/mL. Four replicates were performed for each concentration. At least one growth
control, without added colistin, was included in each experiment. Four replicates were performed for each concentration.
Colistin provides a concentration-dependent bacterial killing (means and standard deviations from four replicates and
model predicted curves (lines) with mean parameter estimates) [79].

5.2. Toxicity and Toxicodynamics of Intravenous Colistin

Neuromuscular toxicity, nephrotoxicity and bronchoconstriction are most common
adverse events associated with CMS administration. Polymyxin-induced neuropathy and
myopathy is rarely seen [87]. Nephrotoxicity is the most common side effect observed both
with colistin and PMB and most commonly results from the intravenous administration of
CMS [88]. Patients with high creatinine clearance ≥ 80 mL/min are most likely to develop
nephrotoxicity [89] due to enhanced renal elimination of CMS (Figure 6a) and, paradox-
ically, have low plasma colistin concentrations [81,90]. Nephrotoxicity can be detected
two days after initiation of intravenous CMS, with the majority of cases occurring after
15 days of therapy. Commonly, colistin-induced nephrotoxicity is reversible. As plasma
colistin concentrations remain < 2 µg/mL following the nebulization of high doses of CMS
(Figures 6c–f and 6b,d), the risk of nephrotoxicity of nebulized CMS is low.

Cell culture and animal studies demonstrate that colistin accumulates in renal tubular
cells. Urinary colistin is reabsorbed via active uptake mechanisms mediated by megalin
and oligopetide transporter 2 [88]. The resultant high intratubular colistin concentra-
tions causes mitochondrial damage, loss of cytoplasmic membrane potential, apoptosis
and cell cycle arrest [91,92]. Immunostaining studies performed in rodents have shown
predominant accumulation of polymyxins in proximal tubular cells of the renal cortex.
Detailed mechanisms of the uptake by renal tubular cells and subsequent cell death re-
main to be elucidated. Specifically, there is a paucity of information on the relationships
between chemical structure and nephrotoxicity [54]. The concomitant administration of
the antioxidant ascorbic acid has provided contradictory findings [93,94], necessitating
further examination.

A meta-analysis was performed on 12 studies including 373 patients treated by neb-
ulized CMS monotherapy for VAP and ventilator-associated tracheobronchitis. Acute
kidney injury was observed in 20% of treated patients compared to 31% in control pa-
tients. Neuromuscular toxicity was observed in 3% of patients and bronchospasm in 2% of
patients [44].

6. Administration and Dosing of Nebulized Colistimethate Sodium
6.1. Technique of Nebulization

Optimizing lung deposition of CMS to provide effective bacterial killing in critically ill
patients with VAP and VAT requires a specific nebulization strategy including [43,53,94]: (1)
the preferential use of vibrating mesh nebulizers positioned 15 cm before the Y piece; (2) the
use of continuous rather than breath-synchronous nebulization to allow the nebulization
of high doses of CMS; (3) the use of specifically designed respiratory circuits with smooth
inner surfaces and avoiding sharp angles to decrease turbulence and circuit deposition;
(4) the use of specific ventilator settings to limit circuit and tracheobronchial impaction of
aerosolized particles: volume controlled mode with constant inspiratory flow, tidal volume
8 mL/kg, respiratory frequency 12 to 15 bpm, inspiratory: expiratory ratio 50%, inspiratory
pause 20% and positive end-expiratory pressure 5 to 10 cm H2O; (5) the administration of
a short-acting sedative agent to ensure coordination between the patient and the ventilator;
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(6) the insertion of a filter on the expiratory limb to protect the ventilator flow device. This
filter should be changed between each nebulization to avoid expiratory flow obstruction;
(7) the removal of heat and moisture exchanger and the interruption of the conventional
heated humidifier to avoid massive trapping and condensation of aerosolized particles.

6.2. Nebulized Doses

Owing to the PKPD characteristics of CMS and its excellent bronchial tolerabil-
ity [44], nebulization doses as high as 15 million IU/24h (200,000 IU/kg) can be recom-
mended [43,53]. If the technique of nebulization is optimized, very high colistin lung tissue
concentrations are obtained. The infected lung acts as a CMS reservoir where spontaneous
hydrolysis into colistin occurs slowly, providing delayed but efficient continuous bacterial
killing. In critically ill patients with VAP and VAT, the bronchial inoculum is high, ≥ 106

colony forming units per mL. The inoculum effect of CMS [84] and the slow process of
intrapulmonary colistin formation incite to the nebulization of high dose. Intrapulmonary
CMS partly diffuses into the systemic compartment, and 17% of the nebulized dose is
rapidly eliminated by the kidney [81]. The slow hydrolysis of CMS into colistin in the
plasma and urine keeps colistin plasma concentrations low whatever the CMS nebulization
dosing. To limit each nebulization time to ≤ 60 min, three nebulizations of 5 million IU can
be administered/24 h.

6.3. Conditions of Administration

CMS manufacturers recommend dissolving each 1 million IU of CMS with 3 mL
of normal saline solution. Therefore, 15 mL is required to nebulize a dose of 5 million
IU. As the inner volume of most nebulizer chambers range between 6 and 10 mL, the
nebulizer needs to be filled at least twice, which lengthens the nebulization time beyond
60 min, increases nurses’ workload and carries the risk of incomplete administration. It
has been shown that reducing the diluent volume to 6 mL for nebulizing 4 million IU
improves colistin stability and does not modify aerosol characteristics nor plasma and
urine PKPD [81]. Therefore, diluting 5 million IU of CMS powder with 6 mL of normal
saline is possible.

CMS and colistin are not stable in various aqueous media [81,95]. It is highly recom-
mended to nebulize solutions of CMS that are reconstituted just before use. A 29-year-old
woman with cystic fibrosis superinfected by Pseudomonas aeruginosa died from an acute res-
piratory distress syndrome after receiving a CMS nebulization of a pharmacy-compounded
premixed solution that was 5 weeks old (with the stated expiration date not yet reached).
Toxic degradation products resulting from the long conservation of the aqueous solution
were considered as responsible for the fatal outcome [96].

7. Future Research
7.1. Concerns on the Use of Intravenous Colistimethate Sodium

Following intravenous administration, 70% of a CMS dose is rapidly cleared by the
kidney, whereas 20–25% is slowly hydrolyzed to colistin through a process that takes more
than 36 h. Penetration into all organs except the kidneys and biliary tract is also quite
limited. PKPD studies indicate that it is difficult to reach bactericidal colistin concentra-
tions at the site of infection in patients with normal renal function without exceeding the
recommended plasma concentrations of 2 mg/L, above which the risk of nephrotoxicity
markedly increases [52]. Microdialysis studies performed in anaesthetized healthy female
pigs have shown that physico-chemical properties play a pivotal role for antibiotic penetra-
tion across the vascular endothelium, basement membrane and the respiratory epithelium.
High lipophilicity, low molecular mass, polarity and charge at physiological pH favor
penetration into pulmonary epithelial lining fluid. As CMS and colistin have one of the
highest molecular masses and polarities, are significantly charged (Figure 3a) and highly
hydrophilic, their ability to cross the alveolo-capillary membrane is among the lowest [86].
Owing to rapid renal clearance and limited pulmonary diffusion and despite optimized
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CMS dosing, intravenous colistin does not appear optimal to treat lower respiratory tract
infections [52,97].

7.2. Concerns on the Use of Nebulized Colistimethate Sodium

As systemic diffusion of nebulized CMS is limited and its hydrolysis in colistin is slow,
plasma concentrations of colistin following CMS nebulization remain lower than minimal
inhibitory concentrations in the majority of patients (Figure 8b,d). Therefore, nebulized
colistin alone cannot be considered as a safe therapeutic option in patients with bacteremic
VAP. Combination of nebulized CMS with intravenous new cephalosporines/ß-lactamase
inhibitors or intravenous CMS should be considered.

Another issue concerns the diffusion of nebulized CMS into consolidated lung areas
characterizing confluent and lobar VAP. In theory, the lack of lung aeration should preclude
the penetration of nebulized CMS into the consolidated infected lung parenchyma. Inter-
estingly, experimental studies have repeatedly shown that, although lung tissue concentra-
tions decrease with the aeration loss, they remain largely above minimal inhibitory con-
centrations in the majority of animals with consolidated infected lung regions [42,98–100].
As shown in Figure 9, these findings were observed in ventilated and anesthetized piglets
treated by: (1) high dose of nebulized amikacin for an inoculation pneumonia caused by
sensitive Escherichia coli [98,99]; (2) high dose of nebulized CMS for an inoculation pneumo-
nia caused by sensitive Pseudomonas aeruginosa [42]; (3) high dose of nebulized ceftazidime
for an inoculation pneumonia caused by partially resistant Pseudomonas aeruginosa [98].
After the nebulization of CMS at a dose of 130,000 IU /kg per day, lung tissue concen-
trations ranged between 0.8 and 7 µg·g−1 in consolidated lung areas. Among 13 lung
segments with consolidation, nine had tissue lung concentrations ≥ 2 µg·g−1, the MIC of
the inoculated Pseudomonas aeruginosa strain. As lung homogenate tissue concentrations
markedly underestimate interstitial space fluid concentrations, it can be hypothesized that
true concentrations at the site of infection were higher. As for many nebulized antibiotics,
colistin tissue concentrations decrease with the degree of aeration loss [42] but remain
greater than MIC in the majority of consolidated lung areas (zero aeration). Moreover, a
bactericidal effect is observed in the majority of lung segments with severe pneumonia,
confirming the existence of bactericidal concentrations at the site of infection [42]. The exact
mechanisms by which nebulized colistin diffuse into the consolidated lung parenchyma
remain speculative and likely multifactorial: bronchiolar distension and pseudocysts are
possible ways of penetration of nebulized antibiotics into consolidated lung regions [101],
as well as diffusion of nebulized antibiotics through the bronchial wall of non-obstructed
distal bronchioles penetrating within consolidated pulmonary segments. By increasing
nebulized dose of CMS above 130,000 IU/kg, it can be reasonably expected that bactericidal
colistin concentrations can be reached in lobar pneumonia. This forms the rationale for
using nebulized CMS doses as high as 200,000 IU/kg in patients with XDR VAP (the
equivalent of 5 million IU at 3 h interval in a 75 kg adult patient).
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Figure 9. Effects of lung aeration loss on the lung tissue concentrations after the nebulization of high doses of colistin,
amikacin and ceftazidime to anesthetized and ventilated piglets with inoculation pneumonia. (a) Post-mortem macroscopic
view of a piglet’s lungs after intra-bronchial inoculation of Pseudomonas aeruginosa. Thick blue arrows indicate lung areas of
consolidation and thin blue arrows indicate areas of foci of bronchopneumonia. (b) Histologic sections corresponding to
foci of bronchopneumonia with persisting lung aeration. (c) Histologic sections corresponding to areas of consolidation
with complete loss of lung aeration. (d) Colistin peak lung tissue concentrations measured by high-performance liquid
chromatography 24 h after the intra-bronchial inoculation of Pseudomonas aeruginosa (MIC = 2 µg·mL−1) and the nebulization
of 130,000 international units·kg−1 of colistimethate sodium (n = 6). Following the intravenous administration of high
doses of colistimethate sodium (n = 6), colistin lung tissue concentrations were undetected. (e) Amikacin peak lung tissue
concentrations measured by high-performance liquid chromatography 24 h after the intra-bronchial inoculation of Escherichia
coli (MIC = 4 µg·mL−1), either by nebulization (45 mg·kg−1·day−1, n = 10) or by intravenous infusion (15 mg·kg−1·day−1,
n = 8) [99]. (f) Ceftazidime trough lung tissue concentrations measured by high-performance liquid chromatography 24 h
after the intra-bronchial inoculation of Pseudomonas aeruginosa (MIC = 16 µg·mL−1), and the nebulization of 25 mg·kg−1 at 3
h intervals (n = 6) or the continuous intravenous infusion of 90 mg·kg−1·day−1 after an initial rapid infusion of 30 mg·kg−1

(n = 6). (Figure 9a–c,f) [42,99,100].

Last but not least, it is difficult to assess interstitial space fluid concentrations from
epithelial lining fluid concentrations measured from a bronchoalveolar lavage sample [43,
72]. In a porcin model of inoculation pneumonia caused by multiresistant Pseudomonas
aeruginosa and treated by high-dose nebulized amikacin and/or Fosfomycin combined or
not with intravenous meropenem, tracheal antibiotic concentrations were compared to
lung tissue [102]. Due to the bronchial deposition of aerosolized particles, peak tracheal
amikacin concentrations were 500 higher than lung tissue concentrations. Interestingly,
the nebulization of high-dose amikacin did not decrease bacterial concentrations in the
infected lung parenchyma but eradicated the inoculated Pseudomonas aeruginosa from
upper airways, although strains were resistant to amikacin (MIC > 32 µg·mL−1) [102].
These data clearly suggest that the nebulization of high-dose amikacin or CMS are efficient
to treat VAT caused by GNB resistant to both antibiotics.

7.3. Substitution Rather Than Adjunctive Colistimethate Sodium Therapy

As the treatment efficiency of intravenous CMS is frequently suboptimal, adjunctive
therapy (nebulization + intravenous CMS) appears unwarranted in non-bacteremic VAP.
Compared to intravenous CMS alone, adjunctive therapy increases lung tissue concen-
trations without reducing plasma concentrations. Therefore, it likely improves efficacy
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without decreasing toxicity risk. Compared to adjunctive therapy, substitution therapy
(nebulized CMS alone) markedly reduces colistin plasma concentrations and decreases the
risk of toxicity, as shown in a recent meta-analysis [103]. Therefore, the European Society
of Clinical Microbiology and Infectious Diseases recommended to compare substitution
therapy rather than adjunctive therapy with intravenous administration in future random-
ized controlled trials (RCTs) [104]. This recommendation is not valid for patients with
bacteremic VAP where a combination of nebulized and intravenous CMS should be used.

7.4. Experimental Studies Using Intrapulmonary Microdialysis Are Required

Assessing intrapulmonary PKPD of nebulized CMS and colistin is quasi impossible in
patients with VAP, because the bronchoalveolar samples serving for measuring epithelial
lining fluid concentrations are contaminated by nebulized CMS and colistin [43,53,73,75,76].
For the same reason, bacteriological cure cannot be reliably assessed by quantitative
culture of bronchoalveolar lavage fluid in patients receiving nebulized antibiotics. Only
measurements of interstitial space fluid concentrations by intrapulmonary microdialysis
and quantitative culture of postmortem lung biopsies can provide an accurate view of
PKPD and bactericidal activity of CMS and colistin.

Future experimental studies using intrapulmonary microdialysis should describe the
time-dependent profile of CMS and colistin interstitial space fluid concentrations after
the nebulization of the first and the following nebulizations of 200,000 IU/kg. In parallel,
systemic, biliary and urinary CMS and colistin concentrations should be assessed. Another
experiment should verify that increasing concentrations of nebulized CMS (from 50,000
to 200,000 IU/kg) are associated with increasing interstitial space fluid concentrations of
colistin. Again, systemic, biliary and urinary CMS and colistin concentrations should be
assessed in parallel.

7.5. Future Randomized Multicenter Controlled Trials

A number of new antimicrobial agents are now available with activity against MDR
GNB. Ceftazidime avibactam and ceftolozane tazobactam are active against MDR-XDR
Enterobacterales (a key challenge in countries with middle and low outcome). Ceftazidime
avibactam and ceftolozane tazobactam are active against MDR-XDR Enterobacterales.
Ceftazidime avibactam is active against Klebsiella pneumoniae producing carbapenemase
and oxacillinase and ceftolozane tazobactam against Pseudomonas aeruginosa with non-
enzyme mediated carbapenem resistance. Cefiderocol or eravacycline are active against
carbapenem-resistant Acinetobacter baumannii.

CMS remains a key agent in the treatment of VAP and VAT caused by MDR GNB, but
the optimal regimen is currently unclear. Randomized controlled trials are urgently required
to identify optimal treatment strategies for patients with VAP and VAT caused by MDR GNB.
Superiority multicenter RCTs comparing nebulized CMS alone with the intravenous admin-
istration of CMS are required to guide treatment when new cephalosporines/ß-lactamase
inhibitors are not available or when VAP or VAT is caused by XDR GNB resistant to the new
cephalosporines/ß-lactamase inhibitors. Where new cephalosporines/ß-lactamase inhibitors
are available, non-inferiority multicenter RCTs should compare the nebulization of CMS
alone with the parenteral administration of new cephalosporines/ß-lactamase inhibitors.
Expected benefits from nebulized CMS are a more rapid clinical cure, a reduction in the
duration of mechanical ventilation, less nephrotoxicity and a shorter duration of antibiotic
administration. As lung deposition of nebulized CMS decreases with lung aeration [42],
patients should be included as early as possible in the different multicenter RCTs. Bacterio-
logical cure should be determined at least 24 h following the last CMS nebulization to avoid
the presence of nebulized colistin in the sample that could artifactually prevent bacterial
growth and provide a false negative result.
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8. Conclusions

Although well-designed multicenter RCTs are lacking, there is a body of evidence
suggesting that nebulized CMS is efficient for treating lower respiratory tract infections
caused by MDR GNB. The complex PKPD of the intravenous prodrug CMS, character-
ized by a rapid renal elimination and a slow hydrolysis in active colistin, advocates for
nebulization rather than intravenous administration. Experimental studies using intra-
pulmonary microdialysis are urgently needed to characterize lung PKPD and optimize
CMS nebulization, but preliminary studies suggested nebulization of CMS results in high
intrapulmonary concentration of colistin. Future superiority multicenter RCTs should
compare high doses of nebulized CMS to high doses of intravenous CMS in VAP and VAT
caused by extensive drug-resistant GNB not sensitive to aminoglycosides and/or new
cephalosporines/ß-lactamase inhibitors. Noninferiority multicenter RCTs should compare
high doses of nebulized CMS alone to new cephalosporines/ß-lactamase inhibitors in VAP
and VAT caused by extensive drug-resistant GNB.
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(Ciberes), Barcelona, Spain; Melda Türkoğlu meldaturkoglu@yahoo.com.tr, Subdivision of Critical
Care, Internal Medicine Intensive Care Unit, Department of Internal Medicine, Gazi University
Faculty of Medicine, Ankara, Turkey; Tobias Welte welte.tobias@mh-hannover.de, University of
Hannover, School of Medicine, Hannover, Germany.

Conflicts of Interest: The authors declare receiving consulting fees, unrestricted research grants and
equipment research support from Aerogen Ltd., unrestricted research grant, speaker fees, travel
reimbursements from Fisher & Paykel, unrestricted research grant form Hamilton medical, consulting
fees from La Diffusion Technique Française. M.L. is a consultant for Gilead and Amomed and gave
lectures for Aspen and MSD. P.F.L. is a consultant for Adrenomed and Inotrem and received an
unrestricted research grant from Aerogen. L.P. declares that Stony Brook University holds patents
on targeted antibiotic therapy to intubated patients licensed to InspiRx, Inc. and that she serves
as a consultant to InspiRx and is a member of Merck’s Advisory Committee for Gram-negative
pneumonias. JRe received grant support from Bayer and served in the advisory board for Bayer and
speakers bureau for Norma Helas. A.T. declares participating to the advisory board of Cardeas, Bayer
and Polyphor and receiving unrestricted research grants from the three companies. T.W. received
grant support from German Research Council, German MInistry of Research and Education, received
fees for lectures from AstraZeneca, Basilea, Bayer, GSK, Infectopharm, MSD, Novartis, Pfizer, Roche
and declares participating to the advisory board of AstraZeneca, Basilea, Bayer, GSK, Novartis, Pfizer,
Roche. The other authors declare no conflict of interest. K.P. received lecture fees from MSD Greece
and Pfizer Hellas.



Microorganisms 2021, 9, 1154 21 of 25

References
1. Ainsworth, G.C.; Brown, A.M.; Brownlee, G. “Aerosporin”, an Antibiotic Produced by Bacillus aerosporus Greer. Nature 1947,

159, 263. [CrossRef] [PubMed]
2. World Health Organization. Critically important antimicrobials for human medicine 3rd Revision 2011. Clin. Infect. Dis. 2012, 55,

712–719. Available online: https://apps.who.int/iris/bitstream/handle/10665/312266/9789241515528-eng.pdf (accessed on 22
May 2021).

3. Andrade, F.F.; Silva, D.; Rodrigues, A.; Pina-Vaz, C. Colistin Update on Its Mechanism of Action and Resistance, Present and
Future Challenges. Microorganisms 2020, 8, 1716. [CrossRef] [PubMed]

4. European Medicine Agency. Updated Advice on the Use of Colistin Products in Animals within the European Union: Develop-
ment of Resistance and Possible Impact in Human and Animals Health (EMA/CVMP/CHMP/231573/2016). 2016. Available
online: https://www.ema.europa.eu/en/documents/scientific-guideline/updated-advice-use-colistin-use-products-animals-
within-european-union-development-resistance-possible_en-O.pdf (accessed on 22 May 2021).

5. Greenfield, S.; Teres, D.; Bushnell, L.S.; Hedley-Whyte, J.; Feingold, D.S. Prevention of gram-negative bacillary pneumonia using
aerosol polymyxin as prophylaxis. I. Effect on the colonization pattern of the upper respiratory tract of seriously ill patients. J.
Clin. Investig. 1973, 52, 2935–2940. [CrossRef] [PubMed]

6. Klick, J.M.; du Moulin, G.C.; Hedley-Whyte, J.; Teres, D.; Bushnell, L.S.; Feingold, D.S. Prevention of gram-negative bacillary
pneumonia using polymyxin aerosol as prophylaxis. II. Effect on the incidence of pneumonia in seriously ill patients. J. Clin.
Investig. 1975, 55, 514–519. [CrossRef]

7. Feeley, T.W.; Du Moulin, G.C.; Hedley-Whyte, J.; Bushnell, L.S.; Gilbert, J.P.; Feingold, D.S. Aerosol polymyxin and pneumonia in
seriously ill patients. N. Engl. J. Med. 1975, 293, 471–475. [CrossRef]

8. Littlewood, J.M.; Miller, M.G.; Ghoneim, A.T.; Ramsden, C.H. Nebulised colomycin for early Pseudomonas colonisation in cystic
fibrosis. Lancet 1985, 325, 865. [CrossRef]

9. Crouch, T.W.; Higuchi, J.H.; Coalson, J.J.; Johanson, W.G. Pathogenesis and prevention of nosocomial pneumonia in a non human
primate model of acute respiratory failure. Am. Rev. Respir. Dis. 1984, 30, 502–504.

10. Johanson, W.G.; Seidenfeld, J.J.; De Los Santos, R.; Coalson, J.J.; Gomez, P. Prevention of Nosocomial Pneumonia Using Topical
and Parenteral Antimicrobial Agents. Am. Rev. Respir. Dis. 1988, 137, 265–272. [CrossRef]

11. Rouby, J.J.; Poète, P.; Martin de Lassale, E.; Nicolas, M.H.; Bodin, L.; Jarlier, V.; Korinek, A.M.; Viars, P. Prevention of Gram
negative nosocomial bronchopneumonia by intratracheal colistin in critically ill patients. Int. Care Med. 1994, 20, 187–192.
[CrossRef]

12. Karvouniaris, M.; Makris, D.; Zygoulis, P.; Triantaris, A.; Xitsas, S.; Mantzarlis, K.; Petinaki, E.; Zakynthinos, E. Nebulised colistin
for ventilator-associated pneumonia prevention. Eur. Respir. J. 2015, 46, 1732–1739. [CrossRef]

13. Markou, N.; Apostolakos, H.; Koumoudiou, C.; Athanasiou, M.; Koutsoukou, A.; Alamanos, I.; Gregorakos, L. Intravenous
colistin in the treatment of sepsis from multiresistant Gram-negative bacilli in critically ill patients. Crit. Care 2003, 7, R78–R83.
[CrossRef]

14. Garnacho-Montero, J.; Ortiz-Leyba, C.; Jiménez-Jiménez, F.J.; Barrero-Almodóvar, A.E.; García-Garmendia, J.L.; Bernabeu-
WittelI, M.; Gallego-Lara, S.L.; Madrazo-Osuna, J. Treatment of multidrug-resistant Acinetobacter baumannii ventilator-associated
pneumonia (VAP) with intravenous colistin: A comparison with imipenem-susceptible VAP. Clin. Infect. Dis. 2003, 36, 1111–1118.
[CrossRef]

15. Kwa, A.L.; Loh, C.; Low, J.G.; Kurup, A.; Tam, V.H. Nebulized colistin in the treatment of pneumonia due to multidrug-resistant
Acinetobacter baumannii and Pseudomonas aeruginosa. Clin. Infect. Dis. 2005, 41, 754–757. [CrossRef]

16. Souli, M.; Galani, I.; Giamarellou, H. Emergence of extensively drug-resistant and pandrug-resistant Gram-negative bacilli in
Europe. Euro Surveill. 2008, 13, 19045. [CrossRef]

17. Chung, D.R.; Song, J.H.; Kim, S.H.; Thamlikitkul, V.; Huang, S.G.; Wang, H.; So, T.M.; Yasin, R.M.; Hsueh, P.R.; Carlos, C.C.; et al.
Asian Network for Surveillance of Resistant Pathogens Study Group.High prevalence of multidrug-resistant nonfermenters in
hospital-acquired pneumonia in Asia. Am. J. Respir. Crit. Care Med. 2011, 184, 1409–1417. [CrossRef]

18. Motaouakkil, S.; Charra, B.; Hachimi, A.; Nejmi, H.; Benslama, A.; Elmdaghri, N.; Belabbes, H.; Benbachir, M. Colistin and
rifampicin in the treatment of nosocomial infections from multiresistant Acinetobacter baumannii. J. Infect. 2006, 53, 274–278.
[CrossRef]

19. Lin, C.C.; Liu, T.C.; Kuo, C.F.; Liu, C.P.; Lee, C.M. Aerosolized colistin for the treatment of multidrug-resistant Acinetobacter
baumannii pneumonia: Experience in a tertiary care hospital in northern Taiwan. J. Microbiol. Immunol. Infect. 2010, 43, 323–331.
[CrossRef]

20. Kofteridis, D.P.; Alexopoulou, C.; Valachis, A.; Maraki, S.; Dimopoulou, D.; Georgopoulos, D.; Samonis, G. Aerosolized
plus intravenous colistin versus intravenous colistin alone for the treatment of ventilator-associated pneumonia: A matched
case–control study. Clin. Infect. Dis. 2010, 51, 1238–1244. [CrossRef]

21. Korbila, I.P.; Michalopoulos, A.; Rafailidis, P.I.; Nikita, D.; Samonis, G.; Falagas, M.E. Inhaled colistin as adjunctive therapy to
intravenous colistin for the treatment of microbiologically documented ventilator-associated pneumonia: A comparative cohort
study. Clin. Microbiol. Infect. 2010, 16, 1230–1236. [CrossRef]

http://doi.org/10.1038/160263a0
http://www.ncbi.nlm.nih.gov/pubmed/20256217
https://apps.who.int/iris/bitstream/handle/10665/312266/9789241515528-eng.pdf
http://doi.org/10.3390/microorganisms8111716
http://www.ncbi.nlm.nih.gov/pubmed/33147701
https://www.ema.europa.eu/en/documents/scientific-guideline/updated-advice-use-colistin-use-products-animals-within-european-union-development-resistance-possible_en-O.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/updated-advice-use-colistin-use-products-animals-within-european-union-development-resistance-possible_en-O.pdf
http://doi.org/10.1172/JCI107490
http://www.ncbi.nlm.nih.gov/pubmed/4356004
http://doi.org/10.1172/JCI107957
http://doi.org/10.1056/NEJM197509042931003
http://doi.org/10.1016/S0140-6736(85)92222-6
http://doi.org/10.1164/ajrccm/137.2.265
http://doi.org/10.1007/BF01704698
http://doi.org/10.1183/13993003.02235-2014
http://doi.org/10.1186/cc2358
http://doi.org/10.1086/374337
http://doi.org/10.1086/432583
http://doi.org/10.2807/ese.13.47.19045-en
http://doi.org/10.1164/rccm.201102-0349OC
http://doi.org/10.1016/j.jinf.2005.11.019
http://doi.org/10.1016/S1684-1182(10)60050-3
http://doi.org/10.1086/657242
http://doi.org/10.1111/j.1469-0691.2009.03040.x


Microorganisms 2021, 9, 1154 22 of 25

22. Rattanaumpawan, P.; Lorsutthitham, J.; Ungprasert, P.; Angkasekwinai, N.; Thamlikitkul, V.J. Randomized controlled trial of
nebulized colistimethate sodium as adjunctive therapy of ventilator-associated pneumonia caused by Gram-negative bacteria.
Antimicrob. Chemother. 2010, 65, 2645–2649. [CrossRef]

23. Pérez-Pedrero, M.J.; Sánchez-Casado, M.; Rodríguez-Villar, S. Nebulized colistin treatment of multi-resistant Acinetobacter
baumannii pulmonary infection in critical ill patients. Med. Intensiva 2011, 35, 226–231. (In Spanish) [CrossRef]

24. Naesens, R.; Vlieghe, E.; Verbrugghe, W.; Jorens, P.; Ieven, M. A retrospective observational study on the efficacy of colistin by
inhalation as compared to parenteral administration for the treatment of nosocomial pneumonia associated with multidrug-
resistant Pseudomonas aeruginosa. BMC Infect. Dis. 2011, 11, 317. [CrossRef]

25. Kalin, G.; Alp, E.; Coskun, R.; Demiraslan, H.; Gundogan, K.; Doganay, M. Use of high-dose IV and aerosolized colistin for the
treatment of multidrug-resistant Acinetobacter baumannii ventilator-associated pneumonia: Do we really need this treatment?
J. Infect. Chemother. 2012, 18, 872–877. [CrossRef] [PubMed]

26. Lu, Q.; Luo, R.; Bodin, L.; Yang, J.; Zahr, N.; Aubry, A.; Golmard, J.L.; Rouby, J.J. The Nebulized Antibiotics Study Group. Efficacy
of High-dose Nebulized Colistin in Ventilator-associated Pneumonia Caused by Multidrug-resistant Pseudomonas aeruginosa
and Acinetobacter baumannii. Anesthesiology 2012, 117, 1335–1347. [CrossRef] [PubMed]

27. Kuo, S.C.; Lee, Y.T.; Yang, S.P.; Chen, C.P.; Chen, T.L.; Hsieh, S.L.; Siu, L.K.; Fung, C.P. Eradication of multidrug-resistant
Acinetobacter baumannii from the respiratory tract with inhaled colistin methanesulfonate: A matched case-control study.
Clin. Microbiol. Infect. 2012, 18, 870–876. [CrossRef] [PubMed]

28. Athanassa, Z.E.; Markantonis, S.L.; Fousteri, M.Z.; Myrianthefs, P.M.; Boutzouka, E.G.; Tsakris, A.; Baltopouloss, G.J. Pharmacoki-
netics of inhaled colistimethate sodium (CMS) in 417 mechanically ventilated critically ill patients. Intensive Care Med. 2012, 38,
1779–1786. [CrossRef] [PubMed]

29. Amin, M.; Rashad, A.; Fouad, A.; Abdel Azeem, A. Re-emerging of colistin for treatment of nosocomial pneumonia due to Gram
negative multidrug-resistant pathogens in critically ill patients. Egypt J. Chest Dis. Tuberc. 2013, 62, 447–451. [CrossRef]

30. Tumbarello, M.; De Pascale, G.; Trecarichi, E.M.; De Martino, S.; Bello, G.; Maviglia, R.; Spanu, T.; Antonelli, M. Effect of
aerosolized colistin as adjunctive treatment on the outcomes of microbiologically documented ventilator-associated pneumonia
caused by colistin-only susceptible Gram-negative bacteria. Chest 2013, 144, 1768–1775. [CrossRef]

31. Doshi, N.M.; Cook, C.H.; Mount, K.L.; Stawicki, S.P.; Frazee, E.N.; Personett, H.A.; Schramm, G.E.; Arnold, H.M.; Murphy, C.V.
Adjunctive aerosolized colistin for multidrug resistant Gram-negative pneumonia in the critically ill: A retrospective study. BMC
Anesthesiol. 2013, 13, 45. [CrossRef]

32. Choi, H.K.; Kim, Y.K.; Kim, H.Y.; Uh, Y. Inhaled colistin for treatment of pneumonia due to colistin-only-susceptible Acinetobacter
baumannii. Yonsei Med. J. 2014, 55, 118–125. [CrossRef]

33. Chen, Y.-M.; Fang, W.-F.; Kao, H.C.; Chen, H.-C.; Tsai, Y.-C.; Shen, L.-S.; Li, C.-L.; Chang, H.-C.; Huang, K.-T.; Lin, M.-C.;
et al. Influencing factors of successful eradication of multidrug-resistant Acinetobacter baumannii in the respiratory tract with
aerosolized colistin. Biomed. J. 2014, 37, 314–320.

34. Maskin, L.P.; Setten, M.; Rodríguez, P.O.; Bonelli, I.; Attie, S.; Stryjewski, M.E.; Valentini, R. Inhaled colistimethate sodium in
ventilator-associated tracheobronchitis due to multidrug-resistant Gram-negative bacteria. Int. J. Antimicrob. Agents 2015, 45,
199–200. [CrossRef]

35. Bogovic, T.Z.; Budimir, A.; Bosnjak, Z.; Hrabac, P.; Baronica, R.; Tomasevic, B.; Miric, M.; Drvar, Z.; Pavlek, M.; Bratic, V.; et al.
Inhalation plus intravenous colistin versus intravenous colistin alone for treatment of ventilator associated pneumonia. Signa
Vitae 2014, 9, 29–33.

36. Hsieh, T.C.; Chen, F.L.; Ou, T.Y.; Jean, S.S.; Lee, W.S. Role of aerosolized colistin methanesulfonate therapy for extensively-drug-
resistant Acinetobacter baumannii complex pneumonia and airway colonization. J. Microbiol. Immunol. Infect. 2016, 49, 523–530.
[CrossRef]

37. Abdellatif, S.; Trifi, A.; Daly, F.; Mahjoub, K.; Nasri, R.; Ben Lakhal, S. Efficacy and toxicity of aerosolised colistin in ventilator-
associated pneumonia: A prospective, randomised trial. Ann. Intensive Care 2016, 6, 26. [CrossRef]

38. Jang, J.Y.; Kwon, H.Y.; Choi, E.H.; Lee, W.-Y.; Shim, H.; Bae, K.S. Efficacy and toxicity of high dose nebulized colistin for critically
ill surgical patients with ventilator-associated pneumonia caused by multidrug-resistant Acinetobacter baumannii. J. Crit. Care
2017, 40, 251–256. [CrossRef]

39. Kim, Y.K.; Lee, J.H.; Lee, H.K.; Chung, B.C.; Yu, S.J.; Lee, H.Y.; Park, J.H.; Kim, S.; Kim, H.K.; Kiem, S.; et al. Efficacy
of nebulized colistin-based therapy without concurrent intravenous colistin for ventilator-associated pneumonia caused by
carbapenem-resistant Acinetobacter baumannii. J. Thorac. Dis. 2017, 9, 555–567. [CrossRef]

40. Khorvash, F.; Yaghoubi, S.; Farsaei, S.; Ataei, B.; Hakamifard, A.; Mohajeri, F.; Gudarzi, M. Comparison of two therapeutic
approaches for the management of ventilator-associated pneumonia due to multidrug-resistant Acinetobacter: A randomized
clinical trial study. J. Immunoass. Immunochem. 2019, 41, 97–105. [CrossRef]

41. Benítez-Cano, A.; de Antonio-Cuscó, M.; Luque, S.; Sorlí, L.; Carazo, J.; Ramos, I.; Grau, S. Systemic pharmacokinetics and
safety of high doses of nebulized colistimethate sodium in critically ill patients with hospital-acquired and ventilator-associated
pneumonia. J. Antimicrob. Chemother. 2019, 74, 3268–3273. [CrossRef]

42. Lu, Q.; Girardi, C.; Zhang, M.; Bouhemad, B.; Louchahi, K.; Petitjean, O.; Wallet, F.; Becquemin, M.H.; Le Naour, G.; Marquette,
C.H.; et al. Nebulized and intravenous colistin in experimental pneumonia caused by Pseudomonas aeruginosa. Intensive Care
Med. 2010, 36, 1147–1155. [CrossRef]

http://doi.org/10.1093/jac/dkq360
http://doi.org/10.1016/j.medin.2011.01.013
http://doi.org/10.1186/1471-2334-11-317
http://doi.org/10.1007/s10156-012-0430-7
http://www.ncbi.nlm.nih.gov/pubmed/22644081
http://doi.org/10.1097/ALN.0b013e31827515de
http://www.ncbi.nlm.nih.gov/pubmed/23132092
http://doi.org/10.1111/j.1469-0691.2011.03682.x
http://www.ncbi.nlm.nih.gov/pubmed/21999321
http://doi.org/10.1007/s00134-012-2628-7
http://www.ncbi.nlm.nih.gov/pubmed/22810779
http://doi.org/10.1016/j.ejcdt.2013.05.012
http://doi.org/10.1378/chest.13-1018
http://doi.org/10.1186/1471-2253-13-45
http://doi.org/10.3349/ymj.2014.55.1.118
http://doi.org/10.1016/j.ijantimicag.2014.09.010
http://doi.org/10.1016/j.jmii.2014.08.009
http://doi.org/10.1186/s13613-016-0127-7
http://doi.org/10.1016/j.jcrc.2017.04.004
http://doi.org/10.21037/jtd.2017.02.61
http://doi.org/10.1080/15321819.2019.1696818
http://doi.org/10.1093/jac/dkz356
http://doi.org/10.1007/s00134-010-1879-4


Microorganisms 2021, 9, 1154 23 of 25

43. Rouby, J.J.; Sole-Lleonart, C.; Rello, J. Ventilator-associated pneumonia caused by multidrug-resistant Gram-negative bacteria:
Understanding nebulization of aminoglycosides and colistin. Intensive Care Med. 2020, 46, 766–770. [CrossRef]

44. Vardakas, K.Z.; Voulgaris, G.L.; Samonis, G.; Falagas, M.E. Inhaled colistin monotherapy for respiratory tract infections in adults
without cystic fibrosis: A systematic review and meta-analysis. Int. J. Antimicrob. Agents 2018, 51, 1–9. [CrossRef]

45. Valachis, A.; Samonis, G.; Kofteridis, D.P. The Role of Aerosolized Colistin in the Treatment of Ventilator-Associated Pneumonia:
A systematic review and metaanalysis. Crit. Care Med. 2015, 43, 527–533. [CrossRef]

46. Liu, D.; Zhang, J.; Liu, H.X.; Zhu, Y.G.; Qu, J.M. Intravenous combined with aerosolised polymyxin versus intravenous polymyxin
alone in the treatment of pneumonia caused by multidrug-resistant pathogens: A systematic review and meta-analysis. Int. J.
Antimicrob. Agents 2015, 46, 603–609. [CrossRef]

47. Vardakas, K.Z.; Mavroudis, A.D.; Georgiou, M.; Falagas, M.E. Intravenous plus inhaled versus intravenous colistin monotherapy
for lower respiratory tract infections: A systematic review and meta-analysis. J. Infect. 2018, 76, 321–327. [CrossRef]

48. Demirdal, T.; Sari, U.S.; Nemli, S.A. Is inhaled colistin beneficial in ventilator associated pneumonia or nosocomial pneumonia
caused by Acinetobacter baumannii? Ann. Clin. Microbiol. Antimicrob. 2016, 24, 1–6. [CrossRef]

49. Korkmaz Ekren, P.; Toreyin, N.; Sayiner, A.; Bacakoglu, F. The Role of Aerolized Colistin in the Treatment of Hospital-Acquired
Pneumonia. Crit. Care Med. 2016, 44, e304. [CrossRef]

50. Ganapathy, H.; Pal, S.K.; Teare, L.; Dziewulski, P. Use of colistin in treating multi-resistant Gram-negative organisms in a
specialised burns unit. Burns 2010, 36, 522–527. [CrossRef]

51. Falagas, M.E.; Kasiakou, S.K.; Kofteridis, D.P.; Roditakis, G.; Samonis, G. Effectiveness and nephrotoxicity of intravenous colistin
for treatment of patients with infections due to polymyxin-only-susceptible (POS) gram-negative bacteria. Eur. J. Clin. Microbiol.
Infect. Dis. 2006, 25, 596–599. [CrossRef]

52. Soman, R.; Bakthavatchalam, Y.D.; Nadarajan, A.; Dwarakanathan, H.T.; Venkatasubramanian, R.; Veeraraghavan, B. Is it time to
move away from polymyxins? Evidence and alternatives. Eur. J. Clin. Microbiol. Infect. Dis. 2020. [CrossRef] [PubMed]

53. Monsel, A.; Torres, A.; Zhu, Y.-G.; Pugin, J.; Rello, J.; Rouby, J.J.; on behalf of the European Investigators Network for Nebu-
lized Antibiotics in Ventilator-associated Pneumonia (ENAVAP). Nebulised antibiotics for ventilator-associated pneumonia:
Methodological framework for multicenter randomised controlled trials. Curr. Opin. Infect. Dis. 2021, 34, 156–168. [CrossRef]
[PubMed]

54. Velkov, T.; Thompson, P.E.; Nation, R.L.; Li, J. Structure—Activity Relationships of Polymyxin Antibiotics. J. Med. Chem. 2010, 53,
1898–1916. [CrossRef] [PubMed]

55. El-Sayed Ahmed, M.A.E.; Zhong, L.L.; Shen, C.; Yang, Y.; Doi, Y.; Tian, G.B. Colistin and its role in the Era of antibiotic resistance:
An extended review (2000–2019). Emerg. Microbes Infect. 2020, 9, 868–885. [CrossRef]

56. Hancock, R.E. Peptide antibiotics. Lancet 1997, 349, 418–422. [CrossRef]
57. Domingues, M.M.; Inácio, R.G.; Raimundo, J.M.; Martins, M.; Castanho, M.A.; Santos, N.C. Biophysical characterization of

polymyxin B interaction with LPS aggregates and membrane model systems. Biopolymers 2012, 98, 338–434. [CrossRef]
58. Tani, T.; Shimizu, T.; Tani, M.; Shoji, H.; Endo, Y. Anti-endotoxin Properties of Polymyxin B-immobilized Fibers. Adv. Exp. Med.

Biol. 2019, 1145, 321–341.
59. Li, X.; Liu, C.; Mao, Z.; Qi, S.; Song, R.; Zhou, F.J. Effectiveness of polymyxin B-immobilized hemoperfusion against sepsis and

septic shock: A systematic review and meta-analysis. J. Crit. Care 2020, 63, 187–195. [CrossRef]
60. Cruz, D.N.; Antonelli, M.; Fumagalli, R.; Foltran, F.; Brienza, N.; Donati, A.; Malcangi, V.; Petrini, F.; Volta, G.; Bobbio Pallavicini,

F.M.; et al. Early Use of Polymyxin B Hemoperfusion in Abdominal Septic Shock. JAMA 2009, 301, 2445–2452. [CrossRef]
61. Payen, D.M.; Guilhot, J.; Launey, Y.; Lukaszewicz, A.C.; Kaaki, M.; Veber, B.; Pottecher, J.; Joannes-Boyau, O.; Martin-Lefevre,

L.; Jabaudon, M.; et al. Early use of polymyxin B hemoperfusion in patients with septic shock due to peritonitis: A multicenter
randomized control trial. Int. Care Med. 2015, 41, 975–984. [CrossRef]

62. Dellinger, R.P.; Bagshaw, S.M.; Antonelli, M.; Foster, D.M.; Klein, D.J.; Marshall, J.C.; Palevsky, P.M.; Weisberg, L.S.; Schorr, C.A.;
Trzeciak, S.; et al. Effect of Targeted Polymyxin B Hemoperfusion on 28-Day Mortality in Patients With Septic Shock and Elevated
Endotoxin Level. JAMA 2018, 320, 1455–1463. [CrossRef]

63. Poirel, L.; Aurélie Jayol, A.; Nordmann, P. Polymyxins: Antibacterial Activity, Susceptibility Testing, and Resistance Mechanisms
Encoded by Plasmids or Chromosomes. Clin. Microbiol. Rev. 2017, 30, 557–596. [CrossRef]

64. Nation, R.L.; Forrest, A. Clinical Pharmacokinetics, Pharmacodynamics and Toxicodynamics of Polymyxins: Implications for
Therapeutic Use. Adv. Exp. Med. Biol. 2019, 1145, 219–249.

65. Avedissian, S.N.; Liu, J.; Rhodes, N.J.; Lee, A.; Pais, G.M.; Hauser, A.R.; Scheetz, M.H. A Review of the Clinical Pharmacokinetics
of Polymyxin B. Antibiotics 2019, 8, 31. [CrossRef]

66. Barnett, M.; Bushby, S.R.M.; Wilkinson, S. Sodium sulphomethyl derivatives of polymyxins. Br. J. Pharm. Chemother. 1964, 23,
552–574. [CrossRef]

67. Zavascki, A.P.; Goldani, L.Z.; Cao, G.; Superti, S.V.; Lutz, L.; Barth, A.L.; Ramos, F.; Boniatti, M.M.; Nation, R.L.; Li, J.
Pharmacokinetics of intravenous polymyxin B in critically ill patients. Clin. Infect. Dis. 2008, 47, 1298–1304. [CrossRef]

68. Manchandani, P.; Zhou, J.; Ledesma, K.R.; Truong, L.D.; Chow, D.S.; Eriksen, J.L.; Tam, V.H. Characterization of Polymyxin B
Biodistribution and Disposition in an Animal Model. Antimicrob. Agents Chemother. 2015, 60, 1029–1034. [CrossRef]

http://doi.org/10.1007/s00134-019-05890-w
http://doi.org/10.1016/j.ijantimicag.2017.05.016
http://doi.org/10.1097/CCM.0000000000000771
http://doi.org/10.1016/j.ijantimicag.2015.09.011
http://doi.org/10.1016/j.jinf.2018.02.002
http://doi.org/10.1186/s12941-016-0123-7
http://doi.org/10.1097/CCM.0000000000001539
http://doi.org/10.1016/j.burns.2009.07.010
http://doi.org/10.1007/s10096-006-0191-2
http://doi.org/10.1007/s10096-020-04053-w
http://www.ncbi.nlm.nih.gov/pubmed/33009595
http://doi.org/10.1097/QCO.0000000000000720
http://www.ncbi.nlm.nih.gov/pubmed/33605620
http://doi.org/10.1021/jm900999h
http://www.ncbi.nlm.nih.gov/pubmed/19874036
http://doi.org/10.1080/22221751.2020.1754133
http://doi.org/10.1016/S0140-6736(97)80051-7
http://doi.org/10.1002/bip.22095
http://doi.org/10.1016/j.jcrc.2020.09.007
http://doi.org/10.1001/jama.2009.856
http://doi.org/10.1007/s00134-015-3751-z
http://doi.org/10.1001/jama.2018.14618
http://doi.org/10.1128/CMR.00064-16
http://doi.org/10.3390/antibiotics8010031
http://doi.org/10.1111/j.1476-5381.1964.tb01610.x
http://doi.org/10.1086/592577
http://doi.org/10.1128/AAC.02445-15


Microorganisms 2021, 9, 1154 24 of 25

69. Garonzik, S.M.; Li, J.; Thamlikitkul, V.; Paterson, D.L.; Shoham, S.; Jacob, J.; Silveira, F.P.; Forrest, A.; Nation, R.L. Population
pharmacokinetics of colistin methanesulfonate and formed colistin in critically ill patients from a multicenter study provide
dosing suggestions for various categories of patients. Antimicrob. Agents Chemother. 2011, 55, 3284–3294. [CrossRef]

70. Viel, A.; Henri, J.; Bouchène, S.; Laroche, J.; Rolland, J.G.; Manceau, J.; Laurentie, M.; Couet, W.; Grégoire, N. A Population
WB-PBPK Model of Colistin and its Prodrug CMS in Pigs: Focus on the Renal Distribution and Excretion. Pharm. Res. 2018, 35, 92.
[CrossRef]

71. Bergen, P.J.; Landersdorfer, C.B.; Zhang, J.; Zhao, M.; Lee, H.J.; Nation, R.L.; Li, J. Pharmacokinetics and pharmacodynamics of
‘old’ polymyxins: What is new? Diagn. Microbiol. Infect. Dis. 2012, 74, 213–223. [CrossRef]

72. Rouby, J.J.; Monsel, A. Nebulized antibiotics: Epithelial lining fluid concentrations overestimate lung tissue concentrations.
Anesthesiology 2019, 131, 229–232. [CrossRef] [PubMed]

73. Rouby, J.J.; Monsel, A.; Leone, M.; Mimoz, O.; Laterre, P.F.; Pugin, J. The IASIS, INHALE and VAPORISE trials. Reasons for
a triple failure: Study design, aminoglycosides dosing and technique of nebulisation. Anaesth. Crit. Care Pain Med. 2020, 39,
179–183. [CrossRef] [PubMed]

74. Rouby, J.J.; Monsel, A.; Ehrmann, S.; Bouglé, A.; Laterre, P.F. The INHALE trial: Multiple reasons for a negative result. Lancet
Infect. Dis. 2020, 20, 778–779. [CrossRef]

75. Boisson, M.; Jacobs, M.; Grégoire, N.; Gobin, P.; Marchand, S.; Couet, W.; Mimoz, O. Comparison of intrapulmonary and systemic
pharmacokinetics of colistin methanesulfonate (CMS) and colistin after aerosol delivery and intravenous administration of CMS
in critically ill patients. Antimicrob. Agents Chemother. 2014, 58, 7331–7339. [CrossRef] [PubMed]

76. Yapa, S.W.; Li, J.; Patel, K.; Wilson, J.W.; Dooley, M.J.; George, J.; Clark, D.; Poole, S.; Williams, E.; Porter, C.J.; et al. Pulmonary and
systemic pharmacokinetics of inhaled and intravenous colistin methanesulfonate in cystic fibrosis patients: Targeting advantage
of inhalational administration. Antimicrob. Agents Chemother. 2014, 58, 2570–2579. [CrossRef]

77. Gontijo, A.V.; Grégoire, N.; Lamarche, I.; Gobin, P.; Couet, W.; Marchand, S. Biopharmaceutical characterization of nebulized
antimicrobial agents in rats: 2. Colistin. Antimicrob. Agents Chemother. 2014, 58, 3950–3956. [CrossRef]

78. Marchand, S.; Bouchene, S.; de Monte, M.; Guilleminault, L.; Montharu, J.; Cabrera, M.; Grégoire, N.; Gobin, P.; Diot, P.; Couet, W.;
et al. Pharmacokinetics of Colistin Methansulphonate (CMS) and Colistin after CMS Nebulisation in Baboon Monkeys. Pharm.
Res. 2015, 32, 3403–3414. [CrossRef]

79. Boisson, M.; Grégoire, N.; Cormier, M.; Gobin, P.; Marchand, S.; Couet, W.; Mimoz, O. Pharmacokinetics of nebulized colistin
methanesulfonate in critically ill patients. J. Antimicrob. Chemother. 2017, 72, 2607–2612. [CrossRef]

80. Lin, Y.W.; Zhou, Q.T.; Hu, Y.; Onufrak, N.J.; Sun, S.; Wang, J.; Forrest, A.; Chan, H.K.; Li, J. Pulmonary pharmacokinetics of colistin
following administration of dry powder aerosols in rats. Antimicrob. Agents Chemother. 2017, 61, e00973–e01017. [CrossRef]

81. Bihan, K.; Zahr, N.; Becquemin, M.H.; Lu, X.; Bertholon, J.F.; Vezinet, C.; Arbelot, C.; Monsel, A.; Rouby, J.J.; Langeron, O.; et al.
Influence of diluent volume of colistimethate sodium on aerosol characteristics and pharmacokinetics in ventilator-associated
pneumonia caused by MDR bacteria. J. Antimicrob. Chemother. 2018, 73, 1639–1646. [CrossRef]

82. Tewes, F.; Brillault, J.; Gregoire, N.; Olivier, J.C.; Lamarche, I.; Adier, C.; Healy, A.M.; Marchand, S. Comparison between Colistin
Sulfate Dry Powder and Solution for Pulmonary Delivery. Pharmaceutics 2020, 12, 557. [CrossRef]

83. Bergen, P.J.; Bulitta, J.B.; Forrest, A.; Tsuji, B.T.; Li, J.; Nation, R.L. Pharmacokinetic/pharmacodynamic investigation of colistin
against Pseudomonas aeruginosa using an in vitro model. Antimicrob. Agents Chemother. 2010, 54, 3783–3789. [CrossRef]

84. Bergen, P.J.; Forrest, A.; Bulitta, J.B.; Tsuji, B.T.; Sidjabat, H.E.; Paterson, D.L.; Li, J.; Nation, R.L. Clinically relevant plasma concen-
trations of colistin in combination with imipenem enhance pharmacodynamic activity against multidrug-resistant Pseudomonas
aeruginosa at multiple inocula. Antimicrob. Agents Chemother. 2011, 55, 5134–5142. [CrossRef] [PubMed]

85. Tran, T.B.; Velkov, T.; Nation, R.L.; Forrest, A.; Tsuji, B.T.; Bergen, P.J.; Li, J. Pharmacokinetics/pharmacodynamics of colistin and
polymyxin B: Are we there yet? Int. J. Antimicrob. Agents 2016, 48, 592–597. [CrossRef]

86. Rottbøll, L.A.H.; Friis, C. Penetration of antimicrobials to pulmonary epithelial lining fluid and muscle and impact of drug
physicochemical properties determined by microdialysis. J. Pharmacol. Toxicol. Methods 2016, 78, 58–65. [CrossRef]

87. Falagas, M.E.; Rizos, M.; Bliziotis, I.A.; Rellos, K.; Kasiakou, S.K.; Michalopoulos, A. Toxicity after prolonged (more than four
weeks) administration of intravenous colistin. BMC Infect. Dis. 2005, 5, 1. [CrossRef]

88. Zavascki, A.P.; Nation, R.L. Nephrotoxicity of Polymyxins: Is There Any Difference between Colistimethate and Polymyxin B?
Antimicrob. Agents Chemother. 2017, 61, e02319–e02416. [CrossRef]

89. Sorli, L.; Luque, S.; Grau, S.; Berenguer, N.; Segura, C.; Montero, M.M.; Álvarez-Lerma, F.; Knobel, H.; Benito, N.; Horcajada, J.P.
Trough colistin plasma level is an independent risk factor for nephrotoxicity: A prospective observational cohort study. BMC
Infect. Dis. 2013, 13, 380. [CrossRef]

90. Azad, M.A.; Finnin, B.A.; Poudyal, A.; Davis, K.; Li, J.; Hill, P.A.; Nation, R.L.; Velkov, T.; Li, J. Polymyxin B induces apoptosis in
kidney proximal tubular cells. Antimicrob. Agents Chemother. 2013, 57, 4329–4335. [CrossRef]

91. Eadon, M.T.; Hack, B.K.; Alexander, J.J.; Xu, C.; Dolan, M.E.; Cunningham, P.N. Cell cycle arrest in a model of colistin
nephrotoxicity. Physiol. Genomics 2013, 45, 877–888. [CrossRef]

92. Yousef, J.M.; Chen, G.; Hill, P.A.; Nation, R.L.; Li, J. Ascorbic acid protects against the nephrotoxicity and apoptosis caused by
colistin and affects its pharmacokinetics. J. Antimicrob. Chemother. 2012, 67, 452–459. [CrossRef] [PubMed]

93. Sirijatuphat, R.; Limmahakhun, S.; Sirivatanauksorn, V.; Nation, R.L.; Li, J.; Thamlikitkul, V. Preliminary clinical study of the effect
of ascorbic acid on colistin-associated nephrotoxicity. Antimicrob. Agents Chemother. 2015, 59, 3224–3232. [CrossRef] [PubMed]

http://doi.org/10.1128/AAC.01733-10
http://doi.org/10.1007/s11095-018-2379-4
http://doi.org/10.1016/j.diagmicrobio.2012.07.010
http://doi.org/10.1097/ALN.0000000000002824
http://www.ncbi.nlm.nih.gov/pubmed/31246608
http://doi.org/10.1016/j.accpm.2020.03.007
http://www.ncbi.nlm.nih.gov/pubmed/32156643
http://doi.org/10.1016/S1473-3099(20)30481-3
http://doi.org/10.1128/AAC.03510-14
http://www.ncbi.nlm.nih.gov/pubmed/25267660
http://doi.org/10.1128/AAC.01705-13
http://doi.org/10.1128/AAC.02819-14
http://doi.org/10.1007/s11095-015-1716-0
http://doi.org/10.1093/jac/dkx167
http://doi.org/10.1128/AAC.00973-17
http://doi.org/10.1093/jac/dky044
http://doi.org/10.3390/pharmaceutics12060557
http://doi.org/10.1128/AAC.00903-09
http://doi.org/10.1128/AAC.05028-11
http://www.ncbi.nlm.nih.gov/pubmed/21876058
http://doi.org/10.1016/j.ijantimicag.2016.09.010
http://doi.org/10.1016/j.vascn.2015.11.007
http://doi.org/10.1186/1471-2334-5-1
http://doi.org/10.1128/AAC.02319-16
http://doi.org/10.1186/1471-2334-13-380
http://doi.org/10.1128/AAC.02587-12
http://doi.org/10.1152/physiolgenomics.00076.2013
http://doi.org/10.1093/jac/dkr483
http://www.ncbi.nlm.nih.gov/pubmed/22127588
http://doi.org/10.1128/AAC.00280-15
http://www.ncbi.nlm.nih.gov/pubmed/25801556


Microorganisms 2021, 9, 1154 25 of 25

94. Rello, J.; Rouby, J.J.; Sole-Lleonart, C.; Chastre, J.; Blot, S.; Luyt, C.E.; Riera, J.; Vos, M.C.; Monsel, A.; Dhanani, J.; et al. Key
considerations on nebulization of antimicrobial agents to mechanically ventilated patients. Clin. Microbiol. Infect. 2017, 23,
640–646. [CrossRef] [PubMed]

95. Li, J.; Milne, R.W.; Nation, R.L.; Turnidge, J.D.; Coulthard, K. Stability of colistin and colistin methanesulfonate in aqueous media
and plasma as determined by high-performance liquid chromatography. Antimicrob. Agents Chemother. 2003, 47, 1364–1370.
[CrossRef]

96. McCoy, K.S. Compounded Colistimethate as Possible Cause of Fatal Acute Respiratory Distress Syndrome. N. Engl. J. Med. 2007,
357, 2310–2311. [CrossRef]

97. Imberti, R.; Cusato, M.; Villani, P.; Carnevale, L.; Iotti, G.A.; Langer, M.; Regazzi, M. Steady-state pharmacokinetics and BAL
concentration of colistin in critically Ill patients after IV colistin methanesulfonate administration. Chest 2010, 138, 1333–1339.
[CrossRef]

98. Goldstein, I.; Wallet, F.; Nicolas-Robin, A.; Ferrari, F.; Marquette, C.H.; Rouby, J.J. Lung deposition and efficiency of nebulized
amikacin during Escherichia coli pneumonia in ventilated piglets. Am. J. Respir. Crit. Care Med. 2002, 166, 1375–1381. [CrossRef]

99. Elman, M.; Goldstein, I.; Marquette, C.H.; Wallet, F.; Lenaour, G.; Rouby, J.J. Influence of lung aeration on pulmonary concen-
trations of nebulized and intravenous amikacin in ventilated piglets with severe bronchopneumonia; Experimental ICU Study
Group. Anesthesiology 2002, 97, 199–206. [CrossRef]

100. Ferrari, F.; Lu, Q.; Girardi, C.; Petitjean, O.; Marquette, C.H.; Wallet, F.; Rouby, J.J.; Experimental ICU Study Group. Nebulized
ceftazidime in experimental pneumonia caused by partially resistant Pseudomonas aeruginosa. Int. Care Med. 2009, 35, 1792–1800.
[CrossRef]

101. Goldstein, I.; Bughalo, M.T.; Marquette, C.H.; Lenaour, G.; Lu, Q.; Rouby, J.J.; Experimental ICU Study Group. Mechanical
ventilation-induced air-space enlargement during experimental pneumonia in piglets. Am. J. Respir. Crit. Care Med. 2001, 163,
958–964. [CrossRef]

102. Bassi, G.L.; Motos, A.; Fernandez-Barat, L.; Xiol, E.A.; Chiurazzi, C.; Senussi, T.; Saco, M.A.; Fuster, C.; Carbonara, M.; Bobi, J.;
et al. Nebulized Amikacin and Fosfomycin for Severe Pseudomonas aeruginosa Pneumonia: An Experimental Study. Crit. Care
Med. 2019, 47, e470–e477. [CrossRef]

103. Sole-Lleonart, C.; Rouby, J.J.; Blot, S.; Poulakou, G.; Chastre, J.; Palmer, L.B.; Bassetti, M.; Luyt, C.E.; Pereira, J.M.; Riera, J.;
et al. Nebulization of antiinfective agents in invasively mechanically ventilated adults: A systematic review and metaanalysis.
Anesthesiology 2017, 126, 890–908. [CrossRef]

104. Rello, J.; Solé-Lleonart, C.; Rouby, J.J.; Chastre, J.; Blot, S.; Poulakou, G. Use of nebulized antimicrobials for the treatment of
respiratory infections in invasively mechanically ventilated adults: A position paper from the European Society of Clinical
Microbiology and Infectious Diseases. Clin. Microbiol. Infect. 2017, 23, 629–639. [CrossRef]

http://doi.org/10.1016/j.cmi.2017.03.018
http://www.ncbi.nlm.nih.gov/pubmed/28347790
http://doi.org/10.1128/AAC.47.4.1364-1370.2003
http://doi.org/10.1056/NEJMc071717
http://doi.org/10.1378/chest.10-0463
http://doi.org/10.1164/rccm.200204-363OC
http://doi.org/10.1097/00000542-200207000-00028
http://doi.org/10.1007/s00134-009-1605-2
http://doi.org/10.1164/ajrccm.163.4.2006072
http://doi.org/10.1097/CCM.0000000000003724
http://doi.org/10.1097/ALN.0000000000001570
http://doi.org/10.1016/j.cmi.2017.04.011

	Introduction 
	Historical Background 
	Prophylaxis of Gram-Negative Bacteria Pneumonia 
	Treatment of MDR GNB Ventilator-Associated Pneumonia 

	Structure–Activity Relationship 
	Chemical Structure and Antimicrobial Activity 
	Mechanisms of Bacterial Killing 
	Anti-Endotoxin Activity 
	Mechanisms of Resistance 

	Pharmacokinetics 
	Pharmacokinetics of Intravenous Colistimethate Sodium 
	Pharmacokinetics of Nebulized Colistimethate Sodium 

	Pharmacodynamics 
	Concentration-Dependant Effect of Colistin and Post-Antibiotic Effect 
	Toxicity and Toxicodynamics of Intravenous Colistin 

	Administration and Dosing of Nebulized Colistimethate Sodium 
	Technique of Nebulization 
	Nebulized Doses 
	Conditions of Administration 

	Future Research 
	Concerns on the Use of Intravenous Colistimethate Sodium 
	Concerns on the Use of Nebulized Colistimethate Sodium 
	Substitution Rather Than Adjunctive Colistimethate Sodium Therapy 
	Experimental Studies Using Intrapulmonary Microdialysis Are Required 
	Future Randomized Multicenter Controlled Trials 

	Conclusions 
	References

