Chapter 8
Old and Novel Polymyxins Against
Serious Gram-Negative Infections

Martti Vaara

Abstract Polymyxins (polymyxin B and colistin) are bactericidal pentacationic
cyclic lipodecapeptides that act specifically on Gram-negative bacteria. They were
largely abandoned because of their toxicity to kidney proximal tubuli. Now they
have been reinstated, in spite of their toxicity, in the therapy of severe infections
caused by extremely multiresistant strains. Such strains are now rapidly emerging
and spreading. The nephrotoxicity of polymyxins does complicate the therapy, may
even require its discontinuation, and must be weighed against the beneficial effects
on patient survival. Furthermore, in the recent years it has become increasingly
clear that the current dosage regimens are suboptimal in critically ill patients.
Clinicians are advised to use larger doses, but this further increases nephrotoxicity.
Since there is notably synergy between polymyxins and several other antibiotics,
combination therapies may be useful, and clinical evidence for their advantages is
currently accumulating. Novel, less nephrotoxic compounds that have strong
antibacterial activity would be very welcome. The nephrotoxicity of polymyxins
might be related to their very highly cationic nature. In contrast to the old poly-
myxins, which carry five positive charges, NAB739 carries three positive charges
only. The activity of NAB739 against Escherichia coli and Klebsiella pneumoniae
is quite close to that of polymyxin B. Pieces of indirect evidence suggest that
NAB739 might be less nephrotoxic than the old polymyxins. Ongoing studies
compare the efficacy and nephrotoxicity of NAB739 and polymyxin B in animal
models. Useful compounds might also include NAB7061 and NAB741, both
carrying three positive charges. They lack potent direct action but sensitize
Gram-negative bacteria to other antibiotics by facilitating their entry inside the cell.
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8.1 Introduction

Escherichia coli and Klebsiella pneumoniae cause almost 40 % of all community-
acquired bacteremias and approximately one-third of all healthcare-associated
bacteremias. Out of all Gram-negative bacteremias they cause approximately
60-75 %. E. coli and K. pneumoniae strains that elaborate extended-spectrum /-
lactamases and especially CTX-M type enzymes have spread at a stunning pace
everywhere both in the hospitals and in the community worldwide. In most
countries the situation has long been out of control (see Paitan and Ron, this
volume).

Now, the largest worry is the carbapenemase-producing strains of E. coli,
K. pneumoniae and other Enterobacteriaceae (especially the NDM and KPC
strains) that are resistant to almost all antibiotics except polymyxins (polymyxin B,
colistin) and tigecycline (see Genilloud and Vicente, this volume). Their ongoing
spread might follow the path of the CTX-M strains. This would be disastrous since
only extremely few antibiotics with a novel mode of action against Gram-nega-
tives have entered the clinical phases of development.

Most of the extremely resistant Gram-negative “superbacteria” are still sus-
ceptible to polymyxins. This antibiotic group was discovered in the mid-1940s,
and subsequently used in the intravenous therapy. However, polymyxins were
soon largely abandoned because of toxicity, especially toxicity to kidney proximal
tubuli. Today they have been reinstated as the last-line intravenous therapy to treat
infections caused by strains that are resistant to practically all other agents.

Polymyxin B and colistin (i.e., polymyxin E) (Fig. 8.1) are rapidly bactericidal
pentacationic cyclic lipodecapeptides that act on Gram-negative bacteria. Gram-
positives, eukaryotic microbes, and mammalian cells are typically resistant. Poly-
myxins interact with the anionic lipopolysaccharide (LPS) molecules located in the
outermost cell structure, the outer membrane (OM) (Vaara 1992, 2010). As shown
for polymyxin B nonapeptide (PMBN) (Tsubery et al. 2000), their action is

Polymyxin B MHA/MOA -Dab*| -Thr | -Dab*| -cy[Dab -Dab‘*|-DPhe| -Leu -Dab* -Dab® -Thr]
Colistin (polymyxin E) MHA/MOA -Dab*| -Thr | -Dab*| -cy[Dab -Dab’| -DLeu| -Leu -Dab® -Dab® -Thr]
CB-182,804 2-CPAC  -Dab*| -Thr | -Dab*| -cy[Dab -Dab*| -DPhe| -Leu -Dab® -Dab* -Thr]
NAB739 OA - -Thr | -DSer| -cy[Dab -Dab*| -DPhe| -Leu -Dab® -Dab* -Thr]
NAB7061 OA - -Thr | -Abu [ -cy[Dab -Dab‘| -DPhe| -Leu -Dab* -Dab* -Thr]
NAB741 Ac - -Thr | -DSer| -cy[Dab -Dab*| -DPhe| -Leu -Dab* -Dab* -Thr]

Fig. 8.1 Structure of polymyxin B, colistin, CB-182,804, NAB739, NAB7061, and NAB741.
Boxed parts indicate locations where the compounds are not identical. Abbreviations for the
nontrivial amino acyl residues: Dab diaminobutyryl, Abu aminobutyryl. Other abbreviations:
MHA/MOA the mixture of methyl octanoyl and methyl heptanoyl, OA octanoyl, 2-CPAC 2-
chloro-phenylaminocarbonyl, cy the cyclic portion indicated with brackets. The positive charge
of the free y-amino group is also shown
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determined by proper three-dimensional conformation, since the enantiomer is
completely inactive. Polymyxins permeabilize the OM and then damage the
cytoplasmic membrane (Nikaido 2003; Vaara 1992). Several recent general or
focused reviews on polymyxins are available (Bergen et al. 2011; Landman et al.
2008; Lim et al. 2010; Michalopoulos and Falagas 2011; Nation and Li 2009;
Vaara 2010; Yahav et al. 2011; Zawascki et al. 2007).

Both polymyxin B and colistin are mixtures of related lipodecapeptides. Most
of the variation is due to various fatty acyl residues linked to the N-terminus of the
peptides. Altogether 39 and 36 different components have been detected in com-
mercial preparations of polymyxin B and colistin, respectively (Van den Bosche
et al. 2011). However, as shown for the most predominant components of poly-
myxin B, their antibacterial activity appears to be identical (Tam et al. 2011).
Furthermore, the activities of polymyxin B and colistin are identical (Gales et al.
2001).

Polymyxin B is used as such but colistin is used as its prodrug, colistin
methanesulfonate (CMS). In CMS, the free amino groups are blocked by sulfo-
methylation to yield an uncharged, inactive derivative that in aqueous solutions
and in vivo slowly hydrolyzes to free colistin.

Besides the intravenous use of CMS, aerosolized CMS is used in the therapy of
Gram-negative lung infections in cystic fibrosis and, to a limited degree, in other
patients (Nation and Li 2009; Yahav et al. 2011). Polymyxin B bound to poly-
styrene fibers is used in hemoperfusion as a means to remove endotoxins (LPS)
from the blood of septic patients (Davies and Cohen 2011; Nation and Li 2009;
Yahav et al. 2011).

In a few recent years, two pharmaceutical companies, both aiming to develop
polymyxin derivatives that are less nephrotoxic, have published data on multiple
properties of their derivatives.

8.2 Antimicrobial Activities of Novel Polymyxins
8.2.1 CB-182,804

The first and thus far the only novel derivative to enter the clinical phase I was CB-
182,804, developed by Cubist Pharmaceuticals, Inc. (Keith et al. 2010). It is
otherwise identical to polymyxin B, but the fatty acyl moiety linked to the
N-terminus of the polymyxin B peptide is 2-chloro-phenylamino-carbonyl
(Fig. 8.1). The MICy of CB-182,804 (i.e., the concentration of CB-182,804 that
inhibits growth of 90 % of the strains) for E. coli, K. pneumoniae, and Pseudomonas
aeruginosa are four-fold, two-fold, and four-fold that of polymyxin B, respectively
(Quale et al. 2012).

In the neutropenic mouse thigh infection model, the PDs, value of CB-182,804
(i.e., the dose of CB-182,804 that is required to protect 50 % of the animals) was
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somewhat lower than that of polymyxin B, when P. aeruginosa was used as the
challenge organism (Arya et al. 2010). When Acinetobacter baumannii was used,
CB-182,804 was slightly less active than polymyxin B. In the septicemic mouse
model with E. coli, the PDs, of CB-182,804 was significantly higher than that of
polymyxin B or colistin (Arya et al. 2010).

8.2.2 NAB739

NAB7309 is under development at Northern Antibiotics Ltd. (Vaara 2010). It has its
cyclic part identical to that of polymyxin B, but its side chain consists of octanoyl-
threonyl-D-serinyl (Fig. 8.1). Accordingly, its linear part lacks the two positively
charged diaminobutyryl (Dab) residues present in the linear part of polymyxin B
and colistin. Accordingly, NAB739 carries three positive charges only.

In two evaluations (Vaara et al. 2008 and Northern Antibiotics, data on file), the
MICy, values of NAB739 and polymyxin B for E. coli were identical, in the first
one 1 pg/ml and in the second case 2 pg/ml. For K. pneumoniae, the MICq of
NAB739 and polymyxin B were 2 pg/ml and 1 pg/ml, respectively. Unlike that of
several other cationic drugs, the activity of NAB739 is not affected by divalent
cations (Ca**, Mg?).

The MIC range of NAB739 and polymyxin B for the polymyxin-susceptible
carbapenemase-producing strains of E. coli and K. pneumoniae (n = 9, including
KPC, OXA-48, VIM, and IMP-producing strains) were 1-4 pg/ml and 1-2 pg/ml,
respectively (Vaara et al. 2010b).

Against Acinetobacter NAB739 is 4-fold less active than polymyxin B, but low
subinhibitory concentrations of NAB739 sensitize A. baumannii to other antibi-
otics by facilitating their access inside the cell. As low a concentration as 0.5 pg/ml
of NAB739 reduces the MIC of rifampin from 4 to 0.05 pg/ml (Vaara et al. 2008).
The MIC of clarithromycin is reduced from 8 to 0.5 pg/ml, and the MIC of van-
comycin is reduced from 256 to 3 pg/ml (Vaara et al. 2008).

Against P. aeruginosa NAB739 is 8-fold less active than polymyxin B and the
MICyy is 16 pg/ml (Northern Antibiotics, data on file). Another derivative,
NAB740, which carries decanoyl as the fatty acyl tail, is more active against
P. aeruginosa, but against Enterobacteriaceae it is inferior to NAB739 (Vaara et al.
2008). Furthermore, des-fatty acyl derivatives such as PMBN and many others are
quite active against P. aeruginosa but virtually lack activity against Enterobacte-
riaceae (Katsuma et al. 2009; Sato et al. 2011; Tsubery et al. 2001; Vaara 1992).

The presence of fresh normal human serum (NHS, 20 %) decreases the MIC of
NAB7309 for P. aeruginosa ATCC 27853 by a factor of 8-16 and yields MIC values
as low as 0.25-0.5 pg/ml (Northern Antibiotics, data on file). The MIC for E. coli
ATCC25922 decreases from 1-2 to 0.5 pg/ml. The MIC of polymyxin B in the
presence of 20 % NHS is <0.06 pg/ml for both strains. Vaara and coworkers have
previously shown that PMBN acts synergistically with the complement against
Enterobacteriaceae and P. aeruginosa (Vaara and Vaara 1983; Vaara et al. 1984).
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The combination of PMBN with human, guinea pig, rabbit, and rat serum is
strongly bactericidal, but no synergy can be found with mouse serum (Vaara et al.
1984).

Inherently polymyxin-resistant bacterial species as well as strains that have
acquired resistance to polymyxin are resistant to NAB739 (Vaara et al. 2008,
2010b).

NAB739 was found to be effective in treating experimental E. coli peritoneal
and bacteremic infection in mice at a dose identical to that of polymyxin B
(Vingsbo Lundberg et al. 2010). To avoid inactivation of the polymyxins by
mucin, the polyanionic polymer commonly used to suppress phagocytosis in the
mouse peritonitis model, the K1 capsule-elaborating strain IH3080 (O18:K1:H7)
was used. It is virulent to mice in the peritonitis model even in the absence of
mucin.

8.2.3 The Sensitizer Derivatives NAB7061 and NAB741

NAB7061 and NAB741 (Vaara et al. 2008, 2010a, b; Vaara 2010), both under
development at Northern Antibiotics, have their cyclic part identical to that of
polymyxin B, but their side chain consists of octanoyl-threonyl-aminobutyryl, and
acetyl-threonyl-D-serinyl, respectively (Fig. 8.1). Hence they carry only three
positive charges, as does NAB739.

Hydrophobic antibiotics (such as macrolides, rifamycins, and many others) as
well as large molecules (such as vancomycin) are widely used against Gram-
positive bacteria but inactive against most Gram-negative bacteria, because these
drugs do not effectively cross the OM (Nikaido 2003; Vaara 1992). NAB741 and
NAB7061 lack potent direct antibacterial activity, but, by disrupting the bacterial
OM, they facilitate the access of these antibiotics inside the Gram-negative cell. At
4 pg/ml, NAB7061 decreased the MIC of rifampin for E. coli (n = 11), other
polymyxin-susceptible Enterobacteriaceae (n = 12), and A. baumannii (n = 3)
by factors of 85-750, 10-2,000, and 25-125, respectively (Vaara et al. 2008). With
clarithromycin (see Kirst, this volume), the corresponding factors were 90-750,
10-1,000, and 40-100, respectively. The antibacterial properties of NAB741
(Vaara et al. 2010) are similar to those of NAB7061.

Both agents also sensitize target bacteria to the bactericidal activity of the
complement system present in fresh serum (Vaara 2010; Vaara et al. 2010a).

The sensitizer activity of NAB7061 has been demonstrated also in vivo in the
therapy of experimental E. coli peritoneal infection in mice (Vingsbo Lundberg
et al. 2010). In contrast to NAB7061 or erythromycin alone, the combination of
NAB7061 and erythromycin was effective in the therapy.

Accordingly, NAB7061 and NAB741 may find value when used as a combi-
nation with a suitable partner antibiotic.
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8.3 Determining MIC Values of Polymyxins

Determining the MIC values of polymyxin B and colistin can be performed either
by broth microdilution or by agar dilution method, both according to the CLSI
standard protocol, the most recent version labeled as M07-A9 (CLSI 2012). For
broth microdilution testing, CLSI recommends cation-adjusted Mueller—Hinton
broth (CAMHB) that contains 20-25 mg of Ca®* per liter and 10-12.5 mg of Mg**
per liter. For agar dilution testing, CLSI recommends Mueller—Hinton agar (MHA)
without addition of cation supplements (CLSI 2012). CLSI has also given quality
control ranges for polymyxin B and colistin MIC determinations.

Excellent correlation (r = 0.96-0.98) has been reported between broth micro-
dilution and agar dilution tests for both polymyxin B and colistin, as tested by
using a representative set of clinical isolates (Gales et al. 2001). A trend toward
higher MIC results with the agar method was observed but 94.3 % of the MIC
results were £1 log, dilution between the methods used for both compounds.
Another study with a larger collection of clinical isolates and determining MICs
for colistin only did not find such a trend; 85.4 % of the MIC results were identical
and 96.8 % were %1 log, dilution between the methods (Lo-Ten-Foe et al. 2007).

It should however be remembered that polymyxins are adsorbed to glass,
plastic, and sterilization filters. The adsorption of radiolabelled mono-acetyl
polymyxin B is in relative terms very intense in dilute solutions and especially in
water and in media that have low ionic strength (Vaara et al. 1979 and Vaara,
unpublished). In a recent study (Karvanen et al. 2011), altogether 74 % of colistin
was lost during dilution steps from stock to 0.125 pg/ml and during subsequent
incubation in uninoculated CAMHB in polystyrene wells at 37 °C for 24 h. At
higher concentrations of colistin, the loss gradually decreased but was still 22 % at
the intended colistin concentration of 8 pg/ml. The adsorption was less intense in
polypropylene than in polystyrene.

Also the novel lipoglycopeptides (see Marcone and Marinelli, this volume) are
quite sticky. Approximately 90 % of radiolabelled oritavancin was adsorbed to
polystyrene in 1 h, when the initial concentration was 1 pg/ml (Arhin et al. 2008).
The nonionic detergent polysorbate 80 (Tween 80) at 0.002 % almost completely
inhibited the adsorption and reduced the MIC of oritavancin for Staphylococcus
aureus by a factor of 30 (Arhin et al. 2008). Polysorbate 80 was also used in the
dalbavancin susceptibility assays (Rennie et al. 2007). However, the use of
polysorbate to inhibit the adsorption of polymyxins in bacterial susceptibility
studies will cause problems. Both polysorbate and polymyxins are membrane-
active agents and may act synergistically against the Gram-negative OM and
cytoplasmic membrane. As low a concentration as 0.001 % polysorbate 80 has
been shown to be synergistic with polymyxin B against P. aeruginosa, and at
higher concentrations of polysorbate 80, the synergy was even more pronounced
(Brown and Winsley 1971).
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Less polymyxin is probably adsorbed to plastic materials in the agar dilution
tests than in microbroth dilution tests, since polymyxins diffuse rather poorly in
agar. On the other hand, polymyxins can be expected to bind to the anionic
sulfated carbohydrate polymers of agar.

8.4 Acquired Resistance to Polymyxin and to NAB
Compounds

Acquired polymyxin resistance in clinical isolates is rare. In the worldwide
SENTRY program, susceptibility of 40,625 Gram-negative isolates, collected in
2006-2009, to colistin and polymyxin B isolates was studied (Gales et al. 2010).
Susceptibility was interpreted as the MIC < 2 pg/ml. Susceptibility rates of
colistin for E. coli, K. pneumoniae, Acinetobacter spp., and P. aeruginosa were
99.9, 98.6, 99.2, and 99.8 %, respectively. For strains isolated in 2009, the cor-
responding rates were 99.8, 98.2, 97.9, and 99.5 %, respectively. Polymyxin B
displayed almost identical susceptibility rates.

In strains isolated in the CANWARD program from Canadian hospitals during
2007-2009, the colistin susceptibility rates (susceptibility interpreted as above) for
E. coli, K. pneumoniae, Klebsiella oxytoca, Enterobacter cloacae, A. baumannii,
and P. aeruginosa were 99.4, 97.1, 95.4, 83.6, 93.5, and 91.6 %, respectively
(Walkty et al. 2009). In a continuation study that included also the strains isolated
in 2009, the susceptibility rates for ESBL-producing E. coli, ampC-producing
E. coli, Acinetobacter spp., and P. aeruginosa were 98.7, 100, 94.3, and 90.9 %,
respectively (Simner et al. 2011; Zhanel et al. 2011).

In the material collected in 2009 from 16 hospitals in Brooklyn, NY and Staten
Island, NY and consisting of 5,489 strains of E. coli, K. pneumoniae, Enterobacter
spp., A. baumannii, and P. aeruginosa, the susceptibility rates for polymyxin B
(susceptibility interpreted as the MIC < 2 pg/ml) were 99.8, 96, 76, 97, and
99.5 %, respectively (Landman et al. 2010; Quale et al. 2012).

Amongst imipenem nonsusceptible isolates of K. pneumoniae in the SENTRY
collection, 12 % were resistant to colistin (Sader et al. 2011). Colistin-resistant
K. pneumoniae strains may develop during therapy (Lee et al. 2009). They may
also cause hospital outbreaks. Colistin-resistant KPC-producing K. pneumoniae
strains belonging to the international epidemic clone ST258 have been encoun-
tered and reported to cause hospital infections (Bogdanovich et al. 2011).

Probably, the highest rates of polymyxin resistance are encountered in
P. aeruginosa strains isolated from cystic fibrosis (Lim et al. 2010).

In A. baumannii, K. pneumoniae, and P. aeruginosa, heteroresistance to poly-
myxins has been reported (Lim et al. 2010; Yahav et al. 2011). A small subpop-
ulation of cells survive the antibiotic treatment. In broth cultures this is seen as an
initially slow but exponential turbidity increase over time, due to the growth of
these persisters. While the clinical significance remains unclear, it might still be
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advantageous to use polymyxin compounds in combination with another antibiotic
that suppresses the development of persister cells, as suggested by many authors
(Bergen et al. 2011; Garonzik et al. 2011; Landman et al. 2008; Nation and Li 2009;
Yahav et al. 2011; Zawascki et al. 2007). Perhaps some of the novel compounds
currently developed by the pharmaceutical industry and active against Gram-pos-
itives may find use as a suitable adjunct or “partner” antibiotic to polymyxins. Such
compounds could include novel oxazolidinones (see Zappia, this volume), ketolides
(see Kirst, this volume), lipopeptides (see Baltz, this volume), peptide deformylase
inhibitors (see East, this volume), pleuromutilins (see Kirst, this volume), and
inhibitors of Fabl (see Genilloud and Vicente, this volume). Furthermore, partners
could also include agents that inhibit targets such as LpxC enzymes, present in
Gram-negatives only, but do not effectively penetrate their OM.

The mechanism of polymyxin resistance was elucidated by Vaara and his
coworkers already more than 30 years ago. They reported, that the polymyxin-
resistant pmrA mutants of Salmonella typhimurium have an altered lipopolysac-
charide in their OM (Vaara et al. 1981). It is less anionic, due to increased dec-
oration by 4-aminoarabinose and phosphoryl ethanolamine (Vaara et al. 1981).
This resistance mechanism was then found universal amongst Enterobacteriaceae
and P. aeruginosa (Gunn 2008; Landman et al. 2008; Lim et al. 2010; Raetz et al.
2007; Vaara 2010). Furthermore, similar changes in lipid A confer the resistance in
several species that are intrinsically resistant to polymyxins, such as Proteus
mirabilis, Burkholderia cepacia, and Chromobacterium violaceum, as reviewed by
Vaara (1992).

The pmrAB regulon is best characterized in Salmonella typhimurium, where it
regulates at least 20 genes including those involved in the decoration of the lipid A
by 4-aminoarabinose and phosphoryl ethanolamine (Gunn 2008; Raetz et al.
2007). Conditions that activate pmrAB have recently been thoroughly reviewed
(Gunn 2008; Raetz et al. 2007).

The mechanisms that mediate polymyxin resistance have profound effects on
the structure and function of the bacterial OM. The OM permeability barrier of the
polymyxin-resistant enterobacterial mutants is compromised, as evidenced by their
increased susceptibility to other agents such as certain antibiotics and bile acids
(Froelich et al. 2006; Murata et al. 2007; Vaara 1981; Vaara and Vaara 1994). This
might explain why for instance polymyxin-resistant strains of E. coli are still
extremely scarce (see above).

In A. baumannii, polymyxin resistance is mediated by at least two alternative
mechanism. One is analogical to the mechanism described above for other bacteria
and involves decoration of lipid A with phosphoryl ethanolamine (Beceiro et al.
2011) while the other is a result of complete loss of lipopolysaccharide (Moffatt
et al. 2010) Polymyxin-resistant strains of A. baumannii are susceptible to many
antibiotics normally active on Gram-positives only and they have reduced in vivo
fitness and decreased virulence (Fernandez-Reyes et al. 2009; Li et al. 2007;
Ldpez-Rojas et al. 2011; Rolain et al. 2011).



8 Old and Novel Polymyxins Against Serious Gram-Negative Infections 167

Regarding novel polymyxins, the polymyxin-resistant strains of E. coli,
K. pneumoniae, Acinetobacter spp,. and P. aeruginosa as well as the polymyxin-
resistant variant strain CL5762B of KPC-producing K. pneumoniae are resistant to
NAB739 (Vaara et al. 2008, 2010b, and Northern Antibiotics, data on file). On the
other hand, the sensitizer compound NAB7061 sensitizes CL5762B to rifampin
and clarithromycin by factors of 24 and 12, respectively (Vaara et al. 2010b).

Some of the polymyxin derivatives recently synthesized by Li et al. (2010) have
activity against polymyxin-resistant strains of A. baumannii and P. aeruginosa but
the polymyxin-resistant K. pneumoniae strains remain resistant. These compounds
are more hydrophobic than the old polymyxins and might have detergent-like
activity. For instance, in Compound 2, the hydrophobicity of polymyxin is
increased by substituting 2-aminodecanoyl (Ada) for leucyl in the heptapeptide
ring portion, to yield octyl instead of isobutyl as the R group in this position
(position 7 according to the standard numbering of the amino acid residues in the
polymyxin decapeptide). The fatty acyl tail consists of an octanoyl residue. For
polymyxin-susceptible reference strains P. aeruginosa ATCC27853, A. baumannii
ATCC19606, and K. pneumoniae ATCC13883, the MICs of Compound 2 for are
4 pg/ml, 4 pg/ml, and 2 pg/ml, respectively. Unfortunately, the MIC for E. coli
has not been disclosed. Compounds 3-5 are analogical to Compound 2 in having,
besides the fatty acyl tail, larger hydrophobic moieties (hexyl, bisphenyl) than
isobutyl at the position 7. All these four compounds carry five positive charges.

Compound 1 resembles NAB739 and carries only three positive charges. It
lacks Dab at the position 1, has Thr at the position 3 and nonanoyl as the fatty acid
tail, but, in contrast to NAB739, aminodecanoic acid (Ada) at position 7.

Accordingly, the mode of action of the derivatives with increased hydrophobic
properties differs from the classic and quite specific mode of action of polymyxins
and might merely resemble the rather nonspecific action of cationic detergents. It
has long been known that the polymyxin-resistant pmrA mutants of S. typhimurium
and their analogues in E. coli with identical alterations in the lipid A are as
susceptible as their parents to octapeptin EM49 (Meyers et al. 1974; Vaara 1981).
EM49 is structurally very similar to polymyxins but is more hydrophobic, since it
lacks two hydrophilic amino acids and carries a fatty acyl tail that is two meth-
ylene units longer than the one of polymyxin B. To the cationic detergents ben-
zalkonium chloride and cetyltriammonium chloride, these mutants are even more
susceptible than their parents (Vaara 1981; Vaara and Vaara 1994).

8.5 Pharmacokinetic and Pharmacodynamic
Considerations

The pharmacokinetics of CMS and colistin released from CMS has extensively
been reviewed elsewhere (Couet et al. 2012; Michalopoulos and Falagas 2011;
Nation and Li 2009). In the recent years, it has become increasingly clear that the
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current dosage regimens of CMS are suboptimal in critically ill patients (Bergen
et al. 2011; Couet et al. 2012; Garonzik et al. 2011; Markou et al. 2008;
Micalopoulos and Falagas 2011). While clinicians are advised to use larger doses
of CMS (Couet et al. 2012), the nephrotoxic potential may cause problems (see
below). Another approach is combination therapy (Bergen et al. 2011; Garonzik
et al. 2011; Nation and Li 2009; Yahav et al. 2011). The synergy of polymyxins
in vitro with many agents, especially with those that are normally excluded by an
intact bacterial OM, has thoroughly been reviewed by several authors (Landman
et al. 2008; Nation and Li 2009; Yahav et al. 2011; Zawascki et al. 2007). Clinical
evidence for the advantages of combination therapies is accumulating (Nation and
Li 2009; Yahav et al. 2011).

The serum half-life of polymyxin B in humans with normal renal function and, as
determined for one patient with renal insufficiency (serum creatinine, 3.5 mg/dL),
has been reported to be 13.6 h and 11.5 h, respectively (Kwa et al. 2008, 2011).
Only less than 1 % of the given dose is excreted in urine (Zawascki et al. 2008).

The area under the unbound concentration—time curve to MIC ratio (fAUC/
MIC) has been reported as the pharmacokinetic/pharmacodynamic index that best
predicts the efficacy of colistin against P. aeruginosa and A. baumannii in animal
models (thigh and lung infections in neutropenic mice) and in one in vitro model
(Bergen et al. 2011).

8.6 Nephrotoxicity of Polymyxin Compounds

The nephrotoxicity of polymyxins does complicate the therapy, may even require its
discontinuation, and must be weighed against the beneficial effects on patient sur-
vival (Falagas and Rafailidis 2009).The nephrotoxicity rate depends on the defini-
tions for toxicity, correlates with the age and cumulative total dose, and increases in
patients with abnormal renal function. It varies in the recent literature from 10 to
30 % (Falagas and Kasiakou 2006; Falagas et al. 2010; Landman et al. 2008;
Oliveira et al. 2009; Pastewski et al. 2008; Zawascki et al. 2007), and in selected
materials may be as high as 43-80 % (Garonzik et al. 2011; Hartzell et al. 2009;
Pastewski et al. 2008; Pogue et al. 2011). The nephrotoxic potential of CMS and
polymyxin B appear to be similar (Falagas and Kasiakou 2006; Oliveira et al. 2009).

Polymyxins and aminoglycosides (see Kirst and Marinelli, this volume),
another group of strongly cationic compounds, are nephrotoxic, because they
damage renal proximal tubuli. Both are bound to the megalin macroprotein in the
brush-border membrane (BBM) of the epithelial cells of the proximal tubuli and
then effectively taken up by these cells (Vaara 2010). This extensive tubular
reabsorption results in high concentrations of the drugs inside the cells. This may
explain, at least partially, the nephrotoxicity of polymyxins (Zawascki et al. 2008).

The development of two polymyxin derivatives, both carrying five positive
charges, has been discontinued. The first of them was PMBN. It lacks the fatty acid
tail and the N-terminal amino acyl residue (Dab) of polymyxins but still carries
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five positive charges. Its direct antibacterial action is weak albeit against
P. aeruginosa, but, as first shown by Vaara et al., PMBN has retained the ability to
permeabilize the OM (Vaara 1992; Vaara and Vaara 1983). However, in rodent
experiments, PMBN was still considered to be too nephrotoxic, and its develop-
ment for therapeutic purposes was discontinued in 1984 (Vaara 1992; Vaara,
unpublished).

CB-182,804 was reported to be less nephrotoxic to cynomolgus monkeys than
polymyxin B (Coleman et al. 2010), even though its superiority of CB-182,804
over polymyxin B looked very modest. CB-182,804 entered into a Phase 1 clinical
trial in February 2009, and in September 2010 the project was discontinued.

The polymyxin derivatives of the NAB series carry only three positive charges.
Their affinity for isolated rat kidney BBM is only approximately one-seventh
(NAB739) or one-fifth (NAB7061) of that of polymyxin B and approximately one-
third of that of gentamicin (Vaara et al. 2008).

In trivial nonpolarized porcine renal proximal tubular LLC-PK1 cells that
express megalin only very poorly (Servais et al. 2006), polymyxin B elicits a
marked degree (approx 50 %) of necrosis at 0.5 mM, whereas the NAB com-
pounds are inert even at 1 mM (Mingeot-Leclercq et al. 2012). In artificially
permeabilized (electroporated) LLC-PK1 cells, where polymyxins enter freely and
unselectively, polymyxin B induces total necrosis at as low a concentration as
0.016 mM, while an approximately 8-fold concentration of NAB739 and
NAB7061 and an approximately 32-fold concentration of NAB741 is required for
the same effect (Mingeot-Leclercq et al. 2012). Accordingly, the studies showed
that NAB739, NAB7061, and NAB741 have a substantially lower necrotic
potential toward LLC-PK1 cells than polymyxin B. Polarized cells that express
megalin, form BBM and actively bind polymyxins (see above) and internalize
them would be more suitable as targets, but the technology is very demanding. In
such polarized cells that mimic natural conditions, the fold difference between the
cytotoxicity of the NAB compounds and polymyxin B can be expected to be even
more larger than that observed with artificially permeabilized cells, since the
affinities of the NAB compounds for isolated rat BBM expressing megalin are
significantly lower than that of polymyxin B (see above),

The renal clearances of NAB741, NAB739, and NAB7061 after a single
intravenous dose in rats are approx. 400-, 50-, and 30-fold higher than that of
colistin (Ali et al. 2009; Vaara et al. 2010a). The higher renal clearance indicates a
difference in the relative contributions of renal clearance mechanisms (glomerular
filtration, tubular secretion, and tubular reabsorption). In contrast to polymyxins,
NAB739 and NAB741 do not undergo net tubular uptake (NAB7061 was not
included in the study).

Altogether the results indicate that the nephrotoxicity of the NAB compounds
might be lower than that of the old polymyxins.

At least in some experimental setups, such as in those using murine and human
macrophage cells, colistin appears to be less cytotoxic than polymyxin B (Das
et al. 2011). Even though the relevance of these findings in clinical settings
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remains unclear, it is still quite possible that an analogue of NAB739 where the
side chain is octanoyl-threonyl-D-serinyl and the cyclic peptide part is identical to
that of colistin might offer some advantages over NAB739.

8.7 Neurotoxicity of polymyxin compounds

Neurotoxic side effects of intravenously given polymyxin B and CMS in con-
temporary clinical settings are considered as rare, mild, and reversible (Falagas
and Kasiakou 2006; Lim et al. 2010; Nation and Li 2009; Yahav et al. 2011;
Zawascki et al. 2007). Severe neurotoxicity, including neuromuscular blockade
and apnea, are extremely rare or nonexistent (Falagas and Kasiakou 2006), as are
also the other acute reactions such as those mediated by histamine release.
Polymyxin B is administered as an infusion over 1 h, whereas CMS, which lib-
erates free colistin slowly, can be given as a shorter infusion.

PMBN lacks the fatty acid tail of polymyxins and is 150 times less active than
polymyxin in causing neuromuscular blockade, 15 times less toxic in an acute
toxicity assay in mice, and 25 times less active in releasing histamine from rat
mast cells (Vaara 1992), and. also other des-fatty acyl derivatives of polymyxins
are better tolerated than polymyxin B and colistin in acute toxicity assays
(Katsuma et al. 2009; Sato et al. 2011). It could be anticipated that NAB741, the
des-fatty acyl derivative of NAB739, resembles PMBN and the other des-fatty acyl
derivatives in being better tolerated than fatty acyl-carrying polymyxins in acute
toxicity assays.

8.8 Conclusions

Polymyxins are desperately needed in the therapy of severe infections caused by
extremely multiresistant strains of Gram-negative bacteria. One can predict that
the exponential spread of carbapenemase-producing strains of E. coli and
K. pneumoniae in hospitals and in the community will mimic the triumph already
seen in the case of the extended-spectrum betalactamase CTX-M —producing
strains.

The nephrotoxicity of the old polymyxins shadows their use. In addition, in the
recent years it has become increasingly clear that the current dosage regimens are
suboptimal in critically ill patients. Clinicians are advised to use larger doses, but
this further increases nephrotoxicity. Since there is notably synergy between
polymyxins and several other antibiotics, combination therapies may be useful,
and clinical evidence for their advantages is currently accumulating.

Novel, less nephrotoxic compounds that have strong antibacterial activity
would be very welcome. Unfortunately, the development of CB-182,804 was
discontinued after the clinical Phase 1.
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The nephrotoxicity of polymyxins might be related to their very highly cationic
nature. In contrast to the old polymyxins and CB-182,804, which carry five
positive charges, NAB739 carries three positive charges only. Pieces of indirect
evidence suggest that it might be less nephrotoxic than the old polymyxins.
Ongoing studies compare the efficacy and nephrotoxicity of NAB739 and poly-
myxin B in animal models.

Useful compounds might also include NAB7061 and NAB741, both carrying
three positive charges. They lack potent direct action but sensitize bacteria to other
antibiotics.
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