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Molecular Epidemiology and Management of Antimicrobial Resistance

Abstract and Introduction

Abstract

Acinetobacter baumannii is an opportunistic Gram-negative pathogen with increasing relevance in a variety of hospital-

acquired infections especially among intensive care unit patients. Resistance to antimicrobial agents is the main reason for

A. baumannii spread. A. baumannii outbreaks described worldwide are caused by a limited number of genotypic clusters

of multidrug-resistant strains that successfully spread among hospitals of different cities and countries. In this article, we

will focus on the mechanisms responsible for resistance to antimicrobials and disinfectants in A. baumannii and the

epidemiology of drug-resistant A. baumannii in healthcare facilities. We will also discuss the therapeutic and infection

control strategies for management of drug-resistant A. baumannii epidemics.

Introduction

Acinetobacter spp. are glucose nonfermentative Gram-negative coccobacilli that have emerged in recent years as a major

cause of nosocomial infections associated with high morbidity and mortality.
[1,2]

 The genus Acinetobacter currently

contains up to 32 described named and unnamed (genomic) species.[1] Acinetobacter baumannii, genomic species 3

and 13TU, three of the most clinically relevant species, are genetically and phenotypically very similar to an environmental

species, Acinetobacter calcoaceticus, and are therefore grouped together into the so-called A. calcoaceticus–

Acinetobacter baumannii complex.
[1]

 However, because A. calcoaceticus is not clinically relevant, the designation A.

baumannii complex might be more appropriate if used in a clinical context.[2] Because phenotypic identification of

Acinetobacter isolates to the species level has proven to be insufficient, several genotypic methods have been

developed for genomic species identification, which include amplified 16S rRNA gene restriction analysis, high-resolution

fingerprint analysis by amplified fragment length polymorphism, sequence analysis of the 16S–23S rRNA gene spacer

region, rpoB sequencing and gyrB multiplex PCR.
[1–6]

 The species that is most frequently recognized as a pathogen is A.

baumannii, which causes a variety of healthcare-associated infections, comprising hospital-acquired and ventilator-

associated pneumonia, bacteremia, urinary tract infection and surgical-site infection, especially in intensive care unit

patients.[1,2,7–9] A. baumannii has simple growth requirements and can survive in dry conditions. This might contribute to

the fitness of A. baumannii in the hospital environment, which represents the main reservoir of this bacterium.
[1,2,10]

 Hand

carriage by healthcare workers has also been implicated as a mode of A. baumannii transmission in the hospital setting.
[1,2,10] Although A. baumannii has been classically recognized as a hospital-acquired pathogen, an increased prevalence

of multidrug-resistant A. baumannii isolates has been recently observed among older adults in community hospitals and

nursing homes in the USA.[11]

Drug-resistant Acinetobacter baumannii

Resistance to antimicrobial agents is the main advantage of A. baumannii in the nosocomial environment. Multidrug

resistance (MDR) in A. baumannii has been defined as resistance to more than two of the following five drug classes:

antipseudomonal cephalosporins (ceftazidime or cefepime), antipseudomonal carbapenems (imipenem or meropenem),

ampicillin-sulbactam, fluoroquinolones (ciprofloxacin or levofloxacin), and aminoglycosides (gentamicin, tobramycin or

amikacin).
[2]

 Pandrug resistance was originally defined as resistance to all antimicrobials included in first-line susceptibility

testing that have therapeutic potential against A. baumannii. This would include all β-lactams (including carbapenems and

sulbactam), fluoroquinolones, and aminoglycosides.
[2]

 However, with the increased use of the polymyxins and tigecycline,

this definition has to include these two agents too. Therefore, the terms 'pandrug resistance', 'extensive drug resistance',

and 'multidrug resistance' among Gram-negative bacilli have been more recently proposed to designate, respectively,

resistance of a pathogen to all, resistance to all but one or two, and resistance to ≥3 classes of potentially effective

antimicrobial agents.
[12]

Multidrug resistance and extensive drug resistance in A. baumannii is now an emerging issue worldwide.[1,2] Multidrug-
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resistant isolates of A. baumannii have been reported increasingly during the last decade, probably as a consequence of

extensive use of antimicrobial agents in western countries.
[2,7–16]

 Until recently, most isolates were susceptible to

carbapenems but there have been isolated reports of resistance since the early 1990s. Since then, the incidence of

imipenem resistance increased over the last 10 years in Europe, North America and Latin America, representing a sentinel

event for emerging antimicrobial resistance.[2,17,18] Carbapenem-resistant isolates of A. baumannii are usually resistant

to all classes of antimicrobials, show intermediate resistance to rifampin, while usually retaining susceptibility to tigecycline

and colistin.
[1,2,17–20]

 Also, as recently demonstrated by a retrospective, matched cohort study, patients with infections

due to multidrug-resistant Acinetobacter show higher mortality rates and longer length of hospitalization than patients

infected by susceptible Acinetobacter.
[7]

Mechanisms Responsible for Antimicrobial Drug Resistance in A. baumannii

Mounting evidence indicates that A. baumannii possesses a broad range of mechanisms of resistance to all existing

antibiotic classes as well as a striking capacity to acquire new determinants of resistance.
[1,2]

 Genome sequence analysis

of a number of multidrug-resistant A. baumannii clinical strains has shown the presence of several large genomic islands

containing multiple resistance genes interspersed with transposons, integrons, and other mobile genetic elements.
[13–16,21] Also, plasmids carrying resistance genes and/or resistance determinants involved in horizontal gene transfer

have been described in several A. baumannii strains.
[14,16,22–26]

 The most relevant mechanisms of resistance to the

different classes of antimicrobials in A. baumannii are shown in Table 1.

Table 1. Antimicrobial resistance mechanisms in Acinetobacter baumannii.

Antimicrobial class Mechanism Involved genes Ref.

Cephalosporins

β-lactam hydrolysis

Class C β-lactamase

Class A ESBL

Class D β-lactamase

ADC 1–7

VEB-1, -2; PER-1,-2;

TEM-92,-116; SHV-12,-5;

CTX-M-2,-3

OXA-51-like

[28]

[30–40]

[27]

Carbapenems

β-lactam hydrolysis

Class B MBLs

CHDLs

OXA-51-like intrinsic

chromosomal class D

β-lactamase

Changes in OMPs

CarO

33 to 36-kDa OMPs

OprD-like OMP

IMP-1, -2, -4, -5, -6, -11;

VIM-2; SIM-1; NDM-1

OXA-23 -24/40 -58 -143

clusters. Chromosomal or

plasmid genes flanked by IS

elements

Confers carbapenem

resistances if IS elements are

inserted upstream of the gene

26 kDa OMP implicated in drug

influx

Other OMPs associated with

carbapenem resistance

[1,2,41]

[2,18,21–26,42]

[43]

[44]

[44–47]

Aminoglycosides

Aminoglycoside-

modifying enzymes

16S rDNA

methyltransferase

AacC1/2; AadA; AadB; Ant1;

AphA1; AphA6

ArmA

[49]

[50]

Quinolones

Target alteration

Gyrase subunit

Topoisomerase IV

subunit

GyrA

ParC

[61,62]

[62,63]

Rifampicin Drug modification
Rifampicin ADP-ribosylating

transferase Arr-2
[64]
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Acinetobacter baumannii possesses an intrinsic class D oxacillinase and a noninducible chromosomal AmpC

cephalosporinase.
[27,28]

 A. baumannii oxacillinases belong to the OXA-51-like group of enzymes, which contains over 40

sequence variants. OXA-51-like enzymes are able to hydrolyse penicillins (benzylpenicillin, ampicillin, ticarcillin and

piperacillin) and carbapenems (imipenem and meropenem) but they do this only very weakly. They are inactive against

expanded-spectrum cephalosporins.[27] The expression of AmpC cephalosporinase has been demonstrated to be

upregulated by the insertion element ISAba1 upstream of the gene, which is able to act as a strong transcriptional

promoter.[29] In addition to upregulation of AmpC, resistance to cephalosporins in A. baumannii is mediated by a wide

range of class A extended-spectrum β-lactamases, including those of the TEM, SHV, CTX-M, GES, SCO, PER and VEB

families (Table 1).
[30–40]

Trimethoprim/sulfamethoxazole

Dihydropteroate

synthase

Dihydrofolate reductase

SulI/II

FolA

[65]

[65]

Broad (aminoglycoside, quinolones,

tetracyclines, glycylcyclines)

Efflux pumps

RND

MATE

MFS

AdeABC; AdeFGH; AdeIJK

AbeM

TetA; TetB

[48,53–59]

[60]

[51,52]

Polymyxins
Outer membrane

modification

Mutations in genes of lipid A

biosynthesis pathway and

PmrAB two component

[66––68]

CHDL: Carbapenem-hydrolyzing class D β-lactamase; ESBL: Extended spectrum β-lactamase; IS:

Insertion sequence; MATE: Multidrug and toxic compound extrusion; MBL: Class B metallo

β-lactamase; MFS: Major facilitator superfamily; OMP: Outer membrane protein; RND: Resistance-

nodulation-cell division.

Table 1. Antimicrobial resistance mechanisms in Acinetobacter baumannii.

Antimicrobial class Mechanism Involved genes Ref.

Cephalosporins

β-lactam hydrolysis

Class C β-lactamase

Class A ESBL

Class D β-lactamase

ADC 1–7

VEB-1, -2; PER-1,-2;

TEM-92,-116; SHV-12,-5;

CTX-M-2,-3

OXA-51-like

[28]

[30–40]

[27]

Carbapenems

β-lactam hydrolysis

Class B MBLs

CHDLs

OXA-51-like intrinsic

chromosomal class D

β-lactamase

Changes in OMPs

CarO

33 to 36-kDa OMPs

OprD-like OMP

IMP-1, -2, -4, -5, -6, -11;

VIM-2; SIM-1; NDM-1

OXA-23 -24/40 -58 -143

clusters. Chromosomal or

plasmid genes flanked by IS

elements

Confers carbapenem

resistances if IS elements are

inserted upstream of the gene

26 kDa OMP implicated in drug

influx

Other OMPs associated with

carbapenem resistance

[1,2,41]

[2,18,21–26,42]

[43]

[44]

[44–47]

Aminoglycosides

Aminoglycoside-

modifying enzymes

16S rDNA

methyltransferase

AacC1/2; AadA; AadB; Ant1;

AphA1; AphA6

ArmA

[49]

[50]
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The resistance of A. baumannii to carbapenems is mediated by all of the major resistance mechanisms that are known to

occur in bacteria, including enzymatic inactivation, active efflux and decreased influx of drugs, and modification of target

sites (Table 1). The production of carbapenem-hydrolizing β-lactamases is the most common mechanism responsible for

carbapenem resistance in A. baumannii. Several carbapenem-hydrolyzing β-lactamases have been identified so far in A.

baumannii. These include metallo-β-lactamases (VIM-, IMP- and SIM-types), which have been sporadically reported in

some parts of the world and have been associated with class 1 integrons.[1,2] Recently, the occurrence of metallo-

β-lactamase NDM-1 has been reported in A. baumannii clinical isolates from India.
[41]

 Nevertheless, the most widespread

carbapenemases in A. baumannii are class D β-lactamases. Four major acquired carbapenem-hydrolyzing class D

oxacillinase (CHDL) gene clusters have been identified in A. baumannii, represented by the bla OXA-23-, bla OXA-24/40-, bla

OXA-58-like genes, and bla OXA-143 gene.[18,21–26,42] CHDL genes have been found either in the chromosome or in

plasmids, thus suggesting that they might have been acquired through horizontal gene transfer. A family of insertion

sequence elements at the 5' and/or the 3' of CHDL genes, such as ISAba1, ISAba2, ISAba3, or IS18, has been

demonstrated to regulate their acquisition and expression.[14,21–26] In addition to these CHDL genes, the chromosomal

blaOXA-51-like gene, intrinsic to A. baumannii, has been demonstrated to confer carbapenem resistance when flanked by

IS elements.[43] Reduced susceptibility to carbapenems has also been associated with the modification of penicillin-

binding proteins and porins or with upregulation of the AdeABC efflux system, and it has been suggested that the interplay

of different mechanisms might result in high-level carbapenem resistance in A. baumannii (Table 1).[44–48] However,

efflux of carbapenems in A. baumannii seems only to contribute to the high level of carbapenem resistance induced by

CHDL genes.[48] The production of aminoglycoside-modifying enzymes has been demonstrated as the main mechanism

responsible for aminoglycoside resistance in A. baumannii.
[1,2]

 Acetyltransferases, nucleotidyltransferases and

phosphotransferases have all been found in A. baumannii, often occurring in combination. In a study of aminoglycoside

resistance in epidemic A. baumannii clones isolated in Europe, 95% of isolates were found to contain at least one

resistance gene and 84% carried between two and five genes.
[49]

 A total of 12 different combinations were found, with

aacC1, aadA1 and aacA4 located in association with class I integrons.[49] Expression of these genes leads to variable

susceptibility to different aminoglycosides. Another type of enzyme, the 16S rRNA methyltransferase ArmA, which confer

high-level resistance to all formulated aminoglycosides, has recently been described in A. baumannii,[49] often found in

combination with bla OXA-23 alone, or with metallo-β-lactamase NDM-1 (Table 1).
[35,41]

 Drug removal by active efflux

mechanisms contributes substantially to MDR in A. baumannii. Narrow-spectrum pumps of the major facilitator

superfamily include those involved in tetracycline (TetA, TetB) and minocycline (TetB) resistance.
[51,52]

 Neither TetA nor

TetB affect tigecycline. Pumps of the resistance-nodulation-cell division (RND) type are three-component pumps with

broad substrate specificity consisting of a common tripartite structure with periplasmic, inner and outer membrane

components. Three systems have been characterized in A. baumannii, AdeABC, AdeFGH and AdeIJK. Resistance to

Quinolones

Target alteration

Gyrase subunit

Topoisomerase IV

subunit

GyrA

ParC

[61,62]

[62,63]

Rifampicin Drug modification
Rifampicin ADP-ribosylating

transferase Arr-2
[64]

Trimethoprim/sulfamethoxazole

Dihydropteroate

synthase

Dihydrofolate reductase

SulI/II

FolA

[65]

[65]

Broad (aminoglycoside, quinolones,

tetracyclines, glycylcyclines)

Efflux pumps

RND

MATE

MFS

AdeABC; AdeFGH; AdeIJK

AbeM

TetA; TetB

[48,53–59]

[60]

[51,52]

Polymyxins
Outer membrane

modification

Mutations in genes of lipid A

biosynthesis pathway and

PmrAB two component

[66––68]

CHDL: Carbapenem-hydrolyzing class D β-lactamase; ESBL: Extended spectrum β-lactamase; IS:

Insertion sequence; MATE: Multidrug and toxic compound extrusion; MBL: Class B metallo

β-lactamase; MFS: Major facilitator superfamily; OMP: Outer membrane protein; RND: Resistance-

nodulation-cell division.
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aminoglycosides, β-lactams, chloramphenicol, erythromycin, tetracycline and tigecycline occurs due to overexpression of

adeABC, a phenomenon under the control of a two-component regulator system encoded by the adeRS genes.
[48,53–59]

Transposition of an ISaba1 copy into adeS can also lead to overexpression of the system as observed in a clinical

isolate. Transcriptional activation could be due to insertional disruption of adeS or to the functioning of ISAba1 as a strong

promoter for adeABC expression.
[54–56]

 AdeIJK was the second RND efflux system described in A. baumannii and has

a substrate specificity favoring amphiphilic compounds and contributes synergistically with AdeABC to tigecycline

resistance.
[57]

 A third RND efflux pump, AdeFGH, confers MDR when overexpressed. Inactivation of the pump in an

adeFGH-overexpressing mutant indicated that it confers high level resistance to fluoroquinolones, chloramphenicol,

trimethoprim, clindamycin and decreased susceptibility to tetracyclines, tigecycline, and sulfamethoxazole, without

affecting β-lactams and aminoglycosides.[58,59] A pump belonging to the multidrug and toxic compound extrusion family,

AbeM, has also been characterized. Overexpression of this pump results in reduced susceptibility to quinolones,

gentamicin, kanamycin, erythromycin, chloramphenicol and trimethoprim.[60] Additional resistance mechanisms include

mutations in DNA gyrase and topoisomerase IV (fluoroquinolone resistance),
[61–63]

 a rifampicin ADP-ribosylating

transferase (Arr-2; rifampicin resistance)[64] and a putative dihydrofolate reductase (folA) involved in trimethoprim

resistance
[65]

 A. baumannii can develop resistance to polymyxin antibiotics by complete loss of the lipid A component of

lipopolysaccharide. In fact, mutations within one of the first three genes of the lipid A biosynthesis pathway: lpxA, lpxC and

lpxD have been demonstrated in 13 independent colistin-resistant derivatives of A. baumannii type strain ATCC 19606;

mutation in the lpxA gene of a colistin-resistant clinical isolate of A. baumannii has also been shown.
[66]

 Another report

has shown that resistance to polymyxins can be associated with mutations in a two-component regulator (PmrA/B) (Table

1).
[67]

 In further support of this, it has recently been demonstrated that PmrA activation in Escherichia coli and

Salmonella promotes resistance to polymixin B through inhibition of LpxT-dependent phosphorylation and subsequent

phosphoethanolamine decoration of lipid A.
[68]

 The alterations of the permeability barrier provided by anionic

lipopolysaccharide molecules as a consequence of mutations in lipid A biosynthesis and phosphorylation might be

responsible for the increased susceptibility of colistin-resistant strains to most tested antibiotics.
[69]

Table 1. Antimicrobial resistance mechanisms in Acinetobacter baumannii.

Antimicrobial class Mechanism Involved genes Ref.

Cephalosporins

β-lactam hydrolysis

Class C β-lactamase

Class A ESBL

Class D β-lactamase

ADC 1–7

VEB-1, -2; PER-1,-2;

TEM-92,-116; SHV-12,-5;

CTX-M-2,-3

OXA-51-like

[28]

[30–40]

[27]

Carbapenems

β-lactam hydrolysis

Class B MBLs

CHDLs

OXA-51-like intrinsic

chromosomal class D

β-lactamase

Changes in OMPs

CarO

33 to 36-kDa OMPs

OprD-like OMP

IMP-1, -2, -4, -5, -6, -11;

VIM-2; SIM-1; NDM-1

OXA-23 -24/40 -58 -143

clusters. Chromosomal or

plasmid genes flanked by IS

elements

Confers carbapenem

resistances if IS elements are

inserted upstream of the gene

26 kDa OMP implicated in drug

influx

Other OMPs associated with

carbapenem resistance

[1,2,41]

[2,18,21–26,42]

[43]

[44]

[44–47]

Aminoglycosides

Aminoglycoside-

modifying enzymes

16S rDNA

methyltransferase

AacC1/2; AadA; AadB; Ant1;

AphA1; AphA6

ArmA

[49]

[50]

Quinolones

Target alteration

Gyrase subunit GyrA [61,62]
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Topoisomerase IV

subunit
ParC [62,63]

Rifampicin Drug modification
Rifampicin ADP-ribosylating

transferase Arr-2
[64]

Trimethoprim/sulfamethoxazole

Dihydropteroate

synthase

Dihydrofolate reductase

SulI/II

FolA

[65]

[65]

Broad (aminoglycoside, quinolones,

tetracyclines, glycylcyclines)

Efflux pumps

RND

MATE

MFS

AdeABC; AdeFGH; AdeIJK

AbeM

TetA; TetB

[48,53–59]

[60]

[51,52]

Polymyxins
Outer membrane

modification

Mutations in genes of lipid A

biosynthesis pathway and

PmrAB two component

[66––68]

CHDL: Carbapenem-hydrolyzing class D β-lactamase; ESBL: Extended spectrum β-lactamase; IS:

Insertion sequence; MATE: Multidrug and toxic compound extrusion; MBL: Class B metallo

β-lactamase; MFS: Major facilitator superfamily; OMP: Outer membrane protein; RND: Resistance-

nodulation-cell division.

Table 1. Antimicrobial resistance mechanisms in Acinetobacter baumannii.

Antimicrobial class Mechanism Involved genes Ref.

Cephalosporins

β-lactam hydrolysis

Class C β-lactamase

Class A ESBL

Class D β-lactamase

ADC 1–7

VEB-1, -2; PER-1,-2;

TEM-92,-116; SHV-12,-5;

CTX-M-2,-3

OXA-51-like

[28]

[30–40]

[27]

Carbapenems
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Class B MBLs
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OXA-51-like intrinsic

chromosomal class D

β-lactamase

Changes in OMPs

CarO

33 to 36-kDa OMPs

OprD-like OMP

IMP-1, -2, -4, -5, -6, -11;

VIM-2; SIM-1; NDM-1

OXA-23 -24/40 -58 -143

clusters. Chromosomal or

plasmid genes flanked by IS

elements

Confers carbapenem

resistances if IS elements are

inserted upstream of the gene

26 kDa OMP implicated in drug

influx

Other OMPs associated with

carbapenem resistance

[1,2,41]

[2,18,21–26,42]

[43]

[44]

[44–47]

Aminoglycosides

Aminoglycoside-

modifying enzymes

16S rDNA

methyltransferase

AacC1/2; AadA; AadB; Ant1;

AphA1; AphA6

ArmA

[49]

[50]

Quinolones

Target alteration

Gyrase subunit

Topoisomerase IV

subunit

GyrA

ParC

[61,62]

[62,63]
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Rifampicin Drug modification
Rifampicin ADP-ribosylating

transferase Arr-2
[64]

Trimethoprim/sulfamethoxazole

Dihydropteroate

synthase

Dihydrofolate reductase

SulI/II

FolA

[65]

[65]

Broad (aminoglycoside, quinolones,

tetracyclines, glycylcyclines)

Efflux pumps

RND

MATE

MFS

AdeABC; AdeFGH; AdeIJK

AbeM

TetA; TetB

[48,53–59]

[60]

[51,52]

Polymyxins
Outer membrane

modification

Mutations in genes of lipid A

biosynthesis pathway and

PmrAB two component

[66––68]

CHDL: Carbapenem-hydrolyzing class D β-lactamase; ESBL: Extended spectrum β-lactamase; IS:

Insertion sequence; MATE: Multidrug and toxic compound extrusion; MBL: Class B metallo

β-lactamase; MFS: Major facilitator superfamily; OMP: Outer membrane protein; RND: Resistance-

nodulation-cell division.
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inserted upstream of the gene

26 kDa OMP implicated in drug

influx

Other OMPs associated with

carbapenem resistance

[1,2,41]

[2,18,21–26,42]

[43]

[44]

[44–47]
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Trimethoprim/sulfamethoxazole
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[65]
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[51,52]
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Mutations in genes of lipid A

biosynthesis pathway and

PmrAB two component

[66––68]
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Insertion sequence; MATE: Multidrug and toxic compound extrusion; MBL: Class B metallo

β-lactamase; MFS: Major facilitator superfamily; OMP: Outer membrane protein; RND: Resistance-

nodulation-cell division.
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Class D β-lactamase

ADC 1–7

VEB-1, -2; PER-1,-2;

TEM-92,-116; SHV-12,-5;

CTX-M-2,-3

OXA-51-like

[28]

[30–40]

[27]

Carbapenems

β-lactam hydrolysis

Class B MBLs

CHDLs

OXA-51-like intrinsic

chromosomal class D

β-lactamase

Changes in OMPs

CarO

33 to 36-kDa OMPs

OprD-like OMP

IMP-1, -2, -4, -5, -6, -11;

VIM-2; SIM-1; NDM-1

OXA-23 -24/40 -58 -143

clusters. Chromosomal or

plasmid genes flanked by IS

elements

Confers carbapenem

resistances if IS elements are

inserted upstream of the gene

26 kDa OMP implicated in drug

influx

Other OMPs associated with

carbapenem resistance

[1,2,41]

[2,18,21–26,42]

[43]

[44]

[44–47]

Aminoglycosides

Aminoglycoside-

modifying enzymes

16S rDNA

methyltransferase

AacC1/2; AadA; AadB; Ant1;

AphA1; AphA6

ArmA

[49]

[50]

Quinolones

Target alteration

Gyrase subunit

Topoisomerase IV

subunit

GyrA

ParC

[61,62]

[62,63]

Rifampicin Drug modification
Rifampicin ADP-ribosylating

transferase Arr-2
[64]

Trimethoprim/sulfamethoxazole

Dihydropteroate

synthase

Dihydrofolate reductase

SulI/II

FolA

[65]

[65]
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Mechanisms Responsible for Resistance to Antiseptics in A. baumannii

Although the majority of A. baumannii clinical strains retain their susceptibility to currently used disinfectant,
[70,71]

 a recent

study has demonstrated that approximately 10% of isolates demonstrate reduced susceptibility to the concentrations of

disinfectants used for the hand hygiene of healthcare workers, and the disinfection of various noncritical medical devices

in clinical and healthcare settings.[71] The same study also demonstrated that the isolates with decreased susceptibility to

disinfectants also demonstrated considerably higher levels of resistance to ceftazidime, imipenem, ciprofloxacin and/or

aminoglycosides.[71]

Several genes responsible for resistance to disinfectants have been identified in A. baumannii genomes (Table 2). Two

complete operons, one associated with arsenic resistance and the second with mercury resistance have been found in the

AbaR1 of AYE strains and in all strains assigned to the ST1 genotype.[13,15] In addition, genes encoding heavy metal

efflux pumps, and multiple copies of qacED1 genes encoding small MDR-family efflux pumps, known to confer a low level

of resistance to ammonium antiseptics, are scattered throughout the AbaR1 resistance island as well in the genomes of all

epidemic A. baumannii strains analyzed so far.[13–15] The qacED1 genes are usually found at the 3'-conserved region of

an integron and are therefore acquired together with multiple antimicrobial resistance genes (Table 2). The augmented

efflux pump functions and changes in permeability of the bacterial outer membrane might be responsible for the

combined resistance mechanisms to antimicrobials and disinfectants found in a proportion of A. baumannii clinical

isolates.[71]

Broad (aminoglycoside, quinolones,

tetracyclines, glycylcyclines)

Efflux pumps

RND

MATE

MFS

AdeABC; AdeFGH; AdeIJK

AbeM

TetA; TetB

[48,53–59]

[60]

[51,52]

Polymyxins
Outer membrane

modification

Mutations in genes of lipid A

biosynthesis pathway and

PmrAB two component

[66––68]

CHDL: Carbapenem-hydrolyzing class D β-lactamase; ESBL: Extended spectrum β-lactamase; IS:

Insertion sequence; MATE: Multidrug and toxic compound extrusion; MBL: Class B metallo

β-lactamase; MFS: Major facilitator superfamily; OMP: Outer membrane protein; RND: Resistance-

nodulation-cell division.

Table 2. Antiseptic resistance mechanisms in Acinetobacter baumannii.

Antiseptic class

(heavy metals)
Genes Mechanism Ref.

Arsenic
arsBC, arsHR

acr3

Arsenic resistance operon

Arsenite efflux pump

[13,15]

[13,15]

Mercury

merA–C,

merE–R

ACICU_00235

Mercury resistance operon

Heavy metal detoxification protein

[13,15]

[14]

Cobalt, zinc, cadmium
CzcD,

Co/Zn/Cd
Efflux pump [13–16]

Ammonium qacE∆1
Quaternary ammonium compound small multidrug resistant

family efflux pump found at the 3' of integrons
[2,13–16]

Table 2. Antiseptic resistance mechanisms in Acinetobacter baumannii.

Antiseptic class

(heavy metals)
Genes Mechanism Ref.

Arsenic
arsBC, arsHR

acr3

Arsenic resistance operon

Arsenite efflux pump

[13,15]

[13,15]
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Molecular Epidemiology of Multidrug-resistant A. baumannii

Several hospital outbreaks caused by the selection of multiresistant A. baumannii clones were reported worldwide and

demonstrated to be caused by a limited number of genotypic clusters of strains. Genotypic characterization of A.

baumannii isolates through amplified fragment length polymorphism analysis has identified clusters of highly similar

strains, which were assumed to represent distinct clonal lineages and were defined as European clones I, II and III.
[72,73]

Similarly, three distinct groups were recently identified among A. baumannii isolates from five different countries by

sequence-based typing, group 1 corresponding to European clone II, group 2 to European clone I, and group 3 to

European clone III.[74] Major outbreak clones initially named European clones I, II and III are now regarded as

international,
[1,2,19,75–78]

 and referred to, according to multilocus sequence typing, as clonal complexes 1, 2 and 3,

respectively.[75–77] Epidemiological studies showed the prevalence of international clone II lineage worldwide during

recent years
[19,21,74–78]

 and the occurrence of epidemics caused by multidrug-resistant strains belonging to novel

genotypes not related to the three main clonal complexes in Europe,[77,79–81] North and Latin America and Asia.[19] In the

majority of cases, one or two epidemic strains were detected in a given hospital. Transmission of such strains was

observed between hospitals in the same city and also on a national or international scale[1,2,19,74–85] and a direct

epidemiological link was established in several cases.
[2,84,85]

All the outbreak strains assigned to the different genotypes were multidrug-resistant and the majority of them were

carbapenem-resistant strains.[19,77–81] Genotypic characterization of carbapenem-resistance genes in A. baumannii

strains showed the occurrence of bla OXA-23-, bla OXA-24/40-, bla OXA-58-, or bla OXA-143-like CHDL genes in multiple

isolates from the same hospital or among different hospitals worldwide.
[2,19,21,22–26,42,78–83]

 A plasmid-borne bla OXA-58

gene flanked by IS elements was present in the majority of carbapenem-resistant genotypes isolated from Europe and

Mediterranean countries.
[22,23,79–81]

 Of note, each of the IS element flanking the 5' end of the bla OXA-58 gene occurred in

strains of distinct genotypes isolated in the same geographic area, thus suggesting that they might have been acquired

through horizontal gene transfer.
[79]

 The spread of carbapenem-resistant A. baumannii carrying the bla OXA-58 gene might

have also been contributed to by international transfer of colonized patients, as recently demonstrated from Greece to

Australia,
[84]

 and Iraq to USA military services.
[85]

Resistance-guided Therapeutic Approach

Following isolation of MDR A. baumannii from clinical specimens, the existence of colonization or infection must be

determined, as colonization does not require antibiotic coverage. However, it may be difficult to discriminate between

infection and colonization. In cases of documented infection, aggressive treatment has to be started without delay.[86,87]

The ideal therapeutic approach to A. baumannii infections should be based on the evaluation of the individual isolate

resistance pattern. While strains susceptible to a range of antimicrobial classes may be effectively managed by

appropriate doses of carbapenems or cefepime with or without aminoglycosides, fluoroquinolones or tetracyclines, MDR

isolates usually require a colistin-based regimen.[86] However, it should be remembered that the currently used methods

to detect carbapenem-resistance, including metallo-β-lactamase E-test strips
[88]

 and automated susceptibility testing

methods[89] are still not entirely reliable.

On a practical basis, the overall treatment strategy depends on the strain susceptibility to carbapenems. In cases due to

imipenem- and/or meropenem-susceptible strains, the highest tolerable, intravenous doses of one of these molecules

should be used. In order to avoid or delay the emergence of carbapenem resistance or in cases of heteroresistance, a

fluoroquinolone or an aminoglycoside should be added, whenever active, against the isolated strain. In cases of infection

due to carbapenem-resistant strains, the only viable therapeutic option may be colistin, as most of these strains show

multiple drug or extreme drug resistance.
[90–93]

 Alternative approaches may be based on the results of antimicrobial

susceptibility tests or unorthodox antibiotic combinations, as detailed below.

Mercury

merA–C,

merE–R

ACICU_00235

Mercury resistance operon

Heavy metal detoxification protein

[13,15]

[14]

Cobalt, zinc, cadmium
CzcD,

Co/Zn/Cd
Efflux pump [13–16]

Ammonium qacE∆1
Quaternary ammonium compound small multidrug resistant

family efflux pump found at the 3' of integrons
[2,13–16]
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Colistin

Colistin is increasingly recognized as the only in vitro active antimicrobial agent available, and as such has mostly been

used in a uncontrolled fashion.

The current MIC of colistin for A. baumannii is ≤2 mg/l, although full susceptibility is associated with a MIC ≤0.5 mg/l. The

optimal colistin dosing is currently unknown. There are two colistin formulations commercially available: colistin sulfate and

colistimethate sodium (also known as colistin methanesulfonate sodium or colistin sulfomethate sodium), which may both

be given intravenously. Colistimethate sodium may be found formulated in either international units or milligrams of colistin

base, and this makes dose recommendations as well as comparison of study results very difficult.[94] Based on the

available pharmacokinetic/pharmacodynamic studies, a dose ranging from 2.5 to 5.0 mg/kg of colistin base activity (equal

to 6–12 mg/kg of colistimethate sodium in some formulations) or a dose of 30,000–60,000 units/kg of colistimethate

sodium in other formulations is currently recommended, although higher doses up to 3,000,000 units every 8 h have also

been proposed.[95,96] However, growing evidence suggests that even these high dosages of colistin base do not allow to

reach adequate serum concentrations, yielding a suboptimal Cmax/MIC ratio and failing to reach detectable levels in

bronchoalveolar lavage fluid.[97–99] The documented poor lung diffusion of colistin has prompted several groups to use

this drug via inhalation, either alone or in combination with intravenous colistin, with overall satisfactory clinical results.
[100–102] By the inhalation route, the recommended dosage ranges from 500,000 IU every 12 h to 2,000,000 IU every 8 h.

The major issues of colistin treatment are its potential nephrotoxicity and the emergence of resistance. Recent studies

have shown that the rate of nephrotoxicity due to high dose colistin administration is lower than previously thought.[98,103]

Risk factors for kidney injury due to colistin are represented by older age and colistin overdosing in obese patients when

drug dose is based on actual and not ideal body weight; worse underlying clinical conditions also play a substantial

role.
[104]

In reported MDR A. baumannii isolates, heteroresistance to colistin has been observed in vitro and has also developed

during therapy,[105–107] raising further concerns that colistin alone may lack sufficient bactericidal activity when used as

monotherapy.
[108]

 Moreover, full resistance to colistin has been described and characterized at the molecular level.
[66–68]

This condition, however, may be counterbalanced by regain of susceptibility to several other antibiotic classes.[69]

Most clinical studies evaluating the efficacy and safety of colistin are weakened by the absence of a prospective and/or

unrandomized controlled design. In a retrospective study on critically ill patients with MDR A. baumannii infection, colistin

was used in 32 patients as the only in vitro effective agent and its clinical efficacy was compared with that of tobramycin in

an equal number of subjects infected with aminoglycoside-sensitive A. baumannii strains. In this retrospective,

unrandomized study, colistin did not show a higher clinical effectiveness compared with tobramycin.
[109]

 Based on this

observation, the authors suggest the therapeutic use of an aminoglycoside, whenever active in vitro. In contrast with this

finding, another unrandomized study comparing colistin with other antibiotics against MDR A. baumannii found that the

clinical success rates were higher and the overall mortality lower in patients given colistin, with no evidence of neurotoxicity

and a low incidence of nephrotoxicity.[110] Whether colistin is equal or not inferior to other regimens still remains

controversial due to the lack of randomized clinical trials.

In two small retrospective studies, the efficacy of colistin for carbapenem-resistant infections was found to overlap with

that exhibited by imipenem in carbapenem-susceptible cases.[111,112] Another retrospective study comparing colistin

monotherapy with its combination with meropenem found a better survival in the monotherapy treatment arm.
[113]

Tigecycline

Tigecycline, a glycylcycline designed to overcome the major tetracycline resistance mechanisms, is active in vitro against

most analyzed strains of A. baumannii.
[19,114,115]

 Also, tigecycline, with a MIC90 of 2 mg/l, was found to be the most

active agent against 483 genetically defined carbapenem-resistant A. baumannii isolates collected in 35 countries.[116]

Because a tygecicline breakpoint has not been determined for Acinetobacter, the clinical MIC breakpoint for

Enterobacteriaceae of ≤2 mg/l, from EUCAST is used[19,114,115] and the recommended dosage is 50 mg intravenously

every 12 h with an initial 100 mg loading dose. The only significant tigecycline adverse effect is nausea, which is usually

avoided by slow infusion of the drug, while its renal and hepatic safety profile is excellent.

As tigecycline is characterized by a large volume of distribution, a high biliary excretion rate and a poor serum

concentration, its potential effectiveness in bacteremia and bloodstream infections due to A. baumannii is low. In

contrast, abdominal, pulmonary and soft tissue penetration is good.
[117]

 On-treatment development of intermediate
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resistance to tigecycline as well as reduced susceptibility of intensive care unit isolates and a tigecycline MIC 'creep' have

recently been reported
[118,119]

 and may be related to upregulation of adeABC efflux pumps during treatment.
[53,55,56]

Also, tigecycline MICs ≤2 mg/l were reported in 10–20% of A. baumannii isolates selected without tigecyclin therapy.
[19,114,115]

Although highly active in vitro, tigecycline is less efficacious than imipenem in the treatment of experimental A. baumannii

pneumonia caused by imipenem-susceptible and -intermediate strains.[119]

The availability of tigecycline and its extensive activity against MDR A. baumannii in susceptibility studies has spurred

marked interest in the clinical use of this antimicrobial agent.[120] However, the results of treatment trials have been

controversial: rates of clinical improvement have ranged from 50 to 84%, with variable degrees of microbiological

eradication, which in some studies were dependent on the actual isolate susceptibility, but which were overall poorly

correlated with clinical outcome.
[121–126]

 Therefore, it is currently reasonable to consider tigecycline as a valid option in

intra-abdominal and soft-tissue A. baumannii infections while further data are needed before a wider use of this drug in

lung or bloodstream infections is recommended. As tigecyline has a very good safety profile overall, higher dosage

schedules could possibly provide improved clinical and microbiological responses in A. baumannii infections and their

investigation is surely warranted. However, at variance with these arguments, a recent US FDA safety announcement has

warned of a newly documented increased mortality risk associated with tigecycline use compared with that of other

molecules employed in serious nosocomial infections.
[201]

Sulbactam

Sulbactam is active in vitro against a subset of MDR A. baumannii strains ranging from 30 to 45%.[2,127] It is not usually

tested by automated in vitro susceptibility tests and is mostly available in combination with ampicillin in a formulation with a

fixed 1:2 concentration ratio. An in vivo pharmacodynamic study of healthy volunteers showed that bactericidal or

inhibitory levels may be achieved in the serum when at least 2 g of sulbactam are infused every 6 h.
[128]

In an uncontrolled clinical report, the administration of sulbactam, from 9 to 12 g daily, in combination with ampicillin,

achieved clinical improvement in 66.7% of patients with MDR A. baumannii ventilator-associated pneumonia. When

compared with colistin at 3 milli units (MU) tid, such high-doses of sulbactam/ampicillin showed similar safety and

effectiveness in critically ill patients with ventilator-associated pneumonia due to MDR A. baumannii.
[129]

 In a large,

retrospective study over 8 years, outcomes of patients with A. baumannii infection given ampicillin/sulbactam were

compared with those of polymixin-treated patients. In this study, better results were obtained with ampicillin/sulbactam, in

terms of clinical cure (29 vs 18%), death during treatment (33 vs 50%) and death during hospitalization (64 vs 77%).[130]

Antimicrobial Combination-based Strategies

One strategy to overcome the extreme or pandrug resistance of A. baumannii is the combination of multiple antimicrobial

agents that are poorly or not effective when used alone. Combination of antimicrobial agents with different mechanisms of

action may exert an enhanced pharmacodynamic effect or synergism, although sometimes a reduced overall effect may

be observed, namely antagonism. Combination treatment is indeed widely employed to prevent emergence of resistance

in several other bacterial infections.

A number of in vitro and animal studies have assessed the activity of polymyxins combined with other antimicrobials. In

vitro synergy against MDR A. baumannii has been demonstrated when colistin is combined with rifampin, minocycline,

ceftazidime, imipenem or azithromycin.[20,118,131,132]

Although largely ineffective in vitro, rifampicin has shown additive bactericidal activity when combined with colistin. This

has prompted its clinical use in double drug schedules with colistin against MDR A. baumannii. Three uncontrolled clinical

studies have assessed the safety and clinical effectiveness of this approach, showing overall response rates between

64% and 76% and, in one study, a 100% favourable clinical evolution, without major adverse events.
[133–135]

 By contrast,

rifampicin has not shown clinical effectiveness when given in combination with meropenem against carbapenem-resistant

A. baumannii infections.
[136]

 Again, however, no proof for a superiority of colistin–rifampicin combination over colistin

monotherapy exists. A randomized controlled study is currently ongoing in our center and will likely provide a definitive

answer to this clinical issue.

Combinations of polymyxin B, doripenem and rifampin at subinhibitory concentrations were shown to achieve bactericidal

activity for A. baumannii resistant to any of these molecules.
[137]

 Synergy between cefepime and amikacin against a

single pandrug resistant strain of A. baumannii was recently demonstrated by time-kill studies and in the hollow fiber
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infection model.[138] However, there is still little evidence to support the clinical use of three or more antibiotics at the

same time against A. baumannii. Moreover, as in vitro studies do not always correlate with in vivo efficacy, adequately

powered clinical trials are warranted to test each experimental hypothesis.[139]

In conclusion, the major issue related to A. baumannii treatment is currently represented by the relative shortage if not

absence of efficacy data from randomized, comparative or controlled clinical trials. This is mainly due to the fact that most

clinicians are reluctant to use molecules showing no in vitro activity in human treatment trials.

Infection Control Strategies

Further to the administration of appropriate antimicrobials, the therapeutic approach to A. baumannii infection as well as

colonization must include the implementation of measures aimed at preventing intrahospital spread.
[140]

 The most

important and effective measures are represented by personnel hand hygiene, physical patient segregation, nursing care

from dedicated personnel and use of strictly disposable equipment. Extreme care should be paid to the sterilization of any

nondisposable tools used for the treatment of the affected patient. Further effective control measures may include the use

of hand-rub antiseptic solutions, microbiologic surveillance of healthcare worker carriage and disinfection of potentially

contaminated medical equipment or frequently manipulated surfaces. In selected instances of uncontrolled outbreaks, the

closure of hospital wards for thorough sterilization may be warranted..
[141–143]

Emerging Therapeutic Approaches

As the development of novel antimicrobial agents potentially effective against MDR Gram-negative pathogens progresses

slowly, efforts are being made to evaluate or reconsider currently available molecules, either after chemical modification or

within unorthodox drug combination schemes. Moreover, a number of preclinical studies are being performed with the aim

to assess the potential usefulness of novel molecules against MDR A. baumannii. We will provide a brief overview of the

most promising agents (Table 3).

Table 3. Emerging options for the treatment of Acinetobacter baumannii infections.

Antimicrobial strategy Mechanism(s) of action/rationale Ref.

Chemical modification of old molecules

Vancomycin encapsulated in

fusogenic liposomes

Liposomes allow vancomycin penetration through the outer

membrane
[147]

Unorthodox drug combinations

Colistin + vancomycin
Colistin-induced membrane disruption allows vancomycin

penetration
[148]

Novel agents

Doripenem Novel carbapenem with extended-spectrum activity [144,145]

Ceftobiprole Fifth generation cephalosporin [146]

BAL30072 (siderophore sulfactam) β-lactam with iron-chelating activity, competes with siderophores [149]

ACHN-490 (neoglycoside) Aminoglycoside derivative resistant to modifying enzymes [150]

Finafloxacin Novel fluoroquinolone [151]

Bis-indole agents
Five novel MICROBIOTIX diarylamidine derivatives, inhibit DNA

synthesis
[152]

1-(1-naphthylmethyl)-piperazine

(efflux pump inhibitor)

Block of resistance-nodulation-cell division-type multidrug efflux

pumps
[159]

Antimicrobial peptides [153]

Human β-defensin 2 Cell membrane disruption, cellular content loss via pore creation [154]

Oncocin Unknown intracellular target specific for Gram-negative bacteria [155]
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In an in vitro study, doripenem, a novel carbapenem, was superior to imipenem and meropenem for strains carrying the

bla OXA-58 gene and inactive against isolates expressing the blaOXA-24 gene.
[144]

Bactericidal activities of doripenem, polymyxin B and rifampin against a limited number of multidrug- and carbapenem-

resistant A. baumanni isolates were studied in in vitro double and triple drug synergy studies: although ineffective alone,

doripenem in combination with both polymyxin B and rifampin was bactericidal against three of five tested strains.[137]

Similar synergism has been demonstrated for doripenem against A. baumannii when this novel carbapenem was

combined in vitro with amikacin and colistin.[145]

In bla ADC-like negative strains, ceftobiprole, a novel wide-spectrum cephalosporin, showed improved antimicrobial activity

compared with ceftazidime and cefepime.[146]

Recent evidence supports the efficacy of vancomycin encapsulated in fusogenic liposomes against a range of

Gram-negative pathogens. This unusual effect appears to be due to the facilitated entry of this vancomycin formulation

through the otherwise impermeable outer membrane.
[147]

 This hypothesis seems to be supported by early in vitro

susceptibility data showing a significant synergistic bactericidal effect of small vancomycin concentrations against MDR A.

baumannii isolates exposed to inhibitory concentrations of colistin.
[148]

Interesting perspectives are opened up by the development of novel monobactam and sulfactam derivatives showing an

inherent iron-chelating activity that competes with MRD Gram-negative siderophores.
[149]

A promising antimicrobial activity against aminoglycoside-resistant A. baumannii isolates has been recently reported for

ACHN-490, a 'neoglycoside'.[150] This wide-spectrum, next-generation aminoglycoside, has a MIC significantly lower than

amikacin or tobramycin and appeared to retain activity against strains producing aminoglycoside-modifying enzymes.
[150]

A new investigational fluoroquinolone, finafloxacin, was recently shown to exert a satisfactory antimicrobial activity against

both ciprofloxacin-sensitive and -resistant A. baumannii isolates, retaining a low MIC even in conditions of acidic pH

mimicking those of infected body sites.[151]

Novel bis-indole agents have recently been shown to exert activity against MDR A. baumannii in vitro.
[152]

 These

compounds target DNA synthesis and exert a bactericidal effect via an unknown mechanism. Interestingly, five of these

agents displayed MICs in the range of 0.12–8 mg/l against 18 carbapenem-resistant strains, with the best activity exerted

by MBX 1196.[152]

Antimicrobial peptides (AMPs) represent a promising developing tool for the treatment of MDR pathogens.[153] Human

β-defensin 2, a 41-amino acid, naturally occurring cationic peptide, exhibited high bactericidal activity against A.

baumannii, with MDR strains showing higher susceptibility than wild-type strains.[154] A proline-rich AMP, termed oncocin,

has recently been developed and has been shown to have bactericidal activity against multiple Gram-negative isolates,

including A. baumannii. This novel AMP was neither toxic to human cell lines nor hemolytic to human erythrocytes and

could freely penetrate bacterial lipid membranes.[155] Several other AMPs derived from amphibian skin have been tested

in vitro against MDR pathogens, such as temporins, bombinin H2 and esculentin 1b(1-18), with the latter showing potent

bactericidal activity against A. baumannii that was partially retained even in the presence of human serum.[156]

Another hybrid peptide that has been shown to exert a fast bactericidal activity against colistin-resistant A. baumannii

Esculentin-1b
Bacterial membrane damage via interaction with phospholipid

components
[156]

Cecropin A-melittin Inner membrane permeation [157]

A3-APO
Bacterial membrane disintegration, chaperone-assisted protein

folding inhibition via binding to DnaK
[158]

Antisense agents

Several sequence-specific

oligonucleotides

mRNA or DNA binding to prevent translation or gene

transcription. Resistance gene expression inhibition and

restoration of antibiotic susceptibility. Inhibition of genes

essential for bacterial survival

[160,161]
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strains is cecropin A-melittin, whose future derivatives could represent a promising option to overcome the emergent

polymyxin resistance in this pathogen.
[157]

A proline-rich designer AMP, designated A3-APO, displays increased bacterial membrane disintegration activity, alone or

in combination with conventional antibiotics. This dimeric peptide binds the intracellular target DnaK inhibiting chaperone-

assisted protein folding. It was shown to be effective in mouse models of systemic MDR Escherichia coli and A.

baumannii infections.
[158]

The possibility of blocking MDR mechanisms, such as Gram-negative multiple drug efflux pumps, is an active area of

investigation. A putative RND-type efflux pump inhibitor, named 1-(1-naphthylmethyl)-piperazine, able to reverse MDR, has

shown significant activity against A. baumannii MDR strains.[159]

Another very interesting strategy relies on the use of 'antisense' or 'antigene' agents that are able to inhibit resistance

mechanisms directly at the nucleic acid level. These are oligonucleotides designed to bind specific mRNA or DNA

sequences to block translation or gene transcription, respectively.[160] As they have no intrinsic antimicrobial activity,

co-administration of antibiotics is needed. The mechanism of action of these antisense molecular agents is represented

by the restoration of antimicrobial susceptibility as a consequence of resistance mechanism suppression. A similar

approach is being investigated using antisense oligonucleotide that target genes essential for the bacteria to survive.
[161]

Much effort is being made to best chemically modify these oligonucleotides in order to allow efficient penetration within

the bacterial cell and reduce degradation by nucleases.

Future Perspective

Outbreaks of MDR and extremely drug resistant A. baumannii are increasingly reported worldwide. They are sustained by

clusters of highly similar strains that successfully spread among different cities and countries and are selected because of

the acquisition of antimicrobial resistance genes. Multifacility A. baumannii outbreaks can be also sustained by

interhospital transfer of colonized patients. This emphasizes the need to adopt surveillance and infection control programs

to prevent colonization and infection by drug-resistant A. baumannii in the hospital setting. These programs include the

study of global epidemiology of resistant A. baumannii using molecular typing of bacterial isolates and characterization of

antibiotic resistance to identify the most prevalent resistance genotypes within a certain hospital setting and compare them

with those found in other locations.[18,19,72–81] The availability of novel molecular tools such as oligonucleotide-based

DNA microarray
[58]

 and high throughput DNA sequencing technology
[13–16]

 will make it possible to study the genomic

epidemiology of drug-resistant A. baumannii epidemic strains and the composition and expression of antibiotic

resistance genes in greater detail. This will facilitate the synthesis and identification of new antimicrobials as well as the

validation of novel resistance-guided therapeutic approaches.

The identification of specific genetic traits associated with epidemic and extremely resistant A. baumannii strains will also

give the opportunity to design a vaccine to be administered to high-risk patients to prevent colonization and/or infection.

Drug-resistant A. baumannii infection treatment will also need to include a nonremitting and strict adherence to protocols

for containment of its spread within hospital and between hospitals. This will include the surveillance of A. baumannii

outbreaks and A. baumannii-associated infections in the hospital and the community as well as the implementation of

disinfection and hygiene control measures in high-risk patients. In addition, the prudent use of existing antibiotics for

nosocomial infections will remain an important tool to minimize selection of MDR strains and the development of new

forms of resistance.

Sidebar

Executive Summary

Relevance of Acinetobacter baumannii infections

Acinetobacter baumannii is a major cause of nosocomial infections associated with high morbidity and mortality.

A. baumannii has simple growth requirements, survives in dry conditions and has high fitness in the hospital

environment due to antimicrobial and antiseptic resistance.

Multidrug resistance of A. baumannii
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Carbapenem resistance has increased over the last 10 years and is associated with resistance to all antimicrobials

other than tigecycline and colistin and high mortality rates.

Mechanisms responsible for antimicrobial drug resistance in A. baumannii

A. baumannii displays a broad range of resistance mechanisms to all existing antibiotic classes and a striking

ability to acquire new determinants of resistance.

Carbapenem resistance is mediated by enzymatic inactivation, modification of target sites, active drug efflux and

decreased drug influx.

Active efflux mechanisms mediated by pumps confer resistance to several antimicrobials at the same time.

A. baumannii can develop resistance to polymyxin antibiotics by complete loss of the lipid A component of

lipopolysaccharide or mutations in a two-component regulator.

Colistin-resistant strains show increased susceptibility to other antibiotics.

Molecular epidemiology of multidrug-resistant A. baumannii

Several hospital outbreaks caused by the selection of multiresistant A. baumannii clones have been reported

worldwide and sustained by a limited number of genotypic clusters of strains.

Outbreak strains are multidrug resistant and mostly carbapenem resistant.

Resistance-guided therapeutic approach

The major issue related to A. baumannii treatment is currently represented by the relative shortage if not absence

of efficacy data from randomized, comparative or controlled clinical trials.

The overall treatment strategy depends on if the strain is susceptibility to carbapenems.

Colistin is increasingly recognized as the only in vitro active antimicrobial agent available.

The optimal colistin dosing is currently unknown, especially in respiratory infections. High doses of colistin may not

reach adequate serum concentrations and detectable levels in the lung. Colistin-induced neurotoxicity,

nephrotoxicity and emergence of resistance are not major issues.

Tigecycline is active in vitro against most analyzed strains of A. baumannii but treatment trial results are

controversial. It could be a valid option in intra-abdominal A. baumannii infections.

Sulbactam may be active in vitro against A. baumannii and could be an option in selected cases.

One strategy to overcome the extreme drug resistance of A. baumannii is the combination of multiple antimicrobial

agents.

Adequately powered clinical trials are warranted to support the clinical use of two or more antibiotics at the same

time against A. baumannii.

Emerging therapeutic approaches

Novel therapeutic options for multidrug resistant A. baumanii include monobactam and sulfactam derivatives with

iron-chelating activity, neoglycosides, antimicrobial peptides, multidrug efflux pump blockers, 'antisense' or

'antigene' agents and bis-indol agents.

References

Dijkshoorn L, Nemec A, Seifert H: An increasing threat in hospitals: multidrugresistant Acinetobacter baumannii.

Nat. Rev. Microbiol. 5(12), 939–951 (2007).

1.

Peleg AY, Seifert H, Paterson DL: Acinetobacter baumannii: emergence of a successful pathogen. Clin.

Microbiol. Rev. 21(3), 538–582 (2008).

2.

Dijkshoorn L, van Harsselaar B, Tjernberg I, Bouvet PJ, Vaneechoutte M: Evaluation of amplified ribosomal DNA

restriction analysis for identification of Acinetobacter genomic species. Syst. Appl. Microbiol. 21(1), 33–39

(2007).

3.

Chang HC, Wei YF, Dijkshoorn L, Vaneechoutte M, Tang CT, Chang TC: Species-level identification of isolates of

the Acinetobacter calcoaceticus–Acinetobacter baumannii complex by sequence analysis of the 16S–23S rRNA

gene spacer region. J. Clin. Microbiol. 43(4), 1632–1639 (2005).

4.

Gundi VA, Dijkshoorn L, Burignat S, Raoult D, La Scola B: Validation of partial rpoB gene sequence analysis for the

identification of clinically important and emerging Acinetobacter species. Microbiology 155(Pt 7), 2333–2341

(2009).

5.

Higgins PG, Lehmann M, Wisplinghoff H, Seifert H: gyrB multiplex PCR to differentiate between Acinetobacter6.

Global Spread of Drug-Resistant Acinetobacter Baumannii (printer-frie... http://www.medscape.com/viewarticle/741843_print

16 de 24 25/11/2011 11:59



calcoaceticus and Acinetobacter genomic species 3. J. Clin. Microbiol. 48(12), 4592–4594 (2010).

Sunenshine RH, Wright M-O, Maragakis LL et al.: Multidrug-resistant Acinetobacter infection mortality rate and

length of hospitalization. Emerg. Infect. Dis. 13(1), 97–103 (2007).

• Demonstrates that higher mortality rates and length of hospitalization occur in patients infected by multidrug-

resistant Acinetobacter compared with susceptible Acinetobacter.

7.

Zarrilli R, Casillo R, Di Popolo A et al.: Molecular epidemiology of a clonal outbreak of multidrug-resistant

Acinetobacter baumannii in a university hospital in Italy. Clin. Microbiol. Infect. 13(5), 481–489 (2007).

8.

Zarrilli R, Crispino M, Bagattini M et al.: Molecular epidemiology of sequential outbreaks of Acinetobacter

baumannii in an intensive care unit shows the emergence of carbapenem resistance. J. Clin. Microbiol. 42(3),

946–953 (2004).

9.

Morgan DJ, Liang SY, Smith CL et al.: Frequent multidrug-resistant Acinetobacter baumannii contamination of

gloves, gowns, and hands of healthcare workers. Infect. Control Hosp. Epidemiol. 31(7), 716–721 (2010).

10.

Sengstock DM, Thyagarajan R, Apalara J, Mira A, Chopra T, Kaye KS: Multidrug-resistant Acinetobacter

baumannii: an emerging pathogen among older adults in community hospitals and nursing homes. Clin. Infect.

Dis. 50(12), 1611–1616 (2010).

11.

Falagas ME, Karageorgopoulos DE: Pandrug resistance (PDR), extensive drug resistance (XDR), and multidrug

resistance (MDR) among Gram-negative bacilli: need for international harmonization in terminology. Clin. Infect.

Dis. 46(7), 1121–1122 (2008).

12.

Vallenet D, Nordmann P, Barbe V et al.: Comparative analysis of Acinetobacters: three genomes for three

lifestyles. PLoS ONE 3(3),E1805 (2008).

13.

Iacono M, Villa L, Fortini D et al.: Whole genome pyrosequencing of an epidemic multidrug resistant Acinetobacter

baumannii of the European clone II. Antimicrob. Agents Chemother. 52(7), 2616–2625 (2008).

14.

Adams MD, Goglin K, Molyneaux N et al.: Comparative genome sequence analysis of multidrug-resistant

Acinetobacter baumannii. J. Bacteriol. 190(24), 8053–8064 (2008).

15.

Adams MD, Chan ER, Molyneaux ND, Bonomo RA: Genome wide analysis of divergence of antibiotic resistance

determinants in closely related isolates of Acinetobacter baumannii. Antimicrob. Agents. Chemother. 54(9),

3559–3567 (2010).

16.

Mera RM, Miller LA, Amrine-Madsen H, Sahm DF: Acinetobacter baumannii 2002–2008: increase of

carbapenem-associated multiclass resistance in the United States. Microb. Drug Resist. 16(3), 209–215 (2010).

17.

Mendes RE, Bell JM, Turnidge JD, Castanheira M, Jones RN: Emergence and widespread dissemination of

OXA-23, -24/40 and -58 carbapenemases among Acinetobacter spp. in Asia-Pacific nations: report from the

SENTRY surveillance program. J. Antimicrob. Chemother. 63(1), 55–59 (2009).

18.

Higgins PG, Dammhayn C, Hackel M, Seifert H: Global spread of carbapenem-resistant Acinetobacter baumannii.

J. Antimicrob. Chemother. 65(2), 233–238 (2010).

19.

Tripodi M-F, Durante-Mangoni E, Fortunato R, Utili R, Zarrilli R: Comparative activities of colistin, rifampicin,

imipenem, sulbactam/ampicillin alone or in combination against epidemic multidrug-resistant Acinetobacter

baumannii isolates producing OXA-58 carbapenemases. Int. J. Antimicrob. Agents 30(6), 537–540 (2007).

20.

Mugnier P, Poirel L, Naas T, Nordmann P: Worldwide dissemination of the blaOXA-23 carbapenemase gene of

Acinetobacter baumannii. Emerg. Infect. Dis. 16(1), 35–40 (2010).

21.

Poirel L, Nordmann P: Genetic structure at the origin of acquisition and expression of the carbapenem-hydrolyzing

oxacillinase gene blaOXA-58 in Acinetobacter baumannii. Antimicrob. Agents. Chemother. 50(4), 1442–1448

(2006).

• Important investigation on the genetic structures surrounding the carbapenem-hydrolyzing oxacillinase gene

blaOXA-58 in Acinetobacter baumannii strains isolated from different countries.

22.

Zarrilli R, Vitale D, Di Popolo A et al.: A plasmid-borne blaOXA-58 gene confers imipenem resistance to

Acinetobacter baumannii isolates from a Lebanese hospital. Antimicrob. Agents Chemother. 52(11), 4115–4120

(2008).

23.

D'Andrea MM, Giani T, D'Arezzo S et al.: Characterization of pABVA01, a plasmid encoding the OXA-24

carbapenemase from Italian isolates of Acinetobacter baumannii. Antimicrob. Agents Chemother. 53(8),

3528–3533 (2009).

24.

Merino M, Acosta J, Poza M et al.: OXA-24 carbapenemase gene flanked by XerC/XerD-like recombination sites in

different plasmids from different Acinetobacter species isolated during a nosocomial outbreak. Antimicrob.

Agents Chemother. 54(6), 2724–2727 (2010).

25.

Chen T-L, Wu RC-C, Shaio M-F, Fung C-P, Cho W-L: Acquisition of a plasmid-borne blaOXA-58 gene with an

upstream IS1008 insertion conferring a high level of carbapenem resistance to Acinetobacter baumannii.

Antimicrob. Agents Chemother. 52(7), 2573–2580 (2008).

26.

Global Spread of Drug-Resistant Acinetobacter Baumannii (printer-frie... http://www.medscape.com/viewarticle/741843_print

17 de 24 25/11/2011 11:59



Héritier C, Poirel L, Fournier PE, Claverie JM, Raoult D, Nordmann P: Characterization of the naturally occurring

oxacillinase of Acinetobacter baumannii. Antimicrob. Agents Chemother. 49(10), 4174–4179 (2005).

27.

Bou G, Martínez-Beltrán J: Cloning, nucleotide sequencing, and analysis of the gene encoding an AmpC

β-lactamase in Acinetobacter baumannii. Antimicrob. Agents Chemother. 44(2), 428–432 (2000).

28.

Héritier C, Poirel L, Nordmann P: Cephalosporinase over-expression resulting from insertion of ISAba1 in

Acinetobacter baumannii. Clin. Microbiol. Infect. 12(2), 123–130 (2006).

29.

Naas T, Coignard B, Carbonne A et al.: VEB-1 extended-spectrum β-lactamase-producing Acinetobacter

baumannii, France. Emerg. Infect. Dis. 12(8), 1214–1222 (2006).

30.

Pasterán F, Rapoport M, Petroni A et al.: Emergence of PER-2 and VEB-1a in Acinetobacter baumannii strains in

the Americas. Antimicrob. Agents Chemother. 50(9), 3222–3224 (2006).

31.

Naas T, Bogaerts P, Bauraing C, Degheldre Y, Glupczynski Y, Nordmann P: Emergence of PER and VEB

extended-spectrum β-lactamases in Acinetobacter baumannii in Belgium. J. Antimicrob. Chemother. 58(1),

178–182 (2006).

32.

Vahaboglu H, Coskunkan F, Tansel O et al.: Clinical importance of extended-spectrum β-lactamase (PER-1-

type)-producing Acinetobacter spp. and Pseudomonas aeruginosa strains. J. Med. Microbiol. 50(7), 642–645

(2001).

33.

Celenza G, Pellegrini C, Caccamo M et al.: Spread of blaCTX-M-type and blaPER-2 β-lactamase genes in clinical

isolates from Bolivian hospitals. J. Antimicrob. Chemother. 57(5), 975–978 (2006).

34.

Kim JW, Heo ST, Jin JS et al.: Characterization of Acinetobacter baumannii carrying blaOXA-23, blaPER-1 and

armA in a Korean hospital. Clin. Microbiol. Infect. 14(7), 716–718 (2008).

35.

Naiemi NA, Duim B, Savelkoul PH et al.: Widespread transfer of resistance genes between bacterial species in an

intensive care unit: implications for hospital epidemiology. J. Clin. Microbiol. 43(9), 4862–4864 (2005).

36.

Endimiani A, Luzzaro F, Migliavacca R et al.: Spread in an Italian hospital of a clonal Acinetobacter baumannii

strain producing the TEM-92 extended spectrum β-lactamase. Antimicrob. Agents Chemother. 51(6), 2211–2214

(2007).

37.

Naas T, Namdari F, Réglier-Poupet H, Poyart C, Nordmann P: Panresistant extended-spectrum β-lactamase

SHV-5-producing Acinetobacter baumannii from New York City. J. Antimicrob. Chemother. 60(5), 1174–1176

(2007).

38.

Nagano N, Nagano Y, Cordevant C, Shibata N, Arakawa Y: Nosocomial transmission of CTX-M-2 β-lactamase-

producing Acinetobacter baumannii in a neurosurgery ward. J. Clin. Microbiol. 42(9), 3978–3984 (2004).

39.

Poirel L, Corvec S, Rapoport M et al.: Identification of the novel narrow-spectrum β-lactamase SCO-1 in

Acinetobacter spp. from Argentina. Antimicrob. Agents Chemother. 51(6), 2179–2184 (2007).

40.

Karthikeyan K, Thirunarayan MA, Krishnan P: Coexistence of blaOXA-23 with blaNDM-1 and armA in clinical isolates of

Acinetobacter baumannii from India. J. Antimicrob. Chemother. 65(10), 2253–2254 (2010).

41.

Higgins PG, Poirel L, Lehmann M, Nordmann P, Seifert H: OXA-143, a novel carbapenem hydrolyzing class D

β-lactamase in Acinetobacter baumannii Antimicrob. Agents Chemother. 53(12), 5035–5038 (2009).

42.

Turton JF, Ward ME, Woodford N et al.: The role of ISAba1 in expression of OXA carbapenemase genes in

Acinetobacter baumannii. FEMS Microbiol. Lett. 258(1), 72–77 (2006).

43.

Mussi MA, Limansky AS, Viale AM: Acquisition of resistance to carbapenems in multidrug-resistant clinical strains

of Acinetobacter baumannii: natural insertional inactivation of a gene encoding a member of a novel family of

β-barrel outer membrane proteins. Antimicrob. Agents Chemother. 49(4), 1432–1440 (2005).

44.

Dupont M, Pagès JM, Lafitte D, Siroy A, Bollet C: Identification of an OprD homologue in Acinetobacter

baumannii. J. Proteome Res. 4(6), 2386–2390 (2005).

45.

Fernandez-Cuenca F, Martínez-Martínez L, Conejo MC, Ayala JA, Perea EJ, Pascual A: Relationship between

β-lactamase production, outer membrane protein and penicillin-binding protein profiles on the activity of

carbapenems against clinical isolates of Acinetobacter baumannii. J. Antimicrob. Chemother. 51(3), 565–574

(2003).

46.

Heritier C, Poirel L, Lambert T, Nordmann P: Contribution of acquired carbapenem-hydrolyzing oxacillinases to

carbapenem resistance in Acinetobacter baumannii. Antimicrob. Agents Chemother. 49(8), 3198–3202 (2005).

47.

Magnet S, Courvalin P, Lambert T: Resistance–nodulation–cell division-type efflux pump involved in

aminoglycoside resistance in Acinetobacter baumannii strain BM4454. Antimicrob. Agents Chemother. 45(12),

3375–3380 (2001).

48.

Nemec A, Dolzani L, Brisse S, van den Broek P, Dijkshoorn L: Diversity of aminoglycoside-resistance genes and

their association with class 1 integrons among strains of pan-European Acinetobacter baumannii clones. J. Med.

Microbiol. 53(12), 1233–1240 (2004).

49.

Yu YS, Zhou H, Yang Q, Chen YG, Li LJ: Widespread occurrence of aminoglycoside resistance due to ArmA50.

Global Spread of Drug-Resistant Acinetobacter Baumannii (printer-frie... http://www.medscape.com/viewarticle/741843_print

18 de 24 25/11/2011 11:59



methylase in imipenem-resistant Acinetobacter baumannii isolates in China. J. Antimicrob. Chemother. 60(2),

454–455 (2007).

Ribera A, Roca I, Ruiz J, Gibert I, Vila J: Partial characterization of a transposon containing the tet(A) determinant in

a clinical isolate of Acinetobacter baumannii. J. Antimicrob. Chemother. 52(3), 477–480 (2003).

51.

Huys G, Cnockaert M, Vaneechoutte M et al.: Distribution of tetracycline resistance genes in genotypically related

and unrelated multiresistant Acinetobacter baumannii strains from different European hospitals. Res. Microbiol.

156(3), 348–355 (2005).

52.

Hornsey M, Ellington MJ, Doumith M et al.: AdeABC-mediated efflux and tigecycline MICs for epidemic clones of

Acinetobacter baumannii. J. Antimicrob. Chemother. 65(8), 1589–1593 (2010).

53.

Marchand I, Damier-Piolle L, Courvalin P, Lambert T: Expression of the RND-type efflux pump AdeABC in

Acinetobacter baumannii is regulated by the AdeRS two-component system. Antimicrob. Agents Chemother.

48(9), 3298–3304 (2004).

54.

Ruzin A, Keeney D, Bradford PA: AdeABC multidrug efflux pump is associated with decreased susceptibility to

tigecycline in Acinetobacter calcoaceticus–Acinetobacter baumannii complex. J. Antimicrob. Chemother. 59(5),

1001–1004 (2007).

55.

Ruzin A, Immermann FW, Bradford PA: RT-PCR and statistical analyses of adeABC expression in clinical isolates

of Acinetobacter calcoaceticus–Acinetobacter baumannii complex. Microb. Drug Resist. 16(2), 87–89 (2010).

56.

Damier-Piolle L, Magnet S, Brémont S, Lambert T, Courvalin P: AdeIJK, a resistance nodulation–cell division pump

effluxing multiple antibiotics in Acinetobacter baumannii. Antimicrob. Agents Chemother. 52(2), 557–562 (2008).

57.

Coyne S, Guigon G, Courvalin P, Pèrichon P: Screening and quantification of the expression of antibiotic

resistance genes in Acinetobacter baumannii with a microarray. Antimicrob. Agents Chemother. 54(1), 333–340

(2010).

• Describes an oligonucleotide-based DNA microarray to detect acquired antibiotic resistance determinants and to

evaluate expression of genes for efflux pumps in A. baumannii.

58.

Coyne S, Rosenfeld N, Lambert T, Courvalin P, Périchon B: Overexpression of resistance-nodulation-cell division

pump AdeFGH confers multidrug resistance in Acinetobacter baumannii. Antimicrob. Agents Chemother. 54(10),

4389–4393 (2010).

59.

Su XZ, Chen J, Mizushima T, Kuroda T, Tsuchiya T: AbeM, an H
+
-coupled Acinetobacter baumannii multidrug

efflux pump belonging to the MATE family of transporters. Antimicrob. Agents Chemother. 49(10), 4362–4364

(2005).

60.

Vila J, Ruiz J, Goñi P, Marcos A, Jimenez de Anta T: Mutation in the gyrA gene of quinolone-resistant clinical

isolates of Acinetobacter baumannii. Antimicrob. Agents Chemother. 39(5), 1201–1203 (1995).

61.

Vila J, Ruiz J, Goni P, de Anta TJ: Quinolone-resistance mutations in the topoisomerase IV parC gene of

Acinetobacter baumannii. J. Antimicrob. Chemother. 39(6), 757–762 (1997).

62.

Hamouda A, Amyes SG: Novel gyrA and parC point mutations in two strains of Acinetobacter baumannii resistant

to ciprofloxacin. J. Antimicrob. Chemother. 54(3), 695–696 (2004).

63.

Houang ET, Chu JW, Lo WS, Chu KJ, Cheng AF: Epidemiology of rifampin ADP-ribosyltransferase (arr-2) and

metallo-β-lactamase (blaIMP-4) gene cassettes in class 1 integrons in Acinetobacter strains isolated from blood

cultures in 1997 to 2000. Antimicrob. Agents Chemother. 47(4), 1382–1390 (2003).

64.

Mak JK, Kim MJ, Pham J, Tapsall J, White PA: Antibiotic resistance determinants in nosocomial strains of

multidrug-resistant Acinetobacter baumannii. J. Antimicrob. Chemother. 63(1), 47–54 (2009).

65.

Moffatt JH, Harper M, Harrison P et al.: Colistin resistance in Acinetobacter baumannii is mediated by complete

loss of lipopolysaccharide production. Antimicrob. Agents Chemother. 54(12), 4971–4977 (2010).

• Demonstrates that A. baumannii can develop resistance to polymyxin antibiotics by complete loss of the initial

binding target, the lipid A component of lipopolysaccharide.

66.

Adams MD, Nickel GC, Bajaksouzian S et al.: Resistance to colistin in Acinetobacter baumannii associated with

mutations in the PmrAB two-component system. Antimicrob. Agents Chemother. 53(9), 3628–3634 (2009).

67.

Herrera CM, Hankins JV, Trent MS: Activation of PmrA inhibits LpxT-dependent phosphorylation of lipid A

promoting resistance to antimicrobial peptides. Mol. Microbiol. 76(6), 1444–1460 (2010).

68.

Li J, Nation RL, Owen RJ, Wong S, Spelman D, Franklin C: Antibiograms of multidrug-resistant clinical

Acinetobacter baumannii: promising therapeutic options for treatment of infection with colistin-resistant strains.

Clin. Infect. Dis. 45(5), 594–598 (2007).

69.

Wisplinghoff H, Schmitt R, Wöhrmann A, Stefanik D, Seifert H: Resistance to disinfectants in epidemiologically

defined clinical isolates of Acinetobacter baumannii. J. Hosp. Infect. 66(2), 174–181 (2007).

70.

Kawamura-Sato K, Wachino J, Kondo T, Ito H, Arakawa Y: Correlation between reduced susceptibility to

disinfectants and multidrug resistance among clinical isolates of Acinetobacter species. J. Antimicrob.

71.

Global Spread of Drug-Resistant Acinetobacter Baumannii (printer-frie... http://www.medscape.com/viewarticle/741843_print

19 de 24 25/11/2011 11:59



Chemother. 65(9), 1975–1983 (2010).

Dijkshoorn L, Aucken H, Gerner-Smidt P et al.: Comparison of outbreak and nonoutbreak Acinetobacter

baumannii strains by genotypic and phenotypic methods. J. Clin. Microbiol. 34(6), 1519–1525 (1996).

72.

Van Dessel H, Dijkshoorn L, van der Reijden T et al.: Identification of a new geographically widespread

multiresistant Acinetobacter baumannii clone from European hospitals. Res. Microbiol. 155(2), 105–112 (2004).

73.

Turton JF, Gabriel SN, Valderrey C, Kaufmann ME, Pitt TL: Use of sequence-based typing and multiplex PCR to

identify clonal lineages of outbreak strains of Acinetobacter baumannii. Clin. Microbiol. Infect. 13(8), 807–815

(2007).

74.

Bartual SG, Seifert H, Hippler C, Luzon MA, Wisplinghoff H, Rodrìguez-Valera F: Development of a multilocus

sequence typing scheme for characterization of clinical isolates of Acinetobacter baumannii. J. Clin. Microbiol.

43(9), 4382–4390 (2005).

75.

Wisplinghoff H, Hippler C, Bartual SG et al.: Molecular epidemiology of clinical Acinetobacter baumannii and

Acinetobacter genomic species 13TU isolates using a multilocus sequencing typing scheme. Clin. Microbiol.

Infect. 14(7), 708–715 (2008).

76.

Diancourt L, Passet V, Nemec A, Dijkshoorn L, Brisse S: The population structure of Acinetobacter baumannii:

expanding multiresistant clones from an ancestral susceptible genetic pool. PLoS ONE 5(4),E10034 (2010).

• Recent multilocus sequence typing analysis investigating the population structure of A. baumannii strains.

77.

Fu Y, Zhou J, Zhou H et al.: Wide dissemination of OXA-23-producing carbapenem-resistant Acinetobacter

baumannii clonal complex 22 in multiple cities of China. J. Antimicrob. Chemother. 65(4), 644–650 (2010).

78.

Giannouli M, Tomasone F, Agodi A et al.: Molecular epidemiology of carbapenem-resistant Acinetobacter

baumannii strains in intensive care units of multiple Mediterranean hospitals. J. Antimicrob. Chemother. 63(4),

828–830 (2009).

79.

Giannouli M, Cuccurullo S, Crivaro V et al.: Molecular epidemiology of multi-drug resistant Acinetobacter

baumannii in a tertiary care hospital in Naples, Italy, shows the emergence of a novel epidemic clone. J. Clin.

Microbiol. 48(4), 1223–1230 (2010).

80.

Di Popolo A, Giannouli M, Triassi M, Brisse S, Zarrilli R: Molecular epidemiology of multidrug-resistant

Acinetobacter baumannii strains in four Mediterranean countries using a multilocus sequence typing scheme.

Clin. Microbiol. Infect. 17(2), 197–201 (2010).

81.

Kim CK, Lee Y, Lee H et al.: Prevalence and diversity of carbapenemases among imipenem-nonsusceptible

Acinetobacter isolates in Korea: emergence of a novel OXA-182. Diagn. Microbiol. Infect. Dis. 68(4), 432–438

(2010).

82.

Antonio CS, Neves PR, Medeiros M et al.: High prevalence of carbapenem-resistant Acinetobacter baumannii

carrying the blaOXA-143 gene in Brazilian hospitals. Antimicrob. Agents Chemother. 55(3), 1322–1323 (2011).

83.

Peleg AY, Bell JM, Hofmeyr A, Wiese P: Inter-country transfer of Gram-negative organisms carrying the VIM-4 and

OXA-58 carbapenem-hydrolysing enzymes. J. Antimicrob. Chemother. 57(4), 794–795 (2006).

84.

Hawley JS, Murray CK, Griffith ME et al.: Susceptibility of Acinetobacter strains isolated from deployed U.S.

military personnel. Antimicrob. Agents Chemother. 51(1), 376–378 (2007).

85.

Fishbain J, Peleg AY: Treatment of Acinetobacter infections. Clin. Infect. Dis. 51(1), 79–84 (2010).86.

Livermore DM, Hill RL, Thomson H et al.: Antimicrobial treatment and clinical outcome for infections with

carbapenem- and multiply-resistant Acinetobacter baumannii around London. Int. J. Antimicrob. Agents 35(1),

19–24 (2010).

87.

Segal H, Elisha BG: Use of Etest MBL strips for the detection of carbapenemases in Acinetobacter baumannii. J.

Antimicrob. Chemother. 56(3), 598 (2005).

88.

Kulah C, Aktas E, Comert F et al.: Detecting imipenem resistance in Acinetobacter baumannii by automated

systems (BD Phoenix, Microscan WalkAway, Vitek 2); high error rates with Microscan WalkAway. BMC Infect. Dis.

9, 30 (2009).

89.

Levin AS, Barone AA, Penço J et al.: Intravenous colistin as therapy for nosocomial infections caused by

multidrug-resistant Pseudomonas aeruginosa and Acinetobacter baumannii. Clin. Infect. Dis. 28(5), 1008–1011

(1999).

90.

Markou N, Apostolakos H, Koumoudiou C et al.: Intravenous colistin in the treatment of sepsis from multiresistant

Gram-negative bacilli in critically ill patients. Crit. Care 7(1),R78–R83 (2003).

91.

Kasiakou SK, Michalopoulos A, Soteriades ES, Samonis G, Sermaides GJ, Falagas ME: Combination therapy with

intravenous colistin for management of infections due to multidrug-resistant Gram-negative bacteria in patients

without cystic fibrosis. Antimicrob. Agents Chemother. 49(8), 3136–3146 (2005).

92.

Reina R, Estenssoro E, Sáenz G et al.: Safety and efficacy of colistin in Acinetobacter and Pseudomonas

infections: a prospective cohort study. Intensive Care Med. 31(8), 1058–1065 (2005).

93.

Global Spread of Drug-Resistant Acinetobacter Baumannii (printer-frie... http://www.medscape.com/viewarticle/741843_print

20 de 24 25/11/2011 11:59



Landman D, Georgescu C, Martin DA, Quale J: Polymyxins revisited. Clin. Microbiol. Rev. 21(3), 449–465 (2008).94.

Michalopoulos A, Falagas ME: Treatment of Acinetobacter infections. Expert Opin. Pharmacother. 11(5),

779–788 (2010).

95.

Falagas ME, Kasiakou SK: Colistin: the revival of polymyxins for the management of multidrug-resistant

Gram-negative bacterial infections. Clin. Infect. Dis. 40(9), 1333–1341 (2005).

96.

Markou N, Markantonis SL, Dimitrakis E et al.: Colistin serum concentrations after intravenous administration in

critically ill patients with serious multidrug-resistant, Gram-negative bacilli infections: a prospective, open-label,

uncontrolled study. Clin. Ther. 30(1), 143–151 (2008).

97.

Falagas ME, Rafailidis PI, Ioannidou E et al.: Colistin therapy for microbiologically documented multidrug-resistant

Gram-negative bacterial infections: a retrospective cohort study of 258 patients. Int. J. Antimicrob. Agents 35(2),

194–199 (2010).

98.

Imberti R, Cusato M, Villani P et al.: Steady-state pharmacokinetics and BAL concentration of colistin in critically ill

patients after iv colistin methanesulfonate administration. Chest 138(6), 1333–1339 (2010).

• Important investigation showing possible major flaw in colistin-based treatment of Acinetobacter baumannii

ventilator-associated pneumonia due to poor lung diffusion.

99.

Kwa AL, Loh C, Low JGH, Kurup A, Tam VH: Nebulized colistin in the treatment of pneumonia due to multidrug-

resistant Acinetobacter baumannii and Pseudomonas aeruginosa. Clin. Infect. Dis. 41(5), 754–757 (2005).

100.

Michalopoulos A, Kasiakou SK, Mastora Z, Rellos K, Kapaskelis AM, Falagas ME: Aerosolized colistin for the

treatment of nosocomial pneumonia due to multidrug-resistant Gram-negative bacteria in patients without cystic

fibrosis. Crit. Care 9(1),R53–R59 (2005).

101.

Michalopoulos A, Fotakis D, Virtzili S et al.: Aerosolized colistin as adjunctive treatment of ventilator-associated

pneumonia due to multidrug-resistant Gram-negative bacteria: a prospective study. Respir. Med. 102(3), 407–412

(2008).

102.

Falagas ME, Fragoulis KN, Kasiakou SK, Sermaidis GJ, Michalopoulos A: Nephrotoxicity of intravenous colistin: a

prospective evaluation. Int. J. Antimicrob. Agent 26(6), 504–507 (2005).

103.

DeRyke CA, Crawford AJ, Uddin N, Wallace MR: Colistin dosing and nephrotoxicity in a large community teaching

hospital. Antimicrob. Agents Chemother. 54(10), 4503–4505 (2010).

104.

Hawley JS, Murray CK, Jorgensen JH: Colistin heteroresistance in Acinetobacter and its association with previous

colistin therapy. Antimicrob. Agents Chemother. 52(1), 351–352 (2008).

105.

Ko KS, Suh YJ, Kwon KT et al.: High rates of resistance to colistin and polymyxin B in subgroups of Acinetobacter

baumannii isolates from Korea. J. Antimicrob. Chemother. 60(5), 1163–1167 (2007).

106.

Rodriguez CH, Bombicino K, Granados G, Nastro M, Vay C, Famiglietti A: Selection of colistin-resistant

Acinetobacter baumannii isolates in postneurosurgical meningitis in an intensive care unit with high presence of

heteroresistance to colistin. Diagn. Microbiol. Infect. Dis. 65(2), 188–191 (2009).

107.

Pachon-Ibanez ME, Docobo-Perez F, Lopez-Rojas L et al.: Efficacy of rifampin and its combinations with

imipenem, sulbactam, and colistin in experimental models of infection caused by imipenem-resistant

Acinetobacter baumannii. Antimicrob. Agents Chemother. 54(3), 1165–1172 (2010).

108.

Gounden R, Bamford C, van Zyl-Smit R, Cohen K, Maartens G: Safety and effectiveness of colistin compared with

tobramycin for multi-drug resistant Acinetobacter baumannii infections. BMC Infect. Dis. 9(1), 26 (2009).

109.

Koomanachai P, Tiengrim S, Kiratisin P, Thamlikitkul V: Efficacy and safety of colistin (colistimethate sodium) for

therapy of infections caused by multidrug-resistant Pseudomonas aeruginosa and Acinetobacter baumannii in

Siriraj Hospital, Bangkok, Thailand. Int. J. Infect. Dis. 11(5), 402–406 (2007).

110.

Garnacho-Montero J, Ortiz-Leyba C, Jiménez-Jiménez FJ et al.: Treatment of multidrug-resistant Acinetobacter

baumannii ventilator-associated pneumonia (VAP) with intravenous colistin: a comparison with imipenem-

susceptible VAP. Clin. Infect. Dis. 36(9), 1111–1118 (2003).

111.

Kallel H, Hergafi L, Bahloul M et al.: Safety and efficacy of colistin compared with imipenem in the treatment of

ventilator-associated pneumonia: a matched case-control study. Intensive Care Med. 33(7), 1162–1167 (2007).

112.

Falagas ME, Rafailidis PI, Kasiakou SK, Hatzopoulou P, Michalopoulos A: Effectiveness and nephrotoxicity of

colistin monotherapy vs. colistin–meropenem combination therapy for multidrug-resistant Gram-negative bacterial

infections. Clin. Microbiol. Infect. 12(12), 1227–1230 (2006).

113.

Mendes RE, Farrell DJ, Sader HS, Jones RN: Comprehensive assessment of tigecycline activity tested against a

worldwide collection of Acinetobacter spp. (2005–2009). Diagn. Microbiol. Infect. Dis. 68(3), 307–311 (2010).

114.

Wang YF, Dowzicky MJ: In vitro activity of tigecycline and comparators on Acinetobacter spp. isolates collected

from patients with bacteremia and MIC change during the Tigecycline Evaluation and Surveillance Trial, 2004 to

2008. Diagn. Microbiol. Infect. Dis. 68(1), 73–79 (2010).

115.

Hawser SP, Hackel M, Person MB et al.: In vitro activity of tigecycline against carbapenemase-producing116.

Global Spread of Drug-Resistant Acinetobacter Baumannii (printer-frie... http://www.medscape.com/viewarticle/741843_print

21 de 24 25/11/2011 11:59



Acinetobacter baumannii. Int. J. Antimicrob. Agents 36(3), 289–290 (2010).

Rodvold KA, Gotfried MH, Cwik M, Korth-Bradley JM, Dukart G, Ellis-Grosse EJ: Serum, tissue and body fluid

concentrations of tigecycline after a single 100 mg dose. J. Antimicrob. Chemother. 58(6), 1221–1229 (2006).

117.

Chan JD, Graves JA, Dellit TH: Antimicrobial treatment and clinical outcomes of carbapenem-resistant

Acinetobacter baumannii ventilator-associated pneumonia. J. Intensive Care Med. 25(6), 343–348 (2010).

118.

Principe L, D'Arezzo S, Capone A, Petrosillo N, Visca P: In vitro activity of tigecycline in combination with various

antimicrobials against multidrug resistant Acinetobacter baumannii. Ann. Clin. Microb. Antimicrob. 8, 18 (2009).

119.

Pichardo C, Pachón-Ibañez ME, Docobo-Perez F et al.: Efficacy of tigecycline vs. imipenem in the treatment of

experimental Acinetobacter baumannii murine pneumonia. Eur. J. Clin. Microbiol. Infect. Dis. 29(5), 527–531

(2010).

120.

Metan G, Alp E, Yildiz O, Percin D, Aygen B, Sumerkan B: Clinical experience with tigecycline in the treatment of

carbapenem-resistant Acinetobacter infections. J. Chemother. 22(2), 110–114 (2010).

121.

Gordon NC, Wareham DW: A review of clinical and microbiological outcomes following treatment of infections

involving multidrug-resistant Acinetobacter baumannii with tigecycline. J. Antimicrob. Chemother. 63(4), 775–780

(2009).

122.

Karageorgopoulos D, Kelesidis T, Kelesidis I et al.: Tigecycline for the treatment of multidrug resistant (including

carbapenem resistant) Acinetobacter infections: a review of the scientific evidence. J. Antimicrob. Chemother.

62(1), 45–55 (2008).

123.

Schafer J, Goff D, Stevenson K et al.: Early experience with tigecycline for ventilator-associated pneumonia and

bacteraemia caused by multidrug-resistant Acinetobacter baumannii. Pharmacotherapy 27(7), 980–987 (2007).

124.

Anthony K, Fishman N, Linkin D et al.: Clinical and microbiological outcomes of serious infections with multidrug-

resistant Gram-negative organisms treated with tigecycline. Clin. Infect. Dis. 46(4), 567–570 (2008).

125.

Vasilev K, Reshedko G, Orasan R et al.: A Phase 3, open-label, non-comparative study of tigecycline in the

treatment of patients with selected serious infections due to resistant Gram-negative organisms including

Enterobacter species, Acinetobacter baumannii and Klebsiella pneumoniae. J. Antimicrob. Chemother.

62(Suppl. 1),I29–I40 (2008).

126.

Yang SC, Chang WJ, Chang YH et al.: Prevalence of antibiotics resistance and OXA carbapenemases genes in

multidrug-resistant Acinetobacter baumannii isolates in central Taiwan. Eur. J. Clin. Microbiol. Infect. Dis. 29(5),

601–604 (2010).

127.

Bantar C, Fernández Canigia L, Berger MA, Soutric JL, Arenoso HJ: Pharmacodynamic assessment of amoxicillin-

sulbactam against Acinetobacter baumannii: searching the optimal dose and infusion time through a human

ex-vivo model. Braz. J. Infect. Dis. 13(5), 348–352 (2009).

128.

Betrosian AP, Frantzeskaki F, Xanthaki A, Douzinas EE: Efficacy and safety of high-dose ampicillin/sulbactam vs.

colistin as monotherapy for the treatment of multidrug resistant Acinetobacter baumannii ventilator-associated

pneumonia. J. Infect. 56(6), 432–436 (2008).

129.

Oliveira MS, Prado GV, Costa SF, Grinbaum RS, Levin AS: Ampicillin/sulbactam compared with polymyxins for the

treatment of infections caused by carbapenem-resistant Acinetobacter spp. J. Antimicrob. Chemother. 61(6),

1369–1375 (2008).

130.

Wareham DW, Bean DC: In vitro activity of polymyxin B in combination with imipenem, rifampicin and azithromycin

versus multidrug resistant strains of Acinetobacter baumannii producing OXA-23 carbapenemases. Ann. Clin.

Microbiol. Antimicrob. 5, 10 (2006).

131.

Tan TY, Ng LS, Tan E, Huang G: In vitro effect of minocycline and colistin combinations on imipenem-resistant

Acinetobacter baumannii clinical isolates. J. Antimicrob. Chemother. 60(2), 421–423 (2007).

132.

Petrosillo N, Chinello P, Proietti MF et al.: Combined colistin and rifampicin therapy for carbapenem-resistant

Acinetobacter baumannii infections: clinical outcome and adverse events. Clin. Microbiol. Infect. 11(8), 682–683

(2005).

• Seminal investigation exploring the possible clinical efficacy of combination treatment with colistin in severe

nosocomial infections by resistant A. baumannii.

133.

Motaouakkil S, Charra B, Hachimi A et al.: Colistin and rifampicin in the treatment of nosocomial infections from

multiresistant Acinetobacter baumannii. J. Infect. 53(4), 274–278 (2006).

134.

Bassetti M, Repetto E, Righi E et al.: Colistin and rifampicin in the treatment of multidrug-resistant Acinetobacter

baumannii infections. J. Antimicrob. Chemother. 61(2), 417–420 (2008).

135.

Saballs M, Pujol M, Tubau F et al.: Rifampicin/imipenem combination in the treatment of carbapenem-resistant

Acinetobacter baumannii infections. J. Antimicrob. Chemother. 58(3), 697–700 (2006).

136.

Urban C, Mariano N, Rahal JJ: In vitro double and triple bactericidal activities of doripenem, polymyxin b, and

rifampin against multidrug-resistant Acinetobacter baumannii, Pseudomonas aeruginosa, Klebsiella

137.

Global Spread of Drug-Resistant Acinetobacter Baumannii (printer-frie... http://www.medscape.com/viewarticle/741843_print

22 de 24 25/11/2011 11:59



pneumoniae, and Escherichia coli. Antimicrob. Agents Chemother. 54(6), 2732–2734 (2010).

Lim TP, Ledesma KR, Chang KT et al.: Quantitative assessment of combination antimicrobial therapy against

multidrug-resistant Acinetobacter baumannii. Antimicrob. Agents Chemother. 52(8), 2898–2904 (2008).

138.

Petrosillo N, Ioannidou E, Falagas ME: Colistin monotherapy vs. combination therapy: evidence from

microbiological, animal and clinical studies. Clin. Microbiol. Infect. 14(9), 816–827 (2008).

139.

Carmeli Y, Akova M, Cornaglia G et al.: Controlling the spread of carbapenemase-producing

Gram-negatives:therapeutic approach and infection control. Clin. Microbiol. Infect. 16(2), 102–111 (2010).

140.

Karageorgopoulos DE, Falagas ME: Current control and treatment of multidrug-resistant Acinetobacter baumannii

infections. Lancet Infect. Dis. 8(12), 751–762 (2008).

141.

Pimentel JD, Low J, Styles K, Harris OC, Hughes A, Athan E: Control of an outbreak of multi-drug-resistant

Acinetobacter baumannii in an intensive care unit and a surgical ward. J. Hosp. Infect. 59(3), 249–253 (2005).

142.

Cohen AL, Calfee D, Fridkin SK et al.: Recommendations for metrics for multidrug-resistant organisms in

healthcare settings: SHEA/HICPAC position paper. Infect. Contr. Hosp. Epidemiol. 29(10), 901–913 (2010).

143.

Marti S, Sánchez-Céspedes J, Alba V, Vila J: In vitro activity of doripenem against Acinetobacter baumannii

clinical isolates. Int. J. Antimicrob. Agents. 33(2), 181–182 (2009).

144.

Pankuch GA, Seifert H, Appelbaum PC: Activity of doripenem with and without levofloxacin, amikacin, and colistin

against Pseudomonas aeruginosa and Acinetobacter baumannii. Diagn. Microbiol. Infect. Dis. 67(2), 191–197

(2010).

145.

Marti S, Sánchez-Céspedes J, Espinal P, Vila J: In vitro activity of ceftobiprole against Acinetobacter baumannii

clinical isolates. Int. J. Antimicrob. Agents. 34(3), 265–267 (2009).

146.

Nicolosi D, Scalia M, Nicolosi VM, Pignatello R: Encapsulation in fusogenic liposomes broadens the spectrum of

action of vancomycin against Gram-negative bacteria. Int. J. Antimicrob. Agent 35(6), 553–558 (2010).

147.

Gordon NC, Png K, Wareham DW: Potent synergy and sustained bactericidal activity of a vancomycin-colistin

combination versus multidrug-resistant strains of Acinetobacter baumannii. Antimicrob. Agents Chemother.

54(12), 5316–5322 (2010).

• Very interesting study evaluating the activity of unorthodox antimicrobial combinations including colistin against

resistant A. baumannii strains.

148.

Page MG, Dantier C, Desarbre E: In vitro properties of BAL30072, a novel siderophore sulfactam with activity

against multiresistant Gram-negative bacilli. Antimicrob. Agents Chemother. 54(6), 2291–2302 (2010).

149.

Landman D, Kelly P, Bäcker M et al.: Antimicrobial activity of a novel aminoglycoside, ACHN-490, against

Acinetobacter baumannii and Pseudomonas aeruginosa from New York City. J. Antimicrob. Chemother. 66(2),

332–334 (2011).

150.

Higgins PG, Stubbings W, Wisplinghoff H, Seifert H: Activity of the investigational fluoroquinolone finafloxacin

against ciprofloxacin-sensitive and -resistant Acinetobacter baumannii isolates. Antimicrob. Agents Chemother.

54(4), 1613–1615 (2010).

151.

Jacobs MR, Bajaksouzian S, Good CE et al.: Novel bis-indole agents active against multidrug-resistant

Acinetobacter baumannii. Diagn. Microbiol. Infect. Dis. 69(1), 114–116 (2011).

152.

Mookherjee N, Hancock RE: Cationic host defence peptides: innate immune regulatory peptides as a novel

approach for treating infections. Cell Mol. Life Sci. 64(7–8), 922–933 (2007).

153.

Routsias JG, Karagounis P, Parvulesku G, Legakis NJ, Tsakris A: In vitro bactericidal activity of human b-defensin

2 against nosocomial strains. Peptides 31(9), 1654–1660 (2010).

154.

Knappe D, Piantavigna S, Hansen A et al.: Oncocin (VDKPPYLPRPRPPRRIYNR-NH2): a novel antibacterial

peptide optimized against Gram-negative human pathogens. J. Med. Chem. 53(14), 5240–5247 (2010).

155.

Mangoni ML, Maisetta G, Di Luca M et al.: Comparative analysis of the bactericidal activities of amphibian peptide

analogues against multidrug-resistant nosocomial bacterial strains. Antimicrob. Agents Chemother. 52(1), 85–91

(2008).

156.

Rodríguez-Hernández MJ, Saugar J, Docobo-Pérez F et al.: Studies on the antimicrobial activity of cecropin

A-melittin hybrid peptides in colistin-resistant clinical isolates of Acinetobacter baumannii. J. Antimicrob.

Chemother. 58(1), 95–100 (2006).

157.

Ostorhazi E, Rozgonyi F, Szabo D et al.: Intramuscularly administered peptide A3-APO is effective against

carbapenem-resistant Acinetobacter baumannii in mouse models of systemic infections. Biopolymers

DOI:10.1002/bip.21443 (2010) (Epub ahead of print).

158.

Pannek S, Higgins PG, Steinke P et al.: Multidrug efflux inhibition in Acinetobacter baumannii: comparison

between 1-(1-naphthylmethyl)-piperazine and phenyl-arginine-β-naphthylamide. J. Antimicrob. Chemother. 57(5),

970–974 (2006).

159.

Woodford N, Wareham DW: Tackling antibiotic resistance: a dose of common antisense? J. Antimicrob.160.

Global Spread of Drug-Resistant Acinetobacter Baumannii (printer-frie... http://www.medscape.com/viewarticle/741843_print

23 de 24 25/11/2011 11:59



Financial & competing interests disclosure

Work performed in the authors' laboratories was supported in part by grants from Agenzia Italiana del Farmaco, Italy (AIFA2007 contract no.

FARM7X9F8K) and from Ministero dell'Istruzione, dell'Universita` e della Ricerca, Italy (PRIN 2008 to RZ). The authors have no other relevant

affiliations or financial involvement with any organization or entity with a financial interest in or financial conflict with the subject matter or materials

discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this manuscript.

Future Microbiology. 2011;6(4):407-422. © 2011 Future Medicine Ltd.

 

Chemother. 63(2), 225–229 (2009).

Kurupati P, Tan KSW, Kumarasinghe G, Poh CL: Inhibition of gene expression and growth by antisense peptide

nucleic acids in a multiresistant β-lactamase-producing Klebsiella pneumoniae strain. Antimicrob. Agents

Chemother. 51(3), 805–811 (2007).

Website

201. US FDA. FDA Drug Safety Communication: Increased risk of death with Tygacil (tigecycline) compared with

other antibiotics used to treat similar infections www.fda.gov/Drugs/DrugSafety/ucm224370.htm (Accessed 9

February 2011)

Papers of special note have been highlighted as:

• of interest

161.

Global Spread of Drug-Resistant Acinetobacter Baumannii (printer-frie... http://www.medscape.com/viewarticle/741843_print

24 de 24 25/11/2011 11:59


