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Host susceptibility can trigger pneumonia and etiological factors can aggravate clinical outcomes. Mechanical ventilation
(MV) can expose patients to pathogenic microorganisms in the lungs frequently including Staphylococcus aureus,
Pseudomonas aeruginosa and Acinetobacter baumannii. The development of ventilator-associated pneumonia (VAP)
remains associated mainly with host factors and the presence of different pathogenic factors that can limit treatment as
well. One of the most concerning facts is treatment failure due to difficulties in detecting and managing the resistant
strain. Resistant strains are frequently involved in VAP and outbreaks in intensive care units (ICU) result in increasing
treatment costs and loss of lives. The mechanisms of antimicrobial resistance vary according to the pathogen.
Staphylococcus aureus can harbor the oxacillin resistant mecA gene in the Staphylococcal cassette chromosome mec that
can possess other resistance determinants. A. baumannii presents several types of “OXA” carbapenemases mediating the
hydrolysis of the beta-lactam ring, belonging to three molecular classes classified by Ambler. P. aeruginosa displays
intrinsic resistance to wide antimicrobial classes due to low permeability of its outer membrane, increased efflux and
enzymatic antibiotic changes. In view of the above considerations, the aim of this chapter is to present the pathogenicity
mechanisms of the cited agents as well as review the background of the main antimicrobial resistance mechanisms
involved in VAP.
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1. General Remarks
Frequently the airway passage in humans is challenged by several types of microorganisms posing a risk to the immune
system in eliminating pathogens and preventing infection. However some factors contribute to adherence, establishment
and growth of infection including immune system clearance as well as microorganism pathogenic factors. Therefore,
determining pneumonia origin usually contributes to a better prognosis and the best treatment since the etiology can
differ according to the infection source [1].
Hospital acquired pneumonia (HAP) is characterized by the development of signs and symptoms in a period from 48
to 72 hours from hospital admission up until or even after hospital discharge [2]. The infection is acquired within the
hospital, and the infection source is not considered from normal flora. Ventilator associated pneumonia (VAP) is a type
of HAP occurring 48 hours after introducing ventilation [3, 4]. There are risk factors that may contribute to VAP
development, with advanced age being one of the most important factors, followed by previous antimicrobial usage,
antimicrobial resistance in ICU, length of stay in hospitals and ICU, severity of illness, and acute respiratory distress
syndrome [4 – 7].
Ventilator-associated pneumonia (VAP) is one of the most frequent types of infection [2, 8]. In surveillance
performed in medical ICUs in the US, pneumonia was the second most frequent infection (27%) [9]. In a large US
database of 9,080 patients admitted to an ICU and receiving mechanical ventilation for >24h, 9.3% developed VAP
[10]. VAP rates are reported ranging from 4.3/1,000 ventilator days in adult ICUs [11] to 5/1,000 ventilator days in
pediatric patients and 35/1,000 days in burn patients [12]. The incidence of VAP varies among different studies,
depending on the definition, type of ICU, population studied and level of antibiotic exposure [13]. Bekaert et al. (2011)
[14] estimated that 4.4% of the deaths in the ICU on day 30 and 5.9% on day 60 are attributable to VAP. Survival of
patients is determined mainly by severity of illness at the time of diagnosis [15]. Mortality can vary from 30.5% to 50%
and can reach 76% in some specific settings or when lung infection is caused by high-risk pathogens [10, 16]. Melsen et
al. (2011) [8] estimated that the attributable mortality rate of VAP is 9%, ranging between 3% and 17% in subgroup
analyses. Additionally, it has been demonstrated that patients with VAP had longer mean durations of mechanical
ventilation (21.8 vs 10.3 days), ICU stay (20.5 vs. 11.6 days), hospitalization (32.6 vs. 19.5 days), and costs ($99,598
vs. $59,770) than patients without VAP [17].

2. Overview of VAP Etiology
Several studies have attempted to elucidate the origin and possible transmission routes for pneumonia pathogens. In this
context, the pathogenesis of VAP is associated with the colonization of the upper respiratory tract (oropharynx and
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trachea) with potentially pathogenic microorganisms. Among these microorganisms, colonization with
Enterobacteriaceae, Staphylococcus aureus, Acinetobacter baumannii and Pseudomonas aeruginosa are associated with
VAP development [5, 18].
Medical devices can facilitate the acquisition of Enterobacteriaceae family members reaching the lungs through
aspiration of enteral feeding. It is estimated that about 45% of individuals can aspirate the content of the tubes,
frequently associated with abdominal distention and use of artificial feeding. The post-operatory period increases the
risk of pneumonia development mainly in individuals who are at risk, such as the elderly, obese, malnourished,
smokers, chronic obstructive pulmonary disease (COPD) or tracheostomy, and other additional factors. The use of
sedatives impairs ciliary activity in the respiratory tract, which enhances the secretion accumulation that normally
would eliminate the colonizing pathogens [19].
Enteric gram-negative bacilli are common agents involved in HAP followed by gram-positive cocci and
polymicrobial infections [5]. In a study, MRSA was implicated in 61% of nosocomial pneumonia according to Shorr et
al. (2010) [20]. Pobo et al. (2009) [21] in a prospective study verified that 63.6% of all VAP episodes in which the
etiology was determined, S. aureus, Haemophilus influenza and Streptococcus pneumonia were the most frequent
isolated microorganism. Table 1 summarizes the main agents and isolation frequency among nosocomial pneumonia.
Table 1 Nosocomial pneumonia etiology and frequency of pathogen isolation.

Nosocomial pneumonia etiology

Gram negative

Gram-positive cocci
Polymicrobial

Pseudomonas aeruginosa
Enterobacter
Acinetobacter
Enteric gram negative bacilli (Escherichia coli, Klebsiella pneumoniae,
Serratia marcescens, Proteus spp.)
Staphylococcus aureus
Streptococcus pneumoniae
Examples: S. aureus, Haemophylus influenzae
S. aureus, Serratia marcescens,
P. aeruginosa

%
55 to 85

20 to 61
40 to 60

Adapted from [5, 20, 22] Rello et al. (1991), Lynch III (2001), Shorr et al. (2010).

Antimicrobial resistance occurs in microorganisms isolated in VAP. Patients over 60 years old are susceptible to
nosocomial pneumonia caused by multiresistant pathogens (defined by the resistance to 2 or more different
antimicrobial classes). Patients with HACAP admitted to ICUs are susceptible to acquire resistant pathogens and are
prone to have treatment failure in the initial treatment leading to a poor prognosis [7].
2.1. Pseudomonas spp
2.1.1. Epidemiology
Pseudomonas aeruginosa is a nonfermentative gram-negative bacilli widely distributed in water, soil, animals and plant
surfaces. Its ability to use nitrogen as a final receptor of electrons makes it possible to survive in anaerobic conditions
since nitrates or arginine is available. Its use of over 50 nutrients and ability to grow at high temperatures (43o C) can
also explain the survival of Pseudomonas strains in different environments, including soil and hospital sinks [23].
Environmental elimination remains challenging since P. aeruginosa possess a wide variety of intrinsic resistance
mechanisms [24, 25].
As an opportunistic pathogen it is considered one of the main causes of hospital-acquired infection in
immunocompromised patients [25]. P. aeruginosa is associated with chronic infections in cystic fibrosis patients [26],
HCP, HCAP and late onset VAP [10]. VAP caused by P. aeruginosa is related to high morbidity and mortality in ICUs.
During an outbreak P. aeruginosa VAP is usually associated with length of ICU stay and increased treatment costs [27].
Even with proper treatment the mortality rate attributed to the presence of P. aeruginosa remains among the most
significant [28]. Its presence in the respiratory tract can be fatal since virulence mechanisms such as the presence of
exotoxin A and type III secretion system are related to poor prognosis [29].
2.1.2. Virulence factors
Lung cells produce two types of surfactant proteins, A and D (SP-A and –D), which play an important role in host
defense [30]. SP-A and –D binds to the bacteria acting as an opsonin facilitating bacterial removal by the alveolar
macrophages [30, 31]. SP-D is essential for binding to the gram-negative pathogens such as P. aeruginosa, Klebsiella
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pneumoniae and Haemophilus influenza. SP-D binds mainly to the core oligosaccharide of the lipopolysaccharide (LPS)
of the rough form but binding also to some smooth, unencapsulated strains [31].
Several virulence mechanisms have been described for P. aeruginosa against airway epithelia. There are three main
virulence determinants: quorum sensing, type three secretion system (TTSS) and lipopolysaccharide. In quorum sensing
the bacteria sense the bacterial cell density to coordinate the production of virulence factors (such as elastase and
pyocyanin) by the two main signaling systems, las and rhl [32]. The TTSS has four effector proteins (or exotoxins) Exo S, Exo T, Exo U and Exo Y. The production of elastase, pyocyanin and TTSS exotoxins in strains have been
linked to lung injuries. Elastase was associated with acute lung injury and Exo U was associated with increased
virulence and with a risk of bacteremia [32].
TTSS in an intriguing virulence determinant and it has been studied in a light of pulmonary infection. This is due to
the ability of this system to deliver effectors into the host cells directly on the cytosol through a protein apparatus. Exo
effectors have different a constitution and effects in the host cells, where the most important are the ExoU and S which
have been associated with lung injury during VAP [26, 32]. Exo T and Exo S work together disrupting the cytoskeleton,
impairing phagocytosis and inducing cell death. While Exo Y has not been implicated as having a toxic effect, Exo U is
associated with the induction of transcription of inflammatory genes [32], rapid necrosis and damage to the cell
cytoskeleton characterized as hypervirulent [26, 32, 33]. Therefore, TTSS plays an important role in Pseudomonas sp.
virulence and directly influences patient prognosis [34].
Eslastase (lasB gene) hydrolyses the components of extracellular matrix and intracellular tight junctions.
Additionally, lasB has an in vitro degrading activity on SP-A and –D, inactivates immunoglobulin A and G, opsonin
C3, cytokines, chemokines, and antibacterial peptides. A study conducted with strains that lacked lasB and the wild type
revealed the susceptibility of ΔlasB to SP-A-mediated opsonization thus facilitating phagocytosis [35]. The presence of
elastase in guinea pig lungs revealed increased permeability acting directly on the tight junction complex of epithelium
[33, 36].
Exotoxin A is a potent toxin that contributes to the severity of P. aeruginosa lung infection. Exotoxin A is a potent
inhibitor of protein synthesis after translocation on the cytosol of vulnerable cells [37]. Quorum-sensing regulates its
expression, which directly requires iron uptake caught by pyoverdin and pyochelin. The main consequence of its
presence on the lungs is the apoptotic and non-apoptotic cell death through some pathways [33].
Pyocyanin inhibits the cell respiration and impairs the ciliary function in human cells, being a crucial factor for lung
injury during infection [32]. Pyocyanin also causes neutrophil killing, catalase inactivation in human alveolar and
bronchial epithelial cells as well as in cell free systems, and leads to transcription decreasing of the gene encoding
catalase [33]. These functions lead to bacterial persistence and contribute to infection success [38]. Attenuated strains in
in vivo infections helped explain the important role of these compounds in the host immune system [33, 38].
Mucoid P. aeruginosa strains synthesize the alginate, an exopolysaccharide, protecting the strain against environmental
changes. Alginate as a physical barrier plays an important role in immunological response impeding the clearance, the
complement activation, neutrophil chemotaxis, phagocytosis and action of free radicals released by macrophages [26].
Alginate can provide adherence to tracheal epithelial cells in a complex manner involving cilia-alginate-cilia bridges
according to an experiment conducted previously [39].
Biofilms are important virulence factors that may contribute to environmental persistence and dissemination as well
as to antimicrobial resistance. Planktonic cells attach to epithelial cells or medical devices and in order to establish the
biofilm, exopolysaccharides (i.e. alginate), adhesins and cognate receptors are synthesized producing a complex matrix.
Quorum sensing triggers the biofilm formation since they sense the bacterial load and construct a well-organized
community with intimate relationships of competition or cooperation [40].
Lipid A lipopolisacharide present in the P. aeruginosa cell interacts directly with toll-like receptor 4 in epithelial
cells but apparently has no direct effect in lung infection during pneumonia. Pili and flagella are involved in respiratory
cells attachment, trigger interleukin release and cell signaling [33].
As described previously, P. aeruginosa has an arsenal of virulence factors studied and well described as mandatory
to poor prognosis in pneumonia. The understanding of these factors and the way they affect host cells provide an
important tool that are now considered a target in antibiotic treatment.
2.1.3. Resistance factors
Intrinsically resistant to several antibiotic classes, P. aeruginosa is a potent pathogen, being difficult to treat. The main
resistance factors remain in efflux pumps and diminished permeability of the outer membrane, enzymatic drug changes
and target changes.
The antibiotic entrance is important to achieve the target and the cell wall remains as a barrier to this uptake. The
outer membrane is capable of selecting the uptake of antibiotic molecules mainly due to the size of the porin channels
that mediate the antibiotic entrance. The small hydrophilic molecules of antimicrobials, beta-lactam and quinolones,
cross the outer membrane in water channels through porin protein usually associated in trimmers. The most common
porin is the oprF, but a lack of this porin is not associated with hydrophilic antimicrobial resistance. The oprD is
responsible for amino acid catchment and its absence causes imipenem, but not meropenem, resistance. LPS plays an
important role in antimicrobial entrance, since the aminoglycosides and colistin do not cross the porins, they usually
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link directly in the LPS. This linkage destroys the outer membrane stability, affecting the permeability allowing the
antimicrobial to reach the cytoplasm. Aminoglycosides interfere with the protein synthesis at the ribosome level while
colistin is bactericidal, affecting the cytoplasmic membrane [41].
Eflux pumps play an important role in P. aeruginosa resistance. It is an adaptive resistance with at least 4 different
mechanisms: mexAB-oprM, mexXY-oprM, mexCD-oprJ and mexEF-oprN [42]. Due to the efflux pumps Pseudomonas
have become increasingly resistant to a broad range of antimicrobial classes. MexAB-oprM confers resistance to
disinfectants, beta-lactams, fluorquinolones and meropenem [43]. MexXY-oprM up-regulation affects the extrusion of
aminoglycosides, while the mexCD-oprJ and mexEF-oprN are responsible for expelling fluorquinolones and some betalactams [41, 43], where the mexEF-oprN has an additional effect on carbapenem extrusion. The genes are not highly
expressed in all strains only in samples with some mutation on the regulator gene [41].
Enzymatic change of antimicrobial agents is carried out by extent spectrum metalo-beta-lactamases (ESBLs) and
metalo-beta-lactamases (MBLs), which hydrolyze penicillins, the first three generations of cephalosporins and
aztreonam. Their activity can be inhibited by beta-lactamases inhibitors, such as clavulanic acid [44]. ESBL are
classified according to protein homology, the Ambler scheme, and according to their functional similarities, the BushJacob-Medieros scheme. Several types of MBL have been described in P. aeruginosa, such as PER-1 OXA, OXAESBL, IMP and VIM, all have specific types widely distributed around the world. Cassettes are frequently found in
strains susceptible only to polymyxin and usually carry a combination of IMP, VIM and OXA-ESBL types [43].
Enzymatic antimicrobial change is a relevant matter of discussion that we could address in a chapter just for ESBL and
MBL.
Changes in the targets protect P. aeruginosa against the interference of the basal functions since the antimicrobial is
no longer able to reach the site. Topoisomerase II and IV are responsible for the catenation/decatenation of,
introduction/ removal of supercoils in the DNA and play other essential roles in the maintenance of DNA integrity [45].
The most common are the mutations in gyrA and parC, which result in reduced affinity of topoisomerase II and IV,
respectively. These changes confer resistance to quinolones, and the parC mutation can confer additional resistance to
carbapenems [46].
2.1.4. Treatment
New antibiotics and new approaches are being studied in order to improve treatment of P. aeruginosa VAP. The advent
of pan-resistant P. aeruginosa emergence in ICUs and the challenge that this pathogen represents to
immunecompromised patients brings to the medical and scientific community several concerns. A combination of two
or three antimicrobials showed no differences against monotherapy efficacy to treat multi drug resistant P. aeruginosa
(MDR-PA) and other associated pathogens. However the patients that underwent combined therapy presented other
benefits suggesting this modality is favorable depending on patient conditions [47].
A combination of treatments could minimize resistance emergence, and synergistic activity is more prone to lead to
treatment success [48]. In order to minimize the emergence of antimicrobial resistance and improve the clinical
treatment, nebulized antibiotics (amikacin and ceftazidime) to PA VAP treatment have shown to be clinical cures in
treating PA with decreased susceptibility to one or both antimicrobial tested compared to intravenous treatment. Despite
the efficacy of nebulization against intermediate resistant PA, there were no differences in outcomes between
intravenous and nebulization treatment [49].
In order to make the right choice to treat VAP, important points must be considered. National surveillance may be
accessed to provide a background of the most common resistance patterns of the geographically-distributed isolates.
Surveillance cultures and susceptibility profile of the isolates may predict the possible causative agent of VAP assisting
the right antimicrobial choice success. The knowledge of the patient risk factors may provide an assumption of MDR P.
aeruginosa infection. Results of a local antibiogram may help track the resistance pattern tendency in hospitals [48].
These considerations are important and useful in making the best antimicrobial choice to ensure the treatment success.
Several antibiotics have re-emerged as good options to treat P. aeruginosa pneumonia. Polymyxins are now being used
in cases of MDR-PA with satisfactory results. There are 5 types (A – E) including polymyxin B and polymyxin E
(colistin) used in the clinical practice. Polymyxin agents disrupt the membrane integrity leading to permeability changes
causing cell death, and these agents also interfere in endotoxin activity [50].
Some new options such as Ceftobiprole, Tomopenem, Sitafloxacin, Biapenem, Doripenem and Ticarcillin have been
described to treat P. aeruginosa. Doripenem was found to have better results in pneumonia than imipenem and
meropenem [51]. During a human-simulated exposure to P. aeruginosa and MRSA, Tomopenem showed good results
for these pathogens as a promising option [52]. Biapenem in a murine model presented as a viable option to treat VAP
[53]. All these antimicrobials can be excellent options to treat P. aeruginosa VAP but more studies are necessary in
order to choose the adequate dosage and which will better fit specific situations.
Due to the several resistance mechanisms presented by P. aeruginosa, new alternatives of targets for antimicrobials
seem to be promising by interfering in quorum sensing which may lead to a decrease in virulence factor expressions and
biofilm formation [54, 55, 56]. This issue has been discussed in detail in a noteworthy study by Roy et al. (2011) [57].
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2.2. Acinetobacter spp
2.2.1. Epidemiology
Acinetobacter species have been implicated in infections in immunocompromised patients as an opportunistic pathogen.
This genus is characterized as a gram-negative coccobacillary, aerobic, non-glucose fermenting, immobile, nonsporeforming [58], extracellular [59], oxidase negative, pathogen. Acinetobacter spp. may change morphologically during the
rapid growth phase, becoming rod-shaped, and during the stationary phase, it is characterized as coccobacilli [58].
Commonly found in environments such as tap water faucets, sinks, near urinals, medical equipment and hospital food
[60].
The presence of multidrug resistant (MDR) A. baumannii in colonization/infection is associated with poor outcomes
and increased mortality [61]. Its wide distribution allows for isolating in several sites, including sputum, urine,
extremity wounds, blood, decubitus ulcer, vascular catheters as well as other sites [61]. Despite the conclusions of this
study, it is necessary to clarify the role of A. baumannii colonization and its association with infection development. A.
baumannii can colonize healthy individuals; however, it remains unclear whether its presence predisposes individuals to
infection.
The isolation of A. baumannii from patients with nosocomial pneumonia rose significantly since 1986 to 2003 in
multiple hospitals [62]. Ventilator associated pneumonia caused by A. baumannii (VAP-AB) in patients in ICU is
frequent and represented 14% up to 37% of overall VAP [60, 63, 64]. There seem to be fewer studies on the role of A.
baumannii in VAP mainly due to the higher prevalence of Pseudomonas and S. aureus VAP and/or other nosocomial
pneumonia.
The risk factors for VAP-AB development were found to be previous use of ceftriaxone, ciprofloxacin [60], risk of
aspiration associated with neurological problems, and previous antimicrobial use [65]. As independent risk factors for
carbapenem resistant A. baumannii pneumonia development were found, APACHE II score (>20) at pneumonia onset,
systemic illness, presence of mechanical ventilator, and commonly used antimicrobials [66].
Compared to S. aureus and P. aeruginosa pneumonia, few studies focus on A. baumannii infections due to low
frequency in VAP and HAP. Nevertheless it has been emerging as the most life-threatening pathogen not only in
pneumonia but also in several sites of hospital-acquired infections with high morbidity and mortality among
hospitalized patients. The existing studies are valuable in clinical features regarding A. baumannii risk factors, mortality
rates, clinical outcomes of infection, resistant profiles and its implications for the patient and less attention is given to
the pathogen per se.
2.2.2. Virulence factors
Little is known about the role of the mechanisms of virulence factors of A. baumannii in a pneumonia model. Virulence
factors such as lipopolysaccharides, siderophores, biofilm, capsule, phospholipases and outer membrane protein A
(OmpA) need to be further studied in VAP pathogenesis due to the invasiveness and host damage.
The currently known A. baumannii virulence factor that allows pathogen survival and immune response challenge
and evasion is the OmpA, an outer membrane protein involved in solute transportation and virulence. In high
concentrations, OmpA is extremely immunogenic and can cause apoptosis of dendritic and epithelial cells favoring
bacterial invasion into deeper tissues [67]. In addition, the adherence function of OmpA increases the binding to
epithelial cells playing an important role in pneumonia initiation and pathogenesis during infection [68].
Lipopolysaccharide (LPS) is a membrane component that contributes to gram-negative pathogenesis. A. baumannii
LPS confers resistance against the killing action of human serum [67]. In addition, the interaction of A. baumannii LPS
with TLR 4 and MD-2 is highly toxigenic to human cells [69]. The immunogenic characteristic of LPS induces the
synthesis of pro-inflammatory cytokines leading to an exaggerated response [67]. However the role of LPS in lungs
needs to be clarified.
Siderophores are molecules responsible for iron binding. The host iron is present in association with other factors
such as transferrin, lactoferrin and hemin hampering iron acquisition by A. baumannii. Due to this low availability of
free iron in the host environment, bacterial species developed a strategic molecule to iron uptake. Acinetobactin is one
of these molecules responsible for scavenging iron from transferrin and lactoferrin [70]. Other pathways of iron uptake
like haem-uptake and ferrous iron uptake have been described [70]. Even if the siderophores have been studied, the
potential virulence factors for pneumonia pathogenesis remain unclear.
Biofilm formation has been recognized as important factors for persistence on abiotic and biotic surfaces and in lifethreatening infections as well. Biofilm formation follows some critical steps that require A. baumannii characteristics.
The type IV pilus provides mobility leading to spread on surfaces followed by the chaperone-usher assembly system
(CsuA/BABCDE) required for adherence on abiotic surfaces. Once attached, the extracellular matrix is synthesized, and
for biofilm maturation and adhering to the eukaryotic cell, the Bap protein is required [70]. Persistence and survival in a
hospital environment is possible due to the ability of biofilm formation providing a good source of hospital-acquired
infections. Biofilm-forming strains can be also associated with serum resistance [71]. VAP development has been
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associated with pathogens that colonize and produce biofilm in the endotracheal tube. Bacterial survival on biofilm was
associated with microbial persistence as well [72].
2.2.3. Resistance Factors
Recently several resistance mechanisms have been characterized in A. baumannii isolated inside hospitals posing a real
challenge to patient treatment. The resistance factors can be listed more than the virulence factors, such as AmpC
cephalosporinases, beta-lactamases, serine and metalo-betalactamases, efflux pumps, changes in Omps and
aminoglycosides-modifying enzymes [73]. Quinolone resistance mechanism is associated with parC and gyrA
mutations [74, 75].
Efflux pumps are naturally found in bacterial cells expelling substances that could interfere with membrane stability.
Occasionally this system is used to expel antibiotic molecules and chemical substances for example: tetracycline,
aminoglycosides, cefotaxime, erythromycin, fluorquinolones, chloramphenicol, trimethoprim, ethidium bromide [76].
Carbapenems typically present resistance to most types of beta-lactamases and are frequently used in clinical
treatment. However the carbapenemase enzymes hydrolyze antimicrobials of this class characterizing the resistant
strains. OXA-type-beta-lactamases are the most prevalent types of carbapenemases in A. baumannii [77] and the genetic
mechanism of these resistances have been well studied. Several OXA-like enzymes are found in A. baumannii and are
frequently distributed geographically according to the types. Peleg et al. (2012) [78] discuss these and other
characteristics of resistance factors in a worthwhile review [78].
Carbapenem-hydrolysing oxacillinase (CHDL) and metallo-beta-lactamase (MBL) are able to hydrolyze imipenem
and are resistant to the inhibitory characteristic of clavulanate and tazobactam. CDHL are frequently found as resistance
factors acquired in A. baumannii, whereas MBLs are rarely found [79].
Aminoglycosides can be changed enzymatically, or the target can be modified through 16S rRNA methylation
impairing the aminoglycosides binding conferring resistance to gentamicin, amikacin and tobramicyn. Glycylcyclines
(e.g. tigecyclyne) likewise tetracycline, are expelled by efflux systems such as the AdeABC pump [79].
2.2.4. Treatment
The treatment has been challenging since MDR A. baumannii has emerged in hospital environments as important
pathogens involved in diverse types of infection. Therapeutic failures are common due to the empiric antimicrobial
treatment and the time frame between microbiological results and patient prognosis. Strategies such as inhaled
antimicrobial agents that could be neurotoxic or nephrotoxic if administered on certain unique occasions, is a current
study option. Premature babies were successfully treated with colistin (polimixin E) aerosolized as an adjuvant therapy
with no adverse effects [80]. Polimixin E is a long-established antimicrobial that is now reemerging as a feasible option
to treat MDR A. baumannii and P. aeruginosa [80]; however, its parenteral use may be limited for pneumonia due to
the low concentration in the lungs and the severe side effects [63].
Non-antibiotic therapies have been emerging as effective options to eradicate and treat A. baumannii infections.
Phage therapy to treat infections and remove biofilm has been studied as an option due to specificity to clinical strains.
Iron chelating therapies deserve attention due to the natural control of acquiring iron and the necessity of this
mechanism varies according to the strain. Antimicrobial peptides are being studied in this field and must to be further
explored, as this remains a promising area. Vaccines and passive immunization, photodynamic and NO-based therapies
aim to improve the treatment options and provide better results in patient morbidity and mortality [81].
The first-line treatment option for MDR A. baumannii infections are the carbapenems, a broad-spectrum beta-lactam.
However, due to isolation of pan-resistant strains, characterized by the resistance to all clinical options, polimixins and
tigecyclines are being introduced to manage these strains [59]. Due to the presence of several resistance mechanisms
beta-lactams should be extensively tested before use. In summary the treatment options have been a combination of
aminoglycosides and extended-spectrum penicillin, imipenem or broad-spectrum-cephalosporins as suggested before
[82].
Due to the influence of prompt and efficient treatment options in patient survival, empiric treatment is a good option
against A. baumannii infections. Patient underlying disease, pharmacokinetics, risk factors to acquire certain pathogens,
drug side effects and susceptibility patterns are important points to be considered in the right choice treatment. In a
previous study it was found that ciprofloxacin was considered the best monotherapy option while ciprofloxacin plus
vancomycin was the best combination due to the high isolation of A. baumannii and S. aureus in that hospital [63].
Similar studies may determine the best choice of empiric therapeutic strategies according to local epidemiology and
patient needs. These data may improve the mortality and morbidity rates regarding infection and empiric treatments.
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2.3. Staphylococcus aureus
2.3.1. Epidemiology
Staphylococcus aureus (S. aureus) is a Gram-positive coccus, typically human commensal, which frequently colonizes
the nares [83] and is one of the most important causes of VAP [84, 85]. Infections caused by drug-resistant pathogens
have shown to result in poorer clinical and economic outcomes compared to those due to sensitive strains [86, 87].
Because of this, many studies have tried to determine whether MRSA (methicillin-resistant S. aureus) are more
pathogenic than MSSA (methicillin-susceptible S. aureus) when causing cases of VAP [86, 88 - 90].
Another characteristic observed between VAP occurrence by MSSA and MRSA was that trauma influenced the
microbiology of pneumonia and it should be considered in the initial antibiotic regimen choice. Agbaht et al. (2007)
[91] demonstrated that patients with trauma had a higher prevalence of MSSA, but the overall prevalence was
sufficiently high to warrant S. aureus coverage for both groups. On the other hand, since no MRSA was isolated during
the first 10 days of mechanical ventilation in trauma patients, MRSA coverage in these patients becomes necessary only
10 days after admission. Below we will discuss studies evaluating the virulence factors and mechanisms of resistance
involved in VAP caused by this microorganism.
2.3.2. Virulence factors
S. aureus has the ability to adapt to the respiratory tract environment as it can control expression of a number of
virulence factors including enterotoxins, proteases, exfoliative toxins, immune-modulatory factors, hemolysins,
leukocidins and biofilm [92, 93]. Moreover, it has a metabolic versatility, ability to scavenge iron, coordinate gene
expression, and the horizontal acquisition of useful genetic elements that have contributed to its success as respiratory
microbiota. And surface adhesins are expressed to facilitate persistence in the airways [94]. These characteristics
facilitate its emergence as a respiratory pathogen [93, 94].
In community-acquired pneumonia (CAP) caused by MSSA and MRSA strains, the Panton-Valentine leukocidin
(PVL) is a relevant virulence factor when present, because it is a bicomponent pore-forming leukotoxin that causes
necrotizing pneumonia [95]. Patients with these MRSA PVL-positive strains have severe clinical presentation and poor
clinical outcomes. In contrast, in HAP and VAP cases in which MRSA PVL-positive strains were isolated, severity of
disease and clinical outcomes were not influenced compared to MRSA PVL-negative strains [96].
Additionally, alpha-hemolysin (Hla) has been identified as a critical virulence factor in animal models of pneumonia
inducing lung injury. It is also a pore-forming toxin able to bind to eukaryotic cells and induce an inflammatory
response, which has been widely studied [97 - 100]. But many studies indicate that Hla targets critical host defenses
provided by both innate immune cells and the tissue barrier, and highlight the complexity of the host response to the
toxin [101, 102].
Finally, many S. aureus strains are able to produce a biofilm, an extracellular matrix that protects bacteria from
antibiotics and immune system of the patient. The endotracheal tube is a connection between the outside environment to
the lungs, and bacteria are able to exude this exopolysaccharide and adhere together over the tube. Some parts of this
biofilm can be released in the air passage, delivering bacteria deeper into the lungs and spurring growth in other areas of
the tube [103].
2.3.3. Mechanisms of Resistance
Since the 1960s, one of the most important resistance mechanisms found in S. aureus is the resistance to methicillin.
The incidence of MRSA strains has increased significantly [104].
One study evaluated patients subjected to mechanical ventilation clustered within trauma and non-trauma groups.
MSSA was more frequent (34.5% vs. 11.5%, p<0.01) in trauma, whereas MRSA was more frequent (11.5% vs. 2%,
p<0.01) in the non-trauma group [91].
The importance of this resistance in the worst outcome of VAP remains controversial, due to confounders such as the
adequacy of empirical treatment and severity of illness that influence analysis [86, 88].
2.3.4. Treatment
A few studies have compared the use of vancomycin and linezolid in VAP caused by MRSA. This is because
vancomycin has been the standard treatment for MRSA infections, but clinical efficacy has been limited. Chan et al.
(2011) [105] performed a retrospective analysis to evaluate clinical outcomes in VAP caused by MRSA and treated
with linezolid or vancomycin. Their results suggested no survival benefit but a trend towards a higher cure rate with
linezolid therapy. On the other hand, in critically ill trauma patients, Hamilton et al. (2012) [106] obtained an acceptable
cure rate for MRSA VAP using a high-dose of vancomycin.
In a recent meta-analysis of randomized controlled trials [107] they compared the efficacy and safety of linezolid
with vancomycin, the gold-standard treatment, for MRSA-related infections (including VAP). Their results indicated a
superior efficacy of linezolid compared with vancomycin for MRSA-related infection in terms of clinical treatment
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success (OR 1.77) and microbiological treatment success (OR 1.78). No difference was found for incidence of drugrelated side effects between linezolid and vancomycin therapies, but the linezolid therapy group had significantly fewer
patients with abnormal renal function. This study provides evidence that linezolid presents significant advantages over
vancomycin.
Some other antimicrobials are recommended for MRSA and MSSA infections in pneumonia, including ventilatorassociated listed in Table 2.
Table 2 Potential pathogens and recommended empirical antimicrobial therapy for the treatment of nosocomial pneumonia according
to the American Thoracic Society/Infectious Diseases Society of America (ATS/IDSA) guidelines

HAP and VAP in patients with no known risk
factors for MDR pathogens, early onset (until
Day 4) and any disease severity

HAP, VAP and HCAP in patients with late-onset
disease or risk factors for MDR pathogens and all
disease severity

Potential pathogens
Streptococcus
pneumoniae
Haemophilus
influenzae
MSSA
Antibiotic-sensitive
enteric
Gram-negative bacilli
Pathogens as above,
plus:
Pseudomonas
aeruginosa
ESBL-positive
Klebsiella
pneumoniaeb
Acinetobacter spp.b
MRSA
Legionella
pneumophilab

Recommended therapy
Ceftriaxone
or
Levofloxacin, moxifloxacin,
ciprofloxacina
or
Ampicillin/sulbactam
or
Ertapenem
Antipseudomonal cephalosporin
(cefepime, ceftazidime)
or
Antipseudomonal carbapenem
(imipenem or meropenem)
or
β-lactam/ β -lactamase inhibitor
(piperacillin/tazobactam)
plusc
Antipseudomonal fluoroquinolone
(ciprofloxacin or levofloxacin)
or
Aminoglycoside (amikacin,
gentamicin or tobramycin)
plus
Linezolid or vancomycind

Adapted from Welte & Pletz (2010) [108].

HAP, hospital-acquired pneumonia; VAP, ventilator-associated pneumonia; MDR, multidrug resistant; MSSA,
meticillin-susceptible Staphylococcus aureus; HCAP, healthcare-associated pneumonia; ESBL, extended-spectrum βlactamase; MRSA, meticillin-resistant S. aureus.
a
The frequency of penicillin-resistant S. pneumoniae and MDR S. pneumoniae is increasing; levofloxacin or
moxifloxacin are preferred to ciprofloxacin. In the authors’opinion, ciprofloxacin as empirical antimicrobial therapy for
early-onset HAP is insufficient owing to limited activity against pneumococci, which occur frequently in early-onset
pneumonia.
b
If an ESBL-positive strain, such as K. pneumoniae, or an Acinetobacter spp. is suspected, a carbapenem is a reliable
choice. If L. pneumophila is suspected, the combination antibiotic regimen should include a macrolide (e.g.
azithromycin), or a fluoroquinolone (e.g. ciprofloxacin or levofloxacin) should be used rather than an aminoglycoside.
c
A combination therapy with fluoroquinolones or aminoglycosides is recommended but remains an issue of debate as
clinical data are contradictory.
d
If MRSA risk factors are present or there is a high incidence locally.
Quinupristin/dalfopristin was demonstrated to be inferior to vancomycin in patients with HAP/VAP and daptomycin
is inactivated by surfactant and therefore is inappropriate for pneumonia treatment. Clindamycin and
trimethoprim/sulfamethoxazole have been used for CA-MRSA skin infections, but their use as monotherapy for
pneumonia remains unclear. Moxifloxacin has good activity against MSSA compared with other fluoroquinolones, but
emergence of resistance in MRSA suggests that the fluoroquinolone class is unreliable as monotherapy [109].
Combination of daptomycin with adjuntive antimicrobials, such as rifampin, aminoglycosides or cotrimoxazole has
been test to evaluate the synergistic effect in MRSA strains [110]. And novel antimicrobials or antimicrobials
previously used in skin infections have been studied for MRSA pneumonia such as ceftaroline, telavancin, ceftobiprole,
oritavancin, iclaprim and dalbavancin [108].
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Researchers note that continuous evaluation of the antimicrobial therapeutic options, such as new lipoglycopeptides,
along with their pharmacodynamic and pharmacokinetic profiles, are necessary to create novel therapeutic protocols
and reduce VAP-related mortality [111, 112].

3. Conclusion
New strategies of treatment are becoming available, as knowledge of bacterial biology has steadily increased. Diverse
signaling systems between bacterial cells in different species have been discovered and understood. A few quorum
sensing inhibitors have been developed to impair cell-to-cell communication, making possible the successful treatment
of infections caused by S. aureus, P. aeruginosa and A. baumannii. Additionally, novel actions with biological control
have been tested to control bacterial persistence of pathogens in hospital environments. These new approaches
demonstrate that some feasible solutions will be available in the future to control bacterial infections as a substitute for
or support treatment with antimicrobials in an era of multidrug resistant pathogens.

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]

582

Esperatti M, Marti AT. Pneumonia. In: Heggenhougen K., Quah S., eds. International Encyclopedia of Public Health.
Waltham, MA: Academic Press. 2008;133-44.
Majumdar SS, Padiglione AA. Nosocomial infections in the intensive care unit. Anaesthesia and Intensive Care Medicine.
2012;13:204-218.
Welte T, Pletz MW. Antimicrobial treatment of nosocomial meticillin-resistant Staphylococcus aureus (MRSA) pneumonia:
current and future options. International Journal of Antimicrobial Agents. 2010;36:391–400.
File TM Jr, Marrie TJ. Burden of community-acquired pneumonia in North American adults. Postgraduate Medicine.
2010;122:130-41.
Lynch III, JP. Hospital-acquired pneumonia: risk factors, microbiology, and treatment. Chest. 2001;119:373S-384S.
Fortaleza CMCB, Abati PAM, Batista MR, Dias A. Risk factors for hospital-acquired pneumonia in nonventilated adults. The
Brazillian Journal of Infectious Diseases. 2009;13:284-288.
Jeon JE, Cho SG, Shin JW, Kim JY, Prk IW, Choi BW, Choi JC. The difference in clinical presentations between healthcareassociated and cummunity-acquired pneumonia in university-affiliated hospital in Korea. Yonsei Medical Journal.
2011;52:282-287.
Melsen WG, Rovers MM, Koeman M, Bonten MJM. Estimating the attributable mortality of ventilator-associated pneumonia
from randomized prevention studies. Critical Care Medicine. 2011;39:2736-2742. DOI: 10.1097/CCM.0b013e3182281f33
Richards MJ, Edwards JR, Culver DH, Gaynes RP. Nosocomial infections in medical intensive care units in the United States.
National Nosocomial Infections Surveillance System. Critical Care Med. 1999;27:887-892.
Rello J, Ollendorf DA, Oster G, Vera-Llonch M, Bellm L, Redman R, Kollef MH; VAP Outcomes Scientific Advisory Group.
Epidemiology and outcomes of ventilator-associated pneumonia in a large US database. Chest. 2002;122:2115-2121.
Arroliga AC, Pollard CL, Wilde CD, Pellizzari SJ, Chebbo A, Song J, Ordner J, Cormier S, Meyer T. Reduction in the
incidence of ventilator-associated pneumonia: a multidisciplinary approach. Respiratory Care. 2012;57:688-696.
Craven DE. Epidemiology of ventilator-associated pneumonia. Chest. 2000;117:186S–187S.
Joseph NM, Sistla S, Dutta TK, Badh AS, Parija SC. Ventilator-associated pneumonia: a review. European Journal of Internal
Medicine. 2010;21:360–368.
Bekaert M, Timsit JF, Vansteelandt S, Depuydt P, Vésin A, Garrouste-Orgeas M, Decruyenaere J, Clec’h C, Azoulay E, Benoit
D. Attributable mortality of ventilator-associated pneumonia: a reappraisal using causal analysis. American Journal of
Respiratory and Critical Care Medicine. 2011;184: 1133–1139.
Rello J, Rue M, Jubert P, Muses G, Soñora R, Vallés J, Niederman MS. Survival in patients with nosocomial pneumonia:
impact of severity of illness and the etiologic agent. Critical Care Medicine. 1997;25:1862-1867.
Chastre J, Fagon J. Ventilator-associated pneumonia. American Journal of Respiratory and Critical Care Medicine.
2002;165:867–903. DOI: 10.1164/rccm.2105078
Kollef MH, Hamilton CW, Ernst FR. Economic impact of ventilator-associated pneumonia in a large matched cohort. Infection
Control and Hospital Epidemiology. 2012;33:250–256.
Bonten MJM. Ventilator-associated pneumonia: preventing the inevitable. Clinical Infectious Disease. 2011;52:115–121.
SBPT – Sociedade Brasileira de Pneumologia e Tisiologia. Parte II – Pneumonia nosocomial. Consenso Brasileiro de
Pneumonias em Indivíduos Adultos Imunocompetentes. Brazilian Journal of Pulmonology. 2001;27(Supl1):S22-S41.
Available at: http://www.jornaldepneumologia.com.br/portugues/suplementos_caps.asp?id=53 Accessed May 5, 2013.
Shorr AF, Haque N, Taneja C, Zervos M, Lamerato L, Kothari S, Zilber S, Donabedian S, Perri MB, Spalding J, Oster G.
Clinical and economic outcomes for patients with health care-associated Staphylococcus aureus pneumonia. Journal of
Clinical Microbiology. 2010;48:3258-3262.
Pobo A, Lisboa T, Rodriguez A, Sole R, Magret M, Trefler S, Gómez F, Rello J. A randomized trial of dental brushing for
preventing ventilator-associated pneumonia. Chest. 2009;136:433-439.
Rello J, Quintana E, Ausina V, Castella J, Luquin M, Net A, Prats G. Incidence, etiology, and outcome of nosocomial
pneumonia in mechanically ventilated patients. Chest. 1991;100:439-444.
Vasil ML. Pseudomonas aeruginosa: Biology, mechanisms of virulence, epidemiology. Journal of Pediatrics. 1986;108:800805.

© FORMATEX 2013

Microbial
pathogens and strategies for combating them: science, technology and education (A. Méndez-Vilas, Ed.)
____________________________________________________________________________________________

[24] Fajardo A, Martínez-Martín N, Mercadillo M, Galán JC, Ghysels B, Matthijs S, Cornelis P, Wiehlmann L, Tümmler B,
Baquero F, Martínez JL. The neglected intrinsic resistome of bacterial pathogens. PLoS One. 2008;3:e1619.
DOI:10.1371/journal.pone.0001619
[25] Breidenstein EB, Fuente-Núñez C, Hancock RE. Pseudomonas aeruginosa: all roads lead to resistance. Trends in
Microbiology. 2011;19:419-426.
[26] Driscoll JA, Brody SL, Kollef MH. The epidemiology, pathogenesis and treatment of Pseudomonas aeruginosa infections.
Drugs. 2007;67:351-368.
[27] Bou R, Lorente L, Aguilar A, Perpiñán J, Ramos P, Peris M, Gonzalez D. Hospital economic impact of an outbreak of
Pseudomonas aeruginosa infections. Journal of Hospital Infection. 2009; 71:138-142.
[28] Hauser AR. Pseudomonas aeruginosa: so many virulence factors, so little time. Critical Care Medicine. 2011;39:2193-2194.
[29] Berra L, Sampson J, Wiener-Kronish J. Pseudomonas aeruginosa: acute lung injury or ventilator-associated pneumonia?
Minerva Anestesiologica. 2010;76:824-832.
[30] Glasser JR, Mallampalli RK. Surfactant and its role in the pathobiology of pulmonary infection. Microbes and Infection.
2012;14:17-25.
[31] Crouch EC. Surfactant protein-D and pulmonary host defense. Respiratory Research. 2000;1:93–108.
[32] Le Berre R, Nguyen S, Nowak E, Kipnis E, Pierre M, Quenee L, Ader F, Lancel S, Courcol R, Guery BP, Faure K;
Pyopneumagen Group. Relative contribution of three main virulence factors in Pseudomonas aeruginosa pneumonia. Critical
Care Medicine. 2011;39:2113-2120.
[33] Lau GW, Hassett DJ, Britigan BE. Modulation of lung epithelial functions by Pseudomonas aeruginosa. Trends in
Microbiology. 2005;13:389-397.
[34] Roy-Burman A, Savel RH, Racine S, Swanson BL, Revadigar NS, Fujimoto J, Sawa T, Frank DW, Wiener-Kronish JP. Type
III protein secretion is associated with death in lower respiratory and systemic Pseudomonas aeruginosa infections. The
Journal of Infectious Diseases. 2001;183:1767-1774.
[35] Kuang Z, Hao Y, Walling BE, Jeffries JL, Ohman DE, Lau GW. Pseudomonas aeruginosa elastase provides an escape from
phagocytosis by degrading the pulmonary surfactant protein-A. PLoS ONE. 2011;6:e27091.
[36] Azghani, AO, Miller, EJ, Peterson BT. Virulence Factors from Pseudomonas aeruginosa Increase Lung Epithelial
Permeability. Lung. 2000;178:261-269.
[37] Schultz MJ, Rijneveld AW, Florquin S, Speelman P, Van Deventer SJ, van der Poll T. Impairment of host defence by exotoxin
A in Pseudomonas aeruginosa pneumonia in mice. Journal of Medical Microbiology. 2001;50:822-827.
[38] Allen L, Dockrell DH, Pattery T, Lee DG, Cornelis P, Hellewell PG, Whyte MK. Pyocyanin production by Pseudomonas
aeruginosa induces neutrophil apoptosis and impairs neutrophil-mediated host defenses in vivo. The Journal of Immunology.
2005;174:3643-3649.
[39] Doig P, Smith NR, Todd T, Irvin RT. Characterization of the binding of Pseudomonas aeruginosa alginate to human epithelial
cells. Infection and Immunity. 1987;55:1517-1522.
[40] Li Y, Tian X. Quorum Sensing and Bacterial Social Interactions in Biofilms. Sensors. 2012:12:2519-2538.
DOI:10.3390/s120302519
[41] Lambert PA. Mechanisms of antibiotic resistance in Pseudomonas aeruginosa. Journal of the Royal Society of Medicine.
2002;95:22–26.
[42] Poole K. Multidrug efflux pumps and antimicrobial resistance in Pseudomonas aeruginosa and related organisms. Journal of
Molecular Microbiology and Biotechnology. 2001;3:255–264.
[43] Livermore DM. Multiple mechanisms of antimicrobial resistance in Pseudomonas aeruginosa: our worst nightmare? Clinical
Infectious Diseases. 2002;34:634-640.
[44] Paterson DL, Bonomo RA. Extended-spectrum β-lactamases: a clinical update. Clinical Microbiology Reviews. 2005; 18:657686.
[45] Poole, K. Pseudomonas aeruginosa: resistance to the max. Frontiers in Microbiology. 2011; 2:65.
DOI:10.3389/fmicb.2011.00065
[46] Mouneimné H, Robert J, Jarlier V, Cambau E. Type II Topoisomerase Mutations in Ciprofloxacin-Resistant Strains of
Pseudomonas aeruginosa. Antimicrobial Agents and Chemotherapy. 1999;43:62–66.
[47] Heyland DK, Dodek P, Muscedere J, Day A, Cook D, Canadian Critical Care Trials Group. Randomized trial of combination
versus monotherapy for the empiric treatment of suspected ventilator-associated pneumonia. Critical Care Medicine.
2008;36:737–744.
[48] El Solh AA, Alhajhusain A. Update on the treatment of Pseudomonas aeruginosa pneumonia. Journal of Antimicrobial
Chemotherapy. 2009;64:229-238.
[49] Lu Q, Luo R, Bodin L, Yang J, Zahr N, Aubry A, Golmard JL, Rouby JJ, Nebulized Antibiotics Study Group. Efficacy of highdose nebulized colistin in ventilator-associated pneumonia caused by multidrug-resistant Pseudomonas aeruginosa and
Acinetobacter baumannii. Anesthesiology. 2012;117:1335-1347.
[50] Hermsen ED, Sullivan CJ, Rotschafer JC. Polymyxins: Pharmacology, pharmacokinetics, pharmacodynamics, and clinical
applications. Infectious Disease Clinics of North America. 2003;17:545–562.
[51] Bowker KE, Noel AR, Tomaselli SG, Elliott H, Macgowan AP. Pharmacodynamics of the antibacterial effect of and
emergence of resistance to doripenem in Pseudomonas aeruginosa and Acinetobacter baumannii in an in vitro pharmacokinetic
model. Antimicrobial Agents and Chemotherapy. 2012;56:5009-5015.
[52] Sugihara K, Tateda K, Yamamura N, Koga T, Sugihara C, Yamaguchi K. Efficacy of human-simulated exposures of
tomopenem (formerly CS-023) in a murine model of Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus
infection. Antimicrobial Agents and Chemotherapy. 2011;55:5004-5009.
[53] Yamada K, Yamamoto Y, Yanagihara K, Araki N, Harada Y, Morinaga Y, Izumikawa K, Kakeya H, Hasegawa H, Kohno S,
Kamihira S. In vivo efficacy and pharmacokinetics of biapenem in a murine model of ventilator-associated pneumonia with
Pseudomonas aeruginosa. Journal of Infection and Chemotherapy. 2012;18:472–478.

© FORMATEX 2013

583

Microbial
pathogens and strategies for combating them: science, technology and education (A. Méndez-Vilas, Ed.)
____________________________________________________________________________________________

[54] Vandeputte OM, Kiendrebeogo M, Rajaonson S, Diallo B, Mol A, El Jaziri M, Baucher M. Identification of catechin as one of
the flavonoids from Combretum albiflorum bark extract that reduces the production of quorum-sensing-controlled virulence
factors in Pseudomonas aeruginosa PAO1. Applied and Environmental Microbiology. 2010;76:243-253.
[55] Hentzer M, Riedel K, Rasmussen TB, Heydorn A, Andersen JB, Parsek MR, Rice SA, Eberl L, Molin S, Høiby N, Kjelleberg
S, Givskov M.Inhibition of quorum sensing in Pseudomonas aeruginosa biofilm bacteria by a halogenated furanone
compound. Microbiology. 2002;148:87-102.
[56] Cady NC, McKean KA, Behnke J, Kubec R, Mosier AP, Kasper SH, Burz DS, Musah RA. Inhibition of biofilm formation,
quorum sensing and infection in Pseudomonas aeruginosa by natural products-inspired organosulfur compounds. PLoS One.
2012;7:e38492.
[57] Roy V, Adams BL, Bentley WE. Developing next generation antimicrobials by intercepting AI-2 mediated quorum sensing.
Enzyme and Microbial Technology. 2011;49:113-123.
[58] Hartzell JD, Kim AS, Kortepeter MG, Moran KA. Acinetobacter pneumonia: a review. Medscape General Medicin. 2007;9:4.
[59] Dijkshoorn L, Nemec A, Seifert H. An increasing threat in hospitals: multidrug-resistant Acinetobacter baumannii. Nature
Reviews Microbiology. 2007;5:939-951.
[60] Medina J, Formento C, Pontet J, Curbelo A, Bazet C, Gerez J, Larrañaga E. Prospective study of risk factors for ventilatorassociated pneumonia caused by Acinetobacter species. Journal of Critical Care. 2007;22:18-26.
[61] Dent LL, Marshall DR, Pratap S, Hulette RB. Multidrug resistant Acinetobacter baumannii: a descriptive study in a city
hospital. BMC Infectious Diseases. 2010;10:196.
[62] Gaynes R, Edwards JR. Overview of nosocomial infections caused by gram-negative bacilli. Clinical Infectious Diseases.
2005;41:848-854.
[63] Costa SSF, Newbaer M, Santos CR, Basso M, Soares I, Levin AS. Nosocomial pneumonía: importante of recognition of
etiologic agents to define an appropriate initial empirical therapy. International Journal of Antimicrobial Agents. 2001;17:147–
150.
[64] Santucci SG, Gobara S, Santos CR, Fontana C, Levin AS. Infections in burn intensive care unit: experience of seven years.
Journal of Hospital Infection. 2003;53:6–13.
[65] Edis EC, Hatipoglu ON, Tansel O, Sut N. Acinetobacter pneumonia: Is the outcome different from the pneumonias caused by
other agents. Annals of Thoracic Medicine. 2010;5:92–96.
[66] Zheng YL, Wan YF, Zhou LY, Ye ML, Liu S, Xu CQ, He YQ, Chen JH. Risk factors and mortality of patients with
nosocomial carbapenem-resistant Acinetobacter baumannii pneumonia. American Journal of Infection Control. 2013. DOI:
10.1016/j.ajic.2013.01.006
[67] Łysakowska M, Sienkiewicz M, Denys A. Acinetobacter pneumonia and immune response to this infection. International
Review of Allergology and Clinical Immunology. 2010;16:48-53.
[68] Choi CH, Lee JS, Lee YC, Park TI, Lee JC. Acinetobacter baumannii invades epithelial cells and outer membrane protein A
mediates interactions with epithelial cells. BMC Microbiology. 2008;8:216.
[69] Erridge C, Moncayo-Nieto OL, Morgan R, Young M, Poxton IR. Acinetobacter baumannii lipopolysaccharides are potent
stimulators of human monocyte activation via Toll-like receptor 4 signalling. Journal of Medical Microbiology. 2007;56:165171.
[70] Mortensen BL, Skaar EP. Host-microbe interactions that shape the pathogenesis of Acinetobacter baumannii infection.
Cellular Microbiology. 2012;14:1336-1344.
[71] King LB, Swiatlo E, Swiatlo A, McDaniel LS. Serum resistance and biofilm formation in clinical isolates of Acinetobacter
baumannii. FEMS Immunology and Medical Microbiology. 2009;55:414-421.
[72] Gil-Perotin S, Ramirez P, Marti V, Sahuquillo JM, Gonzalez E, Calleja I, Menendez R, Bonastre J. Implications of
endotracheal tube biofilm in ventilator-associated pneumonia response: a state of concept. Critical Care. 2012;16:R93.
[73] Bonomo RA, Szabo D. Mechanisms of multidrug resistance in Acinetobacter species and Pseudomonas aeruginosa. Clinical
Infectious Diseases. 2006;43:S49-56.
[74] 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. Antimicrobial Agents and Chemotherapy. 1995;39:1201-1203.
[75] Vila J, Ruiz J, Goñi P, Jimenez de Anta T. Quinolone-resistance mutations in the topoisomerase IV parC gene of Acinetobacter
baumannii. Journal of Antimicrobial Chemotherapy. 1997;39:757-762.
[76] Magnet S, Courvalin P, Lambert T. Resistance-nodulation-cell division-type efflux pump involved in aminoglycoside
resistance in Acinetobacter baumannii strain BM4454. Antimicrobial Agents and Chemotherapy. 2001;45:3375-3380.
[77] Opazo A, Domínguez M, Bello H, Amyes SG, González-Rocha G. OXA-type carbapenemases in Acinetobacter baumannii in
South America. The Journal of Infection in Developing Countries. 2012;6:311-316.
[78] Peleg AY, de Breij A, Adams MD, Cerqueira GM, Mocali S, Galardini M, Nibbering PH, Earl AM, Ward DV, Paterson DL,
Seifert H, Dijkshoorn L. The success of Acinetobacter species; genetic, metabolic and virulence attributes. PLoS One.
2012;7:e46984.
[79] Poirel L, Nordmann P. Carbapenem resistance in Acinetobacter baumannii: mechanisms and epidemiology. Clinical
Microbiology and Infection. 2006;12:826-836.
[80] Kang CH, Tsai CM, Wu TH, Wu HY, Chung MY, Chen CC, Huang YC, Liu SF, Liao DL, Niu CK, Lee CH, Yu HR. Colistin
inhalation monotherapy for ventilator-associated pneumonia of Acinetobacter baumannii in prematurity. Pediatric
Pulmonology. 2013. DOI: 10.1002/ppul.22750
[81] García-Quintanilla M, Pulido MR, López-Rojas R, Pachón J, McConnell MJ. Emerging therapies for multidrug resistant
Acinetobacter baumannii. Trends in Microbiology. 2013;21:157-163.
[82] Bergogne-Bérézin E, Towner KJ. Acinetobacter spp. as nosocomial pathogens: microbiological, clinical, and epidemiological
features. Clinical Microbiol Reviews. 1996;9:148-165.
[83] Niven DJ, Laupland KB, Gregson DB, Church DL, The S aureus screening initiative group. Epidemiology of Staphylococcus
aureus nasal colonization and influence on outcome in the critically ill. Journal of Critical Care. 2009;24:583–589.

584

© FORMATEX 2013

Microbial
pathogens and strategies for combating them: science, technology and education (A. Méndez-Vilas, Ed.)
____________________________________________________________________________________________

[84] Shah PM. Staphylococcus aureus in lower respiratory infections: clinical relevance of antimicrobial resistance. Seminars in
Respiratory Infection. 2001;16:196-202.
[85] Tong SYC, Chen LF, Fowler VG Jr. Colonization, pathogenicity, host susceptibility and therapeutics for Staphylococcus
aureus: what is the clinical relevance? Seminars in Immunopathology. 2012;34:185–200. DOI:10.1007/s00281-011-0300-x.
[86] Athanassa Z, Siempos II, Falagas ME. Impact of methicillin resistance on mortality in Staphylococcus aureus VAP: a
systematic review. European Respiratory Journal. 2008;31:625–632. DOI: 10.1183/09031936.00081007
[87] Sakai C, Soda H. Severe ventilator-associated pneumonia caused by methicillin-resistant Staphylococcus aureus and other
pathogens: report of a case successfully managed by serial surveillance cultures of endotracheal aspirates. Journal of Infection
and Chemotherapy. 2011;17:424–428. DOI 10.1007/s10156-010-0125-x
[88] Zahar J, Clec'h C, Tafflet M, Garrouste-Orgeas M, Jamali S, Mourvillier B, Lassence A, Descorps-Declere A, Adrie C,
Beauregard MC, Azoulay E, Schwebel C, Timsit J. Is methicillin resistance associated with a worse prognosis in
Staphylococcus aureus ventilator-associated pneumonia? Clinical Infectious Diseases. 2005;41:1224–1231.
[89] Vidaur L, Planas K, Sierra R, Dimopoulos G, Ramirez A, Lisboa T, Rello J. Ventilator-associated pneumonia: impact of
organisms on clinical resolution and medical resources utilization. Chest. 2008;133:625-632.
[90] Rello J, Molano D, Villabon M, Reina R, Rita-Quispe R, Previgliano I, Afonso E, Restrepo MI, LATINVAP and EUVAP
Study Investigators. Differences in hospital- and ventilator-associated pneumonia due to Staphylococcus aureus (methicillinsusceptible and methicillin-resistant) between Europe and Latin America: A comparison of the EUVAP and LATINVAP study
cohorts. Medicina Intensiva. 2012. http://dx.doi.org/10.1016/j.medin.2012.04.008
[91] Agbaht K, Lisboa T, Pobo A, Rodriguez A, Sandiumenge A, Diaz E, Rello J. Management of ventilator-associated pneumonia
in a multidisciplinary intensive care unit: does trauma make a difference? Intensive Care Medicine. 2007;33:1387–1395. DOI
10.1007/s00134-007-0729-5
[92] Torres VJ, Attia AS, Mason WJ, Hood MI, Corbin BD, Beasley FC, Anderson KL, Stauff DL, McDonald WH, Zimmerman
LJ, Friedman DB, Heinrichs DE, Dunman PM, Skaar EP. Staphylococcus aureus Fur regulates the expression of virulence
factors that contribute to the pathogenesis of pneumonia. Infection and Immunity. 2010;78:1618–1628.
DOI:10.1128/IAI.01423-09
[93] Oogai Y, Matsuo M, Hashimoto M, Kato F, Sugai M, Komatsuzawa H. Expression of virulence factors by Staphylococcus
aureus grown in serum. Applied and Environmental Microbiology. 2011;77:8097–8105. DOI:10.1128/AEM.05316-11
[94] Parker D, Prince A. Immunopathogenesis of Staphylococcus aureus pulmonary infection. Seminars in Immunopathology.
2012;34:281–297. DOI:10.1007/s00281-011-0291-7
[95] Boyle-Vavra S, Daum RS. Community-acquired methicillin-resistant Staphylococcus aureus: the role of panton–valentine
leukocidin. Laboratory Investigation.2007;87:3–9.
[96] Peyrani P, Allen M, Wiemken TL, Haque NZ, Zervos MJ, Ford KD, Scerpella EG, Mangino JE, Kett DH, Ramirez JA, the
IMPACT-HAP Study Group. Severity of disease and clinical outcomes in patients with hospital-acquired pneumonia due to
Methicillin-Resistant Staphylococcus aureus strains not influenced by the presence of the Panton-Valentine Leukocidin gene.
Clinical Infectious Diseases. 2011;53:766–771.
[97] McElroy MC, Harty HR, Hosford GE, Boylan GM, Pittet JF, Foster TJ. Alpha-toxin damages the air-blood barrier of the lung
in a rat model of Staphylococcus aureus-induced pneumonia. Infection and Immunity. 1999;67:5541–5544.
[98] Seeger W, Birkemeyer RG, Ermert L, Suttorp N, Bhakdi S, Duncker HR. Staphylococcal alpha-toxin-induced vascular leakage
in isolated perfused rabbit lungs. Laboratory Investigation. 1990;63:341–349.
[99] Song L, Hobaugh MR, Shustak C, Cheley S, Bayley H, Gouaux JE. Structure of staphylococcal alpha-hemolysin, a heptameric
transmembrane pore. Science. 1996;274:1859–1866.
[100] Kawate T, Gouaux E. Arresting and releasing Staphylococcal alpha-hemolysin at intermediate stages of pore formation by
engineered disulfide bonds. Protein Science. 2003;12:997-1006.
[101] Frank KM, Zhou T, Moreno-Vinasco L, Hollett B, Garcia JGN, Wardenburg JB. Host response signature to Staphylococcus
aureus α- hemolysin implicates pulmonary Th17 response. Infection and Immunity. 2012;80:3161-3169.
DOI:10.1128/IAI.00191-12
[102] Kebaier C, Chamberland RR, Allen IC., Gao X, Broglie PM, Hall JD, Jania C, Doerschuk CM, Tilley SL, Duncan JA.
Staphylococcus aureus α-hemolysin mediates virulence in a murine model of severe pneumonia through activation of the
NLRP3 inflammasome. The Journal of Infectious Diseases. 2012;205:807–817.
[103] Machado MC, Tarquinio KM, Webster TJ. Decreased Staphylococcus aureus biofilm formation on nanomodified endotracheal
tubes: a dynamic airway model. International Journal of Nanomedicine. 2012;7:3741–3750.
[104] Vardakas KZ, Matthaiou DK, Falagas ME. Comparison of community-acquired pneumonia due to methicillin-resistant and
methicillin-susceptible Staphylococcus aureus producing the Panton-Valentine leukocidin. The International Journal of
Tuberculosis and Lung Disease. 2009;13:1476–1485.
[105] Chan JD, Pham TN, Wong J, Hessel M, Cuschieri J, Neff M, Dellit TH. Clinical outcomes of linezolid vs vancomycin in
methicillin-resistant Staphylococcus aureus ventilator-associated pneumonia: retrospective analysis. Journal of Intensive Care
Medicine. 2011;26:385-391.
[106] Hamilton LA, Wood GC, Magnotti LJ, Croce MA, Martin JB, Swanson JM, Boucher BA, Fabian TC. Treatment of methicillinresistant Staphylococcus aureus ventilator-associated pneumonia with high-dose vancomycin or linezolid. Journal of Trauma
and Acute Care Surgery. 2012;72:1478-1483.
[107] An MM, Shen H, Zhang JD, Xu GT, Jiang YY. Linezolid versus vancomycin for meticillin-resistant Staphylococcus aureus
infection: a meta-analysis of randomised controlled trials. International Journal of Antimicrobial Agents. 2013;41:426– 433.
[108] Welte T, Pletz MW. Antimicrobial treatment of nosocomial meticillin-resistant Staphylococcus aureus (MRSA) pneumonia:
current and future options. International Journal of Antimicrobial Agents. 2010;36:391–400.
[109] Wunderink RG. How Important is methicillin-resistant Staphylococcus aureus as a cause of community-acquired pneumonia
and what is best antimicrobial therapy? Infectious Disease Clinics of North America. 2013;27:177–188..
http://dx.doi.org/10.1016/j.idc 2012.11.006

© FORMATEX 2013

585

Microbial
pathogens and strategies for combating them: science, technology and education (A. Méndez-Vilas, Ed.)
____________________________________________________________________________________________

[110] Rose WE, Berti AD, Hatch JB, Maki DG. Relationship of in vitro synergy and treatment outcome with daptomycin plus
rifampin in patients with invasive methicillin-resistant Staphylococcus aureus infections. Antimicrobial Agents and
Chemotherapy. 2013.
[111] Guskey MT, Tsuji BT. A comparative review of the lipoglycopeptides: oritavancin, dalbavancin, and telavancin.
Pharmacotherapy. 2010;30:80-94. DOI: 10.1592/phco.30.1.80.
[112] Bassetti M, Taramasso L, Giacobbe DR, Pelosi P. Management of ventilator-associated pneumonia: epidemiology, diagnosis
and antimicrobial therapy. Expert Review of Anti-infective Therapy. 2012;10:585-596. DOI: 10.1586/eri.12.36

586

© FORMATEX 2013

