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Chapter 1

General Introduction

Enterococci are gram-positive, facultative anaerobic bacteria that account for no more 
than 1% of the normal intestinal microfl ora of healthy adults. They are ubiquitous in 
nature and are also found in the intestines of other animals and in soil, water and food 
[1]. Enterococci are able to withstand harsh environmental conditions; they are able to 
grow in 6.5% NaCl, in a wide range of pH values and in temperatures between 10°C and 
45°C. Furthermore, they can survive on inanimate objects for weeks – a feature that 
allows them to adapt well to any environment and that may have contributed to their 
nosocomial transmission [2, 3].
For years Enterococci were regarded as pathogens of low virulence, causing opportunistic 
infections in critically ill patients. Increased clinical and public interest was attracted 
since the fi rst identifi cation of vancomycin-resistant enterococci in 1986 [4]. Since 
then, rates of colonization and infection with vancomycin-resistant enterococci have 
risen steadily and currently Enterococcus spp. are the third most common pathogen 
isolated from nosocomial bloodstream infections and the most common pathogen in 
surgical-site infections reported from intensive care units, in the United States and some 
European countries [5-7]. Additionally, they are increasingly isolated from urinary tract 
infections (UTI), endocarditis and abdominal infections. Nowadays, more than 30% of 
all enterococci recovered from healthcare-associated infections are vancomycin resistant 
[5]. The rise in incidence has, in part, been attributed to changes in medical care, e.g. the 
growth in the numbers of immunocompromised and critically ill patients, the increased 
use of intravascular devices and the more prolonged hospital stays. But more important 
is their multiresistant nature to various classes of antibiotics that are used abundantly 
[8, 9] and their ability to acquire high-level drug resistance through horizontal gene 
transfer. In particular Enterococcus faecium has adapted to the abundant antibiotic use in 
hospitals by acquiring resistance to high dose aminoglycosides, β-lactam antibiotics and 
(more recently) vancomycin (Table 1) [8, 10, 11]. Beta-lactam and vancomycin-resistance 
has almost completely penetrated in E. faecium, with 90 and 80 % of all E. faecium from 
nosocomial infections being resistant against ampicillin and vancomycin, respectively 
[5].
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Table 1. Antimicrobial resistance of enterococci. 
Antibiotic Species Mechanism of resistance

In
tr

in
si

c r
es

is
ta

nc
e

β-Lactams All enterococci Low affi nity PBP
   Penicillins (low level)
   Carbapenems (moderate level)
   Cephalosporins (high level)
Aminoglycosides (low level) All enterococci Ineffi cient uptake
Aminoglycosides (moderate levels) E. faecium Production of chromosomal AAC(6’)li enzyme
Lincosamides and
Streptogramins A

E. faecalis, E. avium, 
E. gallinarum, E. casselifl avus

Putative effl ux

Glycopeptides (low level) E. gallinarum, E. casselifl avus Production of D-Ala-D-Ser ending peptidoglycan 
precursors

Ac
qu

ire
d 

re
si

st
an

ce

Ampicillin (high level) E. faecium, E. hirae, E. faecalis Overproduction or alterations of PBS5
β-lactamase (rare)

Aminoglycosides (high level) E. faecalis, E. faecium, 
E. gallinarum, E. casselifl avus

Modifying enzymes e.g.  AAC(6’)-APH(2”)

Macrolides Most enterococci Ribosomal methylation
Chloramphenicol E. faecium, E. faecalis CAT encoding enzymes
Tetracyclines E. faecium, E. faecalis Modifi cation of ribosome protein
Quinolones E. faecium, E. faecalis Alteration in DNA gyrase and Topoisomerase IV

Qnr-like-pentapeptide repeat protein [12]

Glycopeptides (high level) E. faecium, E. faecalis Precursor modifi cation
Oxazolidinones E. faecium Mutation in 23S rRNA gene

Adapted from Top et al. FEMS Immunol Med Microbiol 52 (2008) 297-308

Clinical epidemiology
Historically, 80 to 90% of clinical isolates of enterococci were E. faecalis, whereas E. 
faecium accounted for 5-10% [13]. Currently in the US, the proportions of E. faecium isolates 
among all enterococcal infections are steadily increasing and exceed 30%, which almost 
equals the incidence of invasive isolates of vancomycin-resistant E. faecium (VRE) [5]. In 
Europe, VRE prevalence rates in hospitals have been increasing since the year 2000 [14, 
15]. In most European countries prevalence rates are not as high as in the United States, 
although over the past six years, vancomycin resistance in E. faecium causing invasive 
infections increased signifi cantly in 6 countries, namely Germany, Greece, Ireland, Israel, 
Slovenia, and Turkey (EARSS annual report 2007). In the Netherlands the prevalence of 
VRE among bloodstream isolates has been consistently low (<1%) over the years, which 
is probably due to the prudent use of antibiotics and a “search and destroy” policy in 
Dutch hospitals (for both VRE and methicillin-resistant Staphylococcus aureus (MRSA)). 
Importantly, the global VRE epidemic was preceded by the emergence of ampicillin-
resistant E. faecium (ARE) in the US in the early 1980s, followed by the rapid emergence 
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of VRE in the 1990s [16, 17]. In several European countries, a similar increase in ARE has 
been observed, but with a 10-year delay [18]. Although VRE prevalence rates are low, data 
from a recent nationwide study revealed a signifi cant increase in invasive ARE in the 
Netherlands [19, 20]. Furthermore, among all enterococcal bacteremias, the proportion 
of ARE increased from 4% in 1994 to 20% in 2005 and a study to determine the intestinal 
ARE reservoir revealed carriage rates of 35% in hematology and geriatric wards [20]. 

Different genotyping methods have been used to study enterococcal epidemiology, such 
as pulsed fi eld gel electrophoresis, amplifi ed fragment length polymorphism analysis 
and multilocus sequence typing. Interestingly, a clear dichotomy between isolates from 
hospitalized and non-hospitalized persons was detected [11]. Defi ned clonal groups of E. 
faecium show an enhanced capacity to disseminate in the nosocomial setting and are 
called epidemic or hospital-acquired [21, 22]. VRE outbreaks in single centers tend to be 
polyclonal suggesting a highly diverse population of hospital-acquired E. faecium strains 
and a highly mobile resistance determinant, capable of spreading widely among suitable 
recipient strains [15]. Hospital acquired E. faecium are mostly ampicillin-resistant, partly 
high-level ciprofl oxacin-resistant and share an important part of their accessory genome 
content, which includes putative virulence traits such as a gene for an enterococcal 
surface protein, esp, genes encoding different cell wall-anchored surface proteins, a 
putative hyaluronidase gene, hylEfm and a gene encoding collagen-binding protein, acm 
[22-25]. Interestingly, mixed whole-genome microarray analysis based on comparative 
genome hybridization of 97 E. faecium strains isolated from different epidemiological 
niches worldwide revealed a distinct hospital clade [23] enriched in over hundred 
hospital-clade specifi c genes, including mobile elements like insertion sequence (IS) 
elements, phage genes and plasmid sequences, hypothetical and membrane proteins 
and antibiotic resistance and regulatory genes [23].
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Pathogenesis of VRE infections: A) colonization and B) infection
A. Colonization
Infection with VRE typically follows VRE colonization, predominantly of the gastrointestinal 
tract [26]. Within hospitals, widespread colonization with VRE may occur with a relatively 
small number of documented infections [27]. This is of concern as colonized patients, 
which may remain colonized for long periods, serve as a silent reservoir for transmission 
of VRE to other patients [28]. In addition to the intestinal tract, colonization has been 
identifi ed from the groin, axilla, oropharynx, and gastric and endotracheal aspirates 
[2]; VRE has been isolated from virtually everything in the health care environment, 
including monitoring devices, furniture, toilet seats, doors, fl oors, linen and other medical 
equipment and is capable of prolonged survival (al least 1 week) on fabric seat cushions 
[29]. Transmission takes place by direct contact, the most likely vectors being the hands 
of health care workers and contaminated equipment [30]. Once VRE colonization has 
become endemic, it is extremely diffi cult to effectively control the spread of infection.
Colonization is contingent on exposure to VRE and on being a “susceptible” host and 
is predominantly found on intensive care, nephrology, oncology, transplantation and 
long-stay wards [2, 7, 21, 31-34]. Risk factors include advanced age, renal and hepatic 
failure, hematological malignancy, severe comorbid illness, invasive procedures and 
devices, gastrointestinal surgery, transplantation, enteral feeding, proximity to another 
VRE-positive patient, colonization pressure, prolonged hospital stay and antimicrobial 
therapy. [2, 32, 35, 36]. 
VRE colonization has been associated with multiple classes of antibiotics, most 
importantly with second and third generation cephalosporins and antibiotics with 
prominent anti-anaerobic activity (metronidazole, clindamycin, and imipenem) [37-39].  
The association of vancomycin with VRE colonization remains controversial as several 
studies showed no effect [40, 41]. In the situation in which a patient colonized with VRE 
has been identifi ed, efforts to eradicate carriage are often unsuccessful. No antimicrobial 
regimen has been effective in providing a more than transient clearance of enterococcal 
colonization, despite investigation of a number of agents and combinations targeting 
the gastrointestinal tract [42].

B. Infection
Severe invasive enterococcal disease after VRE colonization occurs most often in 
hematology and organ transplant patients [26, 28, 43, 44]. Portals of entry for VRE 
typically include the urinary tract, intra-abdominal (e.g., gastrointestinal, biliary tree) or 
pelvic sources, wounds (surgical wounds, decubitus ulcers), and intravascular catheters 
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[8]. Especially neutropenic patients colonized with VRE are at risk for bacteremia as a 
result of gut translocation (mucositis), central venous catheter infections, or UTI [43, 45]. 
Patients with VRE have a high prevalence of skin colonization [8], which may result in 
colonization of intravascular catheters and subsequent intravascular catheter-related 
sepsis. Other risk factors for VRE bacteremia include hemodialysis, organ transplantation, 
receipt of corticosteroids, chemotherapy, or parenteral nutrition, surgery, severe illness, 
long-term antibiotic administration, indwelling urinary catheters, and mucositis [7]. UTI 
caused by VRE include cystitis, pyelonephritis, prostatitis, and perinephric abscess; the 
majority of these infections are nosocomial and associated with urinary instrumentation 
[46]. In liver transplant recipients, the most common types of VRE infection include 
intra-abdominal infections associated with biliary leaks, stenosis, hepatic or perihepatic 
abscesses, stenosis or thrombosis of the hepatic artery, or perforated viscera [47]. 
Meningitis, endocarditis, pleural space and skin or soft tissue infections have also been 
reported [7, 48].
Mortality rates for patients with VRE bacteremia vary depending on the population at 
risk. Recipients of autologous peripheral blood stem cell transplants have been shown 
to have mortality rates of 10% [44]. Patients with endocarditis caused by VRE have been 
reported to have mortality rates higher than 30% [49], those with solid tumors have 
death rates higher than 50% [43], and some studies of critically ill and liver transplant 
patients have shown more than 70% mortality [26, 43, 50]. Furthermore, VRE bacteremia 
increases hospital length of stay by an average of 2 weeks and has an attributable 
mortality in comparison to vancomycin-sensitive E. faecium approaching 30% [50, 51]. 
Linezolid is the antibiotic recommended during serious infections caused by VRE [52]. 
It penetrates well to various tissues (including cerebrospinal fl uid) and is available in 
oral form. Yet, it is expensive and can cause bone marrow suppression after prolonged 
use. Quinapristin/dalfopristin, also has anti-VRE activity, but is only active against E. 
faecium, and not E. faecalis, and has frequent side-effects, especially myalgia, arthralgia 
and infl ammation at the infusion site [53, 54]. Other antibiotics with anti-VRE activity are 
daptomycin and tigecycline [55]. However, resistance to al newer antibiotic has already 
been reported [56-58]. 

Virulence factors
The pathogenicity  of enterococci is probably not related to virulence factors in the 
classical sense but rather to a combination of ‘fi tness factors’, such as  increased resistance 
to antimicrobials and environmental stresses, as well as specifi c and unspecifi c adhesive 
properties [21]. The changing epidemiology and genotypic distinction between E. 
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faecium from hospitalized and non-hospitalized patients, suggest that E. faecium might 
have acquired different abilities, facilitating adaptation of a specifi c subpopulation to 
the hospital environment. The cumulative acquisition of resistance determinants and 
putative virulence genes may have contributed to adaptation and selective advantage of 
specifi c E. faecium clones in the hospital environment [11]. So far, little is known about the 
nature of adaptive mechanisms supporting hospital survival and spread. Recently, some 
potential virulence genes have been described for E. faecium: esp, hyl, acm, scm, sagA, 
genes encoding additional surface-exposed LPXTG-like cell-wall-anchored proteins and 
genes required for the biogenesis of pili. They were all found more frequently in clinical 
isolates than in fecal isolates or non-human isolates [25, 59-67]. Although the exact role 
in the pathogenesis of E. faecium infections is not well understood, most are found (or 
thought) to enhance adherence to extracellular structures and biofi lm formation, which 
might be the fi rst step in colonization of the host.
The enterococcal surface protein Esp, located on a putative pathogenicity island [25, 65], is 
specifi cally enriched in hospital-acquired E. faecium. Esp is involved in biofi lm formation 
[68] and its expression is affected by changes in environmental conditions, being highest 
in conditions that mimic the microenvironment of the human large intestines: 37ºC and 
anaerobioses [69]. Enterococcal Esp has also been shown to be involved in increased 
conjugation frequencies [70]. This suggests that either Esp plays a direct role in cell-cell 
interaction or that Esp may serve as a marker for strains with enhanced potential to 
acquire new genetic elements. The expression of collagen-binding adhesion Acm was 
found to be involved in adherence of collagen type I and IV. More importantly, Acm was 
found to contribute to the pathogenesis of E. faecium endocarditis and antibodies to 
Acm were present in sera of patients suffering E. faecium endocarditis [71, 72]. Recently, 
E. faecium surface expression of a second collagen adhesin, Scm, was described; with 
adherence specifi city for collagen type V [67]. Secreted antigen A (SagA) appears essential 
for E. faecium growth and exhibits broad-spectrum binding to extracellular matrix 
proteins [66]. A similar protein expressed by E. faecalis, SalB, was found to be important 
for resistance to various stress conditions, including bile salts, ethanol, heat shock and 
alkaline and acid pH [73, 74].
Using Caenorhabditis elegans, it was shown that E. faecium produces hydrogen peroxide 
at levels that cause cellular damage [75]. Additional studies are necessary to investigate 
the relevance of hydrogen peroxide production by E. faecium in the human host. 
Comparative genomic hybridizations of 97 E. faecium nosocomial, commensal and 
animal isolates identifi ed more than 100 genes that were enriched in nosocomial strains, 
including genes encoding putative adhesions, antibiotic resistance, IS elements, phage 
sequences, and novel metabolic pathways [23].
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Host response against enterococcal infections
Hardly anything is known about host defense mechanisms against enterococcal 
infections, and only a few studies have attempted to investigate this area systematically. 
In order to survive in the host, enterococci must successfully avoid specifi c and non-
specifi c host defense mechanisms.
Certain strains of enterococci can survive within phagocytes, which might serve as 
vehicles for enterococci to translocate across the intestinal wall and disseminate into 
distant organs [76]. The failure of phagocytic cells to kill intracellular enterococci might 
lead to systemic spread [77]. Whether phagocytosis of enterococci represents a successful 
host defense mechanism or a means of immune response evasion for enterococci 
remains to be demonstrated.
Arduino et al. [78, 79] studied the resistance of E. faecium to neutrophil-mediated 
phagocytosis in vitro. While all E. faecalis strains were internalized, only 50% of the E. 
faecium strains were phagocytosed. Probably, a carbohydrate structure was responsible 
for the resistance to phagocytic killing. By electron microscopy, small electron-dense 
clumps, immediately adjacent to the cell wall of E. faecium, were identifi ed, which could 
be consistent with capsular material. Whether this material is related to the resistance 
of phagocytosis is unclear as several strains of E. faecalis displayed this as well, while they 
were sensitive to phagocytosis [78].

Host defense against invading microorganisms
When a microorganism crosses the protective barriers of epithelia and mucous 
membranes it encounters innate defense mechanisms. These mechanisms are called 
innate because they do not require previous contact with the microorganism, mediate 
the fi rst line of defense against invading pathogens and contain the infection prior 
to the induction of the adaptive immune response. It is regulated by a coordinated 
action of leukocytes, most importantly neutrophils and macrophages, which are able to 
phagocytose pathogens and to secrete a vast array of cytokines and chemokines, thereby 
coordinating additional host response mechanisms. The fi rst task of innate immune 
cells is to recognize and discriminate potential pathogens from self. Microorganisms 
share several highly conserved molecular structures called pathogen-associated 
molecular patterns (PAMPs) that are recognized by phagocytes via certain pattern 
recognition receptors (PRRs). A major subset of these PRRs belong to the class of Toll-
like receptors (TLRs), that have relatively recently been discovered. TLRs recognize distinct 
microbial patterns and subsequently initiate the production and secretion of cytokines 
and chemokines that are important for an effective host defense [80]. At present, 10 



regel 1
regel 2
regel 3
regel 4
regel 5
regel 6
regel 7
regel 8
regel 9
regel 10
regel 11
regel 12
regel 13
regel 14
regel 15
regel 16
regel 17
regel 18
regel 19
regel 20
regel 21
regel 22
regel 23
regel 24
regel 25
regel 26
regel 27
regel 28
regel 29
regel 30
regel 31
regel 32
regel 33
regel 34
regel 35
regel 36

17

General introduction and outline of the thesis

human TLRs are known, all recognizing different PAMPs. Examples of PAMPs include 
lipopolysaccharide (recognized by TLR4) from the outer membrane of gram-negative 
bacteria, peptidoglycan (TLR2), present in most bacteria, lipoteichoic acid (TLR2-TLR6), 
in many gram-positive bacteria, and zymosan (TLR2-TLR6), in the yeast cell wall. After 
stimulation of TLRs, the adapter molecule Myeloid Differentiation protein 88 (MyD88) is 
recruited, which fi nally results in the nuclear translocation of nuclear-factor-κB (NFκB), 
causing the transcription of a whole range of infl ammatory genes [81]. 
Like the family of TLRs, the complement system comprises one of the major groups 
of pattern recognition molecules that are activated by several pathways following 
direct or indirect contact with invading microorganisms. The most abundant and most 
central component is C3; cleavage of this molecule is essential for all complement-
mediated phenomena, and directly results in release of the soluble anaphylatoxin C3a 
and deposition of C3b and iC3b on the surface of the bacterium. Bacteria opsonized 
by C3b and iC3b will be recognized and phagocytosed by leukocytes bearing specifi c 
complement receptors [82].

Immunoparalysis and the acute phase response
Animal studies have shown that in spite of initial activation of immune responses, 
immunoparalysis (sooner or later) occurs in peritonitis and decreases systemic defense 
mechanisms [83]. Immunoparalysis is probably a later effect in the immune response, 
when pro-infl ammatory cytokines, like TNF-α and IFN-γ, are down regulated but anti-
infl ammatory cytokine levels, like IL-10, persist [84, 85]. This has been shown for sepsis 
patients [86]. 
The acute phase response (APR) is a non-specifi c systemic infl ammatory host response, 
that is induced after infection or sterile tissue injury, like trauma, major surgery, burn 
injury, tissue infarction, or during advanced cancer. The cytokines IL-1β an IL-6 play an 
essential role in the initiation of the APR. In particular IL-6 triggers the liver to produce 
so-called acute phase proteins, like C-reactive protein (CRP), serum amyloid A (SAA) 
and complement proteins [87]. Although considered initially benefi cial for the host in 
removing pathogens and repairing injured tissue, the exact function of the strong rise of 
the plasma concentrations of acute phase proteins is still unknown. Evidence suggests 
that an ongoing APR causes an immune compromised state [88]. Subcutaneous 
injection of turpentine or casein in mice causes sterile infl ammation and represent 
well-established experimental models to study the systemic acute phase response in 
response to sterile tissue injury [88, 89]. 
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Outline of this thesis

Relatively little is known about the pathogenesis of infections with E. faecium. The 
general aim of this thesis was to gain more insight into the normal immune response 
during E. faecium infection and into the immune response of the immunocompromised 
host. Furthermore, intestinal colonization with or without subsequent infection was 
investigated. 
In part I, chapter 2, we describe a mouse model of E. faecium peritonitis, using a clinical 
isolate of E. faecium, harboring the putative pathogenicity island expressing Esp and 
with ampicillin and vancomycin resistance, to investigate the normal host response. This 
model was used throughout this thesis to investigate several components of the host 
defense system. In the same chapter, we used this peritonitis model and in vitro studies 
to investigate the role of the family of TLRs and CD14 in the innate recognition of E. 
faecium using mice defi cient in TLR2, TLR4, CD14 and MyD88. In the subsequent chapters 
we investigated the role of neutrophils (chapter 3), macrophages (chapter 4) and the 
complement system (chapter 5) in host defense against E. faecium peritonitis. Part II 
describes the effect of an experimental E. faecium infection in an immunocompromised 
host. As a rule, E. faecium only causes serious disease in patients with severe underlying 
illnesses. In order to mimic several aspects of such comorbid conditions, mice were 
fi rst rendered immune suppressed by previous turpentine or casein injection (inducing 
a sterile acute phase response) in chapter 6. In chapter 7 mice were fi rst subjected to 
cecal ligation and puncture (CLP), inducing a polymicrobial (e.g. fecal) peritonitis. In both 
models, the course of the peritonitis and infl ammatory response during subsequent E. 
faecium peritonitis were investigated. The focus of Part III was on E. faecium intestinal 
colonization and the effect of colonization on the susceptibility for infection. Hospitalized 
patients frequently become colonized with multidrug-resistant E. faecium, with high 
intestinal loads. In chapter 8, we investigated the course of E. faecium containing 
polymicrobial peritonitis, by performing CLP on E. faecium colonized mice. In chapter 9, 
we investigated the infl uence of intestinal E. faecium colonization on pulmonary defense 
against Pseudomonas aeruginosa pneumonia. In part IV, the role of the potential virulence 
factor Esp was investigated. In chapter 10 the role of Esp was investigated in intestinal 
colonization and in chapter 11, the infl uence of Esp expression on UTI and peritonitis was 
studied.
 



regel 1
regel 2
regel 3
regel 4
regel 5
regel 6
regel 7
regel 8
regel 9
regel 10
regel 11
regel 12
regel 13
regel 14
regel 15
regel 16
regel 17
regel 18
regel 19
regel 20
regel 21
regel 22
regel 23
regel 24
regel 25
regel 26
regel 27
regel 28
regel 29
regel 30
regel 31
regel 32
regel 33
regel 34
regel 35
regel 36

19

General introduction and outline of the thesis

References

1. Sghir A, Gramet G, Suau A, Rochet V, Pochart P, Dore J. Quantifi cation of bacterial groups within human fecal 
 fl ora by oligonucleotide probe hybridization. Appl Environ Microbiol 2000; 66:2263-6.
2. Bonten MJ, Hayden MK, Nathan C, et al. Epidemiology of colonisation of patients and environment with 
 vancomycin-resistant enterococci. Lancet 1996; 348:1615-9.
3. Neely AN, Maley MP. Survival of enterococci and staphylococci on hospital fabrics and plastic. J Clin Microbiol 
 2000; 38:724-6.
4. Leclercq R, Derlot E, Duval J, Courvalin P. Plasmid-mediated resistance to vancomycin and teicoplanin in 
 Enterococcus faecium. N Engl J Med 1988; 319:157-61.
5. Hidron AI, Edwards JR, Patel J, et al. NHSN annual update: antimicrobial-resistant pathogens associated with 
 healthcare-associated infections: annual summary of data reported to the National Healthcare Safety 
 Network at the Centers for Disease Control and Prevention, 2006-2007. Infect Control Hosp Epidemiol 2008; 
 29:996-1011.
6. Chatterjee I, Iredell JR, Woods M, Lipman J. The implications of enterococci for the intensive care unit. Crit Care 
 Resusc 2007; 9:69-75.
7. Patel R. Clinical impact of vancomycin-resistant enterococci. J Antimicrob Chemother 2003; 51 Suppl 3:iii13-21.
8. Bonten MJ, Willems R, Weinstein RA. Vancomycin-resistant enterococci: why are they here, and where do they 
 come from? Lancet Infect Dis 2001; 1:314-25.
9. Caballero-Granado FJ, Becerril B, Cisneros JM, Cuberos L, Moreno I, Pachon J. Case-control study of risk factors 
 for the development of enterococcal bacteremia. Eur J Clin Microbiol Infect Dis 2001; 20:83-90.
10. Tenover FC, McDonald LC. Vancomycin-resistant staphylococci and enterococci: epidemiology and control. 
 Curr Opin Infect Dis 2005; 18:300-5.
11. Leavis HL, Bonten MJ, Willems RJ. Identifi cation of high-risk enterococcal clonal complexes: global dispersion 
 and antibiotic resistance. Curr Opin Microbiol 2006; 9:454-60.
12. Rodriguez-Martinez JM, Velasco C, Briales A, Garcia I, Conejo MC, Pascual A. Qnr-like pentapeptide repeat 
 proteins in gram-positive bacteria. J Antimicrob Chemother 2008; 61:1240-3.
13. Treitman AN, Yarnold PR, Warren J, Noskin GA. Emerging incidence of Enterococcus faecium among hospital 
 isolates (1993 to 2002). J Clin Microbiol 2005; 43:462-3.
14. Schouten MA, Hoogkamp-Korstanje JA, Meis JF, Voss A. Prevalence of vancomycin-resistant enterococci in 
 Europe. Eur J Clin Microbiol Infect Dis 2000; 19:816-22.
15. Werner G, Coque TM, Hammerum AM, et al. Emergence and spread of vancomycin resistance among 
 enterococci in Europe. Euro Surveill 2008; 13
16. Top J, Willems R, Bonten M. Emergence of CC17 Enterococcus faecium: from commensal to hospital-adapted 
 pathogen. FEMS Immunol Med Microbiol 2008; 52:297-308.
17. Coudron PE, Mayhall CG, Facklam RR, et al. Streptococcus faecium outbreak in a neonatal intensive care unit. 
 J Clin Microbiol 1984; 20:1044-8.
18. Top J, Willems R, Blok H, et al. Ecological replacement of Enterococcus faecalis by multiresistant clonal complex 
 17 Enterococcus faecium. Clin Microbiol Infect 2007; 13:316-9.
19. Top J, Willems R, van der Velden S, Asbroek M, Bonten M. Emergence of clonal complex 17 Enterococcus faecium 
 in The Netherlands. J Clin Microbiol 2008; 46:214-9.
20. de Regt MJ, van der Wagen LE, Top J, et al. High acquisition and environmental contamination rates of CC17 
 ampicillin-resistant Enterococcus faecium in a Dutch hospital. J Antimicrob Chemother 2008; 62:1401-6.
21. Willems RJ, Bonten MJ. Glycopeptide-resistant enterococci: deciphering virulence, resistance and epidemicity. 
 Curr Opin Infect Dis 2007; 20:384-90.
22. Willems RJ, Top J, van Santen M, et al. Global spread of vancomycin-resistant Enterococcus faecium from 
 distinct nosocomial genetic complex. Emerg Infect Dis 2005; 11:821-8.
23. Leavis HL, Willems RJ, van Wamel WJ, Schuren FH, Caspers MP, Bonten MJ. Insertion sequence-driven 
 diversifi cation creates a globally dispersed emerging multiresistant subspecies of E. faecium. PLoS Pathog 
 2007; 3:e7.
24. Leavis HL, Willems RJ, Top J, Bonten MJ. High-level ciprofl oxacin resistance from point mutations in gyrA and 
 parC confi ned to global hospital-adapted clonal lineage CC17 of Enterococcus faecium. J Clin Microbiol 2006; 
 44:1059-64.
25. Willems RJ, Homan W, Top J, et al. Variant esp gene as a marker of a distinct genetic lineage of vancomycin-
 resistant Enterococcus faecium spreading in hospitals. Lancet 2001; 357:853-5.



regel 1
regel 2
regel 3
regel 4
regel 5
regel 6
regel 7
regel 8
regel 9
regel 10
regel 11
regel 12
regel 13
regel 14
regel 15
regel 16
regel 17
regel 18
regel 19
regel 20
regel 21
regel 22
regel 23
regel 24
regel 25
regel 26
regel 27
regel 28
regel 29
regel 30
regel 31
regel 32
regel 33
regel 34
regel 35
regel 36

20

Chapter 1

26. Chavers LS, Moser SA, Benjamin WH, et al. Vancomycin-resistant enterococci: 15 years and counting. J Hosp 
 Infect 2003; 53:159-71.
27. Bonilla HF, Zervos MA, Lyons MJ, et al. Colonization with vancomycin-resistant Enterococcus faecium: 
 comparison of a long-term-care unit with an acute-care hospital. Infect Control Hosp Epidemiol 1997; 18:333-
 9.
28. Zirakzadeh A, Patel R. Vancomycin-resistant enterococci: colonization, infection, detection, and treatment. 
 Mayo Clin Proc 2006; 81:529-36.
29. Livornese LL, Jr., Dias S, Samel C, et al. Hospital-acquired infection with vancomycin-resistant Enterococcus 
 faecium transmitted by electronic thermometers. Ann Intern Med 1992; 117:112-6.
30. Noskin GA, Bednarz P, Suriano T, Reiner S, Peterson LR. Persistent contamination of fabric-covered furniture 
 by vancomycin-resistant enterococci: implications for upholstery selection in hospitals. Am J Infect Control 
 2000; 28:311-3.
31. Weinstein JW, Roe M, Towns M, et al. Resistant enterococci: a prospective study of prevalence, incidence, and 
 factors associated with colonization in a university hospital. Infect Control Hosp Epidemiol 1996; 17:36-41.
32. Bonten MJ, Slaughter S, Ambergen AW, et al. The role of “colonization pressure” in the spread of vancomycin-
 resistant enterococci: an important infection control variable. Arch Intern Med 1998; 158:1127-32.
33. Rice LB, Hutton-Thomas R, Lakticova V, Helfand MS, Donskey CJ. Beta-lactam antibiotics and gastrointestinal 
 colonization with vancomycin-resistant enterococci. J Infect Dis 2004; 189:1113-8.
34. Wells CL, Juni BA, Cameron SB, et al. Stool carriage, clinical isolation, and mortality during an outbreak of 
 vancomycin-resistant enterococci in hospitalized medical and/or surgical patients. Clin Infect Dis 1995; 21:45-
 50.
35. Rice LB. Emergence of vancomycin-resistant enterococci. Emerg Infect Dis 2001; 7:183-7.
36. Lucas GM, Lechtzin N, Puryear DW, Yau LL, Flexner CW, Moore RD. Vancomycin-resistant and vancomycin-
 susceptible enterococcal bacteremia: comparison of clinical features and outcomes. Clin Infect Dis 1998; 
 26:1127-33.
37. Donskey CJ, Chowdhry TK, Hecker MT, et al. Effect of antibiotic therapy on the density of vancomycin-resistant 
 enterococci in the stool of colonized patients. N Engl J Med 2000; 343:1925-32.
38. Fridkin SK, Edwards JR, Courval JM, et al. The effect of vancomycin and third-generation cephalosporins on 
 prevalence of vancomycin-resistant enterococci in 126 U.S. adult intensive care units. Ann Intern Med 2001; 
 135:175-83.
39. Moulin F, Dumontier S, Saulnier P, et al. Surveillance of intestinal colonization and of infection by vancomycin-
 resistant enterococci in hospitalized cancer patients. Clin Microbiol Infect 1996; 2:192-201.
40. Padiglione AA, Wolfe R, Grabsch EA, et al. Risk factors for new detection of vancomycin-resistant enterococci 
 in acute-care hospitals that employ strict infection control procedures. Antimicrob Agents Chemother 2003; 
 47:2492-8.
41. Ostrowsky BE, Venkataraman L, D’Agata EM, Gold HS, DeGirolami PC, Samore MH. Vancomycin-resistant 
 enterococci in intensive care units: high frequency of stool carriage during a non-outbreak period. Arch Intern 
 Med 1999; 159:1467-72.
42. Weber SG, Gold HS. Enterococcus: an emerging pathogen in hospitals. Semin Respir Crit Care Med 2003; 
 24:49-60.
43. Zaas AK, Song X, Tucker P, Perl TM. Risk factors for development of vancomycin-resistant enterococcal 
 bloodstream infection in patients with cancer who are colonized with vancomycin-resistant enterococci. Clin 
 Infect Dis 2002; 35:1139-46.
44. Kapur D, Dorsky D, Feingold JM, et al. Incidence and outcome of vancomycin-resistant enterococcal bacteremia 
 following autologous peripheral blood stem cell transplantation. Bone Marrow Transplant 2000; 25:147-52.
45. Yao YM, Yu Y, Sheng ZY, Tian HM, Wang YP, Lu LR. Role of gut-derived endotoxaemia and bacterial translocation 
 in rats after thermal injury: effects of selective decontamination of the digestive tract. Burns 1995; 21:580-5.
46. Wong AH, Wenzel RP, Edmond MB. Epidemiology of bacteriuria caused by vancomycin-resistant enterococci-
 -a retrospective study. Am J Infect Control 2000; 28:277-81.
47. Newell KA, Millis JM, Arnow PM, et al. Incidence and outcome of infection by vancomycin-resistant 
 Enterococcus following orthotopic liver transplantation. Transplantation 1998; 65:439-42.
48. Shaikh ZH, Peloquin CA, Ericsson CD. Successful treatment of vancomycin-resistant Enterococcus faecium 
 meningitis with linezolid: case report and literature review. Scand J Infect Dis 2001; 33:375-9.
49. Murray BE. Vancomycin-resistant enterococcal infections. N Engl J Med 2000; 342:710-21.
50. Edmond MB, Ober JF, Dawson JD, Weinbaum DL, Wenzel RP. Vancomycin-resistant enterococcal bacteremia: 
 natural history and attributable mortality. Clin Infect Dis 1996; 23:1234-9.



regel 1
regel 2
regel 3
regel 4
regel 5
regel 6
regel 7
regel 8
regel 9
regel 10
regel 11
regel 12
regel 13
regel 14
regel 15
regel 16
regel 17
regel 18
regel 19
regel 20
regel 21
regel 22
regel 23
regel 24
regel 25
regel 26
regel 27
regel 28
regel 29
regel 30
regel 31
regel 32
regel 33
regel 34
regel 35
regel 36

21

General introduction and outline of the thesis

51. Linden PK, Pasculle AW, Manez R, et al. Differences in outcomes for patients with bacteremia due to 
 vancomycin-resistant Enterococcus faecium or vancomycin-susceptible E. faecium. Clin Infect Dis 1996; 
 22:663-70.
52. Linden PK. Optimizing therapy for vancomycin-resistant enterococci (VRE). Semin Respir Crit Care Med 2007; 
 28:632-45.
53. Paterson DL. Clinical experience with recently approved antibiotics. Curr Opin Pharmacol 2006; 6:486-90.
54. Linden PK, Moellering RC, Jr., Wood CA, et al. Treatment of vancomycin-resistant Enterococcus faecium 
 infections with quinupristin/dalfopristin. Clin Infect Dis 2001; 33:1816-23.
55. Ziglam H. Daptomycin and tigecycline: a review of clinical effi cacy in the antimicrobial era. Expert Opin 
 Pharmacother 2007; 8:2279-92.
56. Seedat J, Zick G, Klare I, Konstabel C, Weiler N, Sahly H. Rapid emergence of resistance to linezolid during 
 linezolid therapy of an Enterococcus faecium infection. Antimicrob Agents Chemother 2006; 50:4217-9.
57. Werner G, Gfrorer S, Fleige C, Witte W, Klare I. Tigecycline-resistant Enterococcus faecalis strain isolated from 
 a German intensive care unit patient. J Antimicrob Chemother 2008; 61:1182-3.
58. Werner G, Klare I, Spencker FB, Witte W. Intra-hospital dissemination of quinupristin/dalfopristin- and 
 vancomycin-resistant Enterococcus faecium in a paediatric ward of a German hospital. J Antimicrob 
 Chemother 2003; 52:113-5.
59. Eaton TJ, Gasson MJ. A variant enterococcal surface protein Esp(fm) in Enterococcus faecium; distribution 
 among food, commensal, medical, and environmental isolates. FEMS Microbiol Lett 2002; 216:269-75.
60. Nallapareddy SR, Weinstock GM, Murray BE. Clinical isolates of Enterococcus faecium exhibit strain-specifi c 
 collagen binding mediated by Acm, a new member of the MSCRAMM family. Mol Microbiol 2003; 47:1733-47.
61. Rice LB, Carias L, Rudin S, et al. A potential virulence gene, hylEfm, predominates in Enterococcus faecium of 
 clinical origin. J Infect Dis 2003; 187:508-12.
62. Hendrickx AP, van Wamel WJ, Posthuma G, Bonten MJ, Willems RJ. Five genes encoding surface-exposed 
 LPXTG proteins are enriched in hospital-adapted Enterococcus faecium clonal complex 17 isolates. J Bacteriol 
 2007; 189:8321-32.
63. Hendrickx AP, Bonten MJ, van Luit-Asbroek M, Schapendonk CM, Kragten AH, Willems RJ. Expression of two 
 distinct types of pili by a hospital-acquired Enterococcus faecium isolate. Microbiology 2008; 154:3212-23.
64. Leavis HL, Willems RJ, Top J, et al. Epidemic and nonepidemic multidrug-resistant Enterococcus faecium. 
 Emerg Infect Dis 2003; 9:1108-15.
65. Leavis H, Top J, Shankar N, et al. A novel putative enterococcal pathogenicity island linked to the esp virulence 
 gene of Enterococcus faecium and associated with epidemicity. J Bacteriol 2004; 186:672-82.
66. Teng F, Kawalec M, Weinstock GM, Hryniewicz W, Murray BE. An Enterococcus faecium secreted antigen, SagA, 
 exhibits broad-spectrum binding to extracellular matrix proteins and appears essential for E. faecium growth. 
 Infect Immun 2003; 71:5033-41.
67. Sillanpaa J, Nallapareddy SR, Prakash VP, et al. Identifi cation and phenotypic characterization of a second 
 collagen adhesin, Scm, and genome-based identifi cation and analysis of 13 other predicted MSCRAMMs, 
 including four distinct pilus loci, in Enterococcus faecium. Microbiology 2008; 154:3199-211.
68. Heikens E, Bonten MJ, Willems RJ. Enterococcal surface protein Esp is important for biofi lm formation of 
 Enterococcus faecium E1162. J Bacteriol 2007; 189:8233-40.
69. Van Wamel WJ, Hendrickx AP, Bonten MJ, Top J, Posthuma G, Willems RJ. Growth condition-dependent Esp 
 expression by Enterococcus faecium affects initial adherence and biofi lm formation. Infect Immun 2007; 
 75:924-31.
70. Lund B, Billstrom H, Edlund C. Increased conjugation frequencies in clinical Enterococcus faecium strains 
 harbouring the enterococcal surface protein gene esp. Clin Microbiol Infect 2006; 12:588-91.
71. Nallapareddy SR, Singh KV, Murray BE. Contribution of the collagen adhesin Acm to pathogenesis of 
 Enterococcus faecium in experimental endocarditis. Infect Immun 2008; 76:4120-8.
72. Nallapareddy SR, Singh KV, Okhuysen PC, Murray BE. A functional collagen adhesin gene, acm, in clinical 
 isolates of Enterococcus faecium correlates with the recent success of this emerging nosocomial pathogen. 
 Infect Immun 2008; 76:4110-9.
73. Breton YL, Maze A, Hartke A, Lemarinier S, Auffray Y, Rince A. Isolation and characterization of bile salts-
 sensitive mutants of Enterococcus faecalis. Curr Microbiol 2002; 45:434-9.
74. Mohamed JA, Teng F, Nallapareddy SR, Murray BE. Pleiotrophic effects of 2 Enterococcus faecalis sagA-like 
 genes, salA and salB, which encode proteins that are antigenic during human infection, on biofi lm formation 
 and binding to collagen type i and fi bronectin. J Infect Dis 2006; 193:231-40.
75. Moy TI, Mylonakis E, Calderwood SB, Ausubel FM. Cytotoxicity of hydrogen peroxide produced by Enterococcus 
 faecium. Infect Immun 2004; 72:4512-20.



regel 1
regel 2
regel 3
regel 4
regel 5
regel 6
regel 7
regel 8
regel 9
regel 10
regel 11
regel 12
regel 13
regel 14
regel 15
regel 16
regel 17
regel 18
regel 19
regel 20
regel 21
regel 22
regel 23
regel 24
regel 25
regel 26
regel 27
regel 28
regel 29
regel 30
regel 31
regel 32
regel 33
regel 34
regel 35
regel 36

22

Chapter 1

76. Gentry-Weeks CR, Karkhoff-Schweizer R, Pikis A, Estay M, Keith JM. Survival of Enterococcus faecalis in mouse 
 peritoneal macrophages. Infect Immun 1999; 67:2160-5.
77. Wells CL, Maddaus MA, Simmons RL. Proposed mechanisms for the translocation of intestinal bacteria. Rev 
 Infect Dis 1988; 10:958-79.
78. Arduino RC, Jacques-Palaz K, Murray BE, Rakita RM. Resistance of Enterococcus faecium to neutrophil-
 mediated phagocytosis. Infect Immun 1994; 62:5587-94.
79. Arduino RC, Murray BE, Rakita RM. Roles of antibodies and complement in phagocytic killing of enterococci. 
 Infect Immun 1994; 62:987-93.
80. Medzhitov R, Preston-Hurlburt P, Janeway CA, Jr. A human homologue of the Drosophila Toll protein signals 
 activation of adaptive immunity. Nature 1997; 388:394-7.
81. Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol 2004; 4:499-511.
82. Muller-Eberhard HJ. Molecular organization and function of the complement system. Annu Rev Biochem 
 1988; 57:321-47.
83. van Till JW, van Veen SQ, van Ruler O, Lamme B, Gouma DJ, Boermeester MA. The innate immune response to 
 secondary peritonitis. Shock 2007; 28:504-17.
84. Volk HD, Reinke P, Docke WD. Clinical aspects: from systemic infl ammation to ‘immunoparalysis’. Chem 
 Immunol 2000; 74:162-77.
85. van der Poll T, Opal SM. Host-pathogen interactions in sepsis. Lancet Infect Dis 2008; 8:32-43.
86. Rigato O, Salomao R. Impaired production of interferon-gamma and tumor necrosis factor-alpha but not of 
 interleukin 10 in whole blood of patients with sepsis. Shock 2003; 19:113-6.
87. Gabay C, Kushner I. Acute-phase proteins and other systemic responses to infl ammation. N Engl J Med 1999; 
 340:448-54.
88. Renckens R, Roelofs JJ, Knapp S, de Vos AF, Florquin S, van der Poll T. The acute-phase response and serum 
 amyloid A inhibit the infl ammatory response to Acinetobacter baumannii Pneumonia. J Infect Dis 2006; 
 193:187-95.
89. Noursadeghi M, Bickerstaff MC, Herbert J, Moyes D, Cohen J, Pepys MB. Production of granulocyte colony-
 stimulating factor in the nonspecifi c acute phase response enhances host resistance to bacterial infection. J 
 Immunol 2002; 169:913-9.




