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Abstract

Multidrug-resistant (MDR) enterococci are important nosocomial pathogens and a growing 

clinical challenge. These organisms have developed resistance to virtually all antimicrobials 

currently used in clinical practice using a diverse number of genetic strategies. Due to this ability 

to recruit antibiotic resistance determinants, MDR enterococci display a wide repertoire of 

antibiotic resistance mechanisms including modification of drug targets, inactivation of 

therapeutic agents, overexpression of efflux pumps and a sophisticated cell envelope adaptive 

response that promotes survival in the human host and the nosocomial environment. MDR 

enterococci are well adapted to survive in the gastrointestinal tract and can become the dominant 

flora under antibiotic pressure, predisposing the severely ill and immunocompromised patient to 

invasive infections. A thorough understanding of the mechanisms underlying antibiotic resistance 

in enterococci is the first step for devising strategies to control the spread of these organisms and 

potentially establish novel therapeutic approaches.
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Enterococci are gram-positive facultative anaerobes that live as commensals in the GI tract 

of a variety of organisms including humans [1]. Shaped by the selective pressures of their 

competitive environment, these bacteria have evolved a diverse array of responses and 

genetic plasticity allowing them to thrive in the modern healthcare environment. Advances 

in modern medicine have increased the ability to sustain life in critically ill patients 

increasing the susceptibility to infection and resulting in rapid patient turnover and 
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widespread use of antibiotics. Armed with multiple antibiotic resistance determinants, 

enterococci ‘take advantage’ of this opportunity and expand within their ecologic niche (GI 

tract of hospitalized patients) to gain the upper hand and dominate the intestinal microbiota. 

From the GI tract, multidrug-resistant (MDR) enterococci disseminate rapidly in the hospital 

environment. Indeed, enterococci are leading causes of nosocomial infections and are 

second only to staphylococci as a cause of gram-positive nosocomial infections [2]. Here, 

we will discuss the historical context behind the rise of enterococci as MDR pathogens 

followed by a review of the current understanding of the molecular basis of enterococcal 

antimicrobial resistance. Finally, we will briefly address the need for the development of 

novel drug targets and combination therapies against these sturdy and recalcitrant 

organisms.

Evolution of antibiotic resistance in MDR enterococci

The advent of the antibiotic era spurred a new revolution in modern medicine. With the 

discovery of antimicrobial agents and the understanding of the microbiological basis of 

disease, infection became a treatable disease with remarkable results. However, clinicians 

rapidly realized that certain microorganisms appear to respond less well to specific 

antimicrobial agents. For example, with the introduction of penicillin, streptococcal 

infection was successfully treated with this agent. However, a subset of ‘streptococcal’ 

organisms (later known as enterococci) appeared to respond less well to penicillin due to an 

inherent tolerance to the killing action of these compounds [3]. It was later found that the 

addition of aminoglycosides (streptomycin was discovered in 1944 [4]) to penicillin 

produced synergistic activity improving the cure rates for enterococcal infective endocarditis 

from 40 to 88% [5]. This synergistic effect was seen despite the fact that enterococci are also 

inherently less susceptible to aminoglycosides compared to other gram-positive bacteria. 

Thus, the combination of a cell-wall active agent (i.e., ampicillin/penicillin) plus an 

aminoglycoside became the standard of care for deep-seated enterococcal infections and this 

combination is still used to the present day [6].

Though it was not known at that time, the seeds of the modern MDR enterococci were 

already being sown. Using comparative genomics, Lebreton et al. demonstrated that the 

modern-day MDR Enterococcus faecium belongs to a genetic clade that appears to have 

diverged from animal-adapted E. faecium isolates about 75 years ago, coinciding with the 

introduction of antibiotics in clinical practice [7]. Features of this clade (designated A1) 

include an increase in mobile genetic elements, alterations in metabolism and 

hypermutability, a skill set that provides E. faecium a malleable genome in the face of 

multiple selective pressures. The remarkable increase in the use of antimicrobials in clinical 

medicine in the latter half of the 20th century provided the selective environment for these 

microorganisms to evolve by recruiting a variety of antibiotic resistance determinants.

Among the most distinct examples of this adaptability is the acquisition of the genes 

encoding vancomycin resistance. Van-comycin use was associated with the emergence and 

spread of methicillin-resistant Staphylococcus aureus (MRSA) in the 1960s. However, 

unlike MRSA, enterococci have been able to recruit and maintain a variety of gene clusters 

encoding the biochemical machinery for vancomycin resistance. From the first recognition 
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of vancomycin-resistant enterococci (VRE) in 1988 to late in the first decade of this century, 

the rates of van-comycin resistance in E. faecium in the USA have surpassed 80% [8]. Of 

concern, E. faecium is also increasingly identified in nosocomial infections, now occurring 

as frequently as isolates of Enterococcus faecalis (whose rates of vancomycin resistance are 

about 5%) [2]. More recently, enterococci have also served as donors of vancomycin 

resistance gene clusters to more pathogenic microorganisms such as MRSA, an event 

considered to be a serious public health threat [9,10].

Despite the availability of anti-gram-positive agents (e.g., line-zolid, quinupristin/

dalfopristin [Q/D], daptomycin [DAP], tige-cycline), enterococci have rapidly adapted and 

emergence of resistance to all these newer agents have been well documented. This 

phenomenon makes the treatment of MDR enterococcal infections a daunting clinical 

challenge. Thus, in the following sections, we will review the molecular mechanisms of 

antibiotic resistance in enterococci with the objective to place such mechanisms in context 

within a clinical perspective and explore innovative strategies to combat these recalcitrant 

microorganisms.

Mechanisms of resistance to cell-wall active agents

Ampicillin/penicillin

Ampicillin and penicillin are the most active β-lactams against enterococci inhibiting the 

synthesis of peptidoglycan, the basic structure of the bacterial cell wall and a critical 

component needed for bacterial viability. As such, the peptidoglycan synthesis and 

maintenance machinery has long been a target for antimicrobial therapy. Furthermore, the 

lack of similar structures in eukaryotic cells decreases the toxicity profiles of many of these 

agents, making them an ideal target against bacteria. Penicillin-binding proteins (PBPs) are 

the workhorses of the cell wall synthesis machinery and they can be roughly divided into 

two groups: class A, which are bifunctional enzymes that possess both D,D-transpeptidase and 

transglycosylase activity, and class B, which possess only the transpeptidase domain and 

rely on the transglycosylase activity of other enzymes.

All enterococci produce at least five PBPs, which can be differentiated by migration pattern 

on gel electrophoresis and were originally named by convention on the order of migration 

[11]. Subsequent genomic analysis of both E. faecalis and E. faecium revealed six putative 

PBP genes, three of which are class A (ponA, pbpF, pbpZ) and three class B (pbp5, pbpA, 

pbpB) [12]. Intrinsic tolerance to the action of β-lactams is associated with the presence of a 

species-specific chromosomal gene, pbp5, which encodes a class B PBP with low binding 

affinity for ampicillin and the cephalosporins [13,14]. In E. faecium, pbp5 exists in an 

operon with two other genes implicated in cell wall synthesis; psr, for PBP synthesis 

repressor, as it was originally thought to repress transcription of pbp5 (this effect was later 

attributed to a deletion in the promoter region of the gene) and ftsW, a protein known to 

interact with Escherichia coli PBP3 during septum formation [15]. High-level resistance to 

ampicillin (MIC 128 μg/ml or more) was first associated with increased production of the 

enzyme, requiring a higher concentration of antibiotic to saturate the active site [16]. 

However, many resistant clinical isolates were found to have no difference in protein 

expression from their sensitive counterparts. Thus, resistance in these strains was attributed 
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to mutations altering the protein sequence, specifically a Met485 → Ala substitution near 

the active serine residue and the insertion of a serine residue at position 466 in a loop 

structure predicted to interact with the active site complex [17]. Although the authors of this 

study observed a decrease in binding of β-lactams and a subsequent increase in the MIC, the 

relationship was not directly proportional. Additionally, copies of the pbp5 gene from highly 

resistant clinical isolates were unable to fully restore the resistant phenotype of a 

hypersensitive strain lacking a copy of pbp5 [14].

Sequence variation of PBP5 is sufficient to distinguish two groups of E. faecium, one 

possessing high-level ampicillin resistance (termed Pbp5-R) associated with the hospital 

environment and a community-associated variant (Pbp5-S) that results in lower MICs to 

ampicillin (usually <64 μg/ml), but is unable to completely explain the differing 

susceptibility profiles observed in clinical practice [18]. Thus, as yet unidentified factors 

play an important role in expressing resistance via Pbp5 in E. faecium. In E. faecalis, pbp5 

appears to exist independent from the operon structure described in E. faecium, and although 

it also encodes a class B PBP, it has a lower intrinsic tolerance to ampicillin (typical MICs 

of E. faecalis isolates are 1–4 μg/ml). Both overexpression of the enzyme and mutations in 

amino acid sequence have been implicated in higher levels of resistance, though neither 

method produced changes in MIC as dramatic as seen in E. faecium [19,20].

Another form of ampicillin resistance, mediated by a β-lactamase that inactivates the 

antibiotic through the cleavage of the β-lactam ring, has been described in both E. faecalis 

and E. faecium [21,22]. Originally described in staphylococci, the gene blaZ encodes a β-

lactamase as part of an operon with blaR1, a transmembrane sensor and signal transducer, 

and blaI, a repressor gene [23]. Sequence analysis of enterococci possessing the entire 

operon showed amino acid sequence identity of 97, 95 and 96% to the blaZ, blaI and blaR1 

genes, respectively of S. aureus, reinforcing previous evidence that these genes likely 

originated in staphylococci [24]. In contrast to staphylococci, blaZ in enterococci is 

expressed constitutively and at a much lower level, resulting in a clinically significant 

inoculum effect. Thus, when inoculating bacteria at concentrations for routine suscepbility 

testing (generally 1 × 105 organisms per ml), the enterococci produce so little enzyme that 

they test susceptible, while at high inoculum, such as during infection, the presence of more 

enzyme leads to resistance. Once identified, however, the presence of a β-lactamase is of 

trivial clinical concern as the addition of the β-lactamase inhibitor sulbactam (i.e., ampicil-

lin-sulbactam) is sufficient to restore the antibiotic efficacy.

Finally, the development of ampicillin resistance via an L,D-transpeptidase known as Ldtfm 

has also been described in vitro [25]. Constitutively expressed in E. faecium, Ldtfm utilizes a 

tetrapeptide substrate (unlike the D,D-transpeptidases which act on pentapeptides) and is 

thought to be involved in the maintenance of peptidoglycan in the stationary phase. 

Mutations in a cryptic locus (ddc), coding for a putative two-component signal transduction 

system (TCS) induced expression of a D,D-carboxypeptidase (DdcY), which shares 

similarities with the van resistance cluster (discussed below) and produced the necessary 

tetrapeptide substrate [26]. Of note, this pathway would allow the synthesis of a functional 

cell wall in the presence of glycopeptides [27].

Miller et al. Page 4

Expert Rev Anti Infect Ther. Author manuscript; available in PMC 2015 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cephalosporin resistance

Although the natural resistance of enterococci to cephalosporins is a well-known feature, the 

molecular basis of this phenotype is not completely understood. A common observation is 

that intrinsic resistance is associated with a decrease in binding affinity of cephalosporins for 

the enterococcal PBPs, specifically Pbp5 [28,29]. As a class B PBP possessing only 

transpeptidase enzymatic activity, Pbp5 must partner with a glycosyltransferase to 

synthesize peptidoglycan. In two studies performed by Arbeloa et al. [29], and Rice et al. 

[28], sequential deletion of the known class A PBPs (PbpF, PonA or PbpZ) in both E. 

faecalis and E. faecium was undertaken alone and in combination to infer their effect on the 

resistance phenotype. In both species, it was found that either PonA or PbpF was needed to 

express cephalosporin resistance; PbpZ alone was unable to provide the needed 

transglycosylase activity. Likewise, deletion of all three genes led to a susceptible phenotype 

in both species, however, the triple mutant was still viable, albeit at an impaired rate of 

growth. The enzyme providing transglycosylase activity in the absence of the class A PBPs 

was not identified, and genomic analysis looking for conserved sequences similar to known 

glyco-syltransferases did not suggest a suitable candidate. Interestingly, in E. faecium, it was 

noted that deletion of the class A PBPs showed a dissociation of cephalosporin and 

penicillin resistance, as MICs to ampicillin did not change. Further, an inducible resistance 

to cephalosporins in triple mutants (that is deletion of all class A PBPs) was unmasked by 

disk diffusion with penicillin, suggesting differential activation of regulatory pathways as a 

response to β-lactam antibiotics.

Several regulatory pathways controlled by bacterial two-component regulatory systems 

(TCS) have also been associated with the intrinsic resistance to cephalosporins. However, 

we are just beginning to scratch the surface of the action of their downstream effectors [30]. 

Among them, CroRS was shown to be important for cephalosporin resistance. CroS, a 

sensor with histidine kinase activity, phosphorylates the cognate response regulator CroR, 

which is postulated to alter transcription via a DNA binding domain [31]. Several genes 

under direct CroR regulation have been identified; however, none of them appears to alter 

pathways currently known to induce cephalosporin resistance [32,33]. Another TCS 

implicated in resistance consists of a serine/threonine kinase designated IreK and a 

phosphatase IreP [34]. E. faecalis with deletions of IreP were shown to exhibit increased 

resistance to ceftriaxone, but had a substantial reduction of fitness in the absence of 

antibiotics [35]. A third protein, IreB, was demonstrated to be the target of both IreK and 

IreP and to negatively regulate the expression of cephalo-sporin resistance [36]. 

Furthermore, the concomitant deletion of IreK and IreB, or the elimination of the threonine 

residue where phosphorylation occurs, was able to restore resistance via a release of 

inhibition of the pathway. This system seems to be specific to cephalosporin resistance, as 

MICs to ampicillin and other cell wall active agents were unchanged. One protein that may 

be involved in the downstream effects of the IreK signaling pathway is MurAA, one of a 

pair of homologs that catalyze the first committed step in peptidoglycan synthesis [37]. 

Deletion of the gene coding for this enzyme resulted in a loss of resistance to cephalosporins 

despite the ability of the homolog MurAB to carry out enzymatic activity as a uridine 

diphos-phate-N-acetylglucosamine 1-carboxyvinyl transferase. When expressed from a 
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plasmid vector in ireK-deficient E. faecalis, but not in croR or pbp5 deletion mutants, 

MurAA was able to restore ceftriaxone resistance [37].

Glycopeptide resistance

Glycopeptides (vancomycin and teicoplanin) bind to the terminal D-alanine-D-alanine (D-Ala-

D-Ala) moiety of peptidoglycan precursors, thus preventing cross-linking of peptidoglycan 

chains and inhibiting synthesis of the cell wall. Resistance to these agents, typified by 

vancomycin, can be described as high-level (MIC >64 μg/ml) or low-level (MIC between 4 

and 32 μg/ml), both due to a change in the terminal amino acids of the peptido-glycan 

precursor from D-Ala-D-Ala to D-alanine-D-lactate (D-Ala-D-Lac) or, less frequently, D-alanine-

D-serine (D-Ala-D-Ser) [38]. The type of amino acid change is relevant, as it determines the 

level of resistance. Thus, low-level resistance is conferred by the D-Ala-D-Ser-ending 

precursors, which decreases the binding affinity of the antibiotic about sevenfold. On the 

other hand, high-level resistance relies on the change of the terminal penta-peptide to D-Ala-

D-Lac, a substitution that eliminates one of the five hydrogen bonds required for the binding 

of vancomycin to the peptidoglycan chain, reducing its affinity about 1000-fold.

The origin of vancomycin resistance gene clusters (designated van) likely lies in the day-to-

day struggle for survival in the microbial world. Genes nearly identical to the vanA cluster 

found in enterococci have been described in the soil organisms Paenibacillus 

thiaminoluticus and P. apiaries [39]. To date, nine distinct vancomycin resistance clusters 

have been described in enterococci (vanA, vanB, vanC, vanD, vanE, vanG, vanL, vanM and 

vanN) [38,40–42]. In general, these clusters consist of three groups of genes encoding: TCS; 

enzymes necessary for the synthesis of new peptidoglycan precursors and enzymes that 

destroy the normal D-Ala-D-Ala-ending precursors. The different clusters can be 

differentiated by the identity at the amino acid level of the ligase enzyme (e.g., VanA vs 

VanB), by the degree of vancomycin resistance conferred, the ability of the system to be 

induced upon exposure to teicoplanin and the structural arrangement of the gene cluster.

The vanA cluster is the most common mediator of vancomycin resistance in enterococci and 

its expression is under the regulation of two promoters. The first is responsible for the 

transcription of VanRS, the TCS that regulates VanA expression and function. The sensor of 

the system is VanS, which is a transmembrane protein with a histidine kinase domain that 

responds to the presence of glycopeptides by phosphorylating the response regulator VanR 

[43]. Once activated, VanR binds to the second promoter region, located upstream of the 

resistance genes, activating their transcription. The first step in expressing vancomycin 

resistance is the transcription of vanH that encodes a dehydrogenase, which allows for the 

production of D-lactate from pyruvate. The next gene, vanA, produces a ligase that enables 

the addition of D-Lac to D-Ala before adding it to a tripeptide precursor. The resulting 

pentadepsipeptide is incorporated into the growing cell wall and allows for cross-linking of 

the peptidoglycan structure. VanX, a D,D-dipeptidase, and VanY, a DdcY, work to clear the 

usual D-Ala-D-Ala dipeptides (which will bind vancomycin if incorporated in the cell wall) 

and the normal D-Ala-ending pentapeptide chains from the pool of cell wall precursors, 

respectively. Thus, destruction of D-Ala-ending pentapeptide precursors is crucial for the 

mechanism of glyco-peptide resistance. A gene, designated vanZ, encodes for a putative 
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protein whose function has not been completely elucidated, but that was shown to confer 

teicoplanin resistance when expressed independently in an E. faecium strain [44].

VanB is also commonly found in clinical enterococcal isolates and functions in a similar 

manner to the VanA cluster, with several important differences. The sensor kinase (VanSB) 

and response regulator (VanRB) share only a distant relationship (34 and 23% sequence 

identity, respectively) to their VanA homologs [43]. As such, VanSB is not activated in the 

presence of teicoplanin, allowing strains with the VanB pheno-type to remain susceptible to 

this antibiotic. Importantly, resistance to teicoplanin may arise from mutations in the sensor 

kinase, allowing the activation of the system in the presence of the antibiotic or impairment 

of the phosphatase regulatory ability of VanSB resulting in constitutive expression of the 

resistance genes [45]. VanB also lacks the vanZ gene and instead possesses vanW, whose 

function is also unknown.

An intrinsic feature of two species of enterococci, Enterococcus gallinarum and 

Enterococcus casseliflavus, is that they carry vanC, a chromosomally encoded gene cluster 

that confers (with other genes) low-level resistance to vancomycin through the change of the 

terminal dipeptide from D-Ala-D-Ala to D-Ala-D-Ser [46]. These species produce the altered D-

Ala-D-Ser dipeptide via VanT, a serine racemase that catalyzes the change from L-Ser to D-

Ser [47]. In addition, they also harbor a bifunctional D,D-pepti-dase/DdcY designated 

VanXYC that hydrolyzes the typical D-Ala-D-Ala precursors in the cytoplasm. Similar to 

VanC, VanE is also chromosomally encoded, expresses low-level resistance and is under the 

control of a single promoter [48]. Interestingly, Abadía Patiño et al. found that a functional 

VanE-resistant phenotype was fully expressed despite the inactivation of VanSE by a 

premature stop codon [49]. Activation and transcription of the operon by an undetermined 

endogenous TCS was proposed and underscores the robust nature of the enterococcal stress 

response.

The genes encoding the TCS of the van gene clusters are an elegant system that allows 

bacteria to balance the need of antimicrobial resistance and the cost in fitness they carry for 

the cell. Defects of this system, as evidenced in the VanD phenotype, can lead to an 

interesting series of compensatory mutations [50]. Enterococci expressing VanD lack an 

active signal TCS due to an inactivating mutation of VanSD or VanRD. As such, the resistant 

phenotype is constitutively expressed by the constant activation of the operon producing the 

D-Ala-D-Lac depsipeptide. This would be expected to saddle the bacteria with a substantial 

metabolic burden, as it is necessary to maintain a futile cycle of synthesis and destruction of 

D-Ala-D-Ala, despite the absence of the glycopeptide threat. However, these strains also 

harbor a second mutation in the gene ddl, encoding the ligase responsible for the production 

of normal peptidogly-can precursors. As a result, they express the resistant phenotype 

without a substantial reduction in fitness. In fact, loss of the ddl gene in other van cluster-

containing enterococci (most commonly VanB) leads to vancomycin dependence as these 

bacteria are unable to synthesize normal peptidoglycan precursors and require the presence 

of vancomycin to activate the van operon in order to build a cell wall [51]. In this case, 

restoration of normal growth occurs with either a ‘gain-of-function’ mutation of ddl or 

constitutive expression of the van operon [52].
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Mechanisms of DAP resistance

The bacterial cell membrane (CM) is a crucial structural and functional component that 

regulates a vast majority of cell processes by connecting the external milieu with the 

cytoplasm. This structure also serves to keep out toxic compounds and provides an anchor 

for vital membrane-based proteins. DAP is a lipopeptide antibiotic that targets the CM and is 

related to many cationic antimicrobial peptides (CAMPs) that are produced by the innate 

immune system of eukaryotic organisms. Insertion of DAP into the CM requires the 

presence of calcium ions and appears to bind preferentially at the division septum plane. 

Once inside the membrane, DAP oligomerizes in the outer leaflet and the DAP complexes 

reach the inner leaflet of the CM forming a ‘pore’ structure that disrupts the integrity and 

functionality of the CM resulting in a variety of processes (including leakage of ions) that 

lead to cell death [53]. Oligomerization of DAP in the outer leaflet appears to depend on the 

presence of the phospholipid phosphatidylglycerol [54], whereas another phospholipid, 

cardiolipin (CL), influences the ability of DAP oligomers to reach the inner leaflet of the 

CM [55]. In Bacillus subtilis, DAP has been shown to cause recruitment of a cell division 

protein (DivIVA) at the sites of CM damage, resulting in abnormal cell wall synthesis and 

defective cell division [56]. Of interest, enterococci are less susceptible to DAP than 

staphylococci, a fact that is reflected by the susceptibility breakpoints, which are four-times 

higher for enterococcal isolates than for staphylococci [57].

Recent work has shed light on the genetic changes responsible for the DAP non-susceptible 

phenotype (hereafter referred to as DAP resistance [DAP-R] for clarity) in enterococci. 

Sequencing of a clinical strain pair of E. faecalis that developed DAP-R over the course of 

therapy revealed three genes responsible for the resistance phenotype [58]. The first is liaF 

that encodes a member of a three-component regulatory system (LiaFSR) that has been 

found to orchestrate the cell-envelope response to stress in gram-positive bacteria. In B. 

subtilis, LiaF negatively regulates LiaS, which is a histidine kinase that, upon cell-envelope 

stress, phosphorylates the response regulator LiaR [59]. In E. faecalis, a single deletion of an 

isoleucine at position 177 of LiaF increased the DAP MIC from 1 to 4 μg/ml (established 

breakpoint is 4 μg/ml) and, more importantly, abolished the bactericidal activity of DAP 

[60]. The other two genes implicated in DAP-R are involved in phospholipid metabolism: 

gpdD, which encodes a glycerol-phosphodiester phosphodiesterase, and cls, which encodes 

for a cardiolipinsynthase (Cls) [58,61].

In S. aureus, the actual mechanism of DAP resistance is related to the increase in cell 

envelope surface charge due to changes in MprF (a transmembrane protein that increases the 

content of the positive charged phospholipid lysyl-phosphatidylglycerol in the outer leaflet 

of the CM). Under this scenario, positively charged DAP is ‘repelled’ from the cell surface 

(also with positive charge due to high content of lysyl-phosphatidylglycerol) preventing its 

interaction with the CM [62]. In contrast, recent evidence in E. faecalis suggested that this 

microorganism uses a different strategy to withstand the DAP attack. Indeed, using a 

fluorescent derivative of DAP, Tran et al. showed that binding of DAP to the CM was 

similar between a DAP-susceptible E. faecalis and its DAP-resistant derivative [63], 

suggesting that repulsion of DAP from the cell surface was not relevant for the mechanism 

of DAP resistance. Instead, the resistance phenotype was associated with redistribution of 
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CL microdomains in the CM which were relocated from the septum (the principal target of 

DAP) to non-septal areas. These CL microdomain remodeling was associated with changes 

in the LiaFSR system (see above). From these experiments, the authors hypothesized that a 

novel mechanism of resistance involved a stepwise process in which mutations in liaFSR 

resulted in mobilization of CL microdomains from the septum. As a result, DAP is diverted 

from the septum to other non-septal areas. The mechanism of resistance is completed by 

changing the content of CM phos-pholipids; the content of phosphatidylglycerol is 

decreased preventing DAP oligomerization and CL microdomains may ‘trap’ the diverted 

antibiotic away from the septum and prevent it from reaching the inner leaflet of the CM 

(Figure 1). Evidence for this ordered progression of resistance was recently provided by 

experimental evolution in vitro of E. faecalis [64]. Moreover, the important role of cls 

(encoding CL synthase) in mediating the DAP resistance phenotype was supported by 

experiments in which the overexpression of CL in a plasmid was sufficient to increase the 

DAP MICs.

Development of DAP resistance in E. faecium seems to be more common than that observed 

in E. faecalis, since E. faecium isolates are commonly MDR and DAP is more frequently 

used against these organisms. As opposed to E. faecalis, DAP-R in E. faecium appears to be 

mainly dependent on repulsion of DAP from the cell surface rather than diversion from 

septal areas (Figure 1). The genetic basis for DAP resistance in E. faecium also appears to be 

different from E. faecalis, although genes encoding regulatory systems that are involved in 

cell envelope homeostasis and phospholipid metabolism also appear to play an important 

role. A recent comparative analysis of the genomes from a clinical strain-pair of E. faecium 

that developed resistance during therapy revealed changes in eight different genes, including 

a TCS capable of modulating the cell-wall stress response to DAP and designated YycFG 

[65]. Specific to the low G + C gram-positive bacteria, this system plays an important role in 

the homeostasis of the cell wall with high activity during cell division [66]. The mechanism 

by which changes in this system facilitate DAP-R in enterococci is not entirely clear and is 

currently part of active investigations. Another gene that was found to have changes and is 

hypothesized to be important is cfa, which encodes for a cyclopropane synthase involved in 

phospholipid metabolism. This enzyme adds a methylene group to the double bond of 

unsaturated fatty acids, which act to stabilize the CM to respond to a variety of cell envelope 

stressors [67]. Of note, changes in cls have also been commonly identified in DAP-R E. 

faecium isolates.

The LiaFSR system has also been implicated in DAP-R and tolerance in E. faecium. 

Recently, Diaz et al. analyzed the genomes of 19 E. faecium isolates with a wide range of 

DAP MICs (from 3 to 48 μg/ml) and compared them with all publicly available genomes, 

specifically searching for genetic changes previously associated with DAP-R (both in 

enterococci and staphylococci). Interestingly, the most frequent mutations identified were in 

liaFSR, followed by changes in the above-mentioned YycFG systems, supporting the 

hypothesis that changes in TCS are a pivotal step toward DAP-R in enterococci [68]. 

Furthermore, the majority (75%) of DAP-susceptible E. faecium bacteremia isolates whose 

MIC was in the higher range of susceptibility (i.e., between 3 and 4 μg/ml) harbored 

mutations in LiaFSR [69]. Conversely, none of the isolates of the same collection with DAP 
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MIC ≤2 μg/ml exhibited changes in this system. More importantly, these changes were 

sufficient to abolish the in vitro bactericidal activity of DAP [60] and were associated with a 

clinical failure in a neutropenic patient with VRE bacteremia [70].

Interestingly, development of DAP resistance is inversely related to increased susceptibility 

to β-lactams. Indeed, combinations of DAP with ampicillin, ceftriaxone and ceftaroline have 

been noted to be synergistic in vitro and to improve clinical outcomes of patients failing 

DAP therapy [71–73]. Recent data showed that synergy with ampicillin was dependent on 

changes in LiaFSR but not in YycFG, suggesting the possibility that the synergism with β-

lactams is influenced by the particular signaling pathway through which DAP resistance (or 

tolerance) is mediated [68]. Elucidation of the mechanism behind this interaction requires 

further study, as genetic information of DAP-resistance-associated mutations may 

eventually become relevant for clinicians as a useful tool to predict DAP failure and/or the 

need (and usefulness) of combination therapy.

Mechanisms of resistance to antibiotics that interfere with protein 

synthesis

Aminoglycosides

Enterococci display intrinsic tolerance (manifested by the lack of bactericidal activity) to the 

aminoglycosides. This phenomenon seems to be mediated by two main factors: poor uptake 

of the antibiotic requiring higher concentrations to promote entrance into the intracellular 

space and inactivation by covalent modification of the hydroxyl or amino groups of the 

aminoglycoside molecule carried out by naturally occurring enterococcal enzymes, creating 

a steric hindrance and decreasing the binding to the ribosomal target. Indeed, E. faecium 

possess a chromosomally encoded 6′-acetyltransferase enzyme (AAC(6′)-Ii) capable of 

modifying tobramycin, sisomicin, kanamycin and netilmicin [74]. In addition, many clinical 

isolates also possess the enzyme APH(3′)-IIIa, which results in resistance to kanamycin and 

amikacin through its phosphotransferase ability. Additionally, enterococci are capable of 

modifying the ribosomal target via a ribosomal RNA (rRNA) methyltransferase known as 

EfmM [75]. This enzyme recognizes a specific cytidine at position 1404 of the 16S rRNA in 

E. faecium, and methylation of this residue confers resistance to kanamycin and tobramycin.

Due to the above issues, only two aminoglycosides (gentamicin and streptomycin) are 

reliably used in clinical practice (for synergism with β-lactams) due to the fact that these 

compounds are not readily affected by intrinsic enzymes produced by enterococci. However, 

high-level resistance to aminoglycosides, defined as an MIC >2000 μg/ml for streptomycin 

and 500 μg/ml for gentamicin (agar dilution method), abolishes the synergistic effect of 

these compounds. Resistance to streptomycin occurs by one of two mechanisms. ‘Absolute’ 

inhibition at the level of the ribosome was demonstrated in clinical isolates that possessed 

MICs to streptomycin >128,000 μg/ml by precipitating the ribosomal complex and showing 

that they were able to translate polyU RNA (through the quantification of radiolabeled 

phenyl-alanine) in the presence of the drug [76]. Enzymatic inactivation due to acquisition 

of a streptomycin adenyltransferase confers high-level resistance and abolishes synergy [77]. 

Similarly, high-level resistance to gentamicin is primarily due to a bifunctional modifying 
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enzyme AAC(6′)-Ie/APH(2′)-Ia that possesses both 6′-acetyltransferase and 2′-

phosphotransferase activities and confers resistance to all aminoglycosides except 

streptomycin [78]. Three other acquired genes encoding phosphotransferases that may affect 

the activity of gentamicin have been identified: APH (2′)-Ic, which was originally isolated 

from E. gallinarum and has since been found in E. faecium and E. faecalis [79], has activity 

against gentamicin and tobramycin, but not amikacin or netilmicin; Aph(2′)-Id, which 

confers resistance to gentamicin but not amikacin and has been identified in E. casseliflavus 

and E. faecium [80] and aph(2′)-Ib is a gene that has been described in E. faecium and its 

presence results in resistance to all amino-glycosides except for streptomycin and amikacin 

[81].

Oxazolidinones

Linezolid is a bacteriostatic agent with broad activity against gram-positive bacteria. It binds 

to the 23S rRNA and disrupts the docking of the aminoacyl-tRNA in the A site of the 

ribosome, thus inhibiting the delivery of peptides and the subsequent elongation of the 

polypeptide chain [82,83]. Mutations in genes encoding the 23S rRNA, which is an 

important part of the drug-binding site at the ribosome, are the most common mechanisms of 

linezolid resistance. Of note, enterococci, as many other bacteria, carry multiple copies of 

the 23S rRNA gene and the number of mutated alleles correlates with the resistance 

phenotype [84]. Recombination between these alleles has been demonstrated to accelerate 

the increase in MIC in the E. faecalis JH2-2 compared to a recombination-deficient JH2-2 

mutant [85]. Among these changes in the domain V of the 23S rRNA, substitution G2576T 

is the most common (see Table 1 for complete list of known mutations; E. coli numbering) 

and selection for mutations in rRNA is associated with longer duration of therapy [86]. 

Additionally, mutations in the ribosomal proteins L3 and L4, which border the peptidyl-

transferase center where linezolid binds, are associated with an increase in the linezolid 

MIC. These mutations were originally described in linezolid-resistant staphylococci and 

have subsequently been identified in resistant enterococci as well [87,88]. Enzymatic 

modification of the 23S rRNA by methylation of an adenine in position 2503 has also been 

described in enterococci [89]. The responsible gene, cfr which encodes for a methylase 

(Cfr), is a plasmid-borne determinant of resistance that has been found in clinical isolates of 

E. faecalis as well as in other clinically relevant gram-positive organisms such as 

staphylococci [90,91]. The cfr gene has been associated with the mobile transposable 

element IS256, whose sequence is common in MDR staphylococci and enterococci, and this 

sequence has been found to mediate the transfer of antibiotic resistance genes, as well as 

altering the promoter sequence of regulatory proteins or activate the expression of existing 

resistance determinants [92]. This phenomenon could explain the ability of cfr to spread 

across species and portends the possibility of widespread dissemination in the clinical 

setting. Data from an in vivo mouse peritonitis model suggested that cfr resistance in 

staphylococci may be overcome by linezolid doses that mimic human pharmacokinetics; 

however, mutations in the 23S rRNA resulted in therapeutic failure [93].

Streptogramins/macrolides/lincosamides

Q/D is a mixture of pristinamycin derivatives, streptogramin A (dalfopristin) and B 

(quinupristin), which is effective against E. faecium, but not E. faecalis. Indeed, E. faecalis 
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possess a chromosomal gene named lsa (for lincosamide and streptogramin A resistance), 

which encodes for a putative protein with an ATP-binding cassette motif of transporter 

proteins but not the trans-membrane region that would be expected for an efflux pump [94]. 

The exact molecular function and how it mediates resistance remains unknown, but its 

presence provides all E. faecalis with intrinsic resistance to streptogramin A and linco-

samides, which explains the lack of action of Q/D against these microorganisms. Moreover, 

resistance to macrolides, lincosa-mides and streptogramin B (known as the MLSB 

phenotype) is prevalent in enterococci [95]. Cross-resistance with all macrolides arises from 

modification of the 23S rRNA target (A2508, as opposed to modification of A2503 by cfr in 

linezolid resistance) by a variety of methylase genes, most commonly ermB [96,97].

The mechanism of bactericidal action of Q/D results from a synergistic effect of both 

pristinamycin compounds. The binding of dalfopristin induces a conformational change in 

the ribo-some that unmasks a high-affinity binding site for quinupristin, leading to 

irreversible inhibition of the ribosome complex [98]. Resistance to Q/D in E. faecium is 

mediated by several mechanisms. First, modification of dalfopristin via the 

acetyltransferases VatD and VatE renders it ineffective, abolishing the synergy observed 

with quinupristin [99]. A second mechanism of resistance, originally described in 

staphylococci, involves the enzymatic cleavage of the ring structure of streptogramin B by 

the lactonases VgbA and VgbB [100]. Interestingly, the MLSB phenotype conferred by the 

erm genes modifies the target for quinupristin (streptogramin B); however, dalfopristin, as a 

streptogramin A, remains active. However, in vivo the presence of ermB may affect the 

efficacy of Q/D. Indeed, this phenomenon was demonstrated in a rat endocarditis model 

where Fantin et al. found that activity of Q/D was decreased in enterococci possessing 

MLSB due to the incomplete penetration of dalfopristin into the valvular vegetation, 

resulting in five treatment failures in the group with Q/D monotherapy, as compared with 

none in the amoxicillin group [101]. Finally, efflux pumps such as msrC [96] have also been 

implicated in playing a role in removing Q/D from the cell and, more recently, a mutation in 

the eatA gene (for Enterococcus ABC transporter) was shown to confer resistance to 

susceptible E. faecium strains [102].

Tetracyclines & glycylcyclines

Tetracyclines exert their antibacterial effect by binding to the ribosome and interfering with 

the docking of aminoacyl-tRNA. This occurs via association with several loops of the 16S 

rRNA and the ribosomal protein S7, however, this is a reversible process and these agents 

are bacteriostatic [103]. Resistance is mediated by multiple genes, but follows two general 

strategies, efflux of the antibiotic and ribosomal protection. Efflux pumps encoded by tetK 

and tetL are plasmid-borne determinants that encode proteins with 14 α-helices that make up 

the transmembrane domains and confer resistance to tetracycline but not minocycline [104]. 

Expression of resistance is regulated by translational attenuation in the absence of the 

antibiotic due to the formation of a stem loop structure in the mRNA, which masks the 

second of two ribosomal binding sites [105]. In the presence of tetracycline, the ribosome 

complex is unable to synthesize the normal leader peptide, an alternate loop structure forms 

in the mRNA and the second binding site becomes accessible, allowing for synthesis of the 

efflux pump. The genes tetM, tetO and tetS are chromosomal resistance determinants, which 
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confer resistance to doxycycline and minocycline as well as tetracycline and can be 

transferred via the Tn916 transposon [106,107]. These genes code for a protein with a 

significant homology to bacterial elongation factors (EFs), and like EFs they are able to 

hydrolyze GTP in the presence of the ribosome, which alters ribosomal conformation and 

displaces bound tetracycline [104].

Tigecycline, a glycylcycline, is a synthetic derivative of minocycline with a broad spectrum 

of activity against gram-negative and gram-positive bacteria, including MRSA and VRE. 

This compound is US FDA-approved for the treatment of complicated skin and soft tissue 

infections and abdominal infections. Given the low achievable serum concentrations of the 

antibiotic, mono-therapy in serious infections is discouraged. Similar to all tetracy-clines, 

tigecycline binds to the 16S rRNA of the 30S subunit of the ribosome and inhibits the 

association of the aminoacyl-tRNA [108]. Unlike other tetracyclines, however, MICs are not 

affected by typical tetracycline resistance determinants [109]. To date, there have been two 

published reports of tigecycline resistance in enterococci, both related to intra-abdominal 

procedures [110,111]. The mechanism of resistance remains unknown.

Mechanisms of resistance to agents interfering with nucleic acid 

replication, transcription & synthesis

Quinolones

The introduction and relaxation of supercoils in DNA is important for transcription and the 

replication of the genome prior to cell division. The quinolones target two of the enzymes 

responsible for this process, DNA gyrase and topoisomerase IV. Both enzymes are tetramers 

composed of two different subunits: GyrA and GyrB form the DNA gyrase complex, while 

the topoisomerase IV is composed of ParC and ParE. The DNA gyrase introduces negative 

supercoils into the DNA strand, priming it for the initiation of replication and relaxing the 

strand in front of the advancing polymerase. On the other hand, topoisomerase IV separates 

the newly replicated interlocking DNA double helix allowing for segregation to occur before 

cell division. Both processes require double-stranded breaks in the DNA, and stabilization of 

the enzyme/DNA complex by quinolones results in a disruption of strand continuity and 

arrest of replication [112]. There is evidence that there may be differential inhibition of these 

two enzymes between gram-positive and gram-negative bacteria and varying grades of 

inhibition between the different types of quinolones [112,113].

Enterococci demonstrate low levels of intrinsic resistance to the quinolones, but can acquire 

high-level resistance through several mechanisms. Mutations in the target genes, specifically 

gyrA and parC, have been described in E. faecium and E. faecalis, but are absent from E. 

gallinarum and E. casseliflavus [114–116]. These changes affect the so-called ‘quinolone 

resistance-determining regions’, which presumably alter the binding affinity of the 

antibiotic. Externalization of the antibiotic through efflux pumps is another well-described 

mechanism of quinolone resistance. Among them, NorA and PmrA have been implicated in 

quinolone resistance in S. aureus and Streptococcus pneumoniae [117], and the former has 

also been described in E. faecium [112]. A third mechanism of resistance, found in E. 

faecalis [118], is mediated by qnr and encodes for a protein with a series of pentapeptide 
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repeats similar to the plasmid-borne quinolone resistance genes described in 

Enterobacteriaceae. The presence of this protein is likely to protect DNA gyrase by 

decreasing DNA binding of the quinolone and the subsequent formation of the quinolone–

gyrase complex [119].

Rifampicin

Rifampicin inhibits transcription of mRNA by binding to the β-subunit of the enterococcal 

DNA-dependent RNA polymerase. Resistance to these agents is widespread, occurring in 

65.9% of E. faecium isolates from the USA and 67.5% of those from Europe [120]. 

Rifampicin resistance arises from a variety of mutations in the rpoB gene that encodes for 

the β-subunit of the RNA polymerase. Interestingly, a specific mutation in rpoB (H486Y) in 

both E. faecalis and E. faecium was shown to increase resistance to broad-spectrum 

cephalosporins, but did not affect other classes of cell-wall acting antibiotics (including 

ampicillin and vancomycin) [121]. The authors postulated that this was due to differential 

transcription of genes related to cephalosporin resistance by the mutated polymerase. In an 

independent study, assessing the fitness cost of rpoB mutations in E. faecium, it was noted 

that the same H486Y substitution showed minimal deleterious effect on growth both in vitro 

and in vivo [122]. Finally, Rand et al. described an isolate of E. faecium that developed 

rifampicin resistance without any evidence of mutations in the rpoB gene, enzymatic 

inactivation or efflux pumps. The exact mechanism of resistance is unclear, but 

interestingly, the resistant phenotype was reversible after incubation with subinhibitory 

concentrations of DAP [123].

Trimethoprim & sulfamethoxazole

Trimethoprim and sulfamethoxazole are inhibitors of bacterial enzymes involved in the 

folate synthesis pathway. Folic acid is necessary to carry out a variety of important cellular 

functions, including synthesis of nucleic acids, particularly thymidine. Most bacteria are 

unable to take up exogenous folate from the environment and instead must synthesize it 

from the p-amino benzoic acid precursor. Trimethoprim and sulfamethoxazole inhibit 

successive enzymes in this pathway, limiting the production of dihydrofolate and its 

subsequent conversion to tetrahy-drofolate. Enterococci show susceptibility to these 

compounds when tested in vitro; however, these compounds are ineffective in vivo due to 

the ability of enterococci to utilize exogenous sources of folate [124,125].

Alternative targets

In addition to the metabolic pathways targeted by traditional antimicrobial compounds, the 

rise of resistance has generated interest in adjunctive treatments to enhance host response 

and decrease the pathogenic potential of the enterococci. The presence of virulence factors, 

while not directly responsible for resistance, influence the ability of bacteria to persist in a 

hostile environment and resist host defenses. The widespread use of indwelling medical 

devices (e.g., central venous catheters, Foley catheters and endotracheal tubes) provide both 

a breach of host barriers and a surface amenable to supporting biofilm formation. A host of 

macromolecules associated with the enterococcal cell surface and secreted into the 

extracellular matrix act as passive barriers to prevent antimicrobial compounds from 
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reaching their intended targets [126]. Moreover, at the interface of the host mucosa with 

external milieu, CAMPs of the innate immune system keep antimicrobial populations in 

check. These CAMPs possess a wide array of antimicrobial properties (including the ability 

to disrupt peptidoglycan synthesis, CM structure and activate autolysins) and individual 

proteins often display multiple modes of action, which may in part explain their 

effectiveness in the face of ever-evolving bacterial resistance [127]. In E. faecalis, 

Kandaswamy et al. demonstrated that human β-defensins are targeted to the division septum 

and specifically disrupt the translocation machinery responsible for export of virulence-

associated macromolecules, even at subinhibitory concentrations [128]. Furthermore, it has 

been postulated that the long history of co-evolution between CAMPs and their bacterial 

targets could be fruitful grounds for developing therapies that temper the acquisition and 

dissemination of resistance determinants [129]. Host adaptive responses, specifically 

humoral immunity, have been exploited through vaccines to produce antibodies against 

pathogens. The lipoteichoic acids and diheteroglycans present in enterococcal cell walls are 

anti-genic motifs capable of inducing an antibody response that is protective against E. 

faecalis in a mouse bacteremia model [130]. Antibodies directed against these epitopes 

could be important adjuncts to antimicrobial therapy in the future; however, at present, they 

are limited by a lack of universal cross-reactivity and the presence of polysaccharides that 

protect the lipoteichoic acid motif from antibody binding to its corresponding target [131].

Expert commentary

Enterococci are prime examples of organisms with an impressive array of genetic versatility 

and unparalleled ability to recruit and express antimicrobial resistance determinants. These 

organisms have adapted through time to outcompete other bacteria in a specific biological 

niche such as the GI tract of eukaryotic organisms. From a simple commensal and tamed 

member of the intestinal microbiota, enterococci now have risen in importance and have 

become one of the leading causes of intra-hospital infections. This untaming of MDR 

enterococci has occurred with the massive increase in the use of antimicrobials in clinical 

medicine, which has played a significant role in the evolution and adaptation of these 

microorganisms. Indeed, selected by the use of broad-spectrum antimicrobials, their rugged 

durability enables them to persist and disseminate in the nosocomial environment. 

Furthermore, rising rates of obesity, diabetes and resulting comorbidities, advances in 

oncology and critical care and a demographic shift as the population ages are important 

events in modern medicine that increase the rates of hospital admissions and the prevalence 

of sicker patients.

Though enterococci lack the virulence armamentarium of S. aureus or pneumococci, they 

often pose a challenging problem to clinicians since antibiotic choices to treat these 

microorganisms are now extremely limited. Often, clinicians are faced with the dilemma of 

attempting to clear a deep-seated infection while balancing treatment-related toxicities. Such 

scenarios are not new to the treatment of enterococci. This is exemplified by a paper 

published in 1959 entitled ‘Deaf or Dead’ [132], in which the authors had to deal with 

extreme aminoglycoside toxicity to treat a patient with subacute endocarditis due to resistant 

E. faecalis.
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In addition, enterococci is likely to function as a reservoir of drug resistance determinants 

and can serve as the springboard for the spread of these genes to other gram-positive 

pathogens. Indeed, it is now well documented that VRE are the source of vancomycin 

resistance genes that have been identified in MRSA [9,10]. Acquisition of vancomycin 

resistance in staphylococci with subsequent dissemination of such strains is deemed as one 

of the most pressing public health issues worldwide. Further exploration of the mechanisms 

of enterococcal resistance may therefore pay dividends in treating other infections and in 

preventing the widespread dissemination of resistance determinants in the future.

Five-year view

The dawn of the 21st century is seeing the advent of what many are calling the ‘post-

antibiotic era’. As older therapies gave way to newer drugs, bacteria rapidly responded with 

a diverse array of defense tactics. We are fighting today's wars with yesterday's strategies, 

much like the massed troop assaults against fixed fortifications at the Somme and Verdun in 

World War I. Out of these battles, however, came new innovations, the rise of the airplane 

and the tank, and with them new strategies. Just two decades later, the idea of combined 

arms, manifested as Blitzkrieg, or ‘lightning war’ would change the battlefield of the 20th 

century.

Perhaps the idea of combined arms can be used to the clinician's advantage in the conflicts 

of the post-antibiotic era. Seemingly redundant therapy, such as the combination of the β-

lactams, ampicillin and ceftriaxone, has been shown clinically to be as efficacious as more 

traditional combinations with aminoglycosides, with the benefit of less toxicity and the 

ability to bypass high-level resistance to aminoglycosides [133,134]. As more is known 

about the mechanisms by which enterococci subvert the assault of modern medicine, it will 

be possible to develop strategies that can be used to turn enterococcal biology against itself. 

The inverse relationship between DAP susceptibility and sensitivity to β-lactams [71], 

combinations of cephalosporins and fosfomycin [135] and the synergy between DAP and 

rifampicin [123] could provide a way to ‘hold the line’ against the rising tide of resistance. 

Once new agents are deployed, combination therapy could also assist in the prevention of 

resistance using the same rationale as combined antiretroviral therapy in human 

immunodeficiency virus infection.

Greater understanding of mechanisms of antibiotic action and resistance also offers the hope 

of new therapeutic targets to reload an empty antibiotic pipeline. Advances in the 

understanding of membrane physiology provided by research into DAP could provide new 

ways of attacking enterococcal phospholipid synthesis. Indeed, new agents need not kill on 

their own. By targeting the sensor and effector proteins of a stress response pathway, it may 

be possible to disable the defense network of a resistant microbe, leaving it vulnerable to 

decades old therapy. Moreover, monoclonal antibodies, which have been successfully used 

in cancer and auto-immune diseases, may be designed to specifically target enterococcal 

signal transduction pathways, leaving resistance gene clusters silent while the antibiotic 

pours in. Genomic medicine offers the promise of individually targeted treatments for every 

patient. There is no good reason to think antimicrobial therapy should be any different.
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Key issues

• Enterococci are increasingly common nosocomial pathogens. The changing 

epidemiology of enterococcal infections with the rise of multidrug-resistant 

Enterococcus faecium in hospitals worldwide has important therapeutic 

implications.

• Ampicillin plus an aminoglycoside (gentamicin or streptomycin), the traditional 

combination for severe enterococcal infections, is increasingly ineffective due to 

emergence of resistance.

• Resistance to ampicillin in E. faecium is mediated by PBP5, a transpeptidase 

that functions in the presence of high concentrations of β-lactams.

• Resistance to cephalosporins is an intrinsic feature of enterococci and is 

mediated in part by CroRS, a two-component signaling pathway, and a system 

with competing kinase and phosphatase activity (IreK and IreP) that function to 

control expression of resistance while preserving fitness.

• Glycopeptide resistance is mediated by the van operons, of which nine have 

currently been described in enterococci. In general, they consist of genes that 

encode two-component signal transduction systems, which activate the genes 

responsible for the synthesis of modified peptidoglycan precursors and 

destruction of ‘normal’ (D-alanine ending) precursors.

• The vanA gene cluster, conferring resistance to vancomycin and teicoplanin, is 

the most commonly encountered cause of resistance to glycopeptides in the 

clinical setting and can be transferred between enterococci.

• Enterococci are often intrinsically resistant to most aminoglycosides due to the 

presence of the 6′-acetyltransferase enzyme AAC(6′)-Ii. As such, only 

gentamicin or streptomycin should be used to achieve synergy with cell-wall 

agents.

• Ampicillin plus ceftriaxone is a β-lactam combination against Enterococcus 

faecalis that appears to be as good as the ‘standard of care’ (ampicillin plus 

gentamicin) but with much less toxicity.

• Daptomycin (DAP) resistance is associated with multiple mutations but usually 

involves genes encoding regulatory systems that control cell envelope 

homeostasis and enzymes that synthesize cell membrane phospholipids and/or 

are involved in phospholipid metabolism.

• The combination of DAP with β-lactams may offer promise in the future to 

restore DAP susceptibility and prevent emergence of resistance.

• Linezolid resistance in enterococci continues to be low, but increasing reports in 

enterococci have been associated with longer duration of therapy.

• Quinupristin/dalfopristin retains bactericidal activity in vitro against in E. 

faecium (not E. faecalis), but the presence of Erm methylases (which are 
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frequently found in clinical isolates) may decrease the bactericidal effect in vivo 

and reduce therapeutic efficacy as monotherapy.

• Enterococci are often resistant to quinolones with several mechanisms of 

resistance including mutation of the quinolone targets, efflux pumps and a 

transferable plasmid containing qnr, a gene similar to plasmid-borne quinolone 

resistance in the Enterobacteriaceae.

• Continued research focused on understanding the mechanisms of resistance in 

enterococci is important to develop novel combination therapies or new 

antimicrobial compounds.

Miller et al. Page 26

Expert Rev Anti Infect Ther. Author manuscript; available in PMC 2015 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Proposed mechanisms of daptomycin resistance in enterococci
Two main mechanisms have been postulated to mediate DAP resistance in enterococci. The 

first is diversion of the antibiotic from the septum (black arrow) by redistribution of 

cardiolipin microdomains away from the division plane at the septum level. This 

mechanism, characterized in Enterococcus faecalis only, is initially mediated by 

substitutions in the LiaFSR signaling system that controls cell envelope homeostasis. 

Changes in phospholipid synthesis enzymes (cardiolipin synthase and possibly a glycerol-

phosphodiester phosphodiesterase) complete the resistance phenotype. The second 

mechanism, seen in E. faecium, is electrostatic repulsion of the positively charged 

daptomycin/calcium complex from the cell membrane. Several genes may be involved in 

this mechanism. DAP: Daptomycin.
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