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Abstract
Purpose of Review Vancomycin-resistant enterococci (VRE) are important nosocomial pathogens that commonly affect critically
ill patients. VRE have a remarkable genetic plasticity allowing them to acquire genes associated with antimicrobial resistance.
Therefore, the treatment of deep-seated infections due to VRE has become a challenge for the clinician. The purpose of this
review is to assess the current and future strategies for the management of recalcitrant deep-seated VRE infections and efforts for
infection control in the hospital setting.
Recent Findings Preventing colonization and decolonization of multidrug-resistant bacteria are becoming the most promising
novel strategies to control and eradicate VRE from the hospital environment. Fecal microbiota transplantation (FMT) has shown
remarkable results on treating colonization and infection due to Clostridiodes difficille and VRE, as well as to recover the
integrity of the gut microbiota under antibiotic pressure. Initial reports have shown the efficacy of FMTon reestablishing patient
microbiota diversity in the gut and reducing the dominance of VRE in the gastrointestinal tract. In addition, the use of bacterio-
phages may be a promising strategy in eradicating VRE from the gut of patients. Until these strategies becomewidely available in
the hospital setting, the implementation of infection control measures and stewardship programs are paramount for the control of
this pathogen and each program should provide recommendations for the proper use of antibiotics and develop strategies that
help to detect populations at risk of VRE colonization, prevent and control nosocomial transmission of VRE, and develop
educational programs for all healthcare workers addressing the epidemiology of VRE and the potential impact of these pathogens
on the cost and outcomes of patients. In terms of antibiotic strategies, daptomycin has become the standard of care for the
management of deep-seated infections due to VRE. However, recent evidence indicates that the efficacy of this antibiotic is
limited, and higher (10–12 mg/kg) doses and/or combination with β-lactams is needed for therapeutic success. Clinical data to
support the best use of daptomycin against VRE are urgently needed.
Summary This review provides an overview of recent developments regarding the prevention, treatment, control, and eradication
of VRE in the hospital setting.We aim to provide an update of the most recent therapeutic strategies to treat deep-seated infections
due to VRE.
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Introduction

Vancomycin-resistant enterococci (VRE) are important noso-
comial pathogens that commonly affect critically ill patients
who have received multiple courses of antibiotics and have
been hospitalized for prolonged periods. These organisms are
particularly important as causative agents of infective endo-
carditis (IE), catheter-related bloodstream infections (BSIs),
urinary tract infections (UTIs), and bacteremia of unknown
source. The majority of VRE are Enterococcus faecium, an
emergent opportunistic pathogen characterized by its remark-
able ability to acquire antibiotic-resistant determinants and
adapt to the hospital environment. In general, enterococci
can be found in the gastrointestinal tract of most mammals
and have evolved to become first-rate nosocomial pathogens
due to their remarkable genetic plasticity, which facilitates
adaptation and their establishment and dissemination across
hospital settings. The ability of enterococci to colonize the
gastrointestinal (GI) tract of hospitalized humans for long pe-
riods is a crucial factor that influences the development and
transmission of drug resistance, becoming a continuous threat
in the hospital setting and posing major therapeutic chal-
lenges. Here, we review current and future strategies for the
management of recalcitrant deep-seated VRE infections.

Therapeutic Strategies for the Management
of Vancomycin-Resistant Enterococci

The development of VRE infections usually occur after estab-
lishment of colonization of the GI tract with subsequent trans-
location to the bloodstream of adjacent tissues (i.e., intra-
abdominal infections). In this process, colonization of in-
dwelling devices is another major source of deep-seated
VRE infections. Thus, successful management of VRE infec-
tions requires addressing three important components of the
colonization–infection dynamics, which are as follows: (a)
preventing colonization, (b) development of infection and
avoiding in-hospital transmission, and (c) appropriate treat-
ment of deep-seated VRE infections.

Preventing Colonization

The first and foremost step to drive a persistent source of
infection in any microorganism is the establishment of a per-
sistent reservoir. The gut microbiota of healthy individuals is
characterized by a wide bacterial diversity (mainly composed
of Firmicutes, Bacteroidetes, and Proteobacteria, among

others). The composition of this microbiota is highly influ-
enced by geographical location, infections, diet, and antibiotic
treatment [1]. Enterococci are part of the gut microbiota but
only in a small portion (ca < 1%) in healthy individuals.
However, the proportion of enterococci in the gut can mark-
edly change under the influence of antibiotic therapy, particu-
larly associated with the use of antimicrobials that have anti-
anaerobic activity. Several studies—both in animals and
humans—have shown that antibiotic use promotes and main-
tains a high density of enterococci (including VRE) in the gut,
facilitating the transmission of these microorganisms [2, 3].
Indeed, persistent VRE colonization has been shown to be a
major risk factor for invasive infections, especially among
vulnerable populations [4, 5].

Given the clinical importance of the GI tract as source for
infection, colonization, and the dynamics of VRE infections,
GI decolonization has been proposed as a potential tool to
curtail infections and transmission of these pathogens.
Several modalities of decolonization have been used and in-
clude (a) selective GI decontamination, (b) use of probiotics,
and (c) fecal microbiota transplantation (FMT). Of these three
methods, the latter appears to be the most promising strategy.
Indeed, the most robust evidence of FMT to decrease coloni-
zation and infections has been among patients with
Clostridiodes difficile infections, resulting in an increase of
microbiota diversity, decrease in the number and diversity of
antimicrobial-resistant genes in the environment (including
vancomycin-resistant genes), and recovery of the intestinal
barrier [6–8].

For enterococci, a study by Stripling et al. showed that FMT
given via nasogastric tube in a patient with a history of heart–
kidney transplant and recurrent C. difficile and VRE infections
(with VRE fecal dominance) was able to reestablish microbiota
diversity in the gut and reduce the dominance of VRE in the
patient’s colon. Furthermore, this strategy was able to prevent
C. difficile and VRE infections one year after the procedure [9].
Similarly, Dubberke et al. showed that among 30 patients who
received one or two doses of microbiota-based drug via enema
from a healthy volunteer, 19 cleared VRE at 7 days post-
treatment and 8 cleared VRE by 6 months of follow-up; clear-
ance of colonization was unsuccessful in three subjects. Of note,
patients who had repetitive positive stool cultures on re-testing
after initial administration of the FMT had a history of receiving
antimicrobials after the procedure [10]. Currently, there are
two ongoing clinical trials aimed to evaluate whether fecal
microbiota transplantation is safe and effective to eradicate
intestinal colonization of VRE and carbapenem-resistant
Enterobacteriaceae. Thus, FMT seems like a promising
tool to decrease VRE colonization in vulnerable patients.
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Another novel strategy that has emerged during the last
years is the use of bacteriophages for the eradication of
antibiotic-resistant strains. A number of groups have reported
the isolation of phages from sewage, compost, and water
channel with in vitro capacity to eradicate VRE strains
[11–14]. Haddad et al. isolated five different types of phages
from the stool samples of 9 hematopoietic cell transplant re-
cipients that had the capacity to eradicate VRE strains in vitro
and in vivo. Moreover, it appears that the efficacy of VRE
eradication was increased when a number of phages were
combined [15]. More recently, using an Enterococcus faecalis
mouse peritonitis model, Gelman et al. showed that the mix of
two lytic bacteriophages was associatedwith a lower mortality
as compared to antibiotic therapy (ampicillin). Furthermore,
the reduction in mortality was striking when phage therapy
was associated to antibiotic therapy [16].

Hospital Transmission and Infection Control

Hospital-acquired infections are common complications in the
hospital setting, and, independent of the type of the infection,
these complications are associated with high morbidity and
mortality, with an estimated cost ranging from US$ 28 to 45
billion. In the specific case of VRE, Putcher et al. showed that
the median overall cost of a VRE infection was significantly
higher than that of VSE infection (€57,675 vs. €38,344; p =
0.030). Themost striking difference between these two groups
in terms of cost was the use of medications for each infection
(€6030 vs. €2801 for VRE vs VSE, respectively; p = 0.008),
availability of nursing staff (€8956 vs. €4621 for VRE and
VSE, respectively; p = 0.032), medical products (€3312 vs.
€1838, respectively; p = 0.020), and use of assistant medical
technicians (€3766 vs. €2474, respectively; p = 0.023) [17].

In order to gain important insights into the dynamics of
colonization and infection by VRE, researchers have devel-
oped mathematical models to characterize the main actors in
this process. Among the most important variables included in
these models are the following: (a) natural history and dura-
tion of colonization and infection, (b) transmission routes and
their implications on the spread of pathogens (medical staff
and environment), and (c) behaviors and geography (Fig. 1).
The value of this conceptual framework has relied on the
possibility of evaluating the magnitude of several interven-
tions on the outcome of VRE infections and drive resources
to areas where such intervention will produce the best benefit
[18]. For instance, Frakking et al. showed that the use of
standard infection control guidelines was not sufficient to con-
trol a VRE outbreak that affected a hospital for two years in
the Netherlands [19]. In fact, the control of this outbreak was
only possible when each one of the three above-mentioned
components was studied in detail, permitting the investigators
to apply more extended infection control measures than those
described in current guidelines (Table 1). Antibiotic

stewardship is an important component for the control of
VRE in the hospital setting, and multiple studies have strongly
demonstrated that antimicrobial exposure is an important risk
factor for VRE increased colonization and/or infection.
Therefore, each institution should provide information and
directions for antibiotic use and when such prescription
should be discouraged. Indeed, it is particularly important to
have proper control of antimicrobials with activity against
anaerobes, like clindamycin and metronidazole, as well as
cephalosporins. For instance, Ozorowski et al. showed that
after introducing an antibiotic policy characterized by moni-
toring and recommending antimicrobials for specific infec-
tions in their hospital formulary, they were able to reduce
antibiotic consumption by 30% and decreased the rate of
VRE infections to zero in their hospital [20].

Strategies for the Treatment of Deep-Seated VRE
Infections

E. faecalis and E. faecium are the most common species as-
sociated with nosocomial infections. In general, E. faecium
are the species that more often exhibit multidrug resistance,
including to ampicillin and vancomycin, and high-level resis-
tance to aminoglycosides, linezolid, and daptomycin. Thus,
E. faecium often cause recalcitrant infections with some
deemed untreatable in severely ill patients [21].

There is no optimal therapy for the treatment of vancomy-
cin and ampicillin-resistant E. faecium infections. In fact, only
linezolid is currently approved by the Food and Drug admin-
istration (FDA) for the treatment of VRE infections, but con-
cerns regarding its bacteriostatic activity and recent data sug-
gesting it maybe suboptimal to manage VRE bacteremia (see
subsequent texts) have markedly decreased linezolid use
against VRE [22]. Daptomycin, a cyclic lipopeptide with
in vitro bactericidal activity against VRE, has become the
cornerstone for the management of severe infections caused
by these organisms, despite lacking an FDA approval for this
indication.

Several small retrospective studies have attempted to com-
pare the outcomes of patients with VRE bacteremia treated
with linezolid or daptomycin, and at least three meta-
analyses have pooled these results [23–25]. Although results
from some of those retrospective efforts suggested better out-
comes with linezolid; detailed analyses of the data made evi-
dent most of the studies had an obvious imbalance among
groups. Indeed, patients receiving daptomycin were frequent-
ly more severely ill, with higher rates of hematopoietic stem-
cell transplants, neutropenia, or shock. More recently, larger
studies using propensity analyses have contributed to further
clarify the issue. The largest retrospective cohort study
attempting to compare the efficacy of linezolid vs daptomycin
in the treatment of VRE bacteremia included 644 patients. In
this study, patients were treated with daptomycin (average
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dose 5.93 mg/kg [IQR 5.33–6.10 mg/kg]) or linezolid
(600 mg twice daily). The clinical outcomes derived from this
cohort study suggested that treatment with daptomycin was
associated with a significant decrease in 7- and 30-day mor-
tality, less microbiologic failure, and shorter duration of bac-
teremia when compared to linezolid [26]. In a subsequent
study by the same group, patients who were started on linez-
olid and then switched to daptomycin had lower mortality
than those remaining on linezolid (RR 1.29; 95% CI, 1.03 to
1.63; p = 0.021), further suggesting a potential benefit of dap-
tomycin [27]. Moreover, this difference in mortality was
mainly driven by patients with infective endocarditis (RR
1.20; 95% CI, 1.02 to 1.41; p = 0.024), suggesting the benefit
of daptomycin is particularly important in deep-seated VRE
infections [27].

After the publication of these retrospective studies, dapto-
mycin has become a first-line drug for severe VRE infections.
However, the use of daptomycin is hampered by uncertainties
in the appropriate dose for VRE infections and major issues in
susceptibility testing, including the poor reproducibility of the
MIC test methods and the recent change in susceptibility
breakpoints [28]. Indeed, the current CLSI breakpoint has
included a category of “susceptible dose-dependent,” which
includes isolates with MICs > 1 and < 4 μg/ml, although the
data supporting this recommendation are not robust [29].
WhenMICs are tested under stringent conditions, clinical data
have suggested that treatment of strains with MICs close to
4 μg/ml (which was the former cut-off for susceptibility) was
associated with poorer efficacy in terms of microbiological
eradication [30].

In vitro data using a simulated endocardial vegetation mod-
el has shown that daptomycin doses of < 10 mg/kg resulted in
lack of efficacy against strains of E. faecium. Moreover, an
E. faecium strain exposed to 6 and 8 mg/kg, but not 12 mg/kg,
developed reduced susceptibility to daptomycin with a change
in MIC from 0.5 to 16 mg/ml [31]. Only doses of 10 and
12 mg/kg resulted in sustained reduction in colony counts at

96 h and less likelihood of developing of resistance [31, 32].
These data are supported by some limited clinical studies in-
dicating patients treated with high doses of daptomycin (>-
9 mg/kg) have better outcomes than those treated with lower
doses [33]. Indeed, Britt and colleagues stratified the out-
comes of 911 patients with VRE bacteremia treated with dap-
tomycin by the daptomycin daily dose (6, 8, or > 10 mg/kg)
and reported subjects receiving high dose (i.e., > 10 mg/kg)
had improved survival and higher rates of microbiological
clearance (34). Similarly, Chuang et al. analyzed 112 patients
with VRE bacteremia receiving daptomycin and reported low-
er rates of 14-day overall mortality in those receiving doses >
9 mg/kg as compared to those prescribed lower daily doses
(35). Thus, the available evidence suggests that, when using
daptomycin monotherapy, doses of 10–12 mg/kg should be
used in deep-seated infections.

Daptomycin and β-Lactam Combinations

A series of reports (mostly small case series) and in vitro data
have shown that the combination of daptomycin plus β-
lactams (e.g., ampicillin, ceftaroline, and ertapenem) has a
potential role for the management of recalcitrant enterococcal
infections [34–40]. A recent retrospective cohort study found
that patients receiving high-dose of daptomycin (defined as ≥
9mg/kg) plus aβ-lactam exhibited a better survival than those
receiving low-dose daptomycin, low-dose daptomycin plusβ-
lactam, or high-dose of daptomycin [41]. It appears that the
mechanistic basis for this effect is related to the “see-saw”
effect in which strains that develop increased MICs to dapto-
mycin become more susceptible to certain β-lactams.
Although the choice of the best β-lactam is unclear, the best
results seem to be associated with the use of ampicillin,
ceftaroline, and ertapenem. In fact, in a simulated endocardial
vegetation (SEV) model, Kebriaei et al. were able to show that
the daptomycin MIC was reduced by 64, 8, and 4 fold when
daptomycin was used in combination with ceftaroline,
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Table 1 Recommended
strategies for infection control of
vancomycin-resistant
enterococcia

Situation Strategy

No history of VRE outbreak -At least quarterly hospital-wide screening for VRE of patients admitted for
at least four days

-Screening of patients who had been admitted from other institutions

Identification of single
VRE-positive patient

-Contact isolation precautions and electronic labelling of VRE-positive
patients (and contacts)

-Screening of contact patients, e.g., by four to five separate cultures, last one
at least seven days after (possible) exposure

-Inform patient and contact

Suspected outbreak -Type VRE strains (in own hospital or reference center)

-Categorize patients: VRE-positive, contact/possible VRE-positive,
VRE-negative

-Cohort isolation

-Actions to increase awareness of standard hygiene measures and improve
compliance

-(Audits of) Adherence to cleaning protocol

Defined outbreak -Ward closure for new admissions

-Facilitate (large-volume) screening possibilities in laboratory, e.g., by
polymerase chain reaction, pooling of patients

-Optimize information and communication technology support

-Inform hospital personnel (management, medical staff, nursing personnel,
members of communication, safety, housekeeping, and logistic
departments) and mobilize for cooperation

-Inform patients, surrounding hospitals, public health agency, and the public

-Give feedback on achievements during the outbreak

-Increased surveillance, choose at least one strategy: -intensified screening
of high-risk wards, -intensified screening of patients admitted for at least
four days, -intensified hospital-wide screening of all patients

-Initiation of outbreak management team

-Screen all patients on hospital ward of VRE-positive patient, screen
high-risk wards

-Risk of transmission to multiple persons or wards: hospital-wide screening
for VRE of patients admitted for at least four days

-Notification to public health agency and/or healthcare inspectorate

-Environmental cultures

-Disinfection of rooms of VRE-positive patients with hydrogen peroxide
vapor

-Disinfection of wards where VRE transmission occurs, e.g., with hydrogen
peroxide vapor

-Evaluate sanitary conditions and cleaning of patient rooms and other
vehicles of possible transmission

-Develop antibiotic policy

Ongoing transmission on ward,
despite measures

-More than contact isolation precautions alone, e.g., strict precautions, for
increased awareness

-Contact precautions and electronic labelling in all (VRE-positive and
VRE-negative) patients on specific ward

-Introduction of VRE quarantine ward

-Precautions specific for patient group of a particular ward

After recent control of VRE
outbreak

-Outbreak in one ward: periodical (e.g., monthly) ward screening for VRE
of patients admitted for at least four days

-Outbreak in multiple wards: intensified periodical (e.g., monthly)
hospital-wide screening for VRE of patients admitted for at least four
days. Gradually decline frequency

aAdapted from Frakking et al. [19] with permission from Elsevier
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ampicillin, and ertapenem, respectively. Moreover, the use of
the combination of DAP and β-lactams seems to also work
when lower doses of DAP are used [41].

Dual β-Lactam Combinations

The initial description of the effectiveness of this combination
was performed in 1995 when Mainardi et al. showed that
amoxicillin and cefotaxime had a synergistic effect when test-
ed in vitro against E. faecalis [42]. This synergism was ex-
plained by the different affinity of these two antibiotics for the
penicillin-binding proteins (PBPs) of E. faecalis. A subse-
quent observational clinical study from Spain showed that
the combination of ceftriaxone and ampicillin had similar ef-
ficacy against E. faecalis in infective endocarditis compared to
standard therapy (ampicillin plus an aminoglycoside). Indeed,
although no significant differences in mortality were observed
between groups, the β-lactam and aminoglycoside combina-
tion was associated with a significant increase in renal toxicity
[43, 44]. Of note, this combination does not seem to be effec-
tive for E. faecium strains that exhibit high levels of ampicillin
resistance. Based on these data, the Infectious Diseases
Society of America (IDSA) guidelines on adult infective en-
docarditis recommend double β-lactam therapy as one of the
first-line treatment options for endocarditis involving a native
or prosthetic valve or other prosthetic material caused by
E. faecalis strains susceptible to penicillin and gentamicin
[45].

Recommended Management

The available evidence suggests that daptomycin should be
used as front-line therapy against vancomycin-resistant
E. faecium causing severe infections. Due to the lack of reli-
able measurement on MIC, daptomycin should be used in
high doses (10–12 mg/kg), regardless of the MIC level within
the susceptibility range (< 4 μg/ml). Nonetheless, in severe
disease affecting critically ill patients and those with severe
compromise of the immune system (e.g., neutropenia), com-
bination withβ-lactams (i.e., ampicillin) should be considered
as definitive therapy. Robust clinical data to support these
recommendations are still weak and urgently needed.

Conclusions

Screening, isolation, and decolonization are the main strate-
gies that reduce the spread of VRE and decrease the subse-
quent risk of infection. Decolonization by FMT seems the
most promising, although the clinical evidence for VRE is still
lacking and ongoing clinical trials would shed some light on
the use of this strategy. The generation of clinical data for the

use of daptomycin in the treatment of VRE infections is of
paramount importance. Novel genomic tools for susceptibility
testing may help in determining whose patients will benefit
from combination therapies vs monotherapy.
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