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Review Article

Vancomycin-Resistant Enterococci

Roberto C.Arduino, M.D.*
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INTRODUCTION

Enterococci have long been recognized as pathogenic
organisms able to cause endocarditis, bacteremias,
infections of the urinary and biliary tracts, skin and
soft-tissue infections and meningitis in neonates and
after neurosurgical procedures (66). Their pathogenic
role in wound infections, intraabdominal abscesses,
diabetic foot and decubitus ulcers, however, is more
controversial since enterococci are frequently part of
a polymicrobial flora and since patients with these
infections often recover despite therapy with regimens
without specific activity against enterococci (53). Between
80-95% of the enterococcal infections are caused by
Enterococcus faecalis and 5-15% by Enterococcus

JSaecium. Although there are increasing reports of

infections caused by Enterococcus durans, Enterococcus
avium, Enterococcus raffinosus, Enterococcus galli-
narum, and Enterococcus casseliflavus, these species
are still isolated infrequently from human sources (53).

Enterococci are now the second most common
hospital-acquired pathogens in the United States.
The most recent National Nosocomial Infections
Surveillance (NNIS) system report from the Centers
for Disease Con_trol and Prevention indicated that
enterococci were isolated from 12% of all nosocomial
infections from 1986 to 1989 (63). The majority were
urinary tract infections. The relative resistance to
penicillins, intrinsic low-level resistance to aminogly-
cosides and intrinsic resistance to a number of other
antimicrobial agents, particularly the cephalosporins
which are heavily used in hospitalized patients, may

explain the emergence of enterococci as significant
nosocomial pathogens.

In the past two decades enterococci have acquired
resistance to a number of clinically important antimi-
crobial agents making them more difficult to treat,
particularly when a bactericidal effect is required such
as for endocarditis and meningitis. These resistances
include high-level resistance to aminoglycosides
(MIC >2000ug/ml), which abrogates the synergistic
killing effect seen when these agents are combined with
penicillin; resistance to the B-lactams, by production of
B-lactamase or penicillin binding proteins (PBPs) with
low affinity for these antibiotics; and most recently,
resistance to vancomycin. Initially reported in England
and France in the late 1980’s (29,71), enterococci with
various levels of resistance to vancomycin and teicoplanin
are now reported with increasing frequency from all over
the world (29,33,37,39,40,47,49). The NNIS system
recently reported that the percentage of vancomycin-
resistant enterococci associated with nosocomial infections
in the United States increased from 0.3% in 1989 to
7.9% in 1993 (13). Approximately 14% of enterococci
isolated from patients with nosocomial infections in
intensive care units from hospitals included in the NNIS
survey were resistant to vancomycin. A recent study that
recruited 99 microbiology laboratories in the United
States reported an incidence of 4.4% resistance to
vancomycin and 2.2% of combined high-level resistance
to aminoglycosides, ampicillin and glycopeptides among
1,936 enterococcal isolates (38).

Vancomycin-resistant enterococci are most frequently
isolated from gastrointestinal (e.g.,abdominal abscess),
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skin and soft tissue, and bloodstream sites in hospitalized
patients (13,38). Multiple or prolonged courses of anti-
biotics, including vancomycin, and severe underlying
medical conditions, such as end-stage renal disease,
immunosuppressive therapy or hematologic malignancies,
are predisposing factors frequently reported among
patients colonized or infected with these resistant
organisms (27,29,33,39,44,48,51,60,71,72,73).
Vancomycin and teicoplanin are glycopeptides with
a narrow-spectrum of activity against many aerobic and
anaerobic gram-positive bacteria. Minimal inhibitory
concentrations (MICs) of vancomycin for enterococci
usually range from 0.5 to 8.0 ug/ml (41,68), and those
of teicoplanin from 0.12 to 0.5 ug/ml (19). Like other
cell-wall active antimicrobials, glycopeptides are typically
bacteriostatic against enterococci and the minimal
bactericidal concentration (MBC) is generally more than
100-fold higher than the concentration required to inhibit
the bacterial growth; that is, enterococci are tolerant
to cell-wall active antibiotics (34). Moreover, time-kill
curves often show a slower rate of killing with van-
comycin alone than with ampicillin alone (19). However,
vancomycin- or teicoplanin-aminoglycoside combinations
are usually synergistic as long as the organism does not
possess high-level resistance to the aminoglycoside (77).

Vancomycin Resistance : Classification

Three major phenotypes of glycopeptide resistance
were initially distinguished among enterococci : VanA
phenotype is associated with inducible high-level resistance to
vancomycin and teicoplanin, VanB phenotype with
inducible resistance to vancomycin only, and VanC
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phenotype with constitutive resistance to low levels of
vancomycin only. These resistance phenotypes, however,
do not always correspond with the resistance genotypes
since vanA-containing isolates can exhibit MICs of
vancomycin overlapping those of vanB-containing isolates
(e.g.,64 ug/ml) and vanB-containing isolates can exhibit
high-level resistance to vancomycin and even resistance
to teicoplanin. Furthermore, E. gallinarum and E. casse-
liflavus exhibit consititutive low-level resistance to
vancomycin but their resistances are conferred by different
genes. Therefore, the classification presented here is
based on the presence of the genes vanA, vanB, and
vanC (Table 1).

Enterococci containing vanA typically have high-
level resistance to vancomycin (MICs, =64ug/ml) and
teicoplanin (MICs,=16 pg/ml). Exposure of these
organisms to either of these glycopeptides induces the
production of two new cytoplasmic membrane-
associated proteins: a 39-kDa D-alanine: D-alanine
ligase termed VanA, that is necessary for the synthesis
of cell-wall precursors in the presence of glycopeptides,
and a D,D-carboxypeptidase termed VanY, that is
not required for glycopeptide resistance (2,4,30,55).
A cluster of nine genes conferring high-level resistance
to vancomycin and teicoplanin was recently found within
a transposon designated Tn/546 which is carried on a
plasmid (3,5). The products of this gene cluster include:
a transposase, a resolvase, VanR, VanS, VanH, VanA,
VanX, VanY and VanZ. The transposase and the
resolvase are involved in the mobilization of the
transposon. VanR and VanS comprise a two-component
signal-transducing system that activates a promoter for

Table 1. Classification and relevant features of vancomycin-resistant enterococci.

Phenotype MIC(ug/mb) Induced Membrane Protein Location of Induction Bacterial
resistance species
Vancomycin Teicoplanin Protein(s) Activity Vancomycin Teicoplanin
VanA >64 =16 VanA D-alanine ligase Transposon + + E. faecium
) (Tn1546) E. faecalis
VanY D,D-carboxy- E. avium
peptidase
VanB 8-1024 <] VanB D-alanine ligase Unknown but can + - E. faecalis
be transferred E. faecium
VanC 8-32 =<1 VanC D-alanine ligase Chromosomal - - E. gallinarum
“VanC-like” 8-32 <1 - - Chromosomal - - E. casseliflavus

ATeicoplanin-resistant mutants can arise in vivo and in vitro.
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cotranscription of the adjacent vanH, vanA, vanX, vanY
and vanZ in response to the presence of vancomycin
(31,76,79). VanH and VanA are implicated in the
synthesis of modified peptidoglycan precursors (see
below). VanY is postulated to contribute to glycopeptide
resistance by depleting the intracellular pool of D-alanyl-
D-alanine (vancomycin target). Finally, the roles of
VanX and VanZ have not yet been elucidated.

An int}agenic fragment of vanA hybridized to
DNA from enterococci exhibiting high-level resistance to

vancomycin and teicoplanin (the typical VanA phenotype),.

but not from those exhibiting low-level resistance to
vancomycin only or enterococci susceptible to glyco-
peptides (17,58). In addition, gram-positive organisms
intrinsically resistant to vancomycin, such as Leuconostoc
spp.,Lactobacillus spp.,Pediococcus spp., Erysipelothrix
rhusiopathiae, actinomycetes that produce the glyco-
peptides, and staphylococci resistant to teicoplanin failed
to hybridize with the vanA probe (17). The origin of
glycopeptide resistance, therefore, remains unclear.
Enterococci containing vanB have variable levels
of resistance to vancomycin (MICs, 8-1024 ug/ml) but
usually remain susceptible to teicoplanin (MICs, =1.
pg/ml) (26,58,70,78). This resistance has been associated
with the production of a novel 39.5 kDa membrane-
associated protein termed VanB (2,78). In certain strains,
it is transferable by conjugation to other enterococci
although no plasmid could be demonstrated (58). Vanco-
mycin but not teicoplanin induces the synthesis of VanB
which explains why most of these strains test susceptible
to teicoplanin (2,78). However, vancomycin-induced
VanB strains or constitutive VanB-producer mutants,
which can arise from a single step mutation, test resistant
to teicoplanin (30). In other words, once VanB is produced,
it confers resistance to teicoplanin although this glyco-
peptide does not*itself cause induction. Teicoplanin-
resistant mutants have been recovered from enterococci
of the VanB phenotype both in vitro after selection on
teicoplanin-containing agar and in vivo from a patient
infected with an E. faecium strain of the VanB phenotype
who received therapy with vancomycin intermittently
(35,70). Interestingly, vancomycin-dependent mutants of
vanB-containing E. faecalis and E. faecium have been
recently reported (23,28). It is suggested that the production
of the normal D-alanine:D-alanine ligase of these isolates
is decreased, and thus they can only grow when van-
comycin is present in the culture medium since its
presence induces the production of the abnormal D-
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alanine:D-alanine ligase encoded by vanB (23,28).

Enterococci containing vanC have low-level
resistance to vancomycin (MICs, 8-32 ug/ml) and are
susceptible to teicoplanin (MIC,=<1 pug/ml). This
resistance phenotype appears to be constitutively expressed,
is non transferable and its determinants appear to be
normal cell components that are encoded on the chro-
mosome (46,74,75). VanC resistance was originally
recognized as a property of motile enterococci, E. galli-
narum and E. casseliflavus. The gene conferring low-
level resistance to vancomycin was cloned and sequenced
from a strain of E, gallinarum and termed vanC (18).
A probe constructed from vanC hybridized to DNA
from all strains of E. gallinarum examined, but it failed
to hybridize to DNA from other species of enterococci
resistant to low levels of vancomycin and susceptible to
teicoplanin (46). Thus, vanC seems to be species-specific
for E. gallinarum, and vancomycin resistance in E. casseli-
flavus is now classified as ‘“VanC-like’’.

Mechanisms of Glycopeptide Resistance

The glycopeptides, vancomycin and teicoplanin,
bind irreversibly to the dipeptide D-alanyl-D-alanine
located at the C terminus of the pentapeptide portion
of the peptidoglycan precursor and thereby inhibit late
stages in bacterial cell wall peptidoglycan synthesis (59).
Normally, the C-terminal D-alanyl-D-alanine dipeptide
is synthesized by a chromosomally encoded D-alanine:D-
alanine ligase and then added to the peptidoglycan
precursor-tripeptide. VanA has D-alanine:D-alanine
ligase activity but preferentially catalyzes ester bond
formation between D-alanine and various D-2-hydro-
xyacids, particularly D-lactate, resulting in the synthesis
of the depsipeptide D-alanyl-D-lactate which is then
added to the peptidoglycan precursor rather than the
dipeptide D-alanyl-D-alanine (8). VanH, encoded by
vanH, is a dehydrogenase that produces D-2-hydroxy
acid substrates for VanA and is closely related to the
D-lactate dehydrogenases found in Leuconostoc and
Lactobacillus, which are gram-positive organisms intrin-
sically resistant to vancomycin (9). The depsipeptide has
> 1,000-fold reduced affinity for vancomycin compared
to the normal D-alanyl-D-alanine dipeptide residue of
susceptible enterococci; thus, peptidoglycan synthesis
can continue despite the presence of vancomycin since
the depsipeptide-terminating peptidoglycan precursor
does not bind vancomycin (2,8,9,76).
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The product of vanY is novel D,D-carboxypep-
tidase detected in enterococcal membrane fractions which
hydrolyzes in vitro dipeptide D-alanyl-D-alanine, the
depsipeptide D-alanyl-D-lactate and the C-terminal D-
alanyl-D-alanine dipeptide of the normal pentapeptide
precursor (2,4,30,31,80). This enzyme could contribute to
glycopeptide resistance by depleting the intracellular
pool of D-alanyl-D-alanine (2,30). VanY activity,
however, is not essential for glycopeptide resistance (4).

The basis for vancomycin resistance in vanB-and
vanC-containing enterococci are not yet as well charac-
terized as in vanA-containing enterococci. Internal
fragments of vanB derived from E. faecalis strains have
been sequenced and the deduced amino acid sequence
revealed 77% identity with the sequence of VanA (20,26).
The structural relatedness of VanB and VanA suggests
that the vanB product could also be involved in the
synthesis of modified peptidoglycah precursors with
decreased affinity for vancomycin (6,20). In addition,
vancomycin induces the production of a D,D-carbo-
xypeptidase in VanB strains similar to that found in
VanaA strains (30). VanC, the translated product of vanC
of E. gallinarum, shares 29 to 38% amino acid identity
with VanA and with D-alanine:D-alanine ligases of
E. coli, respectively (18), and 37% amino acid identity
with VanB (20,26). However, VanC does not seem to
synthesize D-alanyl-D-lactate (18).

Problems Caused by Vancomycin Resistance and
Therapeutic Options

The treatment of vancomycin-resistant enterococci
is a major clinical problem. Therapy for severe entero-
coccal infections such as endocarditis have traditionally
included a synergistic combination of a cell wall-active
antibiotic and an aminoglycoside. Penicillin or ampicillin
plus gentamicin or sireptomycin administered for 4 to 6
weeks are time honored regimens for endocarditis due to
enterococci ‘‘normally susceptible’’ to penicillin and to
aminoglycosides. Vancomycin provides an alternative in
cases of patients allergic to penicillin or infected with
enterococci that produce B-lactamase or that are resistant
to achievable concentrations of penicillins. Vancomycin
resistance eliminates the synergistic activity usually
achieved by vancomycin-aminoglycoside combinations,
thus leaving the B-lactams as the only choice to combine
with the aminoglycoside. However, many of the vancomycin-
resistant enterococci recently reported have shown
multiple resistance, including high-level resistance to
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ampicillin (MIC, =200 pg/ml) and to aminoglycosides
(14,32,61). The optimal antibiotic therapy for these
newly emerged multidrug-resistant enterococci is
currently unknown.

Exposure of some strains of £. faeciurn moderately
or highly resistant to vancomycin and moderately
resistant to penicillin to low concentrations of vanco-
mycin (10 pg/ml) causes the organisms to become more
susceptible to B-lactams; that is, there is a decrease in
the MICs of penicillin or ampicillin into a clinical useful
range when vancomycin resistance is expressed (1,10,
11,64). In such cases, combination of penicillin and
vancomycin results in an inhibitory effect against isolates
resistant to both B-lactams and glycopeptides (24,43,
64,81). This combination, however, is not bactericidal
as tested by time-kill experiments and the addition of
a aminoglycoside is still necessary to achieve a bactericidal
effect (11,24). In animal models, the combination of
penicillin-vancomycin-gentamicin has been successful in
the treatment endocarditis due to vancomycin-resistant
E. faecium either moderately or highly resistant to
penicillin without high-level resistance to gentamicin
(10,11). While this triple drug combination can be active
for some penicillin and vancomycin resistant strains that
lack high-level resistance to aminoglycosides. Caron et
al (11) recently reported the emergence of a residual
subpopulation of bacteria resistant to the synergistic
effect of penicillin-vancomycin combination after a
penicillin- and vancomycin-resistant strain of E. faecium
was exposed to the combination of penicillin, vancomycin,
and gentamicin both in vitro and in vivo. In addition,
other investigators have not found efficacy of penicillin-
vancomycin combination against E. faecium strains of
the VanA phenotype whose MICs of ampicillin were
=128 ug/ml (14,24,32). The level of resistance to
penicillin may be responsible for some of the differences
in response to penicillin-vancomycin combination.

Although ciprofloxacin shows only marginal in
vitro activity against enterococci when used alone (22,62),
ampicillin plus ciprofloxacin has been reported to show
bactericidal activity against E. faecium highly resistant to
penicillin and vancomycin if the MIC of ciprofloxacin
was =<8 ug/ml (25,42). Nevertheless, there seems to be
a species-to-species difference since combinations of
ciprdﬂoxacin and B-lactams have been indifferent against
strains of E. faecalis and E. avium (22,52,65). Combination
of either ciprofloxacin or ofloxacin with novobiocin,
a DNA gyrase-inhibitor, demonstrated bactericidal
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activity in vitro against ampicillin- and vancomycin-
resistant strains of E. faecium but only for quinolone-
and novobiocin-susceptible strains (25,42). Novobiocin
alone demonstrated only inhibitory activity against strains
of E. faecium at concentrations within the ranges
achievable in serum, but it was less active against strains
of E. faecalis (16,25,42). Therapeutics limitations to
the use of novobiocin are toxicity, high serum protein
binding, and potential emergence of resistance.

Rifampin shows in vitro activity against many
enterococci, but it is generally bacteriostatic against these
organisms (25,50,68). Treatment of experimental
pyelonephritis and endocarditis due to E. faecalis
demonstrated no benefit when rifampin was added to
a cell-wall active agents such as ampicillin or vancomycin
(36,57). Indeed, rifampin was antagonistic to B-lactams
and to novobiocin when studied in vitro, probably due to
the bacteriostatic activity of rifampih against enterococci
(25,50). However, Livornese et al (47) successfully
treated two cases of bacteremia due to vancomycin-
resistant E. faecium with the combination of rifampin,
ciprofloxacin and gentamicin. These investigators showed
in vitro that combinations of ciprofloxacin plus rifampin
with or without gentamicin were bactericidal for the
E. faecium strain studied.

Teicoplanin has demonstrated good efficacy for
the treatment of severe infections due to teicoplanin-
susceptible enterococci (15). Since vanB and vanC-containing
enterococci remain susceptible to teicoplanin, teicoplanin
alone or in combination with an aminoglycoside when
a bactericidal effect is sought are therapeutic options for
these organisms. In an animal model of endocarditis,
high-dose teicoplanin alone and standard-dose teicoplanin
or vancomycin in combination with gentamicin have been
effective for the treatment of a strain of E. faecium
resistant to low levels of vancomycin and susceptible to
teicoplanin (21). A major limitation to the use of
teicoplanin for infections due to vanB-containing
enterococci is the potential development of constitutive
resistance to this glycopeptide (see above) (35,70).

Nitrofurantoin is a drug active against E. faecalis
(MIC, 25ug/ml) which is suitable for treatment of urinary
tract infections due to susceptible enterococci (MIC, <32
pg/ml). Resistance to chloramphenicol among E. faecalis
strains is not uncommon. Tofte et al (68) reported an
MIC-range of chloramphenicol from 0.39-25 ug/ml
MICy, 12.5 pg/ml) among 152 urine isolates of E. faecalis.
Tucker et al (69), recently reported that all E. faecium
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isolates highly resistant to ampicillin, vancomycin and
streptomycin recovered from 18 patients during an
outbreak of infections were susceptible to chloram-
phenicol (MIC, =4 ug/ml). Other investigators found that
among 26 distinct clinical isolates of E. faecium highly
resistant to gentamicin and vancomycin 16 and 10 strains
were susceptible to chloramphenicol and to tetracycline
(MIC, <2 ug/ml), respectively (12). Minocycline has also
showed in vitro activity against vancomycin resistant
E. faecium (16). Therefore, nitrofurantoin, chloramphenicol
and tetracyclines are potential drugs to investigate for
in vitro activity against vancomycin-resistant enterococci.

An important problem for the clinical laboratory
is the relatively difficult detection of some vancomycin-
resistant enterococci by disk diffusion or automated
methods, particularly those with low-level resistance
(MICs of vancomycin, 8-64 ug/ml) such as is seen in
vanB-and vanC-containing enterococci, and E. casseli-
flavus isolates (61). That is, organisms resistant by MIC
testing were classified as susceptible by disk diffusion or
automated methods. To overcome this problem, the
National Committee for Clinical Laboratory Standards
(NCCLS) has recommended changes for vancomycin disk
diffusion testing criteria (67). is still
recommended to determine the MIC of vancomycin for
those enterococcal strains exhibiting intermediate zones
in disk diffusion assays, particularly in cases of severe
enterococcal infections (54). An additional problem was
noted by Quintiliani et al (58), who reported three
vanB-containing enterococcal isolates that were resistant
to vancomycin by disk diffusion but susceptible by MIC
determination.

Finally, glycopeptide resistance has been transferred
in vitro to other susceptible gram-positive organisms
such as Streptococcus sanguis, Streptococcus pyogenes,
Streptococcus lactis, Bacillus thuringiensis, and Listeria
monocytogenes (7,17,44,45,72). Transfer of high-level
vancomycin resistance by conjugation has been recently
obtained between E. faecalis and Staphylococcus aureus
both in vitro and on the skin of mice; worrisome is the
fact that the second is a condition similar to that present
in nature (56). Fortunately, clinical strains of S. aureus
resistant to vancomycin have not been reported so far (56).

Vancomycin resistant enterococci represent a
challenge for the clinician and the clinical microbiologist
because of the increased occurrence of these organisms
particularly in hospitalized patients, the concomitant
resistance of many isolates to other agents including

However, it
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high-level resistance to aminoglycosides and B-lactams,
the sometimes difficult detection of vancomycin
resistance by routine susceptibility testing, and the lack
of reliable antimicrobial agents available for clinical use.
This situation obligates the clinical microbiology
laboratory to try to identify the most favorable agents (s)
among the few currently available antimicrobial agents
active against multiresistant enterococci, and warnings
the physician to use antibiotics appropriately and to
comply with the infections control policies to try to
prevent further spread of these resistant organisms.
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