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ABSTRACT Enterococci are major, recalcitrant nosocomial pathogens with a wide rep-
ertoire of intrinsic and acquired resistance determinants and the potential of developing
resistance to all clinically available antimicrobials. As such, multidrug-resistant enterococci
are considered a serious public health threat. Due to limited treatment options and
rapid emergence of resistance to all novel agents, the clinical microbiology laboratory
plays a critical role in deploying accurate, reproducible, and feasible antimicrobial sus-
ceptibility testing methods to guide appropriate treatment of patients with deep-seated
enterococcal infections. In this review, we provide an overview of the advantages and
disadvantages of existing manual and automated methods that test susceptibility of
Enterococcus faecium and Enterococcus faecalis to B-lactams, aminoglycosides, vancomy-
cin, lipoglycopeptides, oxazolidinones, novel tetracycline-derivatives, and daptomycin.
We also identify unique problems and gaps with the performance and clinical utility of
antimicrobial susceptibility testing for enterococci, provide recommendations for clinical
laboratories to circumvent select problems, and address potential future innovations that
can bridge major gaps in susceptibility testing.
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nterococci are Gram-positive facultative anaerobic commensals that reside in the

gastrointestinal (GI) tracts of humans and animals. Human infection with Entero-
coccus faecalis was first reported in 1899, and even with the introduction of antibiotics
in the early 20th century, enterococcal infections remained challenging to treat (1-5).
Nowadays, due to an expansion of medical innovation and a parallel increase in the
immunocompromised patient population, these recalcitrant organisms have persisted
as major nosocomial pathogens (1). Enterococci are the third most common pathogen
in health care associated infections and the second most common cause of bacteremia
acquired in intensive care units (6-9).

These organisms have a wide repertoire of intrinsic mechanisms of antimicrobial resist-
ance and the genomic plasticity to facilitate the acquisition of additional resistance deter-
minants (1). Further, the ability of members of this genus to survive adverse conditions,
such as high temperatures, osmolarity, and disinfectants, permits enterococci to persist on
hospital surfaces and contributes to their rise as prominent hospital-associated pathogens
in the late 1970s (10). This increased frequency of isolation roughly corresponded with the
introduction of third-generation cephalosporins (to which enterococci are intrinsically re-
sistant), with E. faecalis initially isolated in 90 to 95% of cases (11). Subsequently, the wide-
spread use of vancomycin and broad-spectrum antimicrobials led to the emergence of
vancomycin-resistant enterococci (VRE), particularly in Enterococcus faecium. Beginning in
the mid-1980s, rates of vancomycin resistance in E. faecium increased rapidly from approxi-
mately 0% to more than 83% by 2016, while over this same time period only around 9% of
E. faecalis exhibited the VRE phenotype (12). Importantly, clinical isolates of VR-E. faecium
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often exhibit resistance to other commonly used antienterococcal antibiotics such as ampi-
cillin and aminoglycosides, raising a major therapeutic challenge (3, 11). Linezolid is the
only currently U.S. Food and Drug Administration (FDA)-approved antibiotic for VRE infec-
tions. However, therapy with linezolid can be limited due to its bacteriostatic effect and
associated toxicity. Thus, several other newer antibiotics have seen increased use against
VRE, particularly in immunocompromised patients and deep-seated enterococcal infections
such as infective endocarditis, where bactericidal activity is usually favored. Indeed, dapto-
mycin has become a front-line antibiotic against VRE, either as monotherapy or in combi-
nation, but challenges with susceptibility testing and increasing rates of resistance
continue to pose a problem for its widespread use (13-15). Other antibiotics such as orita-
vancin, tigecycline, omadacycline, and eravacycline have demonstrated in vitro activity
against VRE. However, aside from sporadic case reports, there is a lack of both clinical data
and an assessment of performance of manual or commercial susceptibility testing
platforms with these newer agents. In our literature review, we included key studies that
highlighted the advantages and disadvantages of manual and automated antimicrobial
susceptibility testing (AST) for antimicrobials commonly used in clinical practice for the
treatment of infections caused by E. faecium and E. faecalis, namely, B-lactams, aminogly-
cosides, vancomycin, lipoglycopeptides, oxazolidinones, novel tetracycline-derivatives and
daptomycin. Of note, our knowledge on the performance of many AST platforms is limited
to studies conducted in the early 2000s which highlights the severe paucity of contempo-
rary data in this field.

Choosing the appropriate therapy for enterococcal infections is of paramount impor-
tance to improve clinical outcomes. Indeed, a recent prospective study showed that the lack
of microbiological eradication was a major factor that correlated with poor outcomes in
patients with E. faecium bacteremia (16). Thus, accurate, precise, and reproducible antimicro-
bial susceptibility testing of enterococci becomes critical to guiding therapy. Laboratories
generally perform susceptibility testing on all enterococcal isolates from sterile body sites.
However, a major issue with standard susceptibility testing is that enterococci do not grow
optimally in Mueller-Hinton (17-19), the standard growth medium for antimicrobial suscep-
tibility testing recommended by both the Clinical and Laboratory Standards Institute (CLSI)
and the European Committee on Antimicrobial Susceptibility Testing (EUCAST). Further, the
majority of clinical laboratories in the United States rely on commercial automated systems
(cASTs) for susceptibility testing, while low-resource settings primarily deploy manual disks
and gradient strip-based methods which often have been shown to have poor reproducibil-
ity for enterococci (19, 20). In this review, we summarize the performance and limitations of
manual and commercial susceptibility testing methods for clinically relevant antimicrobials
against E. faecium and E. faecalis and future areas of innovation to overcome existing AST
hurdles.

B-LACTAMS

Unlike streptococci, enterococci exhibit much higher MICs to B-lactams (with resistance
to most cephalosporins) and aminoglycosides. Among the B-lactams, the aminopenicillins
(ampicillin and amoxicillin), penicillin, piperacillin, and imipenem have the best activity
against these organisms. A recent SENTRY study highlighted the rising rates of ampicillin re-
sistance among contemporary E. faecium isolates (~89.8% worldwide susceptibility) likely
associated with the acquisition (and possibly increased expression) of a “resistant” pbp-5 al-
lele (encoding penicillin-binding protein 5) (2, 3, 21). However, E. faecalis isolates worldwide
largely remain susceptible to ampicillin (21). Of note, a gene encoding a B-lactamase
enzyme that conferred resistance to ampicillin has been identified in several E. faecalis from
the 1980s and in E. faecium in the 1990s but has been rarely reported in contemporary clini-
cal isolates (22, 23).

Disk diffusion and gradient diffusion methods are feasible manual methods for the
assessment of B-lactam susceptibility for enterococci, most commonly penicillin or
ampicillin, that are still commonly used in low-resource settings. Early evaluations of
these methods in the 2000s reported overall good performance for susceptibility to
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ampicillin (24). Nonetheless, the disk diffusion method has been reported to “overcall”
resistance to ampicillin (a common limitation of this method with many organisms). A
study that evaluated the impact of the discordance in ampicillin disk content between
EUCAST (2 ng) and CLSI (10 ug), reported that among 87 E. faecium isolates, 4 and 3
ampicillin-susceptible E. faecium (by reference broth microdilution method) were
categorized resistant or intermediate by the disk using EUCAST and CLSI guidelines,
respectively (25). The same study also concluded that the gradient strip method falsely
categorized two ampicillin-resistant isolates as susceptible. Larger studies are needed
to confirm the problematic impact of the discrepant ampicillin disk concentrations. Of
note, rare instances of penicillin or ampicillin resistance due to B-lactamase production
are not reliably detectable by disk or dilution-based methods and CLSI guidelines rec-
ommend the use of a direct, nitrocefin-based test in select cases (26).

Many clinical laboratories in the United States utilize automated or semiauto-
mated commercial systems, which in general, produce accurate and reproducible
results for susceptibility testing of B-lactams and aminoglycosides. The BD Phoenix
system has been reported to perform accurately and reliably for enterococci with
100% categorical agreement (CA) for ampicillin and penicillin relative to the agar
dilution reference method (27). The Vitek 2 system was also reported to have high
concordance for ampicillin (93 to 100% EA) against multidrug-resistant enterococcal
isolates (28, 29). The Vitek 2 has a tendency to “undercall” ampicillin nonsusceptibility
for E. faecium isolates with low-level MICs and isolates with B-lactamase production
(rare), where detection is inoculum dependent (25). On the other hand, it can “over-
call” ampicillin resistance in E. faecalis, as another study reported (9 MEs out of 60 iso-
lates) (28), which can be clinically problematic. However, there is a paucity of con-
temporary data evaluating the performance of any modified or updated commercial
AST systems.

Penicillin-resistant, ampicillin-susceptible E. faecalis phenotype. E. faecalis is gener-
ally susceptible to penicillin, amino-penicillins, and imipenem. Thus, CLSI guidelines recom-
mend using ampicillin susceptibility results as a surrogate marker to predict susceptibility
to amoxicillin, imipenem, and piperacillin-tazobactam for non-B-lactamase-producing
E. faecalis (30). Importantly, B-lactamase production in E. faecalis is rare and not tested by
most clinical microbiology laboratories, supporting the practical usage of ampicillin suscep-
tibility as a surrogate marker of susceptibility to the other B-lactam antibiotics (see above)
in E. faecalis. Of note, the EUCAST clinical breakpoints for ampicillin are lower than CLSI
and there are no EUCAST breakpoints for penicillin (Table 1). Indeed, a 2001 study reported
that all 201 ampicillin-susceptible E. faecalis isolates from a single U.S. institution were
reported to have imipenem MICs = 4 mg/L by broth microdilution and presumed to be
imipenem-susceptible (31). Of note, there are no distinct enterococcal breakpoints for imi-
penem. Another multicenter follow-up study in the United States. with 633 diverse, con-
temporary enterococcal strains showed = 94% CA by broth microdilution and = 98% CA
by disk diffusion for penicillin or ampicillin results, predicting imipenem susceptibility in
both E. faecalis (n = 442) and E. faecium (n = 151) (32). However, starting in 2006, some clin-
ical reports emerged from Greece, Denmark, and Brazil of E. faecalis isolates that exhibited
penicillin resistance but were susceptible to ampicillin. The mechanistic basis of this phe-
nomenon seems to be due to alterations and overproduction of PBP4 (33, 34). Further, a
2012 study using 317 E. faecalis clinical isolates from Brazil showed that 11% of isolates
exhibited the phenotype of penicillin resistance (MICs 16 to 32 ng/mL) and ampicillin sus-
ceptibility (MICs 1 to 8 wg/mL). According to CLSI breakpoints (35), MIC values = 16 mg/L
were considered resistant. Interestingly, broth microdilution and Etest categorized 100% of
these strains as susceptible to amoxicillin (91.2% were susceptible by standard disk diffu-
sion), indicating a good correlation between ampicillin and amoxicillin susceptibility results.
However, only 73.5, 61.8, and 38.2% of the isolates were susceptible to imipenem when
using broth microdilution, gradient diffusion, and disk diffusion, respectively. None of the
isolates were susceptible to piperacillin by broth and gradient diffusion, while 27% were
determined to be piperacillin-susceptible by disk diffusion. Another study with 59
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TABLE 1 Clinical breakpoints recommended by CLSI or EUCAST for relevant antimicrobials against enterococci (30, 39)¢

Interpretive categories Interpretive categories
and zone diam and MIC breakpoints
X breakpoints in mm in ug/mL
Disk
Antimicrobial content S | R S SDD | R
Penicillins
Penicillin CLSI 10U =15 - =14 =8 - - 1
Ampicillin CLSI 10 ng =17 - =16 =8 - - =16
Ampicillin EUCAST 2ug =8 - <8 =4 - - >8
High-level aminoglycoside resistance®
Gentamicin CLSI 120 ng =10 - =6 =500 - - >500
Gentamicin EUCAST 30 ug =8 - <8 =128 - - >128
Streptomycin CLSI 300 g =10 - =6 =1,000 (broth) - - >1,000 (broth)
=2,000 (agar) >2,000 (agar)
Streptomycin EUCAST 300 ug =14 - <14 =512 - - >512
Glycopeptides and lipoglycopeptides
Vancomycin CLSI 30 ug =17 15-16 =14 =4 - 8-16 =32
Vancomycin EUCAST 5u1g =12 - <12 =4 - - >4
Dalbavancin, vancomycin-susceptible E. faecalis - - - - =0.25 - - -
only CLSI
Oritavancin CLSI - - - - =0.12 - - -
Televancin CLSI - - - - =0.25 - - -
Teicoplanin CLSI 30 ng =14 11-13 =10 =8 - 16 =32
Teicoplanin EUCAST 30 ug =12 - <12 =4 - - >4
Lipopeptides
Daptomycin, E. faecium only CLSI - - - - - =4 - =8
Daptomycin, Enterococcus spp., except E. faecium - - - - =2 - 4 =8
CLSI
Streptogramins and oxazolidinones
Linezolid CLSI 30 ug =23 21-22 =20 =2 - 4 =8
Linezolid EUCAST 10 ug =20 <20 =4 >4
Tedizolid CLSI =0.5
Tetracyclines
Tigecycline, E. faecalis EUCAST 15 ug =20 - <20 =0.25 - - >0.25
Tigecycline, E. faecium EUCAST 15 ug =22 - <22 =0.25 - - >0.25
Eravacycline, E. faecalis EUCAST 20 ug =22 - <22 =0.125 - - >0.125
Eravacycline, E. faecium EUCAST 20 ug =24 - <24 =0.125 - - >0.125
Fosfomycin
E. faecalis urinary tract only, CLSI 200 ng =16 13-15 =12 =64 - 128 =256
Nitrofurantoins
CLSI 300 ug =17 15-16 =14 =32 - 64 =128
E. faecalis uncomplicated UTI only, EUCAST 100 ug =15 - <15 =64 >64

9If an agent has breakpoints listed by CLSI or EUCAST but not both, that implies that the agency does not have established breakpoints for the agent. CLSI guidelines
recommend reading results for disk diffusion at 16 to 18 h and for dilution based methods at 16 to 20 h. EUCAST recommends reading all results at 16 to 20 h. Both
agencies recommend reading vancomycin test results at 24 h. Please see CLSI M100 document and EUCAST guidelines for further detailed recommendations on testing for
each agent. A dash indicates that no value is given for that interpretive category. For instance a dash under “I" means there is no intermediate range, only a susceptible or
resistant one. For disks, it means these particular antibiotics do not have a corresponding disk manufactured, thus no concentration can be given.

bHigh-level aminoglycoside resistance is interpreted as a positive or negative result based on the indicated cutoff values. The CLSI recommends reading gentamicin and
streptomycin disk diffusion results at 16 to 18 h, gentamicin broth or agar dilution methods results at 24 h, and streptomycin broth or agar dilution methods results at 24 to
48 h (reincubation required if susceptible at 24 h).

penicillin-resistant E. faecalis isolates reported that 27 and 98% were resistant to imi-
penem and piperacillin (MICs = 16 mg/L), respectively, while none were resistant to
ampicillin or amoxicillin by BMD (36). Thus, the current evidence suggests that in
penicillin-resistant isolates, ampicillin susceptibility is an unreliable predictor of in
vitro susceptibility to imipenem or piperacillin.
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The precise global epidemiological prevalence of penicillin-resistant, ampicillin-suscepti-
ble E. faecalis strains remains unclear. A prospective observational study in South Korea
with 295 patients with E. faecalis bloodstream infections showed that 22.7% of recovered
isolates were penicillin-resistant and ampicillin-susceptible using CLSI breakpoints, and that
infections involving these isolates were associated with a >2-fold higher 30-day mortality
rate (adjusted odds ratio 2.27, 95% confidence interval,1.01 to 5.02) relative to penicillin-
susceptible strains (37). Of note, a significant decrease in survival was also observed in
patients infected with penicillin-resistant isolates that were treated with ampicillin and/or
piperacillin-based regimens likely due to therapeutic failure (P = 0.011). However, these
data should be taken with caution since, as mentioned above, AST methods used by clini-
cal laboratories have variable performance for the detection of penicillin resistance. A 2019
study showed that the gradient strip method consistently miscategorized isolates as peni-
cillin resistant, while all 24 of them were determined to be susceptible by reference broth
microdilution (38). The study also showed that all isolates identified as penicillin resistant
by the gradient strip method had piperacillin-tazobactam MICs = 16/4 pwg/mL by broth
microdilution which, despite the lack of CLSI breakpoints for enterococci, is considered a
wild-type MIC range below the epidemiological cutoff value (39). The Vitek 2 seems to
have similar performance issues as was reported in a study of 49 isolates where 94% were
falsely categorized by the Vitek 2 as penicillin resistant with CLSI breakpoints relative to the
reference method (40). Thus, in clinical practice common AST methods are inaccurate and
unreliable for detection of penicillin resistance and should not be used to predict suscepti-
bility to other agents nor to preclude therapeutic use of penicillin or piperacillin-tazobac-
tam without verification with alternative reference methods. These issues highlight a
general limitation of using surrogate AST methods to guide treatment decisions where per-
formance issues can be amplified and have major clinical repercussions.

AMINOGLYCOSIDES

High-level resistance to aminoglycosides can vary geographically with rates between
40 and 68% but the frequency seems to be increasing in both E. faecium and E. faecalis
(16, 21, 41, 42). Indeed, due to the intrinsically high MICs to aminoglycosides in most clini-
cally relevant enterococci, clinical laboratories only tests for high-level resistance to genta-
micin (>500 wg/mL) and streptomycin (>1,000 nwg/mL by broth, >2,000 ng/mL by agar)
to determine the possibility of synergism with a cell wall acting agent (Table 1). The most
common gene associated with high-level resistance to gentamicin is aac(6’)-le-aph(2")-la
which encodes a bifunctional aminoglycoside-modifying enzyme (often located on conju-
gative transposons) conferring resistance to all commercially available aminoglycosides,
including amikacin and tobramycin with the exception of streptomycin (Table 2) (43).
High-level resistance to streptomycin alone is possible due to ribosomal mutations or the
presence of a streptomycin-nucleotidyltransferase enzyme (1). Of note, high-level resist-
ance to gentamicin or streptomycin is sufficient to abolish the bactericidal activity
observed between a cell wall active agent and the respective aminoglycoside.

When testing for high-level aminoglycoside resistance, CLSI recommends using MH
agar for disk diffusion and agar dilution while brain heart infusion broth is recom-
mended for microdilution since it yields better growth and concordance compared to
MH broth (44). Early evaluations of disk diffusion based methods in the 2000s reported
overall good performance for identification of high-level resistance to aminoglycosides
(45). Indeed, gentamicin testing via gradient strip has consistently been reported as an
accurate marker of high-level aminoglycoside resistance while the streptomycin strip is
less reliable (46). Further, a 2001 study that assessed six national committee recom-
mended disk diffusion procedures from the United States and Europe (54 E. faecalis
and 7 E. faecium clinical isolates) showed poor performance for gentamicin, relative to
broth microdilution (47). This discordance is expected because global disk diffusion
recommendations differ in terms of media, inoculum density, antimicrobial disk con-
centration and interpretative clinical breakpoints.
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TABLE 2 Summary of antimicrobial agents covered in the review, common mechanisms of resistance and associated challenges to
antimicrobial susceptibility testing?

Antibiotic class

Resistance in enterococci

Common mechanism

Associated gene(s)

Challenges to antimicrobial susceptibility
testing

B-Lactams
Ampicillin

Penicillin w/AMP-S

Aminoglycosides
Gentamicin

Streptomycin

Glycopeptides (vancomycin
and teicoplanin)

Lipoglycopeptides

Oxazolidinones

PBP modification or
overproduction

PBP modification or
overproduction

Aminoglycoside-modifying
enzyme (high-level resistance)

Remodeling of peptidoglycan
precursors by production of

p-Ala-p-Lac (high level) or p-Ala-

p-Ser-ending precursors.
Destruction of normal p-Ala-
p-Ala ending precursors

Remodeling of peptidoglycan
precursors similar to
glycopeptide resistance.

For oritavancin increased
expression of vanA operon.

Mutations in 23S rRNA genes
Changes in ribosomal proteins
Modification of rRNA
Ribosomal protection

pbp-5 (E. faecium)

pbp-4 (E. faecalis)

aac(6')-le-aph(2")-la

Ribosomal mutations and
streptomycin
adenyltransferase

vanABCDEGMNO, (vanA, vanB,

and vanC being the most
commonly identified)

vanAB

23S rRNA, rplC, rpID, cfr, optrA,

poxtA

o Disk diffusion method “overcalls” resistance

to ampicillin

e Gradient strips can falsely characterize
resistant isolates as susceptible

e Vitek 2 “undercalls” ampicillin
nonsusceptibility in E. faecium

o Vitek 2 “overcalls” ampicillin resistance in

E. faecalis

e Gradient strip method and Vitek 2 both
consistently miscategorize PCN-S isolates as
PCN-R (compared to broth microdilution)

e BMD, gradient strips, and disk diffusion
methods for ampicillin may not reliably predict
susceptibility to imipenem or piperacillin in in
PCN-R AMP-S phenotype enterococci

e Gradient strips less useful for the detection
of high-level resistance due to max tested
concn of 256 ug/mL

o Vitek 2 does not identify all vanB-carrying
enterococcal isolates, missing up to 25% of
isolates

e Vitek 2 tends to misidentify enterococci with

low-level vancomycin resistance (i.e.,
E. gallinarum or casseliflavus)

e Gradient strips identify <50% of vanB-

positive isolates

e BMD identifies ~60% of vanB-positive

isolates

e Gradient strips are not FDA-approved for
oritavancin

e Automated commercial AST systems do not
yet include oritavancin and dalbavancin on
their panels

e BMD has increased complexity due to the
lipophilic tail unique to the class, which
necessitates low-binding plastic microtiter
plates, and addition of p-80 to block drug
binding to plastic. DMSO is also required as
a drug stabilizer

e Many clinical labs send out AST due to
complexity

e Agar-based diffusion methods increase in
accuracy and precision after prolonged
incubation (>42 h)

e Broth-based methods with CAs of 75-85%

compared to BMD (EUCAST breakpoints)

e Phoenix and Vitek 2 have reduced CA to
BMD (64.2%, 79%) due to lack of 2-day
incubation (EUCAST)

e No agar-based methods have acceptable CA
to BMD when using CLSI breakpoints
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TABLE 2 (Continued)

Journal of Clinical Microbiology

Resistance in enterococci

Antibiotic class Common mechanism Associated gene(s)

Challenges to antimicrobial susceptibility
testing

Tetracycline derivatives
Glycylcyclines (tigecycline) Displacement of antibiotic from
site of action:

o Efflux pumps

e Ribosomal protection proteins

tet(L), rpsJ

Aminomethylcyclines
Lipopeptides (daptomycin)  Alteration of cell wall synthesis and  liaFSR, cls

cell membrane homeostasis

e Gradient strips are effective, but have brand
variability, and interpretation is difficult due
to trailing enterococcal growth within the
halo of growth inhibition

e Tedizolid susceptibility testing platforms
have lagged, and linezolid has been used as
a surrogate marker

e In the limited multipathogen studies
available, gradient strips appear to have
lower performance than agar dilution

e Further studies are needed overall

e There is a paucity of published data

evaluating susceptibility testing platforms

e Existing gradient strips tend to report MICs
1-fold lower than the reference BMD

e The requirement of calcium for daptomycin
activity leads to variation of MIC
determination between lots of media due
to calcium concn

e MIC determinations by BMD and gradient

strip have been demonstrated to vary
significantly across institutions/labs

e Genotype risk factors for daptomycin
resistance are not consistently reflected in
MICs by any method

aABC, adenosine-triphosphate binding cassette; Ala, alanine; AMP, ampicillin; AST, antimicrobial susceptibility testing; BMD, broth microdilution; CA, categorical agreement;
DMSO, dimethyl sulfoxide; Lac, lactate; p-80, polysorbate-80; PCN, penicillin; Ser, serine; -R, resistant; -S, susceptible. Further studies are needed regarding mechanisms of
resistance in enterococci. Most common clinical mechanisms/gene associations listed. For a comprehensive review and discussion, please see references 1 and 140.

Among automated AST systems, the BD Phoenix system has been reported to per-
form accurately and reliably for enterococci with 100% categorical agreement (CA) for
gentamicin relative to the agar dilution reference method (48). The Vitek2 system was
reported to have acceptable performance against multidrug-resistant enterococcal iso-
lates with high concordance for high-level gentamicin resistance (essential agreement
[EA] of 97 to 100%) and high-level streptomycin resistance (96 to 100% EA) (28, 29).
The Vitek2 yields low rates of very major (VME) or major errors (ME) for high-level gen-
tamicin and streptomycin resistance (only 1 isolate in a collection of 84) (29).

VANCOMYCIN

Vancomycin was the front-line agent for the treatment of ampicillin-resistant enter-
ococcal infections or in patients with severe B-lactam allergies until the emergence
and dissemination of VRE (1, 49). Vancomycin resistance in the clinical setting is due, in
part, to the synthesis of modified, low vancomycin binding-affinity cell wall precursors
(terminating in p-alanine-p-lactate or p-alanine-p-serine) encoded by several gene clus-
ters, of which the vanA and vanB operons are the most commonly encountered (often
carried on mobile transposons) (50). A chromosomally encoded vanC operon confers
low-level resistance to vancomycin (MICs 2 to 32 ug/mL) and is found in E. gallinarum
and E. casseliflavus, which are less commonly reported as causes of clinical infections.
The presence of additional van gene clusters (i.e., vanD, vanE, vanG, vanL, vanM, and
vanN) in enterococci is possible but rare (51). The vanA genotype is the most prevalent,
but vanB harboring isolates are increasingly reported as the cause of sporadic out-
breaks in Europe and Australia (52-55). The main difference is that isolates exhibiting
the VanB phenotype test susceptible to teicoplanin with variable MICs to vancomycin
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(4 to 1,024 ng/mL). Molecular testing has helped in differentiating the genotypes. An
early study with 150 diverse enterococcal isolates (60 E. faecalis, 55 E. faecium, 26 E. gal-
linarum, and 9 other Enterococcus spp.) from 35 states, including 99 vancomycin-resist-
ant strains reported a CA for vancomycin of 95.3, 96.6, and 96% for the gradient strip,
Vitek, and disk diffusion methods, respectively (using CLSI breakpoints, which is con-
sistent with later studies) (28, 56). The gradient strip and Vitek errors were due to “over-
calling” vancomycin nonsusceptibility relative to the reference method. The BD
Phoenix commercial system is reported to have good performance for all antimicro-
bials for enterococci, including >98% CA for vancomycin and teicoplanin (57, 58). In a
study using Vitek2, the performance of vancomycin susceptibility showed >94% CA
for both E. faecalis and E. faecium. Of note, Vitek2 detected 96% of the vanA-carrying
isolates but only 81% of vanB isolates (28). In another study, the Vitek2 correctly identi-
fied 78 of 80 isolates with the vanC phenotype but was unable to distinguish between
E. gallinarum or E. casseliflavus (59), although the clinical relevance of distinguishing
between these two vanC species is unclear. Of note, a study showed that misidentifica-
tion of 13 vancomycin-resistant E. faecium isolates with low-level, inducible vancomy-
cin resistance over a 5 month period from patients in the transplant unit led to spread
of VRE through the unit and inappropriate management (60). After the issue was iden-
tified, the laboratory tested the isolates and found that the BD Phoenix accurately
identified 12 out of 13 isolates as E. faecium, while the Vitek2 correctly identified only 2
isolates, with the remaining misidentified either as Aerococcus viridans or “unable to be
identified.” Further, the Rapid ID 32 Strep system accurately identified all 13 isolates.
Larger contemporary studies are needed to determine whether the Vitek2 perform-
ance has improved performance in the last few years.

In another study from 2019 that included 68 vanB-carrying VRE isolates, the Vitek2
correctly identified 52 as being vancomycin resistant, while testing by broth microdilu-
tion identified only 41 isolates as VRE. The Etest (bioMérieux) and MIC test strip
(Liofilchem) gradient strips correctly identified 26 and 24 vanB positive isolates, respec-
tively (61). A multicenter study using 12 E. faecalis and 18 E. faecium isolates compared
Vitek2, EUCAST disk diffusion, and the CLSI recommended screen (brain heart infusion
agar [BHI] supplemented with 6 wg/mL vancomycin) for the detection of low-medium
level vanB-mediated resistance. The results showed that the disk and agar method
(which only yielded errors due to low-level MICs of 4 to 8 ng/mL), performed better
than the Vitek2, which yielded more errors in the intermediate level resistance cate-
gory (16 to 32 ug/mL) (62). Furthermore, the study showed that disk diffusion detected
vancomycin resistance better on MH-Il agar from Oxoid (P < 0.0001) or Merck (P =
0.027) compared to BD BBL. Similarly, the CLSI agar screen performed better on Difco
BHI agar than the Oxoid or BD BBL brands (P = 0.017). These variations associated with
the agar or disk manufacturer used by laboratories highlights a major limitation in the
interpretation of phenotypic testing (63, 64).

It is worth noting that some vanA-carrying enterococci exhibit phenotypic suscepti-
bility to vancomycin, and can revert to a vancomycin-resistant phenotype (designated
vancomycin-variable enterococci [VVE]) (65). Furthermore, some enterococci exhibit
loss of function mutations in the ddl genes (encoding the native p-Ala-p-Ala ligases)
and can only survive in the presence of vancomycin capable of inducing the van clus-
ters and synthesize cell wall precursors ending in p-lactate. These isolates have been
termed vancomycin-dependent enterococci (VDE) (66).

VRE screening in hospital settings and molecular assays. The clinical laboratory
plays a critical role in preventing VRE nosocomial infections by screening patients and
hospital environments for VRE colonization and relaying that information to the infec-
tion control team. Colonization of the Gl tract with VRE is associated with many factors
that include prior use of broad-spectrum agents such as cephalosporins, antibiotics
with antianaerobic activity (e.g., metronidazole), and vancomycin (67). While the major-
ity of VRE-colonized patients may not develop symptomatic infections, colonization
and domination (where >30% of GI microbiome taxa are composed of enterococci) of
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the Gl tract increases the risk for VRE bacteremia in immunocompromised patients,
particularly in neutropenic and bone marrow transplant patients (68, 69). Active sur-
veillance for VRE colonization and isolation are the primary methods to prevent wide-
spread VRE transmission. Chromogenic media for direct culturing of stool samples like
ChromID (bioMérieux) allows for colorimetric differentiation between E. faecalis and E.
faecium with 90 and 85.4% sensitivity, respectively, and 100% specificity for both.
These media perform better than bile esculin azide agar containing vancomycin which
has higher false-positive rates (42). False positives are possible with Candida spp. and
Gram-negative rods but contaminants tend to be colorless and likely to be interpreted
incorrectly as VRE. CHROMagar (BD) detects VanA and VanB phenotypes while inhibi-
ting the growth of VanC. Overall, culture-based methods have inherent limitations of
time to reporting with delays of up to 5 days and PCR-based molecular assays offer
faster turn-around times. Select chromagars which can identify VRE in 1 day can be
useful for clinical laboratories that batch PCR assays and perform them once a day.

Rapid identification of pathogenic organisms and differentiation from contaminants
is especially critical in bloodstream infections to decrease time to appropriate therapy.
Further, rapid molecular tests applied on samples taken to evaluate colonization status
decrease the time to implement targeted infection control procedures. The perform-
ance of molecular assays varies with sensitivities ranging from 61.5 to 100% and speci-
ficity ranging from 14.7 to 99.5% (42). The FDA-approved Xpert vanA assay (Cepheid)
was reported to have 100% sensitivity and 96.9% specificity in a study with 101 VRE-
positive rectal swabs from patients at high-risk for VRE colonization (70). The Roche
LightCycler VRE detection platform for rectal swabs has a high negative predictive
value (NPV) for vanA (99.9%) and vanB (99.9%) and low positive predictive value (PPV)
for vanA (68.5%) and vanB (1.4%) compared to conventional culture (71). Interestingly,
the Cepheid vanA and vanB assay had a high PPV (92%) when the reference culture
method involved a broth enrichment step prior to plating but not otherwise (32%),
reflecting the variable performance of the “gold standard” culture-based test (70, 72).
Thus, these molecular assays are most useful to “rule out” VRE colonization in patients.
A study with 1027 swab specimens from 3 distinct sites reported a BD GeneOhm VanR
assay sensitivity, specificity, PPV, and NPV of 93.2, 81.9, 54.4, and 98.1%, respectively
(73). The specificity was limited by false positives due to vanB, suggesting that secondary
confirmation with other methods is necessary. Of note, in this study, perianal swabs had
higher specificity than rectal swabs for vanA and vanB detection (87.1% versus 74.7%). A
2019 European multicenter external quality control assessment conducted over 6 years
reported that accurate detection of vanA isolates has remained high over the years (sensi-
tivity 94 to 97%), the sensitivity of detecting vanB increased from 82% in 2013% to 93% in
2018 and commercial or in-house assays performed equally well (74).

The Verigene Gram-positive blood culture assay is a multiplex microarray-based
molecular test with 12 Gram-positive organism targets including E. faecium and E. fae-
calis and 3 resistance markers including vanA and vanB. In a multicenter study with
1,252 blood cultures containing Gram-positive bacteria the Verigene blood culture
assay had a sensitivity of 94.8% (55/58) and 92.6% (26/28) for the organism identifica-
tion of E. faecalis and E. faecium, respectively, with a 100% specificity for both in addi-
tion to a 100% sensitivity and specificity (55/55) for accurate detection of vanA or vanB
(75). These findings were confirmed in a study with 203 positive blood cultures from
pediatric patients (76). However, a major hurdle of all PCR-based methods is the pres-
ence of van clusters in organisms other than enterococci like Streptococcus mitis/oralis,
Eubacterium lenta, Ruminococcus spp, Lactococcus spp, and some Clostridium spp. which
are all ubiquitous commensal colonizers of the Gl tract (71, 77). Indeed, the lower val-
ues of specificity and PPV in the vanB assays described above may be due to higher
carriage of vanB by gut anaerobes and other commensals (78). Selective broth enrich-
ment of VRE rectal swabs (consisting of inoculating swabs into broth containing amoxi-
cillin, amphotericin B, aztreonam, and colistin and incubating for 24 h) increases the
Cepheid Xpert's PPV to 100% from 41% compared to using nonenriched samples
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(direct swab medium application), with no significant change in NPV (99.5% and 100%
for enriched and nonenriched samples, respectively) (79). Of note, the study authors
suggested a C; = 25 for a true positive for vanB, and recommended C; values between 25
and 30 to be confirmed by culture results (75). However, this approach requires independ-
ent validation of the enrichment process, the modified specimen and increases turnaround
time by 24 h. Furthermore, PCR-based assays cannot recover organisms for pulsed-field gel
electrophoresis, multilocus sequence typing, or whole-genome sequencing to track out-
break epidemiology (80). Alternative immunologic methods like lateral flow devices may
bridge the gap between genotypic and phenotypic testing for vancomycin resistance. The
NG Biotech lateral vanA and vanB assay showed 100% sensitivity and specificity in a study
with 135 isolates, including 24 vanA and 33 vanB, when broth enrichment or vancomycin-
selective agar were used prior to the assay (81).

LIPOGLYCOPEPTIDES

Telavancin and dalbavancin only retain activity against vanB harboring enterococci
but not vanA genotypes, while oritavancin is active in vitro against all VRE, including
vanC phenotypes, with =16-fold more potency (82). A study with 1,086 enterococci
reported that seven vancomycin-intermediate isolates had low oritavancin MICs of
0.004 to 0.015 ng/mL and 200 VRE isolates had oritavancin MICs between 0.002 and
1 ng/mL (83). A recent SENTRY study reported 92.3 to 98.3% susceptibility to oritavan-
cin in global collection of VRE strains (21). Broth microdilution testing is more complex
for these agents as revised CLSI guidelines include adding DMSO as a solvent and dilu-
ent for drug solubilization, in addition to supplementing MHII media with 0.002% poly-
sorbate-80 (p-80) to minimize adherence of the drug to plastic surfaces of the 96-well
plates (84-87). The revised CLSI guidelines state lower dalbavancin and oritavancin
MICs with the addition of p-80. Thus, in addition to problems with accuracy and repro-
ducibility due to the medium manufacturer, lot-to-lot variation, inoculum density and
antibiotic stock preparation, the type of 96-well microtiter plate is an important source
of variation for these agents. For example, for dalbavancin, tissue-culture treated and
polystyrene plates have worse performance than Corning’s nonbinding surface plates
that have a nonionic hydrophilic surface to minimize nonspecific molecular interac-
tions (88). Manual methods like the dalbavancin gradient diffusion strip (Etest) was
reported to show high agreement with broth microdilution (92.5% MICs within one
doubling dilution, 100% within two doubling dilutions) in a study with 200 Gram-posi-
tive bacteria (including 20 enterococci), while agar dilution on average yielded 2-fold
higher MICs (89). There are no FDA-approved oritavancin gradient strips for clinical
use. Long-acting lipoglycopeptides (dalbavancin and oritavancin) are not yet included
in panels for testing on commercial systems like the Vitek2, Phoenix, or MicroScan.
Thus, due to the complexities mentioned above and due to the low testing volume for
these agents, many clinical laboratories outsource lipoglycopeptide testing to larger
reference or commercial laboratories.

OXAZOLIDINONES

As mentioned above, linezolid is the only FDA-approved antibiotic indicated for VRE
infections with 98 to 99.6% susceptibility reported globally in a recent SENTRY surveillance
study of 7,615 VRE isolates using CLSI breakpoints (21). Tedizolid also has in vitro activity
against VRE with 99.5 to 100% global susceptibility. Of note, there are no EUCAST break-
points for tedizolid and CLSI only has a susceptible breakpoint (=0.5 mg/L). CLSI guidelines
recommend that susceptibility to linezolid can be used as a surrogate marker for suscepti-
bility to tedizolid for E. faecalis, though isolates that are intermediate or resistant to line-
zolid can retain susceptibility to tedizolid (26). Several mechanisms of resistance that affect
oxazolidinones have been reported and include mutations in the 23S rRNA subunit (the
G2576T change is the most common in clinical strains), changes in L3 or L4 ribosomal
genes and horizontal acquisition of plasmid-borne determinants such as cfr, optrA, and
poxtA genes (2, 90). The accumulation of mutated rRNA alleles in combination with other
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resistance mechanisms leads to high-level resistance. Of note, cfr confers in vitro resistance
only to linezolid, while the optrA and poxtA genes confer resistance to both linezolid and
the newer antibiotic tedizolid (91, 92). A unique caveat reported for oxazolidinone suscepti-
bility testing in enterococci is increased accuracy and precision when results are read after
a prolonged incubation of 2 days (>42 h) due to hazy and trailing growth in agar
diffusion-based methods (93).

A recent study assessed performance of commercial tests with 80 E. faecium and 20 E.
faecalis isolates, including 20 carrying optrA, 17 with poxtA and 1 with both (93). Using
EUCAST breakpoints for linezolid (susceptible = 4 ug/mL, =19 mm), the Etest gradient
strip had the highest CA (87%) with broth microdilution (on day 1), followed by disk diffu-
sion. Two other broth-based methods (Sensititre [Thermo Fisher] and UMIC [Biocentric])
and MicroScan exhibited a CAs of 85, 82, 83, and 75%, respectively, relative to the reference
broth microdilution method. Etest, disk, Sensititre, and UMIC had acceptable CAs of 92, 90,
92, and 92%, respectively, by day 2 of reading results while MicroScan exhibited a CA of
89%. Phoenix and Vitek2, for which results interpretation on day 2 was not possible, had
CAs of 64.2 and 79%, respectively. Notably, when using the CLSI breakpoints (sus-
ceptible = 2 pug/mL, intermediate 4 pwg/mL, resistant = 8 wg/mL), none of the methods
yielded an acceptable CA. Sensititre had the highest CA at 76%, while the automated
methods had the highest very major error (VME) rates. CLSI breakpoints yielded the lowest
VME rates of 1.7% at day 2 with both Sensititre and Etest, while EUCAST breakpoints
yielded a VME rate of 8.5% for Sensititre and 11.9% for Etest. Thus, the study confirmed
that extended incubation times, up to 2 days, whenever possible, enhance performance of
methods for linezolid susceptibility testing, though it is not currently included in recom-
mendations by CLSI or EUCAST. Indeed, in the above study, the automated methods failed
to identify several resistant isolates that harbored optrA and poxtA. Other studies, however,
have shown that the MicroScan, agar dilution, and Vitek 2 show the best performance in
the detection of resistant isolates with 23S rRNA mutations (94, 95). This discrepancy high-
lights the risk of solely using automated methods to detect linezolid resistance.

Gradient strips have been shown to be an effective method for linezolid MIC deter-
mination although with reported brand variability. Etest, however, can be harder to
interpret due to the trailing of enterococcal growth within the halo of growth inhibi-
tion. Interestingly, after observing significantly higher linezolid nonsusceptibility rates
relative to published literature, an institution transitioned their testing from the Etest
to Vitek2 and evaluated the impact of such change in a clinical outcome study of 116
VRE patients. The change in susceptibility platforms increased linezolid susceptibility
rates from 36 to 98% (P < 0.001) and decreased time to appropriate therapy from 1.1
to 0.8 days (P = 0.007), suggesting that laboratories should optimize AST algorithms if
their local antibiogram diverges significantly from regional or global rates (96).

Tedizolid is a later generation oxazolidinone that has been shown to be noninferior to
linezolid in the treatment of soft tissue infections (97, 98). Tedizolid also appears to retain activ-
ity against cfr-containing isolates of S. aureus (99). The approval of tedizolid susceptibility test-
ing platforms has lagged and linezolid has been used as a surrogate marker. In a study
encompassing 1,241 enterococcal isolates, including VRE, CA between tedizolid and linezolid
susceptibility results by broth microdilution was 98.3% using CLSI breakpoints with 3 VME
(susceptible to tedizolid but nonsusceptible to linezolid) and 18 minor errors (MIE). These
results suggest that linezolid is a viable surrogate marker of tedizolid susceptibility and that
the VME were likely due to cfr harboring isolates (91). In another study that included 220
enterococcal strains, (100 vancomycin-resistant E. faecalis and 120 vancomycin-resistant E. fae-
cium, of which 25 were daptomycin nonsusceptible and 10 were linezolid resistant), the tedi-
zolid MICs/MICy, values were 0.25/0.25 pwg/mL for E. faecalis and 0.5/1 wg/mL for E. faecium
(100). Compared with linezolid, the tedizolid MIC,, values were 8- and 4-fold lower for E. faeca-
lis and E. faecium, respectively. Of note, the 10 linezolid-resistant E. faecium (MICs between 8
and 32 pg/mL) exhibited tedizolid MICs between 4 and 8 ng/mL (all cfr negative), suggesting
other mechanisms of resistance and confirming the higher potency of tedizolid in vitro.
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TETRACYCLINE DERIVATIVES

Tigecycline is the first bacteriostatic glycylcycline approved for clinical use with a
20-fold higher ribosomal affinity than tetracycline (101). This antibiotic retains activity
against ~99.5% of VRE with a MIC,, of 0.25 wg/mL. Resistance is associated with muta-
tions in efflux pumps (similar to the multidrug and toxin extrusion pumps in S. aureus)
and mutations in rpsJ, a gene encoding ribosomal protein $10, which often occur in
response to tigecycline exposure. Mutations in rpsJ often in combination with other re-
sistance mechanisms in both Gram-positive and Gram-negative pathogens (102, 103).
A multicenter study with a large collection of a variety of Gram-positive and Gram-neg-
ative aerobes, anaerobes, nonpneumococcal streptococci, Streptococcus pneumoniae,
and Haemophilus influenzae showed that the Etest gradient diffusion strip showed
excellent inter and intralaboratory reproducibility with an EA of 99.3% across three
study sites with a MiE rate of 1.9% (104). Another large study (2010) using EUCAST
breakpoints that included 6,151 isolates (391 VRE) showed that disk diffusion overcalls
resistance, with 5.1% of isolates falsely categorized as resistant relative to agar dilution
that called 100% of the VRE as susceptible to tigecycline (105). Another study, which
included enterococcal isolates, also showed a similar lower performance for Etest gra-
dient strips compared to agar dilution with EUCAST breakpoints (106). The Vitek2 was
reported to have 100% EA and CA with CLSI breakpoints in a study with 78 enterococ-
cal isolates (29), with a paucity of contemporary data for other automated systems.

Omadacycline is a novel aminomethylcycline tetracycline derivative approved in
the United States for the treatment of community-acquired pneumonia and acute skin
and soft tissue infections. It retains broad-spectrum activity against Gram-positive and
Gram-negative aerobic and anaerobic pathogens including VRE with modal MICs of
=0.25 pg/mL. Omadacycline has MIC,, values for enterococci between 0.03 and
0.12 ng/mL and MIC,, values between 0.12 and 0.5 ng/mL, as reported in large multi-
center surveillance studies (21, 107-109). Eravacycline is a novel synthetic fluorocycline
recently approved for the treatment of complicated intraabdominal infections that
retains broad-spectrum antimicrobial activity in the presence of mechanisms of tetra-
cycline resistance like efflux pumps and ribosomal protection mutations (110). It
achieves higher serum concentration levels compared to tigecycline and displays more
potent in vitro activity with an MIC,, value of 0.06 ng/mL against E. faecalis and E. fae-
cium, while MICy, values of tigecycline are on average 2-fold higher (111). A report
with 986 enterococci, including 189 VRE, also reported MIC,/MIC,, values for eravacy-
cline of 0.06/0.12 ug/mL, which were 2-fold lower than tigecycline (112). Besides
macroscale epidemiological surveillance studies, there is a paucity of published data
evaluating susceptibility testing platforms for these novel tetracycline derivatives. A
recently published study evaluated the omadacycline MTS gradient strip (Liofilchem)
with E. faecalis FDA breakpoints (=0.25 mg/L susceptible, 0.5 mg/L intermediate,
=1 mg/L resistant) reporting essential agreement (EA) of 100% for E. faecium and
98.3% for E. faecalis with MTS results within 1 dilution of the modal MIC for 95.2% of a
total of 474 Gram-positive isolates (113). Thermo Fisher validated their Sensititre micro-
dilution assay for omadacycline against 603 clinical Gram-positive isolates, including
132 enterococci, showing high reproducibility with an evaluable essential agreement
of 98.3% by manual interpretation and 99.2% by automated reading (114). The erava-
cycline MTS gradient strip was also validated with a CA of 99.3%, evaluable EA of 92%
and a 0.8% ME rate for 288 enterococcal isolates using FDA breakpoints (115). The MTS
gradient strip had a tendency to report MICs 1-fold lower than the reference broth
microdilution method. A study that evaluated performance of the Mast and Bio-Rad
eravacycline disks against a diverse collection of 1,441 isolates (including 129 entero-
cocci), reported a 97% agreement between the disk brands with no discordance
reported between the disks and broth microdilution (116). Of note, CLSI does not have
clinical breakpoints for any newer tetracycline derivatives and EUCAST has distinct
E. faecalis and E. faecium breakpoints for tigecycline and eravacycline (Table 1).
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DAPTOMYCIN

Daptomycin is a cyclic lipopeptide antibiotic FDA approved for S. aureus infections
but used off-label as a front-line agent for the treatment of multidrug-resistant entero-
coccal infections. Wild-type E. faecium daptomycin MICs are often 8- to 16-fold higher
than S. aureus with an MIC,, of 4 ng/mL (18). Daptomycin resistance seems to be on
the rise in VRE, especially in institutions with higher rates of daptomycin use, with
some major cancer centers reporting rates of daptomycin nonsusceptibility between
15 and 21% (15, 117).

The methodology and interpretation of routine susceptibility to daptomycin has
been challenging. This issue is due, in part, by the requirement of calcium for daptomy-
cin activity and the variability in calcium concentrations between different lots of
standard media. Indeed, early studies also reported problems for daptomycin testing
due to significant variability in the concentrations of Ca2* in commercial MHA between
manufacturers and within lots or batches (118).

Although the original daptomycin breakpoint established by CLSI was 4 pg/mL, clinical
data suggested that patients infected with enterococcal isolates within the “susceptible”
range (MICs between 2 and 4 ng/mL) failed therapy (119, 120). Mechanistic studies have
indicated that most clinical strains develop resistance or tolerance (i.e., loss of bactericidal
activity of daptomycin) via mutations in genes encoding a three-component regulatory
system involved in orchestrating the cell envelop response to antimicrobial peptides (the
LiaFSR system). Mutations seem to be “selected” by multiple factors, including exposure to
cationic antimicrobial peptides produced by the innate immune system, suggesting that
enterococci are primed to develop resistance to daptomycin and, hence, the higher MICs
observed in clinical strains compared to other Gram-positive pathogens. This phenomenon
also potentially explains the documentation of daptomycin resistance in isolates recovered
from patients who were never exposed to daptomycin.

A primary challenge to establish more accurate daptomycin clinical breakpoints
was that the E. faecium wild-type modal population MIC is 2 to 4 ug/mL (18). A multi-
center study evaluated the correlation of /liaFSR mutations with daptomycin suscepti-
bility testing with 40 clinical E. faecium isolates across 3 sites. Daptomycin MICs
spanned 3-log, dilutions by broth microdilution for 60% of isolates, 4 dilutions, for
17.5%, 5 dilutions for 2.5% and 6 or more dilutions for 20% (19). The Oxoid Mueller-
Hinton broth supplemented with Ca?* (CA-MHB) yielded MICs that were 1-fold higher,
on average, than the CA-MHB from BD BBL or Difco. The modal MIC was 4 wg/mL and
16.7% of the high-level resistant isolates (MICs > 32 ug/mL) were interpreted as sus-
ceptible by broth microdilution. If all isolates with liaFSR mutations were categorized
as “daptomycin tolerant” based on previous data, 86.8% of these isolates were miscate-
gorized as susceptible which resulted in an overall 59.8% VME rate. Interestingly, the
use of alternative breakpoints did not improve concordance. For example, a breakpoint
of 1.5 ug/mL resulted in a lower VME rate (3.3%) at the cost of a high ME rate (74%); a
breakpoint of 2 ug/mL resulted in a VME rate of 32.1% with an ME rate of 15.1% and a
breakpoint of 1 ug/mL resulted in a VME rate of 15.8% with a ME rate of 73.8%. It is
especially concerning that results are not reproducible even by the reference method,
which suggests that the problems with variability and lack of reproducibility are multi-
faceted and independent of any single factor like technical interpretation, medium
brand, or breakpoints.

The aforementioned study also showed that the Etest (bioMérieux) and MTS
(Liofilchem) gradient strips both failed to identify isolates that were daptomycin toler-
ant or resistant by genotype (19). Furthermore, BD MHA yielded MICs that were on av-
erage 1-fold higher than the MHA from Remel or Hardy with both Etest and MTS. Of
note, gradient strips also showed a high degree of variability (120). An additional find-
ing was that enterococci have poor growth on MHA from Remel and Hardy, indicating
that MHA might not be the ideal medium for enterococcal AST (as mentioned above).

E. faecium daptomycin MICs range from 1 to 4 ng/mL with an epidemiological cut-
off of =4 pg/mL and there are significant difficulties in differentiating the isolates with
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MICs of 1, 2, and 4 wg/mL with any method. On the other hand, the E. faecalis epidemi-
ological cutoff is lower than E. faecium (=2 ug/mL). Despite these differences, CLSI was
hesitant to set distinct clinical breakpoints for E. faecium and E. faecalis over concerns
that some clinical laboratories may not identify enterococcal isolates to the species
level. In addition, since daptomycin was not FDA-approved for E. faecium for any
indication (as opposed to E. faecalis), commercial systems would be unable to obtain
FDA clearance for susceptibility testing. Studies also reported that isolates with
MICs < 1 wg/mL harbor liaFSR mutations and may predispose to therapeutic failure
with daptomycin at the FDA approved dosage of 6 mg/kg/day (121, 122). Thus, it was
essential to provide physicians with breakpoint guidance to effectively deploy dapto-
mycin against enterococcal infections.

A special working group at CLSI was tasked to provide recommendations. The
work culminated with the release of distinct CLSI breakpoints in 2019 for E. fae-
cium (susceptible dose dependent [SDD] = 4 ug/mL and resistant = 8 ug/mL
based on daptomycin doses of 8 to 12 mg/kg/day) and other Enterococcus spp
(susceptible = 2 pug/mL; intermediate 4 wg/mL; resistant = 8 ug/mL) (Table 1)
with the hopes that clinicians will consider using higher doses of daptomycin
against all vancomycin-resistant E. faecium infections. Overall, the difficulty in
developing enterococcal daptomycin breakpoints highlights the problems with
the stochastic nature of MIC distributions and relying on this single measurement
as a precise number for subsequent clinical decision making. While useful, the S/I/
R categorization scheme for AST has notable weaknesses and alternative, innova-
tive systems to predict antimicrobial susceptibility are clearly needed.

SUSCEPTIBILITY TESTING FOR ANTIMICROBIALS USED TO TREAT URINARY TRACT
INFECTIONS

Enterococcus spp. are a leading cause of hospital-acquired urinary tract infections
(UTI) with E. faecalis being the most prevalent (123). However, the identification of an
enterococcal isolate from a urine culture often represent colonization with unclear clin-
ical significance (124). When treatment is indicated in cases of uncomplicated UTI,
there are limited options including fosfomycin and nitrofurantoin whose activity is
largely limited to E. faecalis. CLSI has clinical breakpoints for E. faecalis isolates from
urine cultures with agar dilution recommended with supplementation of the media
with 25 mg/L glucose-6-phosphate. Fosfomycin disks contain 50 ng of glucose-6-phos-
phate and broth microdilution is not recommended. The most common resistance
mechanism of fosfomycin resistance include plasmid-mediated carriage of fosB (MICs
to >1,024 mg/L), encoding a magnesium (Mg-ll)-dependent inactivating enzyme that
adds L-cysteine to the epoxide ring of fosfomycin. Acquired mutations in the active site
of UDP-N-acetylgluosamine enolpyruyl transferase have also been described (125-
127). Studies elucidating mechanisms of nitrofurantoin resistance are largely limited to
Enterobacterales. Limited reports implicate chromosomally encoded nitroreductases in
nitrofurantoin resistance in E. faecalis and E. faecium (128). There are limited contempo-
rary studies assessing the efficacy of or performance of susceptibility testing methods
with nitrofurantoin and fosfomycin against enterococcal urinary isolates. Studies from
the 2000s report low rates of resistance to nitrofurantoin. A 2003 multicenter U.S. study
with 697 VRE (616 E. faecium, 81 E. faecalis) reported 2.4% resistance to nitrofurantoin
(129). A study in the U.K. conducted between 2005 and 2014, with, 5,528 enterococcal
isolates from urine cultures at a tertiary hospital, of which 542 were VRE, reported a
drastic decrease in susceptibility to nitrofurantoin over time (from 100% in 2005 to as
low as 60%) and observed that it was more effective against E. faecalis than E. faecium
(130). A recent study from India conducted over a 10-year period with 239 E. faecalis
isolates reported MIC,,/MIC,, values with agar dilution of 8/64 and 8/16 mg/L for nitro-
furantoin and fosfomycin, respectively (131).
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BEYOND S/I/R: INNOVATIONS IN SUSCEPTIBILITY TESTING

The current gold standard for antimicrobial susceptibility testing in clinical laborato-
ries is phenotypic tests that measure microbial growth in the presence of an antibiotic
relying on culture-based isolation of the pathogen. The entire process may take 48 to
72 h (sometimes longer) depending on the physiological properties of the organism
and the antimicrobial. The delays in reporting may cause serious setbacks in terms of
guiding the appropriate antimicrobial therapy. Innovation in AST has focused on the
development of syndromic rapid molecular tests that detect the presence of genetic
markers of antimicrobial resistance directly from specimens and function as surrogates
to predict susceptibility of organisms, reducing turnaround time to results by at least
1.5 days compared to conventional methods (132). However, rapid molecular assays
are limited by our incomplete knowledge of the vast array of resistance mechanisms
harbored across organisms to various antimicrobials and potential discrepancies with
phenotypic AST results.

Our previous studies have also demonstrated the failure of gold standard MIC determi-
nation to predict daptomycin susceptibility in E. faecium due to lack of reproducible results.
Isolates with daptomycin MICs < 1 ug/mL harbor mutations in the liaFSR cell envelope
stress response system associated with treatment failure and genetic and biochemical
studies have shown that alterations in the liaFSR system are early evolutionary indicators of
the eventual development of high-level daptomycin resistance (19, 133, 134). Innovative
tools like whole-genome sequencing (WGS) have been used to predict phenotypic antimi-
crobial resistance and to track the epidemiological patterns of multidrug-resistant patho-
gens (135). WGS tools either utilize a rules-based approach to predict susceptibility based
on the presence of one or more AMR genetic determinants derived from a database or
deploy machine-learning modeling algorithms to train programs to predict susceptibility
by incorporating complex data on single nucleotide polymorphisms, indels, and other
genetic features (136). A recent WGS study with a set of 177 derivation and 205 validation
clinical E. faecium isolates yielded an average CA of >97% for a rules-based genomic pre-
diction of susceptibility across six antimicrobials relative to phenotypic results generated
by the Vitek2 and confirmed by broth microdilution (137). All discrepancies were resolved
in the validation set except for tetracycline and doxycycline which had false-positive rates
of 14 and 27%, respectively, largely due to extensive variability in the tet(M) sequence. A
major limitation of the study was that many clinically relevant agents like daptomycin and
tigecycline were not assessed. Another study on Resfinder 4.0, a resistance database that
generates in silico antibiograms, reported an overall genotype-phenotype concordance of
92.8 to 96.2% for E. faecium, ranging from 64% for chloramphenicol to 100% for ampicillin,
ciprofloxacin, erythromycin, gentamicin, and vancomycin with two data sets of 522 com-
bined observations (138). The predicted and observed AMR phenotypes matched in 91 to
97% of cases in which AMR determinant were detected and in 95 to 97% of cases in which
no determinant was detected. ResFinder 4.0 performed similarly for E. faecalis with an over-
all genotype-phenotype concordance of 97% from 235 observations across five agents,
ranging from 96% for erythromycin to 98% for tetracycline and vancomycin. Agents like
daptomycin, tigecycline, and lipoglycopeptides were also not assessed in this study. Thus,
the current gap in research on WGS-based susceptibility prediction tools is their application
for agents with complex and multifaceted resistance mechanisms. Studies have reported
the utility of mRNA-based tools that combined machine learning analysis of early antibi-
oticiinduced transcriptional alterations with simultaneous detection of key resistance
determinants in a single assay to detect resistance with 94 to 99% accuracy for multidrug-
resistant Gram-negative pathogens but there is a lack of data on enterococci (139).
Integration of WGS tools into the clinical microbiology lab shows promise but will require
further studies, increased method evaluation and validation, enhancement of next-genera-
tion sequencing platforms and reduced cost, particularly with special attention given to
the needs of low-resource settings. With the emergence of novel AST diagnostics, clinical
outcome studies are increasingly critical to assess their ability to advance patient care.
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Enterococci are commensals of the Gl tract of humans and animals that have rapidly

emerged as problematic nosocomial pathogens due to their genomic plasticity, facilitat-
ing enhanced adaptation to hostile ecological niches. The rise of vancomycin-resistant
E. faecium and, to a lesser extent, the increased prevalence of antimicrobial resistance
determinants in E. faecalis often leaves clinicians with few to no treatment options. This
situation creates an urgent need for novel tools that improve early detection, targeted
treatment and global surveillance of these pathogens. Clinical microbiology laboratories
are a primary source of information in our fight against multidrug-resistant enterococcal
infections. Indeed, accurate, precise and accessible AST is critical for optimal patient care.
Personalized medicine-based approaches like the development of precise testing algo-
rithms to guide clinical laboratories to test susceptibility of pathogens to clinically rele-
vant antimicrobials based on the precise clinical scenario would be a major advance in
the field. Improved standardization of manual methods, reliance on local and regional
antibiograms to inform AST, use of automation, and increased deployment of rapid
point-of-care molecular tests in appropriate settings has greatly advanced AST for entero-
cocci. However, there is a dire need for contemporary studies to evaluate the perform-
ance of commercial AST systems which have undergone technical improvements and
software updates over the years. With the emergence of novel AST diagnostics, larger
validation and clinical outcome studies are increasingly critical to assess their ability to
advance patient care. Future advances that show promising potential include shifts in
the genotype-phenotype binary paradigm with the introduction of complex methods
that combine both pieces of information, genomic tools that predict susceptibility, inno-
vations in direct specimen testing to decrease time to results, and the adaptation of in
vitro AST media to more accurately mimic physiological host environments encountered
by drugs and pathogens.

REFERENCES

1.

Arias CA, Murray BE. 2012. The rise of the Enterococcus: beyond vanco-
mycin resistance. Nat Rev Microbiol 10:266-278. https://doi.org/10.1038/
nrmicro2761.

. Arias CA, Contreras GA, Murray BE. 2010. Management of multidrug-Re-

sistant enterococcal infections. Clin Microbiol Infect 16:555-562. https://
doi.org/10.1111/j.1469-0691.2010.03214.x.

. Miller WR, Murray BE, Rice LB, Arias CA. 2016. Vancomycin-resistant

enterococci: therapeutic challenges in the 21st century. Infect Dis Clin
North Am 30:415-439. https://doi.org/10.1016/j.idc.2016.02.006.

. Maccallum WG, Hastings TW. 1899. A case of acute endocarditis caused

by Micrococcus zymogenes (nov. spec.), with a description of the microor-
ganism. J Exp Med 4:521-534. https://doi.org/10.1084/jem.4.5-6.521.

. Lebreton F, Manson AL, Saavedra JT, Straub TJ, Earl AM, Gilmore MS.

2017. Tracing the enterococci from Paleozoic origins to the hospital. Cell
169:849-861. https://doi.org/10.1016/j.cell.2017.04.027.

. Brinkwirth S, Ayobami O, Eckmanns T, Markwart R. 2021. Hospital-acquired

infections caused by enterococci: a systematic review and meta-analysis,
WHO European Region, 1 January 2010 to 4 February 2020. Euro Surveill 26:
2001628.

. Puchter L, Chaberny IF, Schwab F, Vonberg R-P, Bange F-C, Ebadi E. 2018.

Economic burden of nosocomial infections caused by vancomycin-resist-
ant enterococci. Antimicrob Resist Infect Control 7:1. https://doi.org/10
.1186/513756-017-0291-z.

. Sievert DM, Ricks P, Edwards JR, Schneider A, Patel J, Srinivasan A, Kallen

A, Limbago B, Fridkin S, National Healthcare Safety Network (NHSN)
Team and Participating NHSN Facilities. 2013. Antimicrobial-resistant
pathogens associated with healthcare-associated infections: summary of
data reported to the National Healthcare Safety Network at the Centers
for Disease Control and Prevention, 2009-2010. Infect Control Hosp Epi-
demiol 34:1-14. https://doi.org/10.1086/668770.

. Magill SS, O'Leary E, Janelle SJ, Thompson DL, Dumyati G, Nadle J,

Wilson LE, Kainer MA, Lynfield R, Greissman S, Ray SM, Beldavs Z, Gross
C, Bamberg W, Sievers M, Concannon C, Buhr N, Warnke L, Maloney M,
Ocampo V, Brooks J, Oyewumi T, Sharmin S, Richards K, Rainbow J,
Samper M, Hancock EB, Leaptrot D, Scalise E, Badrun F, Phelps R,
Edwards JR. 2018. Changes in prevalence of health care-associated

Month YYYY Volume XX Issue XX

infections in U.S. hospitals. N Engl J Med 379:1732-1744. https://doi.org/
10.1056/NEJM0a1801550.

. Fiore E, Van Tyne D, Gilmore MS. 2019. Pathogenicity of enterococci.

Microbiol Spectr 7:10.1128/microbiolspec.GPP3-0053-2018. https://doi
.org/10.1128/microbiolspec.GPP3-0053-2018.

. Murray BE. 1990. The life and times of the Enterococcus. Clin Microbiol

Rev 3:46-65. https://doi.org/10.1128/CMR.3.1.46.

. Weiner LM, Webb AK, Limbago B, Dudeck MA, Patel J, Kallen AJ, Edwards

JR, Sievert DM. 2016. Antimicrobial-resistant pathogens associated with
healthcare-associated infections: summary of data reported to the National
Healthcare Safety Network at the Centers for Disease Control and Preven-
tion, 2011-2014. Infect Control Hosp Epidemiol 37:1288-1301. https://doi
.0rg/10.1017/ice.2016.174.

. Abbo L, Shukla BS, Giles A, Aragon L, Jimenez A, Camargo JF, Simkins J,

Sposato K, Tran TT, Diaz L, Reyes J, Rios R, Carvajal LP, Cardozo J, Ruiz M,
Rosello G, Cardona AP, Martinez O, Guerra G, Beduschi T, Vianna R, Arias CA.
2019. Linezolid- and vancomycin-resistant Enterococcus faecium in solid
organ transplant recipients: infection control and antimicrobial stewardship
using whole genome sequencing. Clin Infect Dis 69:259-265. https://doi.org/
10.1093/cid/ciy903.

. Olearo F, Both A, Belmar Campos C, Hilgarth H, Klupp E-M, Hansen JL,

Maurer FP, Christner M, Aepfelbacher M, Rohde H. 2021. Emergence of
linezolid resistance in vancomycin-resistant Enterococcus faecium ST117
associated with increased linezolid consumption. Int J Med Microbiol
311:151477. https://doi.org/10.1016/j.ijmm.2021.151477.

. DiPippo AJ, Tverdek FP, Tarrand JJ, Munita JM, Tran TT, Arias CA,

Shelburne SA, Aitken SL. 2017. Daptomycin non-susceptible Enterococ-
cus faecium in leukemia patients: role of prior daptomycin exposure. J
Infect 74:243-247. https://doi.org/10.1016/j.jinf.2016.11.004.

. Contreras GA, Munita JM, Simar S, Luterbach C, Dinh AQ, Rydell K,

Sahasrabhojane PV, Rios R, Diaz L, Reyes K, Zervos M, Misikir HM,
Sanchez-Petitto G, Liu C, Doi Y, Abbo LM, Shimose L, Seifert H, Gudiol C,
Barberis F, Pedroza C, Aitken SL, Shelburne SA, van Duin D, Tran TT,
Hanson BM, Arias CA. 2022. Contemporary clinical and molecular epide-
miology of vancomycin-resistant enterococcal bacteremia: a prospective

10.1128/jcm.00843-21 16

Downloaded from https://journals.asm.org/journal/jcm on 20 June 2022 by 2800:300:8331:88¢0::3.


https://doi.org/10.1038/nrmicro2761
https://doi.org/10.1038/nrmicro2761
https://doi.org/10.1111/j.1469-0691.2010.03214.x
https://doi.org/10.1111/j.1469-0691.2010.03214.x
https://doi.org/10.1016/j.idc.2016.02.006
https://doi.org/10.1084/jem.4.5-6.521
https://doi.org/10.1016/j.cell.2017.04.027
https://doi.org/10.1186/s13756-017-0291-z
https://doi.org/10.1186/s13756-017-0291-z
https://doi.org/10.1086/668770
https://doi.org/10.1056/NEJMoa1801550
https://doi.org/10.1056/NEJMoa1801550
https://doi.org/10.1128/microbiolspec.GPP3-0053-2018
https://doi.org/10.1128/microbiolspec.GPP3-0053-2018
https://doi.org/10.1128/CMR.3.1.46
https://doi.org/10.1017/ice.2016.174
https://doi.org/10.1017/ice.2016.174
https://doi.org/10.1093/cid/ciy903
https://doi.org/10.1093/cid/ciy903
https://doi.org/10.1016/j.ijmm.2021.151477
https://doi.org/10.1016/j.jinf.2016.11.004
https://journals.asm.org/journal/jcm
https://doi.org/10.1128/jcm.00843-21

Minireview

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

multicenter cohort study (VENOUS I). Open Forum Infect Dis 9:0fab616.
https://doi.org/10.1093/ofid/ofab616.

. Kohner PC, Patel R, Uhl JR, Garin KM, Hopkins MK, Wegener LT, Cockerill

FR, lll. 1997. Comparison of agar dilution, broth microdilution, E-test,
disk diffusion, and automated Vitek methods for testing susceptibilities
of Enterococcus spp. to vancomycin. J Clin Microbiol 35:3258-3263.
https://doi.org/10.1128/jcm.35.12.3258-3263.1997.

. Humphries RM, Pollett S, Sakoulas G. 2013. A current perspective on dap-

tomycin for the clinical microbiologist. Clin Microbiol Rev 26:759-780.
https://doi.org/10.1128/CMR.00030-13.

. Campeau SA, Schuetz AN, Kohner P, Arias CA, Hemarajata P, Bard JD,

Humphries RM. 2018. Variability of daptomycin MIC values for Enterococ-
cus faecium when measured by reference broth microdilution and gradi-
ent diffusion tests. Antimicrob Agents Chemother 62:e00745-18. https://
doi.org/10.1128/AAC.00745-18.

Humphries RM, Hindler J, Jane Ferraro M, Mathers A. 2018. Twenty-first
century cures act and antimicrobial susceptibility testing: clinical impli-
cations in the era of multidrug resistance. Clin Infect Dis 67:1132-1138.
https://doi.org/10.1093/cid/ciy432.

Pfaller MA, Cormican M, Flamm RK, Mendes RE, Jones RN. 2019. Temporal
and geographic variation in antimicrobial susceptibility and resistance pat-
terns of enterococci: results from the SENTRY Antimicrobial Surveillance Pro-
gram, 1997-2016. Open Forum Infect Dis 6:554-562. https://doi.org/10.1093/
ofid/ofy344.

Murray BE. 1992. Beta-lactamase-producing enterococci. Antimicrob Agents
Chemother 36:2355-2359. https://doi.org/10.1128/AAC.36.11.2355.

Coudron PE, Markowitz SM, Wong ES. 1992. Isolation of a beta-lacta-
mase-producing, aminoglycoside-resistant strain of Enterococcus fae-
cium. Antimicrob Agents Chemother 36:1125-1126. https://doi.org/10
.1128/AAC.36.5.1125.

Schulz JE, Sahm DF. 1993. Reliability of the E test for detection of ampicil-
lin, vancomycin, and high-level aminoglycoside resistance in Enterococ-
cus spp. J Clin Microbiol 31:3336-3339. https://doi.org/10.1128/jcm.31
.12.3336-3339.1993.

Joste V, Gydé E, Toullec L, Courboulés C, Talb Y, Riverain-Gillet E, Pangon
B, Amara M. 2019. Enterococcus faecium and ampicillin susceptibility
determination: overestimation of resistance with disk diffusion method
using 2 g of ampicillin. J Clin Microbiol 57:e01467-18. https://doi.org/
10.1128/JCM.01467-18.

Clinical and Laboratory Standards Institute. 2020. Performance standards
for antimicrobial susceptibility testing; CLSI M100, edition 30. Clinical
and Laboratory Standards Institute, Wayne, PA.

Carroll KC, Borek BC, Burger C, Glanz B, Bhally H, Henciak S, Flayhart DC.
2006. Evaluation of the BD Phoenix Automated Microbiology System for
identification and antimicrobial susceptibility testing of staphylococci
and enterococci. J Clin Microbiol 44:2072-2077. https://doi.org/10.1128/
JCM.02636-05.

Garcia-Garrote F, Cercenado E, Bouza E. 2000. Evaluation of a new sys-
tem, VITEK 2, for identification and antimicrobial susceptibility testing of
enterococci. J Clin Microbiol 38:2108-2111. https://doi.org/10.1128/JCM
.38.6.2108-2111.2000.

Bobenchik AM, Hindler JA, Giltner CL, Saeki S, Humphries RM. 2014. Per-
formance of Vitek 2 for antimicrobial susceptibility testing of Staphylo-
coccus spp. and Enterococcus spp. J Clin Microbiol 52:392-397. https://
doi.org/10.1128/JCM.02432-13.

Clinical and Laboratory Standards Institute. 2019. Performance standards
for antimicrobial susceptibility testing: 16th informational supplement,
M100-528. CLSI, Wayne, PA.

Weinstein MP. 2001. Comparative evaluation of penicillin, ampicillin, and
imipenem MICs and susceptibility breakpoints for vancomycin-suscepti-
ble and vancomycin-resistant Enterococcus faecalis and Enterococcus fae-
cium. J Clin Microbiol 39:2729-2731. https://doi.org/10.1128/JCM.39.7
.2729-2731.2001.

Weinstein MP, Mirrett S, Kannangara S, Monahan J, Harrell LJ, Wilson AC,
Reller LB. 2004. Multicenter evaluation of use of penicillin and ampicillin
as surrogates for in vitro testing of susceptibility of enterococci to imipe-
nem. J Clin Microbiol 42:3747-3751. https://doi.org/10.1128/JCM.42.8
.3747-3751.2004.

Guardabassi L, Larsen J, Skov R, Schenheyder HC. 2010. Gentamicin-re-
sistant Enterococcus faecalis sequence type 6 with reduced penicillin sus-
ceptibility: diagnostic and therapeutic implications. J Clin Microbiol 48:
3820-3821. https://doi.org/10.1128/JCM.01252-10.

Metzidie E, Manolis EN, Pournaras S, Sofianou D, Tsakris A. 2006. Spread of
an unusual penicillin- and imipenem-resistant but ampicillin-susceptible

Month YYYY Volume XX Issue XX

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

Journal of Clinical Microbiology

phenotype among Enterococcus faecalis clinical isolates. J Antimicrob Che-
mother 57:158-160. https://doi.org/10.1093/jac/dki427.

Conceicao N, de Oliveira C da CHB, da Silva LEP, de Souza LRC, de
Oliveira AG. 2012. Ampicillin susceptibility can predict in vitro suscepti-
bility of penicillin-resistant, ampicillin-susceptible Enterococcus faecalis
Isolates to amoxicillin but not to imipenem and piperacillin. J Clin Micro-
biol 50:3729-3731. https://doi.org/10.1128/JCM.01246-12.

Conceicao N, Rodrigues WF, de Oliveira KLP, da Silva LEP, de Souza LRC,
da de Cunha Hueb Barata Oliveira C, de Oliveira AG. 2020. Beta-lactams
susceptibility testing of penicillin-resistant, ampicillin-susceptible Entero-
coccus faecalis isolates: a comparative assessment of Etest and disk diffu-
sion methods against broth dilution. Ann Clin Microbiol Antimicrob 19:
43. https://doi.org/10.1186/s12941-020-00386-8.

Kim D, Lee H, Yoon E-J, Hong JS, Shin JH, Uh Y, Shin KS, Shin JH, Kim YA, Park
YS, Jeong SH. 2019. Prospective observational study of the clinical prognoses
of patients with bloodstream infections caused by ampicillin-susceptible but
penicillin-resistant Enterococcus faecalis. Antimicrob Agents Chemother 63:
€00291-19. https://doi.org/10.1128/AAC.00291-19.

Lines TH, Greene MH, Nesbitt WJ, Stratton CW, Schmitz JE. 2019. Entero-
coccus faecalis and penicillin susceptibility testing: the challenge of mul-
tiple methods and agent-to-agent predictions. J Appl Lab Med 3:
730-732. https://doi.org/10.1373/jalm.2018.027821.

EUCAST. 2019. EUCAST Breakpoint tables for interpretation of MICs and
zone diameters v.9.0. EUCAST, Basel, Switzerland.

Tan YE, Ng LSY, Tan TY. 2014. Evaluation of Enterococcus faecalis clinical
isolates with ‘penicillin-resistant, ampicillin-susceptible’ phenotype as
reported by Vitek-2 Compact system. Pathology 46:544-550. https://doi
.org/10.1097/PAT.0000000000000146.

Mittal S, Singla P, Deep A, Bala K, Sikka R, Garg M, Chaudhary U. 2016.
Vancomycin and high-level aminoglycoside resistance in Enterococcus
spp. in a tertiary health care centre: a therapeutic concern. J Pathog
2016:8262561. https://doi.org/10.1155/2016/8262561.

Faron ML, Ledeboer NA, Buchan BW. 2016. Resistance mechanisms, epi-
demiology, and approaches to screening for vancomycin-resistant Enter-
ococcus in the health care setting. J Clin Microbiol 54:2436-2447. https:/
doi.org/10.1128/JCM.00211-16.

Khan A, Miller WR, Arias CA. 2018. Mechanisms of antimicrobial resist-
ance among hospital-associated pathogens. Expert Rev Anti Infect Ther
16:269-287. https://doi.org/10.1080/14787210.2018.1456919.

Sahm DF, Boonlayangoor S, Schulz JE. 1991. Detection of high-level
aminoglycoside resistance in enterococci other than Enterococcus
faecalis. J Clin Microbiol 29:2595-2598. https://doi.org/10.1128/jcm
.29.11.2595-2598.1991.

Huang MB, Baker CN, Banerjee S, Tenover FC. 1992. Accuracy of the E
test for determining antimicrobial susceptibilities of staphylococci,
enterococci, Campylobacter jejuni, and Gram-negative bacteria resistant
to antimicrobial agents. J Clin Microbiol 30:3243-3248. https://doi.org/
10.1128/jcm.30.12.3243-3248.1992.

Sanchez ML, Barrett MS, Jones RN. 1992. Use of the E test to predict high-
level resistance to aminoglycosides among enterococci. J Clin Microbiol 30:
3030-3032. https://doi.org/10.1128/jcm.30.11.3030-3032.1992.

Cotter G, Adley CC. 2001. Comparison and evaluation of antimicrobial sus-
ceptibility testing of enterococci performed in accordance with six National
Committee standardized disk diffusion procedures. J Clin Microbiol 39:
3753-3756. https://doi.org/10.1128/JCM.39.10.3753-3756.2001.

Donay J-L, Mathieu D, Fernandes P, Prégermain C, Bruel P, Wargnier A,
Casin I, Weill FX, Lagrange PH, Herrmann JL. 2004. Evaluation of the
automated phoenix system for potential routine use in the clinical mi-
crobiology laboratory. J Clin Microbiol 42:1542-1546. https://doi.org/10
.1128/JCM.42.4.1542-1546.2004.

Uttley AH, Collins CH, Naidoo J, George RC. 1988. Vancomycin-resistant
enterococci. Lancet 1:57-58. https://doi.org/10.1016/50140-6736(88)91037-9.
Courvalin P. 2006. Vancomycin resistance in Gram-positive cocci. Clin
Infect Dis 42(Suppl 1):525-S34. https://doi.org/10.1086/491711.

Ahmed MO, Baptiste KE. 2018. Vancomycin-resistant enterococci: a
review of antimicrobial resistance mechanisms and perspectives of
human and animal health. Microb Drug Resist 24:590-606. https://doi
.org/10.1089/mdr.2017.0147.

Johnson PDR, Ballard SA, Grabsch EA, Stinear TP, Seemann T, Young HL,
Grayson ML, Howden BP. 2010. A sustained hospital outbreak of vanco-
mycin-resistant Enterococcus faecium bacteremia due to emergence of
vanB E. faecium sequence type 203. J Infect Dis 202:1278-1286. https://
doi.org/10.1086/656319.

10.1128/jcm.00843-21 17

Downloaded from https://journals.asm.org/journal/jcm on 20 June 2022 by 2800:300:8331:88¢0::3.


https://doi.org/10.1093/ofid/ofab616
https://doi.org/10.1128/jcm.35.12.3258-3263.1997
https://doi.org/10.1128/CMR.00030-13
https://doi.org/10.1128/AAC.00745-18
https://doi.org/10.1128/AAC.00745-18
https://doi.org/10.1093/cid/ciy432
https://doi.org/10.1093/ofid/ofy344
https://doi.org/10.1093/ofid/ofy344
https://doi.org/10.1128/AAC.36.11.2355
https://doi.org/10.1128/AAC.36.5.1125
https://doi.org/10.1128/AAC.36.5.1125
https://doi.org/10.1128/jcm.31.12.3336-3339.1993
https://doi.org/10.1128/jcm.31.12.3336-3339.1993
https://doi.org/10.1128/JCM.01467-18
https://doi.org/10.1128/JCM.01467-18
https://doi.org/10.1128/JCM.02636-05
https://doi.org/10.1128/JCM.02636-05
https://doi.org/10.1128/JCM.38.6.2108-2111.2000
https://doi.org/10.1128/JCM.38.6.2108-2111.2000
https://doi.org/10.1128/JCM.02432-13
https://doi.org/10.1128/JCM.02432-13
https://doi.org/10.1128/JCM.39.7.2729-2731.2001
https://doi.org/10.1128/JCM.39.7.2729-2731.2001
https://doi.org/10.1128/JCM.42.8.3747-3751.2004
https://doi.org/10.1128/JCM.42.8.3747-3751.2004
https://doi.org/10.1128/JCM.01252-10
https://doi.org/10.1093/jac/dki427
https://doi.org/10.1128/JCM.01246-12
https://doi.org/10.1186/s12941-020-00386-8
https://doi.org/10.1128/AAC.00291-19
https://doi.org/10.1373/jalm.2018.027821
https://doi.org/10.1097/PAT.0000000000000146
https://doi.org/10.1097/PAT.0000000000000146
https://doi.org/10.1155/2016/8262561
https://doi.org/10.1128/JCM.00211-16
https://doi.org/10.1128/JCM.00211-16
https://doi.org/10.1080/14787210.2018.1456919
https://doi.org/10.1128/jcm.29.11.2595-2598.1991
https://doi.org/10.1128/jcm.29.11.2595-2598.1991
https://doi.org/10.1128/jcm.30.12.3243-3248.1992
https://doi.org/10.1128/jcm.30.12.3243-3248.1992
https://doi.org/10.1128/jcm.30.11.3030-3032.1992
https://doi.org/10.1128/JCM.39.10.3753-3756.2001
https://doi.org/10.1128/JCM.42.4.1542-1546.2004
https://doi.org/10.1128/JCM.42.4.1542-1546.2004
https://doi.org/10.1016/s0140-6736(88)91037-9
https://doi.org/10.1086/491711
https://doi.org/10.1089/mdr.2017.0147
https://doi.org/10.1089/mdr.2017.0147
https://doi.org/10.1086/656319
https://doi.org/10.1086/656319
https://journals.asm.org/journal/jcm
https://doi.org/10.1128/jcm.00843-21

Min

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

ireview

. Werner G, Coque TM, Hammerum AM, Hope R, Hryniewicz W, Johnson A,
Klare I, Kristinsson KG, Leclercq R, Lester CH, Lillie M, Novais C, Olsson-
Liljequist B, Peixe LV, Sadowy E, Simonsen GS, Top J, Vuopio-Varkila J,
Willems RJ, Witte W, Woodford N. 2008. Emergence and spread of vanco-
mycin resistance among enterococci in Europe. Euro Surveill 13:19046.
Granlund M, Carlsson C, Edebro H, Emanuelsson K, Lundholm R. 2006.
Nosocomial outbreak of vanB2 vancomycin-resistant Enterococcus fae-
cium in Sweden. J Hosp Infect 62:254-256. https://doi.org/10.1016/j.jhin
.2005.06.031.

Sivertsen A, Billstrom H, Melefors O, Liljequist BO, Wisell KT, Ullberg M,
Ozenci V, Sundsfjord A, Hegstad K. 2014. A multicentre hospital outbreak
in Sweden caused by introduction of a vanB2 transposon into a stably
maintained pRUM-plasmid in an Enterococcus faecium ST192 clone. PLoS
One 9:103274. https://doi.org/10.1371/journal.pone.0103274.
Cormican MG, Biedenbach D, Jones RN. 1996. Reevaluation of contem-
porary laboratory methods for detection of antimicrobial resistance
among enterococci. Clin Microbiol Infect 1:190-194. https://doi.org/10
.1111/j.1469-0691.1996.tb00552 X.

Fahr A-M, Eigner U, Armbrust M, Caganic A, Dettori G, Chezzi C, Bertoncini L,
Benecchi M, Menozzi MG. 2003. Two-center collaborative evaluation of the
performance of the BD Phoenix automated microbiology system for identifi-
cation and antimicrobial susceptibility testing of Enterococcus spp. and Staph-
ylococcus spp. J Clin Microbiol 41:1135-1142. https://doi.org/10.1128/JCM.41
.3.1135-1142.2003.

Giani T, Morosini MI, D’Andrea MM, Garcia-Castillo M, Rossolini GM,
Cantén R. 2012. Assessment of the Phoenix™ automated system and
EUCAST breakpoints for antimicrobial susceptibility testing against iso-
lates expressing clinically relevant resistance mechanisms. Clin Microbiol
Infect 18:E452-E458. https://doi.org/10.1111/j.1469-0691.2012.03980.x.
van Den Braak N, Goessens W, van Belkum A, Verbrugh HA, Endtz HP.
2001. Accuracy of the VITEK 2 system to detect glycopeptide resistance
in enterococci. J Clin Microbiol 39:351-353. https://doi.org/10.1128/JCM
.39.1.351-353.2001.

Pendle S, Jelfs P, Olma T, Su Y, Gilroy N, Gilbert GL. 2008. Difficulties in detec-
tion and identification of Enterococcus faecium with low-level inducible resist-
ance to vancomycin, during a hospital outbreak. Clin Microbiol Infect 14:
853-857. https://doi.org/10.1111/j.1469-0691.2008.02052.x.

Klare 1, Bender JK, Fleige C, Kriebel N, Hamprecht A, Gatermann S,
Werner G. 2019. Comparison of VITEK 2, three different gradient strip
tests and broth microdilution for detecting vanB-positive Enterococcus
faecium isolates with low vancomycin MICs. J Antimicrob Chemother 74:
2926-2929. https://doi.org/10.1093/jac/dkz310.

Hegstad K, Giske CG, Haldorsen B, Matuschek E, Schenning K, Leegaard TM,
Kahlmeter G, Sundsfjord A, Group NVREDS. 2014. Performance of the
EUCAST disk diffusion method, the CLSI agar screen method, and the Vitek
2 automated antimicrobial susceptibility testing system for detection of
clinical isolates of enterococci with low- and medium-level VanB-type van-
comycin resistance. J Clin Microbiol 52:1582-1589. https://doi.org/10.1128/
JCM.03544-13.

Nayak R, Khan SA, Watson RH, Cerniglia CE. 2002. Influence of growth
media on vancomycin resistance of Enterococcus isolates and correlation
with resistance gene determinants. FEMS Microbiol Lett 214:159-163.
https://doi.org/10.1111/j.1574-6968.2002.tb11340.x.

Yee R, Bard JD, Simner PJ. 2021. The genotype-to-phenotype dilemma:
how should laboratories approach discordant susceptibility results? J
Clin Microbiol 59:e00138-20. https://doi.org/10.1128/JCM.00138-20.
Kohler P, Eshaghi A, Kim HC, Plevneshi A, Green K, Willey BM, McGeer A, Patel
SN, Toronto Invasive Bacterial Diseases Network (TIBDN). 2018. Prevalence of
vancomycin-variable Enterococcus faecium (VVE) among vanA-positive sterile
site isolates and patient factors associated with VVE bacteremia. PLoS One
13:20193926. https://doi.org/10.1371/journal.pone.0193926.

Van Bambeke F, Chauvel M, Reynolds PE, Fraimow HS, Courvalin P. 1999.
Vancomycin-dependent Enterococcus faecalis clinical isolates and rever-
tant mutants. Antimicrob Agents Chemother 43:41-47. https://doi.org/
10.1128/AAC.43.1.41.

Dubin KA, Mathur D, McKenney PT, Taylor BP, Littman ER, Peled JU, van den
Brenk MRM, Ying T, Pamer EG, Xavier JB. 2019. Diversification and evolution
of vancomycin-resistant Enterococcus faecium during intestinal domination.
Infect Immun 87:00102-19. https://doi.org/10.1128/IA1.00102-19.

Caballero S, Kim S, Carter RA, Leiner IM, Susac B, Miller L, Kim GJ, Ling L,
Pamer EG. 2017. Cooperating commensals restore colonization resist-
ance to vancomycin-resistant Enterococcus faecium. Cell Host Microbe
21:592-602. https://doi.org/10.1016/j.chom.2017.04.002.

Month YYYY Volume XX Issue XX

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Journal of Clinical Microbiology

Caballero S, Carter R, Ke X, Susac B, Leiner IM, Kim GJ, Miller L, Ling L,
Manova K, Pamer EG. 2015. Distinct but spatially overlapping intestinal
niches for vancomycin-resistant Enterococcus faecium and carbapenem-
resistant Klebsiella pneumoniae. PLoS Pathog 11:21005132. https://doi
.org/10.1371/journal.ppat.1005132.

Marner ES, Wolk DM, Carr J, Hewitt C, Dominguez LL, Kovacs T, Johnson DR,
Hayden RT. 2011. Diagnostic accuracy of the Cepheid GeneXpert vanA/vanB
assay ver. 1.0 to detect the vanA and vanB vancomycin resistance genes in
Enterococcus from perianal specimens. Diagn Microbiol Infect Dis 69:
382-389. https://doi.org/10.1016/j.diagmicrobio.2010.11.005.

Mak A, Miller MA, Chong G, Monczak Y. 2009. Comparison of PCR and
culture for screening of vancomycin-resistant enterococci: highly dispar-
ate results for vanA and vanB. J Clin Microbiol 47:4136-4137. https://doi
.org/10.1128/JCM.01547-09.

Sloan LM, Uhl JR, Vetter EA, Schleck CD, Harmsen WS, Manahan J,
Thompson RL, Rosenblatt JE, Cockerill FR, Ill. 2004. Comparison of the
Roche LightCycler vanA/vanB detection assay and culture for detection
of vancomycin-resistant enterococci from perianal swabs. J Clin Micro-
biol 42:2636-2643. https://doi.org/10.1128/JCM.42.6.2636-2643.2004.
Usacheva EA, Ginocchio CC, Morgan M, Maglanoc G, Mehta MS, Tremblay S,
Karchmer TB, Peterson LR. 2010. Prospective, multicenter evaluation of the
BD GeneOhm VanR assay for direct, rapid detection of vancomycin-resistant
enterococcus species in perianal and rectal specimens. Am J Clin Pathol 134:
219-226. https://doi.org/10.1309/AJCPRTKOQFLBJSNH.

Matheeussen V, Loens K, Scott C, Di Lorenzo C, McCulloch E, Donoso
Mantke O, Goossens H, Wallace P, leven M. 2019. Quality of molecular
detection of vancomycin resistance in enterococci: results of 6 consecu-
tive years of quality control for molecular diagnostics (QCMD) external
quality assessment. Eur J Clin Microbiol Infect Dis 38:1633-1641. https://
doi.org/10.1007/s10096-019-03591-2.

Buchan BW, Ginocchio CC, Manii R, Cavagnolo R, Pancholi P, Swyers L,
Thomson RBJ, Anderson C, Kaul K, Ledeboer NA. 2013. Multiplex identifi-
cation of gram-positive bacteria and resistance determinants directly
from positive blood culture broths: evaluation of an automated microar-
ray-based nucleic acid test. PLoS Med 10:21001478. https://doi.org/10
.1371/journal.pmed.1001478.

Mestas J, Polanco CM, Felsenstein S, Dien Bard J. 2014. Performance of
the Verigene Gram-positive blood culture assay for direct detection of
Gram-positive organisms and resistance markers in a pediatric hospital. J
Clin Microbiol 52:283-287. https://doi.org/10.1128/JCM.02322-13.
Domingo M-C, Huletsky A, Giroux R, Boissinot K, Picard FJ, Lebel P,
Ferraro MJ, Bergeron MG. 2005. High prevalence of glycopeptide resist-
ance genes vanB, vanD, and vanG not associated with enterococci in
human fecal flora. Antimicrob Agents Chemother 49:4784-4786. https://
doi.org/10.1128/AAC.49.11.4784-4786.2005.

Ballard SA, Pertile KK, Lim M, Johnson PDR, Grayson ML. 2005. Molecular
characterization of vanB elements in naturally occurring gut anaerobes.
Antimicrob Agents Chemother 49:1688-1694. https://doi.org/10.1128/
AAC.49.5.1688-1694.2005.

Zhou X, Arends JP, Kampinga GA, Ahmad HM, Dijkhuizen B, van Barneveld P,
Rossen JWA, Friedrich AW. 2014. Evaluation of the Xpert vanA/vanB assay
using enriched inoculated broths for direct detection of vanB vancomycin-re-
sistant enterococci. J Clin Microbiol 52:4293-4297. https://doi.org/10.1128/
JCM.01125-14.

Rangberg A, Larsen AL, Kacelnik O, Seether HS, Bjerland M, Ringstad J,
Jonassen CM. 2019. Molecular analysis and epidemiological typing of
vancomycin-resistant Enterococcus outbreak strains. Sci Rep 9:11917.
https://doi.org/10.1038/541598-019-48436-2.

Queslati S, Gonzalez C, Volland H, Cattoir V, Bernabeu S, Girlich D, Dulac
D, Plaisance M, Boutigny L, Dortet L, Simon S, Naas T. 2021. Rapid detec-
tion of VanA/B-producing vancomycin-resistant enterococci using lateral
flow immunoassay. Diagnostics (Basel) 11:1805. https://doi.org/10.3390/
diagnostics11101805.

Sweeney D, Stoneburner A, Shinabarger DL, Arhin FF, Belley A, Moeck G,
Pillar CM. 2017. Comparative in vitro activity of oritavancin and other
agents against vancomycin-susceptible and -resistant enterococci. J
Antimicrob Chemother 72:622-624. https://doi.org/10.1093/jac/dkw451.
Jones RN, Moeck G, Arhin FF, Dudley MN, Rhomberg PR, Mendes RE.
2016. Results from Oritavancin Resistance Surveillance Programs (2011
to 2014): clarification for using vancomycin as a surrogate to infer orita-
vancin susceptibility. Antimicrob Agents Chemother 60:3174-3177.
https://doi.org/10.1128/AAC.03029-15.

Ross JE, Mendes RE, Jones RN. 2014. Quality control MIC ranges used for
telavancin with application of a revised CLSI reference broth microdilution

10.1128/jcm.00843-21 18

Downloaded from https://journals.asm.org/journal/jcm on 20 June 2022 by 2800:300:8331:88¢0::3.


https://doi.org/10.1016/j.jhin.2005.06.031
https://doi.org/10.1016/j.jhin.2005.06.031
https://doi.org/10.1371/journal.pone.0103274
https://doi.org/10.1111/j.1469-0691.1996.tb00552.x
https://doi.org/10.1111/j.1469-0691.1996.tb00552.x
https://doi.org/10.1128/JCM.41.3.1135-1142.2003
https://doi.org/10.1128/JCM.41.3.1135-1142.2003
https://doi.org/10.1111/j.1469-0691.2012.03980.x
https://doi.org/10.1128/JCM.39.1.351-353.2001
https://doi.org/10.1128/JCM.39.1.351-353.2001
https://doi.org/10.1111/j.1469-0691.2008.02052.x
https://doi.org/10.1093/jac/dkz310
https://doi.org/10.1128/JCM.03544-13
https://doi.org/10.1128/JCM.03544-13
https://doi.org/10.1111/j.1574-6968.2002.tb11340.x
https://doi.org/10.1128/JCM.00138-20
https://doi.org/10.1371/journal.pone.0193926
https://doi.org/10.1128/AAC.43.1.41
https://doi.org/10.1128/AAC.43.1.41
https://doi.org/10.1128/IAI.00102-19
https://doi.org/10.1016/j.chom.2017.04.002
https://doi.org/10.1371/journal.ppat.1005132
https://doi.org/10.1371/journal.ppat.1005132
https://doi.org/10.1016/j.diagmicrobio.2010.11.005
https://doi.org/10.1128/JCM.01547-09
https://doi.org/10.1128/JCM.01547-09
https://doi.org/10.1128/JCM.42.6.2636-2643.2004
https://doi.org/10.1309/AJCPR1K0QFLBJSNH
https://doi.org/10.1007/s10096-019-03591-2
https://doi.org/10.1007/s10096-019-03591-2
https://doi.org/10.1371/journal.pmed.1001478
https://doi.org/10.1371/journal.pmed.1001478
https://doi.org/10.1128/JCM.02322-13
https://doi.org/10.1128/AAC.49.11.4784-4786.2005
https://doi.org/10.1128/AAC.49.11.4784-4786.2005
https://doi.org/10.1128/AAC.49.5.1688-1694.2005
https://doi.org/10.1128/AAC.49.5.1688-1694.2005
https://doi.org/10.1128/JCM.01125-14
https://doi.org/10.1128/JCM.01125-14
https://doi.org/10.1038/s41598-019-48436-2
https://doi.org/10.3390/diagnostics11101805
https://doi.org/10.3390/diagnostics11101805
https://doi.org/10.1093/jac/dkw451
https://doi.org/10.1128/AAC.03029-15
https://journals.asm.org/journal/jcm
https://doi.org/10.1128/jcm.00843-21

Minireview

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

method. J Clin Microbiol 52:3399-3401. https://doi.org/10.1128/JCM
.01210-14.

Farrell DJ, Mendes RE, Rhomberg PR, Jones RN. 2014. Revised reference
broth microdilution method for testing telavancin: effect on MIC results
and correlation with other testing methodologies. Antimicrob Agents
Chemother 58:5547-5551. https://doi.org/10.1128/AAC.03172-14.

Arhin FF, Tomfohrde K, Draghi DC, Aranza M, Parr TRJ, Sahm DF, Moeck
G. 2008. Newly defined in vitro quality control ranges for oritavancin
broth microdilution testing and impact of variation in testing parame-
ters. Diagn Microbiol Infect Dis 62:92-95. https://doi.org/10.1016/j
.diagmicrobio.2008.05.009.

Anderegg TR, Biedenbach DJ, Jones RN, Quality Control Working Group.
2003. Initial quality control evaluations for susceptibility testing of dalba-
vancin (BI397), an investigational glycopeptide with potent gram-posi-
tive activity. J Clin Microbiol 41:2795-2796. https://doi.org/10.1128/JCM
41.6.2795-2796.2003.

Fritsche TR, Rennie RP, Goldstein BP, Jones RN. 2006. Comparison of dal-
bavancin MIC values determined by Etest (AB BIODISK) and reference
dilution methods using Gram-positive organisms. J Clin Microbiol 44:
2988-2990. https://doi.org/10.1128/JCM.00640-06.

Weber RE, Fleige C, Layer F, Neumann B, Kresken M, Werner G. 2021.
Determination of a tentative epidemiological cut-off value (ECOFF) for
dalbavancin and Enterococcus faecium. Antibiotics 10:915. https://doi
.org/10.3390/antibiotics10080915.

Shaw KJ, Barbachyn MR. 2011. The oxazolidinones: past, present, and
future. Ann N Y Acad Sci 1241:48-70. https://doi.org/10.1111/j.1749
-6632.2011.06330.x.

Shaw KJ, Poppe S, Schaadt R, Brown-Driver V, Finn J, Pillar CM, Shinabarger
D, Zurenko G. 2008. In vitro activity of TR-700, the antibacterial moiety of the
prodrug TR-701, against linezolid-resistant strains. Antimicrob Agents Che-
mother 52:4442-4447. https://doi.org/10.1128/AAC.00859-08.

Shortridge D, Carvalhaes CG, Streit JM, Flamm RK. 2021. Susceptibility
trends of ceftolozane/tazobactam and comparators when tested against
U.S. gram-negative bacterial surveillance isolates (2012-2018). Diagn
Microbiol Infect Dis 100:115302. https://doi.org/10.1016/j.diagmicrobio
.2020.115302.

Dejoies L, Boukthir S, Péan de Ponfilly G, Le Guen R, Zouari A, Potrel S,
Collet A, Auger G, Jacquier H, Fihman V, Dortet L, Cattoir V. 2020. Per-
formance of commercial methods for linezolid susceptibility testing of
Enterococcus faecium and Enterococcus faecalis. J Antimicrob Chemother
75:2587-2593. https://doi.org/10.1093/jac/dkaa180.

Tenover FC, Williams PP, Stocker S, Thompson A, Clark LA, Limbago B,
Carey RB, Poppe SM, Shinabarger D, McGowan JEJ. 2007. Accuracy of six
antimicrobial susceptibility methods for testing linezolid against staphy-
lococci and enterococci. J Clin Microbiol 45:2917-2922. https://doi.org/
10.1128/JCM.00913-07.

Qi C, Zheng X, Obias A, Scheetz MH, Malczynski M, Warren JR. 2006.
Comparison of testing methods for detection of decreased linezolid sus-
ceptibility due to G2576T mutation of the 23S rRNA gene in Enterococcus
faecium and Enterococcus faecalis. J Clin Microbiol 44:1098-1100. https://
doi.org/10.1128/JCM.44.3.1098-1100.2006.

Nguyen CT, Bethel C, Pettit NN, Charnot-Katsikas A. 2020. From Etest to
Vitek 2: impact of enterococcal linezolid susceptibility testing methodol-
ogy on time to active therapy. Antimicrob Agents Chemother 64:
€00302-20. https://doi.org/10.1128/AAC.00302-20.

Prokocimer P, De Anda C, Fang E, Mehra P, Das A. 2013. Tedizolid phos-
phate versus linezolid for treatment of acute bacterial skin and skin
structure infections: the ESTABLISH-1 randomized trial. JAMA 309:
559-569. https://doi.org/10.1001/jama.2013.241.

Moran GJ, Fang E, Corey GR, Das AF, De Anda C, Prokocimer P. 2014.
Tedizolid for 6 days versus linezolid for 10 days for acute bacterial skin
and skin-structure infections (ESTABLISH-2): a randomised, double-blind,
phase 3, non-inferiority trial. Lancet Infect Dis 14:696-705. https://doi
.org/10.1016/51473-3099(14)70737-6.

Grillo S, Cuervo G, Carratala J, Grau |, Pallares N, Tebe C, Guillem Tio L,
Murillo O, Ardanuy C, Dominguez MA, Shaw E, Gudiol C, Pujol M. 2019.
Impact of beta-lactam and daptomycin combination therapy on clinical
outcomes in methicillin-susceptible Staphylococcus aureus bacteremia: a
propensity score-matched analysis. Clin Infect Dis 69:1480-1488. https://
doi.org/10.1093/cid/ciz018.

Barber KE, Smith JR, Raut A, Rybak MJ. 2016. Evaluation of tedizolid
against Staphylococcus aureus and enterococci with reduced susceptibil-
ity to vancomycin, daptomycin or linezolid. J Antimicrob Chemother 71:
152-155. https://doi.org/10.1093/jac/dkv302.

Month YYYY Volume XX Issue XX

102.

103.

104.

105.

106.

107.

108.

109.

110.

1.

112.

113.

114,

115.

116.

17.

Journal of Clinical Microbiology

. Olson MW, Ruzin A, Feyfant E, Rush TS, O'Connell J, Bradford PA. 2006.

Functional, biophysical, and structural bases for antibacterial activity of
tigecycline. Antimicrob Agents Chemother 50:2156-2166. https://doi
.org/10.1128/AAC.01499-05.

Beabout K, Hammerstrom TG, Perez AM, Magalhaes BF, Prater AG, Clements
TP, Arias CA, Saxer G, Shamoo Y. 2015. The ribosomal S10 protein is a general
target for decreased tigecycline susceptibility. Antimicrob Agents Chemo-
ther 59:5561-5566. https://doi.org/10.1128/AAC.00547-15.

McAleese F, Petersen P, Ruzin A, Dunman PM, Murphy E, Projan SJ, Bradford
PA. 2005. A novel MATE family efflux pump contributes to the reduced sus-
ceptibility of laboratory-derived Staphylococcus aureus mutants to tigecy-
cline. Antimicrob Agents Chemother 49:1865-1871. https://doi.org/10.1128/
AAC49.5.1865-1871.2005.

Anne B, Asa K, Anette E, Phion H, Petersen PJ, Bradford PA, Hal JC. 2007.
Validation and reproducibility assessment of tigecycline MIC determina-
tions by Etest. J Clin Microbiol 45:2474-2479.

Hope R, Mushtaq S, James D, Pllana T, Warner M, Livermore DM, Tigecy-
cline Susceptibility Testing Group. 2010. Tigecycline activity: low resist-
ance rates but problematic disc breakpoints revealed by a multicentre
sentinel survey in the UK. J Antimicrob Chemother 65:2602-2609.
https://doi.org/10.1093/jac/dkq370.

Hope R, Parsons T, Mushtaq S, James D, Livermore DM. 2007. Determina-
tion of disc breakpoints and evaluation of Etests for tigecycline suscepti-
bility testing by the BSAC method. J Antimicrob Chemother 60:770-774.
https://doi.org/10.1093/jac/dkm297.

Tsai H-Y, Lee Y-L, Liu P-Y, Lu M-C, Shao P-L, Lu P-L, Cheng S-H, Ko W-C, Lin
C-Y, Wu T-S, Yen M-Y, Wang L-S, Liu C-P, Lee W-S, Shi Z-Y, Chen Y-S, Wang
F-D, Tseng S-H, Chen Y-H, Sheng W-H, Lee C-M, Chen Y-H, Liao C-H, Hsueh
P-R. 2021. Antimicrobial susceptibility of bacteremic vancomycin-resistant
Enterococcus faecium to eravacycline, omadacycline, lipoglycopeptides, and
other comparator antibiotics: results from the 2019-2020 Nationwide Sur-
veillance of Multicenter Antimicrobial Resist. Int J Antimicrob Agents 58:
106353. https://doi.org/10.1016/jjantimicag.2021.106353.

Xiao M, Huang J, Zhang G, Yang W, Kong F, Kudinha T, Xu Y. 2020. Anti-
microbial activity of omadacycline in vitro against bacteria isolated from
2014 to 2017 in China, a multi-center study. BMC Microbiol 20:350.
https://doi.org/10.1186/s12866-020-02019-8.

Huband MD, Pfaller MA, Shortridge D, Flamm RK. 2019. Surveillance of
omadacycline activity tested against clinical isolates from the United
States and Europe: results from the SENTRY Antimicrobial Surveillance
Programme, 2017. J Glob Antimicrob Resist 19:56-63. https://doi.org/10
.1016/j.,jgar.2019.02.017.

Karlowsky JA, Steenbergen J, Zhanel GG. 2019. Microbiology and pre-
clinical review of omadacycline. Clin Infect Dis 69:56-S15. https://doi
.0rg/10.1093/cid/ciz395.

Morrissey |, Hawser S, Lob SH, Karlowsky JA, Bassetti M, Corey GR, Olesky
M, Newman J, Fyfe C. 2020. In Vitro Activity of Eravacycline against
Gram-Positive Bacteria Isolated in Clinical Laboratories Worldwide from
2013 to 2017. Antimicrob Agents Chemother 64:e01715-19. https://doi
.org/10.1128/AAC.01715-19.

Morgan S, Hwang S, Efimova E, Hawser S, Morrissey |, Lijfrock V. 2020. 915.
Global 2018 surveillance of eravacycline against Gram-positive pathogens,
including resistant isolates. Open Forum Infect Dis 7:5492-5492. https://doi
.org/10.1093/ofid/ofaa439.1103.

Koeth LK, DiFranco-Fisher JM, Hardy DJ, Palavecino EL, Caretto E,
Windau A. 2022. Multilaboratory comparison of omadacycline MIC test
strip to broth microdilution MIC against Gram-negative, Gram-positive,
and fastidious bacteria. J Clin Microbiol 60:e01410-21. https://doi.org/10
.1128/JCM.01410-21.

Holliday NM. 2017. A multi-site study comparing a commercially pre-
pared dried MIC susceptibility system to the CLSI broth microdilution
method for omadacycline using non-fastidious Gram-positive organ-
isms. CLSI, Carlsbad, CA.

Olesky M, Windau A, Hardy D, Palavecino E, Caretto E, Koeth L. 2019.
Multi-site evaluation of eravacycline MIC test strip (MTS) compared to
broth microdilution MICs. Presented as a poster by Liofilchem at Making
a Difference in Infectious Diseases Conference, 2019. Westlake, OH.
Hackel M, Bouchillon SK, Biedenbach D, Sutcliffe JA. 2013. Comparative
analysis of eravacycline (TP-434) by broth microdilution and disk diffu-
sion. Presented as a poster by Tetraphase at the 53rd Interscience Con-
ference on Antimicrobials and Chemotherapy (ICAAC), 2016. Water-
town, MA.

Kamboj M, Cohen N, Gilhuley K, Babady NE, Seo SK, Sepkowitz KA.
2011. Emergence of daptomycin-resistant VRE: experience of a single

10.1128/jcm.00843-21 19

Downloaded from https://journals.asm.org/journal/jcm on 20 June 2022 by 2800:300:8331:88¢0::3.


https://doi.org/10.1128/JCM.01210-14
https://doi.org/10.1128/JCM.01210-14
https://doi.org/10.1128/AAC.03172-14
https://doi.org/10.1016/j.diagmicrobio.2008.05.009
https://doi.org/10.1016/j.diagmicrobio.2008.05.009
https://doi.org/10.1128/JCM.41.6.2795-2796.2003
https://doi.org/10.1128/JCM.41.6.2795-2796.2003
https://doi.org/10.1128/JCM.00640-06
https://doi.org/10.3390/antibiotics10080915
https://doi.org/10.3390/antibiotics10080915
https://doi.org/10.1111/j.1749-6632.2011.06330.x
https://doi.org/10.1111/j.1749-6632.2011.06330.x
https://doi.org/10.1128/AAC.00859-08
https://doi.org/10.1016/j.diagmicrobio.2020.115302
https://doi.org/10.1016/j.diagmicrobio.2020.115302
https://doi.org/10.1093/jac/dkaa180
https://doi.org/10.1128/JCM.00913-07
https://doi.org/10.1128/JCM.00913-07
https://doi.org/10.1128/JCM.44.3.1098-1100.2006
https://doi.org/10.1128/JCM.44.3.1098-1100.2006
https://doi.org/10.1128/AAC.00302-20
https://doi.org/10.1001/jama.2013.241
https://doi.org/10.1016/S1473-3099(14)70737-6
https://doi.org/10.1016/S1473-3099(14)70737-6
https://doi.org/10.1093/cid/ciz018
https://doi.org/10.1093/cid/ciz018
https://doi.org/10.1093/jac/dkv302
https://doi.org/10.1128/AAC.01499-05
https://doi.org/10.1128/AAC.01499-05
https://doi.org/10.1128/AAC.00547-15
https://doi.org/10.1128/AAC.49.5.1865-1871.2005
https://doi.org/10.1128/AAC.49.5.1865-1871.2005
https://doi.org/10.1093/jac/dkq370
https://doi.org/10.1093/jac/dkm297
https://doi.org/10.1016/j.ijantimicag.2021.106353
https://doi.org/10.1186/s12866-020-02019-8
https://doi.org/10.1016/j.jgar.2019.02.017
https://doi.org/10.1016/j.jgar.2019.02.017
https://doi.org/10.1093/cid/ciz395
https://doi.org/10.1093/cid/ciz395
https://doi.org/10.1128/AAC.01715-19
https://doi.org/10.1128/AAC.01715-19
https://doi.org/10.1093/ofid/ofaa439.1103
https://doi.org/10.1093/ofid/ofaa439.1103
https://doi.org/10.1128/JCM.01410-21
https://doi.org/10.1128/JCM.01410-21
https://journals.asm.org/journal/jcm
https://doi.org/10.1128/jcm.00843-21

Minireview

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

institution. Infect Control Hosp Epidemiol 32:391-394. https://doi.org/
10.1086/659152.

Fuchs PC, Barry AL, Brown SD. 2001. Evaluation of daptomycin suscepti-
bility testing by Etest and the effect of different batches of media. J Anti-
microb Chemother 48:557-561. https://doi.org/10.1093/jac/48.4.557.
Shukla BS, Shelburne S, Reyes K, Kamboj M, Lewis JD, Rincon SL, Reyes J,
Carvajal LP, Panesso D, Sifri CD, Zervos MJ, Pamer EG, Tran TT, Adachi J,
Munita JM, Hasbun R, Arias CA. 2016. Influence of minimum inhibitory
concentration in clinical outcomes of Enterococcus faecium bacteremia
treated with daptomycin: is it time to change the breakpoint? Clin Infect
Dis 62:1514-1520. https://doi.org/10.1093/cid/ciw173.

Munita JM, Panesso D, Diaz L, Tran TT, Reyes J, Wanger A, Murray BE,
Arias CA. 2012. Correlation between mutations in liafFSR of Enterococcus
faecium and MIC of daptomycin: revisiting daptomycin breakpoints.
Antimicrob Agents Chemother 56:4354-4359. https://doi.org/10.1128/
AAC.00509-12.

O'Driscoll T, Crank CW. 2015. Vancomycin-resistant enterococcal infec-
tions: epidemiology, clinical manifestations, and optimal management.
Infect Drug Resist 8:217-230.

Miller WR, Bayer AS, Arias CA. 2016. Mechanism of action and resistance to
daptomycin in Staphylococcus aureus and enterococci. Cold Spring Harb Per-
spect Med 6:a026997. https://doi.org/10.1101/cshperspect.a026997.
Weiner-Lastinger LM, Abner S, Edwards JR, Kallen AJ, Karlsson M, Magill
SS, Pollock D, See |, Soe MM, Walters MS, Dudeck MA. 2020. Antimicro-
bial-resistant pathogens associated with adult healthcare-associated
infections: summary of data reported to the National Healthcare Safety
Network, 2015-2017. Infect Control Hosp Epidemiol 41:1-18. https://doi
.org/10.1017/ice.2019.296.

Hooton TM, Roberts PL, Cox ME, Stapleton AE. 2013. Voided midstream
urine culture and acute cystitis in premenopausal women. N Engl J Med
369:1883-1891. https://doi.org/10.1056/NEJMoa1302186.

Sun L, Zhang P, Qu T, Chen Y, Hua X, Shi K, Yu Y. 2017. Identification of
novel conjugative plasmids with multiple copies of fosB that confer
high-level fosfomycin resistance to vancomycin-resistant enterococci.
Front Microbiol 8:1541. https://doi.org/10.3389/fmicb.2017.01541.

Xu X, Chen C, Lin D, Guo Q, Hu F, Zhu D, Li G, Wang M. 2013. The fosfo-
mycin resistance gene fosB3 is located on a transferable, extrachromoso-
mal circular intermediate in clinical Enterococcus faecium isolates. PLoS
One 8:278106. https://doi.org/10.1371/journal.pone.0078106.

Guo Y, Tomich AD, McElheny CL, Cooper VS, Tait-Kamradt A, Wang M,
Hu F, Rice LB, Sluis-Cremer N, Doi Y. 2017. High-level fosfomycin resist-
ance in vancomycin-resistant Enterococcus faecium. Emerg Infect Dis 23:
1902-1904. https://doi.org/10.3201/eid2311.171130.

Zhang Y, Wang L, Zhou C, Lin Y, Liu S, Zeng W, Yu K, Zhou T, Cao J. 2021.
Unraveling mechanisms and epidemic characteristics of nitrofurantoin
resistance in uropathogenic Enterococcus faecium Clinical Isolates. Infect
Drug Resist 14:1601-1611. https://doi.org/10.2147/IDR.S301802.

Zhanel GG, Laing NM, Nichol KA, Palatnick LP, Noreddin A, Hisanaga T,
Johnson JL, Hoban DJ, The NAVRESS Group. 2003. Antibiotic activity
against urinary tract infection (UTI) isolates of vancomycin-resistant
enterococci (VRE): results from the 2002 North American Vancomycin
Resistant Enterococci Susceptibility Study (NAVRESS). J Antimicrob Che-
mother 52:382-388. https://doi.org/10.1093/jac/dkg352.

Toner L, Papa N, Aliyu SH, Dev H, Lawrentschuk N, Al-Hayek S. 2016. Van-
comycin resistant enterococci in urine cultures: antibiotic susceptibility

Month YYYY Volume XX Issue XX

132.

133.

134.

135.

136.

137.

138.

139.

140.

Journal of Clinical Microbiology

trends over a decade at a tertiary hospital in the United Kingdom. Invest
Clin Urol 57:129-134. https://doi.org/10.4111/icu.2016.57.2.129.

. Das A, Banerjee T, Anupurba S. 2020. Susceptibility of nitrofurantoin and

fosfomycin against outpatient urinary isolates of multidrug-resistant
enterococci over a period of 10 years from India. Microb Drug Resist 26:
1509-1515. https://doi.org/10.1089/mdr.2019.0044.

Felsenstein S, Bender JM, Sposto R, Gentry M, Takemoto C, Bard JD. 2016.
Impact of a rapid blood culture assay for Gram-positive identification and
detection of resistance markers in a pediatric hospital. Arch Pathol Lab Med
140:267-275. https://doi.org/10.5858/arpa.2015-0119-OA.

Kebriaei R, Rice SA, Singh KV, Stamper KC, Dinh AQ, Rios R, Diaz L,
Murray BE, Munita JM, Tran TT, Arias CA, Rybak MJ. 2018. Influence of
inoculum effect on the efficacy of daptomycin monotherapy and in
combination with B-lactams against daptomycin-susceptible Enterococ-
cus faecium harboring LiaSR substitutions. Antimicrob Agents Chemo-
ther 62:e00315-18. https://doi.org/10.1128/AAC.00315-18.

Miller C, Kong J, Tran TT, Arias CA, Saxer G, Shamoo Y. 2013. Adaptation
of Enterococcus faecalis to daptomycin reveals an ordered progression
to resistance. Antimicrob Agents Chemother 57:5373-5383. https://doi
.org/10.1128/AAC.01473-13.

Ellington MJ, Ekelund O, Aarestrup FM, Canton R, Doumith M, Giske C,
Grundman H, Hasman H, Holden MTG, Hopkins KL, Iredell J, Kahlmeter G,
Koser CU, MacGowan A, Mevius D, Mulvey M, Naas T, Peto T, Rolain J-M,
Samuelsen O, Woodford N. 2017. The role of whole-genome sequencing in
antimicrobial susceptibility testing of bacteria: report from the EUCAST Sub-
committee. Clin Microbiol Infect 23:2-22. https://doi.org/10.1016/j.cmi.2016
.11.012.

Su M, Satola SW, Read TD. 2019. Genome-based prediction of bacterial
antibiotic resistance. J Clin Microbiol 57:e01405-18. https://doi.org/10
.1128/JCM.01405-18.

Anahtar MN, Bramante JT, Xu J, Desrosiers LA, Paer JM, Rosenberg ES, Pierce
VM, Kwon DS. 2022. Prediction of antimicrobial resistance in clinical Entero-
coccus faecium isolates using a rules-based analysis of whole-genome
sequences. Antimicrob Agents Chemother 66:¢01196-21. https://doi.org/10
.1128/AAC.01196-21.

Bortolaia V, Kaas RS, Ruppe E, Roberts MC, Schwarz S, Cattoir V, Philippon A,
Allesoe RL, Rebelo AR, Florensa AF, Fagelhauer L, Chakraborty T, Neumann B,
Werner G, Bender JK, Stingl K, Nguyen M, Coppens J, Xavier BB, Malhotra-
Kumar S, Westh H, Pinholt M, Anjum MF, Duggett NA, Kempf |, Nykdsenoja S,
Olkkola S, Wieczorek K, Amaro A, Clemente L, Mossong J, Losch S,
Ragimbeau C, Lund O, Aarestrup FM. 2020. ResFinder 4.0 for predictions of
phenotypes from genotypes. J Antimicrob Chemother 75:3491-3500.
https://doi.org/10.1093/jac/dkaa345.

Bhattacharyya RP, Bandyopadhyay N, Ma P, Son SS, Liu J, He LL, Wu L,
Khafizov R, Boykin R, Cerqueira GC, Pironti A, Rudy RF, Patel MM, Yang R,
Skerry J, Nazarian E, Musser KA, Taylor J, Pierce VM, Earl AM, Cosimi LA,
Shoresh N, Beechem J, Livny J, Hung DT. 2019. Simultaneous detection of
genotype and phenotype enables rapid and accurate antibiotic susceptibility
determination. Nat Med 25:1858-1864. https://doi.org/10.1038/s41591-019
-0650-9.

Miller WR, Munita JM, Arias CA. 2014. Mechanisms of antibiotic resist-
ance in enterococci. Expert Rev Anti Infect Ther 12:1221-1236. https://
doi.org/10.1586/14787210.2014.956092.

10.1128/jcm.00843-21 20

Downloaded from https://journals.asm.org/journal/jcm on 20 June 2022 by 2800:300:8331:88¢0::3.


https://doi.org/10.1086/659152
https://doi.org/10.1086/659152
https://doi.org/10.1093/jac/48.4.557
https://doi.org/10.1093/cid/ciw173
https://doi.org/10.1128/AAC.00509-12
https://doi.org/10.1128/AAC.00509-12
https://doi.org/10.1101/cshperspect.a026997
https://doi.org/10.1017/ice.2019.296
https://doi.org/10.1017/ice.2019.296
https://doi.org/10.1056/NEJMoa1302186
https://doi.org/10.3389/fmicb.2017.01541
https://doi.org/10.1371/journal.pone.0078106
https://doi.org/10.3201/eid2311.171130
https://doi.org/10.2147/IDR.S301802
https://doi.org/10.1093/jac/dkg352
https://doi.org/10.4111/icu.2016.57.2.129
https://doi.org/10.1089/mdr.2019.0044
https://doi.org/10.5858/arpa.2015-0119-OA
https://doi.org/10.1128/AAC.00315-18
https://doi.org/10.1128/AAC.01473-13
https://doi.org/10.1128/AAC.01473-13
https://doi.org/10.1016/j.cmi.2016.11.012
https://doi.org/10.1016/j.cmi.2016.11.012
https://doi.org/10.1128/JCM.01405-18
https://doi.org/10.1128/JCM.01405-18
https://doi.org/10.1128/AAC.01196-21
https://doi.org/10.1128/AAC.01196-21
https://doi.org/10.1093/jac/dkaa345
https://doi.org/10.1038/s41591-019-0650-9
https://doi.org/10.1038/s41591-019-0650-9
https://doi.org/10.1586/14787210.2014.956092
https://doi.org/10.1586/14787210.2014.956092
https://journals.asm.org/journal/jcm
https://doi.org/10.1128/jcm.00843-21

	β-LACTAMS
	Penicillin-resistant, ampicillin-susceptible E. faecalis phenotype.

	AMINOGLYCOSIDES
	VANCOMYCIN
	VRE screening in hospital settings and molecular assays.

	LIPOGLYCOPEPTIDES
	OXAZOLIDINONES
	TETRACYCLINE DERIVATIVES
	DAPTOMYCIN
	SUSCEPTIBILITY TESTING FOR ANTIMICROBIALS USED TO TREAT URINARY TRACT INFECTIONS
	BEYOND S/I/R: INNOVATIONS IN SUSCEPTIBILITY TESTING
	CONCLUDING REMARKS
	REFERENCES

