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bstract

The rapid spread of acquired metallo-�-lactamases (MBLs) among major Gram-negative pathogens is a matter of particular concern
orldwide and primarily in Europe, one of first continents where the emergence of acquired MBLs has been reported and possibly the
eographical area where the increasing diversity of these enzymes and the number of bacterial species affected are most impressive. This
pread has not been paralleled by accuracy/standardisation of detection methods, completeness of epidemiological knowledge or a clear

nderstanding of what MBL production entails in terms of clinical impact, hospital infection control and antimicrobial chemotherapy. A
umber of European experts in the field met to review the current knowledge on this phenomenon, to point out open issues and to reinforce
nd relate to one another the existing activities set forth by research institutes, scientific societies and European Union-driven networks.
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. Introduction

Acquired carbapenemases represent a major threat to the
linical utility of all �-lactam antibiotics. They represent a
eterogeneous group of �-lactamases belonging to different
olecular classes (namely A, B and D). Carbapenemases

elonging to either class A (such as NMC/IMI, SME and
PC) or class D (such as several OXA-types, mostly found

n Acinetobacter spp.) are active site-serine enzymes, whilst
hose belonging to class B are metallo-enzymes whose activ-
ty is dependent on zinc ions [1].

The emergence of acquired metallo-�-lactamases (MBLs)
mong major Gram-negative pathogens (Pseudomonas
eruginosa, Acinetobacter spp., Enterobacteriaceae) has
linical and epidemiological implications and is a matter of
articular concern worldwide. Their rapid spread, increasing
iversity and the number of species involved has not been
aralleled by accuracy/standardisation of detection meth-
ds, completeness of epidemiological knowledge or a clear
nderstanding of what MBL production entails in terms of
linical impact, hospital infection control and antimicrobial
hemotherapy.

As with previous experiences with other emerging resis-
ance issues, this problem should elicit a prompt reaction,
specially in the most affected countries. Europe has been
ne of the first continents where the emergence of acquired
BLs has been reported, from either individual isolates or

osocomial outbreaks [2–6]. A number of European experts
n the field met to review the current knowledge on this
henomenon, to point out open issues and to develop a con-
inental strategy for surveillance and control of these new
esistance determinants. This position paper summarises the
ost relevant issues discussed during the meeting and the

onsensus opinion of the panel of experts on those issues.

. Epidemiology and surveillance of acquired MBLs

Although there are now a multitude of reports on the
etection of MBL-producing clinical isolates from various
uropean countries, including a number of interesting studies
n the molecular epidemiology of these resistance deter-
inants (see for instance [4,7–27]), no satisfactory MBL

urveillance system is currently active in Europe. This is
ikely related to the lack of standardisation in the method-
logies used by clinical laboratories and to an overall limited
wareness of this problem.

European-wide information regarding acquired MBLs is
agerly required and should be collected in order to anal-
se the current situation and to monitor trends. Surveillance
ystems such as the European Antimicrobial Resistance
urveillance System (EARSS) (http://www.rivm.nl/earss/)

ould appear to be the most suitable candidates for organ-

sing this network. As is always the case for antimicrobial
esistance surveillance studies, absolute figures (i.e. how
any cases are reported, broken down by species and type of

r
i

b

timicrobial Agents 29 (2007) 380–388 381

nzyme), should be accompanied by data regarding denom-
nators, with accurate data on sampling methods, collection
reas and ratio to other (e.g. non-MBL-producing) drug-
esistant isolates.

Although representing a first goal, comprehensive Euro-
ean data on MBL prevalence would not permit, by
hemselves, a sufficient appraisal of the problem. At the
ontinental level, we also need to know how strains and
enes are spreading. Molecular typing of strains (by poly-
erase chain reaction (PCR)-based methods and pulsed-field

el electrophoresis (PFGE)) is essential to recognise out-
reaks caused by given strains in individual hospitals and
o monitor their regional and international spread. More
esources are required for the development and large-
cale application of multilocus sequence typing (MLST)
r other typing methods for Gram-negative organisms,
hus facilitating comparison of results between differ-
nt laboratories. Finally, further studies are required on
he molecular epidemiology of MBL genes and on their
ssociation with mobile DNA elements (integrons, trans-
osons, plasmids) in order to define the importance of
ntraspecies and interspecies horizontal spread of MBL
enes.

.1. Surveillance strategies

The introduction of systematic screening for MBL-
roducers in the routine diagnostic laboratory would seem
timely and important issue both for diagnostic and surveil-

ance purposes, especially in areas where strains with
cquired MBLs have already been reported.

To this purpose, it appears to be of the utmost impor-
ance to establish a network of reference laboratories using
tandard protocols and reagents (e.g. PCR primers) for detect-
ng MBL-producers. Each laboratory should be provided
ith a set of control strains producing the various enzymes

or quality control purposes and for testing new batches
f reagents. Quality control procedures for the detection of
BL-producing clinical isolates should be regularly carried

ut in each reference laboratory. The reference laboratories
hould be of support to the routine diagnostic laboratories
f the respective countries in the implementation of screen-
ng protocols and should carry out confirmatory testing of
elected isolates and studies of molecular epidemiology.

The role of national central laboratories in pooling nation-
ide data should be considered. If national data are still
ot sufficiently informative, national central laboratories
hould promote two types of nationwide surveillance stud-
es, namely: (i) prospective studies of all consecutive isolates
to assess the actual prevalence of MBLs in the surveyed
entres); and (ii) comparative molecular analysis of either
onfirmed MBL-producers referred by reference laborato-

ies or confirmatory analysis of MBL production of selected
solates when reference laboratories do not exist.

A broad discussion was carried out on the candidates to
e considered for MBL screening in routine diagnostic labo-

http://www.rivm.nl/earss/
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atories. Some resistance profiles may be suggestive of MBL
roduction (e.g. resistance to all �-lactams except aztreonam
n P. aeruginosa), however the high phenotypic diversity
bserved to date in MBL-producers would actually suggest
he following, less stringent consensus proposal:

Pseudomonas aeruginosa, other Pseudomonas spp. and
Acinetobacter spp.
◦ all isolates non-susceptible to carbapenems (imipenem

and/or meropenem) and resistant to either ticarcillin,
ticarcillin/clavulanic acid or ceftazidime;

Enterobacteriaceae
◦ for species not producing, or producing a small amount

of, AmpC-type enzymes (e.g. Escherichia coli, Kleb-
siella spp., Proteus mirabilis, Salmonella enterica,
Shigella spp.), all carbapenem-susceptible isolates that
are resistant to cefoxitin and amoxicillin/clavulanic acid
and are non-susceptible to ceftazidime;

◦ in all other instances, all isolates non-susceptible to car-
bapenems.

or all of these isolates, screening for MBL production should
e performed with the ancillary tests described below.

. Detection of MBL-producing strains

Conventional susceptibility data are neither sensitive nor
pecific in detecting MBL-producing strains and specific tests
re necessary for this purpose.

In particular, MBL-producing Enterobacteriaceae can be
ore difficult to detect than P. aeruginosa and Acinetobac-

er, since carbapenem minimum inhibitory concentrations
MICs) may fall within a broader range, and are often lower
han the current susceptibility breakpoints [1,28–30]. More-
ver, different automated systems have shown interpretation
roblems with MBL-producers with regard to their suscepti-
ility to carbapenems [31].

Spectrophotometric measurement of ethylenediaminete-
raacetic acid (EDTA)-inhibitable carbapenem hydrolysis,
arried out with a crude cell extract [6], still stands as the refer-
nce method for confirming MBL production. However, this
est is not suitable for routine use in the clinical microbiology
aboratory.

In contrast, a number of simple phenotypic tests, based
n diffusion or dilution formats, can be used as ancillary
ests for specific detection of MBL-producers in the clinical

icrobiology laboratory, relying on the synergy between a
BL inhibitor (usually EDTA or a thiol compound) and an

xyimino cephalosporin or a carbapenem (see for instance
32–39]). Some of these assays require the testing of cell
xtracts instead of bacterial cultures and, although potentially
seful, appear to be less practical for use in the clinical micro-

iology laboratory. However, it is worth noting that these tests
ave mostly been validated with P. aeruginosa and, to a lower
xtent, with Acinetobacter spp., whilst experience with other
ram-negative non-fermenters and with Enterobacteriaceae
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emains more limited. A more extensive validation and stan-
ardisation of these common ancillary tests remains an open
nd urgent issue.

Molecular methods (PCR or DNA hybridisation
pproaches) are necessary to confirm the presence of MBL
enes in clinical isolates and can also be adopted for screen-
ng purposes. However, these methods remain confined
o reference or research laboratories and are currently not
vailable to the majority of routine diagnostic laboratories
or diagnostic or surveillance purposes. Moreover, the
olecular methods will only detect MBL genes that are

ecognised by the repertoire of available probes and could
iss detection of new MBL genes.
Owing to the transferable nature of MBL genes and the

mportance of plasmids in this event, typing methods for plas-
ids involved at least in incompatibility group level should

pply to characterise dissemination and follow their evolution
5,40,41].

At present, it appears difficult to outline univocally one
orrect procedure for specific detection of MBL-producers.
n principle, combination disk tests, MBL Etest and double-
isk synergy tests all appear to be adequate for use in routine
linical microbiology laboratories, which are expected to
e already familiar with these types of tests for detection
f extended-spectrum �-lactamases (ESBLs) in Enterobac-
eriaceae [42,43]. Based on literature data and personal
xperience, any of the above tests would seem suitable for
etection of MBL-producing P. aeruginosa, although double-
isk tests may suffer from a certain lack of standardisation.
oreover, intrinsic EDTA susceptibility might complicate

he interpretation of tests based on the simultaneous presence
f EDTA and the antibiotic on the same disk/strip, leading to
alse MBL detection in P. aeruginosa [44]. With Enterobacte-
iaceae, combo-disk or double-disk can be used as first-line
ests, although the usually low carbapenem MICs of these
solates make the interpretation of the MBL Etest results dif-
cult. With Acinetobacter spp., experience is more limited,
aking it more difficult to compare the accuracy of different

ncillary tests.

. Clinical issues

.1. Definition of the problem

The proliferation of MBLs and the spread of MBL-
roducing strains must be regarded as a potential public
ealth problem and not as a mere laboratory finding of scarce
linical significance. Although both known and novel vari-
nts of these enzymes are being reported at an increasing rate,
prompt awareness of the problem might be helpful to limit

heir uncontrolled diffusion. Increased awareness and correct

nformation could help microbiologists to detect outbreaks of

BL-producing strains early, both of clonal and polyclonal
rigin, as well as prompt clinicians to adopt proper measures
n terms of antimicrobial use and infection control.
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.2. Breakpoints and laboratory reports

Although substantial clinical evidence is lacking (and
ittle evidence is available from animal models, mostly
imited to P. aeruginosa [45,46]), data from most clinical
eports, enzyme kinetics and whole-cell physiology would
upport the view that MBL-positive strains must with cau-
ion be held as resistant to all carbapenems and should
e reported as such. The strong inoculum effect observed
n these strains [40,47] further supports this view. The
ame note of caution would presently apply to all non-
arbapenem �-lactams, although the possibility of using
igh dosages of aztreonam, which is stable to MBLs, seems
orth considering, following some data reported in ani-
al studies [45], and requires further clinical evidence in

umans.
Having accepted this, one must admit that current

reakpoints—be they those issued by the Clinical and Labo-
atory Standards Institute (CLSI) [48] or those issued by the
uropean Committee on Antimicrobial Susceptibility Test-

ng (EUCAST) (http://www.escmid.org/sites/science/eucast/
ndex.aspx)—are not useful for categorical assignment of
-lactam susceptibility of MBL-producers and should not
e applied for this purpose. Results of susceptibility test-
ng should be better reported according to an interpretative
eading of the antibiogram, i.e. by pointing out and carefully
nalysing those phenotypes suggestive of a MBL.

All in all, reporting a MBL presents microbiologists with
roblems similar to those usually encountered with ESBLs
nd should be dealt with in a similar way.

A further insight into the clinical significance of a
BL, also taking into account the increasing diversi-

ies observed within this group, is eagerly needed and
andates more accurate investigations with animal mod-

ls, pharmacokinetic/pharmacodynamic (PK/PD) studies and
etrospective case–control studies of carbapenem use in
nfections caused by MBL-positive strains (including cor-
elation of the observed MICs with the actual clinical
utcomes).

.3. Reporting MBL-positive isolates

Although non-MBL-producing multidrug-resistant
MDR) strains can also represent a serious therapeutic
hreat and are worthy of serious consideration, reporting the
resence of a MBL holds a peculiar importance owing to the
igh-level resistance it may entail for all �-lactams and to
he inherent implications for antibiotic and infection control
olicies.

Thus, MBL-producing strains should be reported and their
solation should be conveniently underlined—also when they
ccur as colonisers and are not isolated from pathological

pecimens, owing to their possible spread to other body sites
nd/or to other patients in the same ward, mandating care-
ul monitoring of patients from whom they have been first
solated.

i
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.4. Correlation between MBLs and antibiotic use

Analysis of the antimicrobial chemotherapy received
y patients before isolation of MBL-positive strains often
evealed that many of them had not received therapy
ith carbapenems but had been given non-carbapenem �-

actams, mostly expanded-spectrum cephalosporins. In the
apanese multifocal epidemics of blaIMP-positive Gram-
egative bacilli, prior use of carbapenems could be confirmed
or only 15% of patients, whilst 39% of patients were admin-
stered cephems prior to the isolation of blaIMP-positive
solates and such strains were also isolated from antibiotic-
ree patients, suggesting that MBL-producing P. aeruginosa
an spread as hospital infections without the use of antibi-
tics [49]. This finding has been confirmed on the occasion
f the first appearance of VIM-1 in Italy, when only three
atients had received therapy with imipenem, whilst the oth-
rs had been given expanded-spectrum cephalosporins or, in
ne case, amoxicillin [2]. However, in an outbreak of IMP-4
roducers recently reported in an Australian hospital, 75% of
he colonised or infected patients had received carbapenems
efore isolation of the MBL-producing strains [50,51].

The frequent co-resistance to other classes of antibi-
tics observed in MBL-producers owing to the simultaneous
resence of additional resistance determinants, often carried
n integrons, such as genes for aminoglycoside-modifying
nzymes and/or mutations that upregulate efflux systems,
nderlines the possibility that MBLs may be co-selected by
linical use of unrelated classes of antibiotics.

Many further reports emphasise the complex relationship
etween antibiotic resistance and antibiotic use and suggest
hat curbing antibiotic consumption cannot be the only strat-
gy for controlling MBLs in hospitals, whereas it might be
ar more important to enhance the laboratory’s ability to iden-
ify resistant strains as well as emphasising the need for early
ecognition of MBL-producing isolates and for the use of rig-
rous infection control precautions to prevent transmission
52,53].

.5. Infection control procedures

The clinical data published to date do not offer a clear pic-
ure of the infection control measures to be set up whenever
MBL-producer is reported.

Controlling the use of those antibiotics that are likely
o favour the spread of MBL-producers appears to hold an
mportant role, with reference not only to carbapenems but
lso to other antibiotic classes—namely aminoglycosides
nd quinolones—that can be involved in the co-selection
f MBLs. However, interesting evidence does exist on the
mportance of hospital hygiene rather than antibiotic selec-
ion [52,53]. Different actions should apply to different

solation sources (e.g. gut, catheter, respiratory tract), patient
ypes (neutropenic, multiple antibiotic treatments, mechan-
cally ventilated) and different locations (Intensive Care
nit (ICU), transplant unit, medical ward, surgical ward),

http://www.escmid.org/sites/science/eucast/index.aspx
http://www.escmid.org/sites/science/eucast/index.aspx
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nd should include withdrawal of indwelling devices, con-
act precautions and patient isolation. All other patients in
he same ward should be investigated for the presence of
olonising organisms. Specimens to be routinely investi-
ated could be skin swabs, urine and sputum, and faecal
arriage should be also checked (at least once a week).
ith this aim, the use of selective, carbapenem-containing

lates may be worth investigating. Patients in the ICU or
ndergoing invasive procedures should be also investigated
or their surgical drainages, catheters and others indwelling
evices. One should consider cohorting patients, if
ossible.

MBL-producing Pseudomonas isolates have also been
etected in the hospital environment, sometimes 6–12 months
fter the isolation of the MBL-positive strain from a clinical
ample. Sources of the environmental MBL-positive isolates
an be devices such as stethoscopes and wet surfaces such
s sinks, water pipes, spillways, plugholes and wet plastic
urfaces near the sinks [52,54].

It seems prudent that control procedures should apply to
ll proven MBL-producing isolates regardless of their actual
evel of susceptibility. Given that not every laboratory is
resently capable of reporting a MBL with a sufficient like-
ihood, more stringent measures (such as patient isolation)
hould be only enforced on the basis of either molecular con-
rmation of the finding or the laboratory’s proven experience
n dealing with this problem.
Colonisation studies, performed both on colonisers and

nfecting strains, should record the length of colonisation and
hould include discharged patients not only as a follow-up to

c
i

s

able 1
otential therapeutic options for metallo-�-lactamase (MBL)-producing strains

ntimicrobial Comments

arbapenems No clinical evidence for this recom
animal model [57].
Evidence against the use of carbap
following carbapenem therapy [2,5
This should be applied to all carba
(killing curves) of the various carb

ztreonam In vitro data would support its use
Conflicting results have been repo
It is worth mentioning that MBL-p
affecting aztreonam [58–61].
Might be useful in combination th

iperacillin/tazobactam In vitro data would support its use

luoroquinolones and aminoglycosides Clinical data would support their u
Might be useful in combination th

olistin Sole therapeutic choice in many in
Resistance is now reported [63,64

olistin + rifampicin There are in vitro data supportive

etracyclines and glycylcyclines Clinical data supporting their use i
In vitro data suggest that tigecycli
Acinetobacter spp. [67].

osfomycin Clinical data supporting its use in
Possible use in association with ot
ntimicrobial Agents 29 (2007) 380–388

he study but to prevent any undue spread of MBL-producing
trains to the community.

Mathematical modelling similar to that performed with
ancomycin-resistant enterococci [55] should contribute to
better definition of this problem, including its transmis-

ion dynamics and the efficacy of different infection control
ctions.

As mentioned previously, molecular epidemiology data
re clearly of the utmost importance for tracing the clonal
pread and for correctly setting up infection control measures.

.6. MBL-producers as a therapeutic challenge

Although MBL-producing strains represent a serious ther-
peutic challenge, to date clinical data are surprisingly scarce
ith regard to both prevalence and outcome of infections

aused by these strains. This prompts the need for ad hoc
linical studies but also for carefully reporting clinical man-
gement and output data, even when related to individual
xperiences.

Consequently, therapeutic options to be recommended in
hese cases have never been reviewed or compared with one
nother. Table 1 lists these options alongside some com-
ents stemming from individual case reports and from what

s known or may be inferred from pre-clinical studies. The
forementioned list shows once more the paucity of clini-

al data regarding possible therapeutic options but also the
nsufficient contribution of pre-clinical data.

Nevertheless, the low susceptibilities of MBL-producing
trains to many different classes of antibiotics appear to

mendation except for a single report [56]. One recent report from an

enems: inoculum effect [40], isolation of carbapenem-resistant mutants
0,51].
penems despite some in vitro data regarding different killing effects
apenems on MBL-producers (Giamarellou, personal communication).

but there are limited clinical data [56].
rted from animal models [51].
roducers may often be endowed with other resistance mechanisms

erapy. Ad hoc studies are needed.

with some Pseudomonas aeruginosa strains, but clinical data are lacking.

se in susceptible strains [51].
erapy. Ad hoc studies are needed.

stances [62].
] and should be investigated in the laboratory.

of this combination (synergic effect) [65,66].

n susceptible strains are missing.
ne is also active against MBL-producing Enterobacteriaceae and

susceptible strains are missing.
her compounds [68].
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imit greatly the possibilities of any single-drug regimen in
avour of combination therapies. Possible combinations and
heir dosages look promising but they represent an almost
ompletely unexplored field of investigation, with special
eference to their actual effectiveness on different bacterial
pecies and on isolates endowed with different MBLs (and/or
dditional resistance mechanisms).

PK/PD studies should also warrant correct information
bout administration routes and dosages. Of paramount
mportance is the possibility for microbiologists to test these
ombinations by means of rapid and standardised methods
nd to produce standardised, quantitative and reproducible
eports, also using newly developed technologies.

An open question is whether to treat only infected patients
r also subjects colonised by MBL-producers and selected
t-risk individuals (to be properly detected), with the aim of
liminating the isolate before it becomes virulent in the same
atient or can spread to other patients. Needless to say, the
resent absence of clinical guidelines confers this debate a
erely academic interest.
In conclusion, therapeutic options look extremely scarce

nd are often not sufficiently documented, which constitutes
most disquieting development in the field of antibiotic ther-
py and makes mandatory careful management of the drugs
sed to treat severe Gram-negative infections and the adop-
ion of rigorous infection control precautions to prevent their
ransmission.

Although carbapenem resistance can also result from the
nterplay between porin loss and production of some ser-
ne �-lactamases with weak carbapenemase activity (see for
nstance [69–72]), MBL-mediated resistance is a matter of
erious concern for several reasons. First, porin loss often
esults in low-level carbapenem resistance only, whereas

BL production normally results in high-level resistance to
ost �-lactams, with the exception of aztreonam. Second,
BL production is typically associated with resistance to

minoglycosides and quinolones. The first case often relates
o the co-presence in the same integrons of MBL genes and
enes coding for aminoglycoside-modifying enzymes [1].
till to be fully clarified are the roles that are played by dif-
erent efflux pumps in determining this co-resistance as well
s in contributing to other �-lactam resistance mechanisms.
ll in all, multidrug resistance often leaves colistin as the
nly antibiotic agent available, which might be a poor alter-
ative in view of the alleged toxicity of this agent and its
nfavourable pharmacokinetics [62].

On these grounds, all MBL-producing strains would well
eserve the name of ‘Gram-negative MRSA’ recently coined
or Acinetobacter, if it were not that they appear to carry a
uch greater therapeutic risk and deserve greater attention

han their Gram-positive counterpart.
The limited therapeutic options for infections caused
y MBL-producers and the virtual absence in the pipeline
f short- and mid-term therapeutic alternatives for these
nfections—and for those caused by MDR Gram-negatives
s a whole—should mandate that all efforts be made to limit

c

o
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he spread and clinical threat posed by these strains, besides
arranting a careful re-consideration of the actual priorities

n the field of antimicrobial research and a prompt redistri-
ution of the intellectual and financial resources available to
his aim.

. Nomenclature of acquired MBLs

Five major lineages of acquired MBLs (IMP, VIM, SPM,
IM and SIM) have been discovered during the past decade,
ith a growing number of variants for the IMP- and VIM-

ype enzymes [28,73]. Different names have been assigned
o acquired MBLs showing notable sequence divergence,
hilst the same name with different suffix numbers has been

ssigned to allelic variants of each lineage that differ from
ach other by a limited number of amino acid substitutions
nd are clearly related to that lineage. However, with the
iscovery of an increasing number of IMP- and VIM-type
ariants, the amino acid sequence identity between alleles
f these types has reached values as low as 78% and 73%,
espectively.

It is our opinion that, at this stage, it would be useful to
efine a precise criterion for assignment of new names to
cquired MBLs based on a fixed cut-off value for sequence
iversity. We are aware that since these enzymes are ortho-
ogues, with detailed functional characterisation lacking for

ost of them, this cut-off value is necessarily somewhat arbi-
rary. However, we feel that this approach would be of help
o prevent the development of a confounding nomenclature,
s has happened with other classes of �-lactamases.

The following criterion is herewith proposed. Any new
nzyme with documented MBL activity will be considered
s an allelic variant of a known type if the degree of amino
cid identity to the reference enzyme of that type is >70%,
hilst it will be assigned to a new type if identity is ≤70%.
or each known type (or lineage), an enzyme is selected as

he reference enzyme for that type. The proposed reference
nzymes are IMP-8 for IMP-type enzymes, VIM-2 for VIM-
ype enzymes, and SPM-1, GIM-1 and SIM-1 for the other
ypes (for which a single allele is currently known). The
hoice of IMP-8 and VIM-2 as reference enzymes for the
MP- and VIM-types, respectively, is based on the fact that
hey are the variants most similar to the consensus generated
ollowing alignment of all known variants of each type.

To avoid confusing duplications, new enzyme names
hould only be assigned on application to Karen Bush and/or
eorge A. Jacoby, who manage the database of �-lactamase
ames (http://www.lahey.org/Studies/).

. Minimum requirements recommended for

haracterisation of new MBLs

Identification of a new MBL type or of a new allelic variant
f a known type by sequencing should be followed by char-

http://www.lahey.org/Studies/
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cterisation of the enzyme. Characterisation should include
t least:

(i) determination of the resistance profile shown by the clin-
ical isolate and by a laboratory E. coli strain carrying
the cloned gene in a vector that allows its expression
(following the CLSI recommendations [74]); and

ii) confirmation of the presence of MBL activity in crude
extracts of the clinical isolate and of the E. coli strain
carrying the cloned gene [6].

The minimum set of �-lactam compounds included for
usceptibility testing with the recombinant clone should be:
mpicillin, piperacillin, cefalothin (or cefazolin), cefotaxime,
eftazidime, cefepime, cefoxitin (or cefotetan), aztreonam,
mipenem, meropenem and ertapenem.

Further characterisation of a new enzyme should ide-
lly include analytical isoelectric focusing, sodium dodecyl
ulphate–polyacrylamide gel electrophoresis (SDS-PAGE)
nalysis, mass spectrometry and determination of kinetic
arameters with the purified enzyme. The minimum set of
ubstrates included for kinetic characterisation is the same
s those listed for susceptibility testing of the recombinant
lone (see above).

The availability of data for a core set of representative
ubstrates collected under homogeneous experimental condi-
ions will facilitate comparisons between different enzymes,
hich have often been difficult to perform owing to the dif-

erences in the substrates tested and in the conditions adopted
or experimental measurements.

eferences

[1] Nordmann P, Poirel L. Emerging carbapenemases in Gram-negative
aerobes. Clin Microbiol Infect 2002;8:321–31.

[2] Cornaglia G, Mazzariol A, Lauretti L, Rossolini GM, Fontana R.
Hospital outbreak of carbapenem-resistant Pseudomonas aeruginosa
producing VIM-1, a novel transferable metallo-�-lactamase. Clin Infect
Dis 2000;31:1119–25.

[3] Cornaglia G, Riccio ML, Mazzariol A, Lauretti L, Fontana R, Rossolini
GM. Appearance of IMP-1 metallo-�-lactamase in Europe. Lancet
1999;353:899–900.

[4] Rossolini GM, Riccio ML, Cornaglia G, et al. Carbapenem-
resistant Pseudomonas aeruginosa with acquired blaVIM metallo-
�-lactamase determinants, Italy. Emerg Infect Dis 2000;6:312–
3.

[5] Poirel L, Naas T, Nicolas D, et al. Characterization of VIM-
2, a carbapenem-hydrolyzing metallo-�-lactamase and its plasmid-
and integron-borne gene from a Pseudomonas aeruginosa clini-
cal isolate in France. Antimicrob Agents Chemother 2000;44:891–
7.

[6] Lauretti L, Riccio ML, Mazzariol A, et al. Cloning and characterization
of blaVIM, a new integron-borne metallo-�-lactamase gene from a Pseu-
domonas aeruginosa clinical isolate. Antimicrob Agents Chemother
1999;43:1584–90.
[7] Poirel L, Lambert T, Turkoglu S, Ronco E, Gaillard J, Nordmann P.
Characterization of class 1 integrons from Pseudomonas aeruginosa
that contain the blaVIM-2 carbapenem-hydrolyzing �-lactamase gene
and of two novel aminoglycoside resistance gene cassettes. Antimicrob
Agents Chemother 2001;45:546–52.

[

ntimicrobial Agents 29 (2007) 380–388

[8] Fiett J, Baraniak A, Mrowka A, et al. Molecular epidemiology of
acquired-metallo-�-lactamase-producing bacteria in Poland. Antimi-
crob Agents Chemother 2006;50:880–6.

[9] Libisch B, Gacs M, Csiszar K, Muzslay M, Rokusz L, Fuzi M.
Isolation of an integron-borne blaVIM-4 type metallo-�-lactamase
gene from a carbapenem-resistant Pseudomonas aeruginosa clinical
isolate in Hungary. Antimicrob Agents Chemother 2004;48:3576–
8.

10] Giakkoupi P, Xanthaki A, Kanelopoulou M, et al. VIM-1 metallo-�-
lactamase-producing Klebsiella pneumoniae strains in Greek hospitals.
J Clin Microbiol 2003;41:3893–6.

11] Pournaras S, Maniati M, Petinaki E, et al. Hospital outbreak of
multiple clones of Pseudomonas aeruginosa carrying the unrelated
metallo-�-lactamase gene variants blaVIM-2 and blaVIM-4. J Antimicrob
Chemother 2003;51:1409–14.

12] Pournaras S, Ikonomidis A, Tzouvelekis LS, et al. VIM-12, a novel
plasmid-mediated metallo-�-lactamase from Klebsiella pneumoniae
that resembles a VIM-1/VIM-2 hybrid. Antimicrob Agents Chemother
2005;49:5153–6.

13] Cardoso O, Leitao R, Figueiredo A, Sousa JC, Duarte A, Peixe LV.
Metallo-�-lactamase VIM-2 in clinical isolates of Pseudomonas aerug-
inosa from Portugal. Microb Drug Resist 2002;8:93–7.

14] Ikonomidis A, Tokatlidou D, Kristo I, et al. Outbreaks in distinct
regions due to a single Klebsiella pneumoniae clone carrying a blaVIM-1

metallo-�-lactamase gene. J Clin Microbiol 2005;43:5344–7.
15] Da Silva GJ, Correia M, Vital C, et al. Molecular characterization

of blaIMP-5, a new integron-borne metallo-�-lactamase gene from an
Acinetobacter baumannii nosocomial isolate in Portugal. FEMS Micro-
biol Lett 2002;215:33–9.

16] Tortola MT, Lavilla S, Miro E, et al. First detection of a carbapenem-
hydrolyzing metalloenzyme in two Enterobacteriaceae isolates in
Spain. Antimicrob Agents Chemother 2005;49:3492–4.

17] Henrichfreise B, Wiegand I, Sherwood KJ, Wiedemann B. Detection
of VIM-2 metallo-�-lactamase in Pseudomonas aeruginosa from Ger-
many. Antimicrob Agents Chemother 2005;49:1668–9.

18] Tysall L, Stockdale MW, Chadwick PR, et al. IMP-1 carbapenemase
detected in an Acinetobacter clinical isolate from the UK. J Antimicrob
Chemother 2002;49:217–8.

19] Castanheira M, Toleman MA, Jones RN, Schmidt FJ, Walsh TR.
Molecular characterization of a �-lactamase gene, blaGIM-1, encoding
a new subclass of metallo-�-lactamase. Antimicrob Agents Chemother
2004;48:4654–61.

20] Lagatolla C, Edalucci E, Dolzani L, et al. Molecular evolu-
tion of metallo-�-lactamase-producing Pseudomonas aeruginosa in
a nosocomial setting of high-level endemicity. J Clin Microbiol
2006;44:2348–53.

21] Luzzaro F, Endimiani A, Docquier JD, et al. Prevalence and charac-
terization of metallo-�-lactamases in clinical isolates of Pseudomonas
aeruginosa. Diagn Microbiol Infect Dis 2004;48:131–5.

22] Pagani L, Colinon C, Migliavacca R, et al. Nosocomial outbreak caused
by multidrug-resistant Pseudomonas aeruginosa producing IMP-13
metallo-�-lactamase. J Clin Microbiol 2005;43:3824–8.

23] Riccio ML, Pallecchi L, Docquier JD, et al. Clonal relatedness
and conserved integron structures in epidemiologically unrelated
Pseudomonas aeruginosa strains producing the VIM-1 metallo-
�-lactamase from different Italian hospitals. Antimicrob Agents
Chemother 2005;49:104–10.

24] Walsh TR, Toleman MA, Hryniewicz W, Bennett PM, Jones RN.
Evolution of an integron carrying blaVIM-2 in Eastern Europe: report
from the SENTRY Antimicrobial Surveillance Program. J Antimicrob
Chemother 2003;52:116–9.

25] Toleman MA, Biedenbach D, Bennett DM, Jones RN, Walsh TR. Italian

metallo-�-lactamases: a national problem? Report from the SEN-
TRY Antimicrobial Surveillance Programme. J Antimicrob Chemother
2005;55:61–70.

26] Kassis-Chikhani N, Decre D, Gautier V, et al. First outbreak of
multidrug-resistant Klebsiella pneumoniae carrying blaVIM-1 and



al of An

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

G. Cornaglia et al. / International Journ

blaSHV-5 in a French university hospital. J Antimicrob Chemother
2006;57:142–5.

27] Miriagou V, Tzelepi E, Gianneli D, Tzouvelekis LS. Escherichia coli
with a self-transferable, multi-resistant plasmid coding for the metallo-
�-lactamase VIM-1. Antimicrob Agents Chemother 2003;47:395–
7.

28] Walsh TR, Toleman MA, Poirel L, Nordmann P. Metallo-�-lactamases:
the quiet before the storm? Clin Microbiol Rev 2005;18:306–25.

29] Rossolini GM. Acquired metallo-�-lactamases: an increasing clinical
threat. Clin Infect Dis 2005;41:1557–8.

30] Loli A, Tzouvelekis LS, Tzelepi E, et al. Sources of diversity of car-
bapenem resistance levels in Klebsiella pneumoniae carrying blaVIM-1.
J Antimicrob Chemother 2006;58:669–72.

31] Giakkoupi P, Tzouvelekis LS, Daikos GL, et al. Discrepancies and
interpretation problems in susceptibility testing of VIM-1-producing
Klebsiella pneumoniae isolates. J Clin Microbiol 2005;43:494–6.

32] Arakawa Y, Shibata N, Shibayama K, et al. Convenient test for screen-
ing metallo-�-lactamase-producing gram-negative bacteria by using
thiol compounds. J Clin Microbiol 2000;38:40–3.

33] Yong D, Lee K, Yum JH, Shin HB, Rossolini GM, Chong
Y. Imipenem–EDTA disk method for differentiation of metallo-
�-lactamase-producing clinical isolates of Pseudomonas spp. and
Acinetobacter spp. J Clin Microbiol 2002;40:3798–801.

34] Migliavacca R, Docquier JD, Mugnaioli C, et al. Simple microdilution
test for detection of metallo-�-lactamase production in Pseudomonas
aeruginosa. J Clin Microbiol 2002;40:4388–90.

35] Walsh TR, Bolmstrom A, Qwarnstrom A, Gales A. Evaluation of a new
Etest for detecting metallo-�-lactamases in routine clinical testing. J
Clin Microbiol 2002;40:2755–9.

36] Oh EJ, Lee S, Park YJ, et al. Prevalence of metallo-�-lactamase among
Pseudomonas aeruginosa and Acinetobacter baumannii in a Korean
university hospital and comparison of screening methods for detecting
metallo-�-lactamase. J Microbiol Methods 2003;54:411–8.

37] Lee K, Lim YS, Yong D, Yum JH, Chong Y. Evaluation of the Hodge
test and the imipenem–EDTA double-disk synergy test for differentiat-
ing metallo-�-lactamase-producing isolates of Pseudomonas spp. and
Acinetobacter spp. J Clin Microbiol 2003;41:4623–9.

38] Lee K, Yong D, Yum JH, et al. Evaluation of Etest MBL for detection of
blaIMP-1 and blaVIM-2 allele-positive clinical isolates of Pseudomonas
spp. and Acinetobacter spp. J Clin Microbiol 2005;43:942–4.

39] Marchiaro P, Mussi MA, Ballerini V, et al. Sensitive EDTA-based
microbiological assays for detection of metallo-�-lactamases in nonfer-
mentative Gram-negative bacteria. J Clin Microbiol 2005;43:5648–52.

40] Luzzaro F, Docquier JD, Colinon C, et al. Emergence in Klebsiella
pneumoniae and Enterobacter cloacae clinical isolates of the VIM-4
metallo-�-lactamase encoded by a conjugative plasmid. Antimicrob
Agents Chemother 2004;48:648–50.

41] Carattoli A, Miriagou V, Bertini A, et al. Replicon typing of plas-
mids encoding resistance to newer beta-lactams. Emerg Infect Dis
2006;12:1145–8.

42] Bradford PA. Extended-spectrum �-lactamases in the 21st century:
characterization, epidemiology, and detection of this important resis-
tance threat. Clin Microbiol Rev 2001;14:933–51.

43] Paterson DL, Bonomo RA. Extended-spectrum �-lactamases: a clinical
update. Clin Microbiol Rev 2005;18:657–86.

44] Chu YW, Cheung TK, Ngan JY, Kam KM. EDTA susceptibility leading
to false detection of metallo-�-lactamase in Pseudomonas aeruginosa
by Etest and an imipenem–EDTA disk method. Int J Antimicrob Agents
2005;26:340–1.

45] Bellais S, Mimoz O, Leotard S, Jacolot A, Petitjean O, Nordmann
P. Efficacy of �-lactams for treating experimentally induced pneumo-
nia due to a carbapenem-hydrolyzing metallo-�-lactamase-producing

strain of Pseudomonas aeruginosa. Antimicrob Agents Chemother
2002;46:2032–4.

46] Aoki S, Hirakata Y, Kondoh A, et al. Virulence of metallo-�-lactamase-
producing Pseudomonas aeruginosa in vitro and in vivo. Antimicrob
Agents Chemother 2004;48:1876–8.

[

[

timicrobial Agents 29 (2007) 380–388 387

47] Galani I, Souli M, Chryssouli Z, Orlandou K, Giamarellou H. Char-
acterization of a new integron containing blaVIM-1 and aac(6′)-IIc in
an Enterobacter cloacae clinical isolate from Greece. J Antimicrob
Chemother 2005;55:634–8.

48] Clinical and Laboratory Standards Institute. Performance standards for
antimicrobial susceptibility testing. 16th Informational Supplement.
M100-S16. Wayne, PA: CLSI; 2006.

49] Hirakata Y, Yamaguchi T, Nakano M, et al. Clinical and bacteri-
ological characteristics of IMP-type metallo-�-lactamase-producing
Pseudomonas aeruginosa. Clin Infect Dis 2003;37:26–32.

50] Peleg AY, Franklin C, Bell J, Spelman DW. Emergence of IMP-4
metallo-�-lactamase in a clinical isolate from Australia. J Antimicrob
Chemother 2004;54:699–700.

51] Peleg AY, Franklin C, Bell JM, Spelman DW. Dissemination of the
metallo-beta-lactamase gene blaIMP-4 among gram-negative pathogens
in a clinical setting in Australia. Clin Infect Dis 2005;41:1549–56.

52] Crespo MP, Woodford N, Sinclair A, et al. Outbreak of carbapenem-
resistant Pseudomonas aeruginosa producing VIM-8, a novel metallo-
�-lactamase, in a tertiary care center in Cali, Colombia. J Clin Microbiol
2004;42:5094–101.

53] Gibb AP, Tribuddharat C, Moore RA, et al. Nosocomial outbreak
of carbapenem-resistant Pseudomonas aeruginosa with a new blaIMP

allele, blaIMP-7. Antimicrob Agents Chemother 2002;46:255–8.
54] Yomoda S, Okubo T, Takahashi A, Murakami M, Iyobe S. Presence of

Pseudomonas putida strains harboring plasmids bearing the metallo-
�-lactamase gene blaIMP in a hospital in Japan. J Clin Microbiol
2003;41:4246–51.

55] D’Agata EM, Webb G, Horn M. A mathematical model quantify-
ing the impact of antibiotic exposure and other interventions on the
endemic prevalence of vancomycin-resistant enterococci. J Infect Dis
2005;192:2004–11.

56] Lee NY, Yan JJ, Lee HC, Liu KH, Huang ST, Ko WC. Clinical
experiences of bacteremia caused by metallo-�-lactamase-producing
gram-negative organisms. J Microbiol Immunol Infect 2004;37:
343–9.

57] Daikos GL, Panagiotakopoulou A, Tzelepi E, Loli A, Tzouvelekis
LS, Miriagou V. Activity of imipenem against VIM-1 metallo-
beta-lactamase-producing Klebsiella pneumoniae in the murine thigh
infection model. Clin Microbiol Infect 2007;13:202–5.

58] Scoulica EV, Neonakis IK, Gikas AI, Tselentis YJ. Spread of blaVIM-1-
producing E. coli in a university hospital in Greece. Genetic analysis of
the integron carrying the blaVIM-1metallo-beta-lactamase gene. Diagn
Microbiol Infect Dis 2004;48:167–72.

59] Galani I, Souli M, Koratzanis E, Chryssouli Z, Giamarellou H.
Molecular characterization of an Escherichia coli clinical isolate that
produces both metallo-beta-lactamase VIM-2 and extended-spectrum
beta-lactamase GES-7: identification of the In8 integron carrying the
blaVIM-2 gene. J Antimicrob Chemother 2006;58:432–3.

60] Pasteran F, Faccone D, Petroni A, et al. Novel variant (blaVIM-11) of
the metallo-�-lactamase blaVIM family in a GES-1 extended-spectrum-
beta-lactamase-producing Pseudomonas aeruginosa clinical isolate in
Argentina. Antimicrob Agents Chemother 2005;49:474–5.

61] Galani I, Souli M, Chryssouli Z, Katsala D, Giamarellou H. First
identification of an Escherichia coli clinical isolate producing both
metallo-beta-lactamase VIM-2 and extended-spectrum beta-lactamase
IBC-1. Clin Microbiol Infect 2004;10:757–60.

62] Li J, Nation RL, Turnidge JD, et al. Colistin: the re-emerging antibi-
otic for multidrug-resistant Gram-negative bacterial infections. Lancet
Infect Dis 2006;6:589–601.

63] Reis AO, Luz DA, Tognim MC, Sader HS, Gales AC. Polymyxin-
resistant Acinetobacter spp. isolates: what is next? Emerg Infect Dis
2003;9:1025–7.
64] Thiolas A, Bollet C, La Scola B, Raoult D, Pages JM. Successive
emergence of Enterobacter aerogenes strains resistant to imipenem and
colistin in a patient. Antimicrob Agents Chemother 2005;49:1354–8.

65] Giamarellos-Bourboulis EJ, Xirouchaki E, Giamarellou H. Inter-
actions of colistin and rifampin on multidrug-resistant Acine-



3 al of A

[

[

[

[

[

[

[

[

88 G. Cornaglia et al. / International Journ

tobacter baumannii. Diagn Microbiol Infect Dis 2001;40:117–
20.

66] Petrosillo N, Chinello P, Proietti MF, et al. Combined colistin and
rifampicin therapy for carbapenem-resistant Acinetobacter baumannii
infections: clinical outcome and adverse events. Clin Microbiol Infect
2005;11:682–3.

67] Souli M, Kontopidou FV, Koratzanis E, et al. In vitro activity of
tigecycline against multiple-drug-resistant, including pan-resistant,
gram-negative and gram-positive clinical isolates from Greek hospitals.
Antimicrob Agents Chemother 2006;50:3166–9.

68] Guerin F, Henegar C, Spiridon G, Launay O, Salmon-Ceron D, Poyart
C. Bacterial prostatitis due to Pseudomonas aeruginosa harbouring the
blaVIM-2 metallo-beta-lactamase gene from Saudi Arabia. J Antimicrob

Chemother 2005;56:601–2.

69] Elliott E, Brink AJ, van Greune J, et al. In vivo development of
ertapenem resistance in a patient with pneumonia caused by Klebsiella
pneumoniae with an extended-spectrum �-lactamase. Clin Infect Dis
2006;42:e95–8.

[

ntimicrobial Agents 29 (2007) 380–388

70] Livermore DM. Of Pseudomonas, porins, pumps and carbapenems. J
Antimicrob Chemother 2001;47:247–50.

71] Bradford PA, Urban C, Mariano N, Projan SJ, Rahal JJ, Bush K.
Imipenem resistance in Klebsiella pneumoniae is associated with the
combination of ACT-1, a plasmid-mediated AmpC �-lactamase, and
the loss of an outer membrane protein. Antimicrob Agents Chemother
1997;41:563–9.

72] Stapleton PD, Shannon KP, French GL. Carbapenem resistance
in Escherichia coli associated with plasmid-determined CMY-4
�-lactamase production and loss of an outer membrane protein. Antimi-
crob Agents Chemother 1999;43:1206–10.

73] Lee K, Yum JH, Yong D, et al. Novel acquired metallo-�-lactamase
gene, blaSIM-1, in a class 1 integron from Acinetobacter bauman-

nii clinical isolates from Korea. Antimicrob Agents Chemother
2005;49:4485–91.

74] Clinical and Laboratory Standards Institute. Methods for dilution
antimicrobial susceptibility tests for bacteria that grow aerobically.
Approved standard. 7th ed. M7-A7. Wayne, PA: CLSI; 2006.


	Metallo-beta-lactamases as emerging resistance determinants in Gram-negative pathogens: open issues
	Introduction
	Epidemiology and surveillance of acquired MBLs
	Surveillance strategies

	Detection of MBL-producing strains
	Clinical issues
	Definition of the problem
	Breakpoints and laboratory reports
	Reporting MBL-positive isolates
	Correlation between MBLs and antibiotic use
	Infection control procedures
	MBL-producers as a therapeutic challenge

	Nomenclature of acquired MBLs
	Minimum requirements recommended for characterisation of new MBLs
	References


