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ABSTRACT:

— Introduction: Multidrug resistance is growing at an alarming rate among a variety of bacterial species,
causing infections, which threaten the lives of patients. Detection of metal-p-lactamase producers (IMP,
VIM, NDM) and of KPC producers may be based on the inhibitory properties of several molecules but re-
quires additional expertise and time. Several authors describe the use of new rapid identification methods.
The aim of our review is to revise the new rapid methods for the detection of carbapenemases and their
identification by Gram-negative bacilli.
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INTRODUCTION

Nowadays, one of the most important threats in med-
icine, and especially in infectious diseases, is the
emerging resistance to extended-spectrum [-lact-
ams of Gram-negative bacilli. Multidrug resistance is
growing at an alarming rate among a variety of bacte-
rial species, causing infections which threaten the lives
of patients'”. Among the resistance mechanisms char-
acterizing these organisms, the production of various
B-lactamase enzymes is the basis for their acquired
resistance to different antibiotics. Treatment regimens
for many hospital- and community-acquired infections
are constituted primarily by B-lactam drug class; how-
ever, these antimicrobials are rapidly becoming obso-
lete, due to the rapid spread of B-lactamases among

Gram negative bacilli®*!*!¢. As a matter of fact, the
B-lactamase-operated hydrolysis of B-lactam antibiot-
ics is their most common mechanism of resistance!™?.
Currently, B-lactamases are classified according to two
systems: a molecular classification, based on the amino
acid sequence, and a functional and structural classifi-
cation scheme proposed by Bush et al? in 1995, which
takes into account substrate and inhibitor profiles. The
molecular classification is simpler and worldwide ac-
cepted. It differentiates B-lactamases in four molecular
classes: A, B, C, and D. Classes A, C, and D include
enzymes that, through an active serine site, hydrolyze
their substrates by forming an acyl-enzyme, whereas
class B B-lactamases are metalloenzymes promoting
B-lactam hydrolysis through utilize at least one zinc-
ion active-site.
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Class A carbapenemase group includes members of
the infamous SME, IMI, NMC, GES, and KPC families.

Conversely, class B enzymes exhibit a broad spec-
trum of hydrolytic activity, including penicillin, cepha-
losporins, and carbapenems. Their activity only spares
the monobactam aztreonam®2!-2>2°, These enzymes pos-
sess the greatest carbapenemase activity, and they are
mostly of the IMP, VIM and NDM types. Class B p-lac-
tamases are not inhibited by commercially available
B-lactamase inhibitors (clavulanic acid, tazobactam,
or sulbactam). Avibactam is an exception to this rule,
except for VIM B-lactamases. Class B enzymes-medi-
ated hydrolysis depends on the interaction of the B-lac-
tam with zinc-ion in their active site, and is inhibited
by ehylendiaminetetraacetic acid (EDTA), a chelator of
divalent cations, and dipicolinic acid.

Ambler class C cephalosporinases, such as AmpC and
CMY-2, and ESBLs, such as CTX-M-15 and SHV-2, con-
fer resistance to a majority of the available f-lactams. Re-
duced susceptibility to carbapenems in most organisms
was mostly attributed to a combination of production of
extended-spectrum B-lactamase or AmpC [B-lactamase
and deficiency of porins in the outer membrane®”.

Class D enzymes showing carbapenemase activity
are mostly OXA-48* An increasing number of Ambler
class A carbapenemases (such KPC enzymes), class
B metallo-B-lactamases (VIM, IMP, and NDM p-lac-
tamases), and class D carbapenemases like OXA-23,
OXA-48 have recently emerged®*.

The biggest concern is the emergence and world-
wide spread of carbapenemases such as KPC, OXA-48,
VIM, IMP, New Delhi metallo-p-lactamase-1 (NDM-1)
among the Enterobacteriaceae. These carbapenemases
confer to bacteria the potential to virtually resist to all
B-lactams?**3° In Europe, a mixture of KPC, NDM,
VIM, and OXA-48-like carbapenemases dominates,
while IMP-producing bacteria are more prevalent in the
South-East countries®’. Detection of metallo-B-lact-
amase producers (IMP, VIM, NDM) and of KPC pro-
ducers may be based on the inhibitory properties of
several molecules, but requires additional expertise and
time, as it usually requires near 24-48 hours. However,
several authors describe the use of new rapid identifica-
tion methods.

The aim of this paper is to revise these new rapid
methods for the detection of carbapenemases and their
identification by Gram-negative rods.

OVERVIEW
KPC

Resistances developed because of Klebsiella pneumo-
niae carbapenemases (KPCs) were first identified in
1996 in a K. pneumoniae isolate obtained from a patient
hospitalized in North Carolina, USA. KPCs are plas-
mid-encoded enzymes capable of hydrolysing a broad
spectrum of beta-lactams, including carbapenems and
monobactams. The first outbreak of KPC-producing K.
pneumoniae outside the United States was described in

Israel in 2006°%42, Bacteria characterized by the Kiebsi-
ella pneumoniae carbapenemase (bla-KPC) gene have
caused outbreaks globally with substantial mortality
and morbidity. KPC enzymes are typically encoded
within the Tn3-based transposon Tn4401, which has
five known isoforms named from “a” to “e”, as defined
by insertions or deletions within a polymorphic region
immediately upstream of bla-KPC*-*. Members of the
K. pneumoniae ST258 lineage usually remain suscep-
tible to colistin, gentamicin and tigecycline, but there
have been documented outbreaks of colistin-resistant K.
pneumoniae ST258%. About 11 different KPC variants
(from KPC1/2 to KPC12) have been described; howev-
er, in Italy only KPC-2 and KPC-3 have been reported,
with a higher prevalence of KPC-3%.

OXA

Class D B-lactamases, also known as OXA-type enzymes
or oxacillinases, are represented by more than 350 genet-
ically diverse enzymes across Gram-negative rods. First
identified enzymes were penicillinases, which hydrolyzed
oxacillin, conferring resistance to this antimicrobial agent,
hence the name oxacillinases and the prefix OXA. These
enzymes are of clinical interest, due to their ability to pro-
duce resistance to carbapenems, the last resort in the treat-
ment of severe infections, such as sepsis and intra-abdom-
inal infections**. OXA B-lactamases were among the ear-
liest B-lactamases. Subsequently, the plasmid-encoded
B-lactamases (OXA-23, OX A-40, and OXA-58) were cate-
gorized as OXA enzymes, because of their structural sim-
ilarity to earlier OXA B-lactamases. The OXA-23 B-lact-
amase was first identified in an 4. baumannii isolate with a
16 MIC for Imipenem, with a transferable resistance phe-
notype, indicating a plasmid location**2. There is a rap-
id emergence of oxacillinase (OXA-48) that increasing
frequency respect to the classical carbapenemases (KPC,
NDM, IMP, and VIM) across the world.

VIM

Verona integron-encoded metallo-f-lactamase (VIM)
and Imipenemase (IMP) belong to group B of Ambler
classification. They cause hydrolysis of a variety of be-
ta-lactam antimicrobials except for monobactam (azt-
reonam). These enzymes are unique, because their ac-
tivity is inhibited by chelating agents such as Ethylene
Diamine Tetra Acetic Acid (EDTA), Sodium Mercapto
Acetic Acid (SMA), and Dipicolinic Acid, but do not
result inhibited by beta-lactamases inhibitors such as
clavulanic acid, sulbactam, tazobactam and avibact-
am. VIM-1 was firstly identified in Pseudomonas aeru-
ginosa in 1999. Currently, twenty-four of the 46 VIM
variants have been identified in Pseudomonas aerugi-
nosa®*®, Initially observed in Pseudomonas aerugi-
nosa and Acinetobacter spp, these enzymes spread to
members of the family Enterobacteriaceae during ear-
ly 2000s and they have been involved in different out-
breaks, in particular in ITtaly and Greece®.
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NDM

New Delhi metallo-beta-lactamase (NDM) have
been report first time in 2009 in urine cultures result-
ed positive to Klebsiella pneumoniae. Subsequently,
it has spread globally causing various types of infec-
tions'**%7. The organisms that carry genetic material
for NDM have been found to be characterized by a great
ability of transferring genes encoding NDM to other or-
ganisms with immense power of spread. The NDM-1
gene (bla,, ) is normally carried on a variety of plas-
mids along with other resistance factors, and may confer
resistance to all B-lactams molecules?%:2430:38.%,

Commercial Test

The detection of carbapenemases in clinical microbi-
ology labs is time- and human-resource- consuming
because phenotypic tests like triple-disc test (Rosco
Diagnostics, Denmark) may be difficult to read. Ma-
trix-assisted laser desorption ionization — time of flight
mass spectrometry (MALDI-TOF MS) and Polymerase
Chain Reaction (PCR)-based molecular methods have
good sensitivity and specificity, but trained personnel
and good infrastructure are required. Moreover, these
tests are very expensive. Classical molecular methods
are considered the gold standard for detection of car-
bapenemases-encoding genes. However, these methods
require specific equipment, supplies, expertise, and a
routinely use of these tests may not be affordable by all
laboratories because of the costs.

NEW MOLECULAR METHODS
XPERT CARBA-R

Xpert® Carba-R is performed on Gene Xpert system. It
is fully automated and integrated for sample prepara-
tion, nucleic acid extraction, amplification and detec-
tion of targets using Real-time PCR (RT-PCR) assays.
The Xpert Carba-R Assay includes reagents for the
detection of blaKPC, blaNDM, blaVIM, blaOXA-48,
and blaIMP gene sequences, associated with carbap-
enem-non-susceptibility in Gram negative bacteria as
well as a sample processing control (SPC) that contains
spores of Bacillus globigii in the form of a dry bead
that is included in each cartridge to verify for adequate
processing of the target bacteria and for indicate the
presence of inhibitors in the PCR reaction. Xpert® Car-
ba-R test is built on the basis of real time PCR and it
is simple to perform with the minimal hands-on time
of 15 min and a short Turn Around Time (TAT) of <
1 hour®. The results are interpreted by the GeneXpert
System from measured fluorescent signals and shown
in the view results window. The Xpert® Carba-R kit is
currently the only commercially available assay that
can also detect IMP-1 group producer. Xpert® Carba-R
kit may be used directly on rectal swabs such that of-
fers an efficient option for the rapid screening of car-

bapenemase producing organisms (CPO) for colonized
patients. Cortegiani et al®® used Xpert® Carba-R for
rapid detection of carbapenemase-producing bacte-
ria in abdominal septic patients admitted to intensive
care units (ASPA-ICU) and show that the sensitivity
detection was 50% and specificity was 93.1% (positive
predictive value (PPV) 80%; negative predictive value
(NPV) 77.1%). The test may be considered an addition-
al diagnostic tool for early diagnosis of carbapenem
resistance in abdominal septic patients (B). The Xpert®
Carba-R v2 (now covering OXA-181 and OXA- 232)
presents a 100% sensitivity, 99.13% specificity, 85.71%
positive predictive value and 100% negative predictive
value. Hoyos-Mallecot et al 3 demonstrated that the
Xpert® Carba-R v2 kit is well adapted for rapid screen-
ing of high-risk patients even in low prevalence re-
gions (in <1 h versus 24/48h for culture)®*-%?. The cost
per cartridge is about $ 54.6 per test.

Check-Direct CPE for BD MAX™

Check-Direct CPE (Becton, Dickinson and Company,
NJ, USA) is an automated Real-time (RT)-PCR for de-
tection of the Enterobacteriaceae that made a carbap-
enemase enzyme clinically prevalent such IMP, VIM,
NDM and OXA gene by routine suspected isolates. The
samples, bacterial cell suspension, must to be processed
within 72 hours according to the manufacturer’s in-
structions. The instrument automatically performs sam-
ple lysis, DNA extraction, multiplex RT-PCR, and re-
ports results in less than 3 hours. Several studies show
a good sensitivity and specificity in the detection of car-
bapenemases genes also from rectal swabs compared
with cultural methods®-%.

COLORIMETRIC METHODS
RAPIDEC® CARBA NP

BioMérieux has recently introduced the Rapidec® Carba
NP test kit for rapid detection of carbapenemase-produc-
ing Gram-negative bacteria. The Rapidec® Carba NP test
is based on the direct detection of Carbapenem hydro-
lysis by Carbapenemase-producing bacteria, providing
rapid results within a time ranging from 30 minutes and
two hours. The Rapidec® Carba NP test showed excellent
specificity and sensitivity, allowing reliable detection of
known carbapenemases in Enterobacteriaceae, Pseu-
domonas aeruginosa and Acinetobacter spp. It showed
both a sensitivity and specificity of 96%. Rapidec®
Carba NP test showed excellent performance with all
bacterial species and none carbapenemase activity was
detected among A. baumannii strains resistant due to the
overexpression of their intrinsic chromosomally encoded
enzyme like OXA-66. This test is performed by isolat-
ed on culture plant-agar (requiring 24 or 48 hours of in-
cubation); an inoculum of colonies taken from a culture
plate is mixed with reagents. Eye reading of the plate is
made between 30 min and 2 hours of incubation at 37°C.

3




InFect Dis TRor MeD

A test is deemed as positive when there is a variation of
color from red either to yellow or to orange. Several pa-
pers showed that the Rapidec® Carba NP was simple and
relatively inexpensive, the cost is only $5 per test further-
more the test is easy to perform and read and, in most
cases, results are available after <30 min®®"2.

B-CARBA™

B-CARBA™ (Bio-Rad, Marnes-la-Coquette, France) is
a commercial rapid qualitative colorimetric test used for
detecting strains with a decreased susceptibility to car-
bapenems due to the production of carbapenemases. Sev-
eral studies report that the test shows both sensitivity and
specificity between 97 and 100%. The duration of this
test is extremely short, with a hands-on time of less than
3 min, and it is performed directly on isolated colonies
on agar plates (time needed for cultures 24-48 h). One
loop of colony material is resuspended in the kit solution
inside of microtubes, vortexed and incubated at 35°C.
The reading of the reaction is performed after 30 min, but
a re-evaluation of the test could be needed at additional
timepoints. However, a prolonged incubation time leads
to a decrease in specificity. A color change from yellow to
red or orange indicates a positive result’>™,

Neo-Rapid Carb Test

Neo-Rapid Carb test (Rosco) is similar in operation to
the Carba NP test, but it works with tablets containing
imipenem as indicator and negative-control tablets.
Moreover, it does not require laboratory manipulation
of antibiotics. The test procedure consisted of adding
several loops of the tested strain to a mixture of 100 ul
0.9% NaCl and 100 pl of extraction buffer for made at
suspension of 4 McFarland. This suspension was then
vortexed and incubated at room temperature for at

least 30 min; 50 pl was transferred to a tube containing
100 pl of 0.9% NaCl. Subsequently, a tablet of imipe-
nem plus indicator was added, and the tube closed and
vortexed for disintegrate the tablet and then incubated
at 35 to 37°C between 30 min to 2 h. A positive result
was interpreted as a color change from pink or red to
yellow or orange-yellow. Sometimes the results are not
easy to be read. Several studies show that this method
exhibited a high level of accuracy, with 96% sensitiv-
ity and 100% specificity. The cost is approximatively
63 per test™7’,

IMMUNOCHROMATOGRAPHIC TEST
Coris Bioconcept

Coris BioConcept (Coris BioConcept, Gembloux, Bel-
gium) has launched a first immunochromatographic
rapid diagnostic test for in vitro identification of carbap-
enemases in bacteria culture. The KPC K-SeT® assay
is a diagnostic test, based on fast immunochromatog-
raphy, able to rapidly detect KPC-type carbapenemas-
es from bacterial cultures. The test using colloidal gold
nanoparticles bound to nitrocellulose membrane sensi-
tized with monoclonal antibodies has been developed
for KPC detection directly from a single bacterial colo-
ny. The test is able to detect KPC-2, KPC-3 and KPC-
4 within 3 min after inoculation of the cassette, other
KPC types are detect in different time after inocula-
tion of cassette but ever within few minutes. This assay
presented high predictive positive and negative values
comprise between 100% and 92.3%, respectively. The
Coris BioConcept made also RESIST-3 O.K.N. K-SeT
for detection of KPC, OXA-48, NDM enzymes and RE-
SIST-3 O.0.K for detection of OXA-48, OXA-163, KPC
and RESIST-4 O.K.N.V for revelation of OXA-48, KPC,
NDM, VIM™8! Table 1 resumes rapid identification
techniques and the enzymes identified.

Table 1. Rapid identification tests of carbapenemases and enzymes identified.

TEST Productors Enzymes or Cost References
Gene detected
Xpert® Carba-R ~ Cepheid blaKPC, blaNDM, $54.6 per test Swabs or coltures  (60), (61), (62)
blaVIM, blaOXA,
and blaIMP
Check-Direct Becton blaKPC, blaOXA, N/A Swabs or coltures (63), (64), (65)
CPE for BD Dickinson blaVIM, blaNDM
MAXT™
Rapidec® Carba  bioMerieux KPC, NDM-1, VIM, $5 per test Coltures (66), (67), (68), (69),
NP IMP, OXA (70), (71), (72)
p-CARBA™ Bio-Rad KPC, NDM, VIM, N/A Coltures (73), (74)
IMP, SPM, OXA
Neo-Rapid Rosco KPC, NDM, IMP, $6 per test Coltures (75), (76)
CARB Test VIM, OXA
NEW-Resist Coris Bioconcept KPC, NDM, N/A Coltures 77), (78), (79),
VIM, OXA (80), (81)
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CONCLUSIONS

Systems able to detect and identify carbapenemases de-
scribed above are, nowadays, of the utmost importance.
These are now well adapted to the European epidemi-
ology of CPE, which possess a number of mechanisms
of resistance. The production of B-lactamase enzymes
confers to Gram-negative bacteria the biggest part of
the acquired resistance to different class of the antibi-
otics. According to the manufacturers’ indications, the
investigation of an outbreak may efficiently reduce the
impact, duration and cost of patients’ hospitalization.

CONFLICT OF INTEREST:
The Authors declare that they have no conflict of inte-
rests.

REFERENCES

1. van 't Klooster C, van Andel T, Reis R. Patterns in medicinal
plant knowledge and use in a Maroon village in Suriname. J
Ethnopharmacol 2016; 2: 319-330.

2. Gutiérrez R, Mitchell S, Solis R. Psidium guajava: a review
of its traditional uses, phytochemistry and pharmacology. J
Ethnopharmacol 2008; 117: 1-27.

3. Wardlaw T, Salama P, Brocklehurst C, Chopra M, Mason
E. Diarrhoea: why children are still dying and what can be
done. Lancet 2010; 375: 870-872.

4. Birdi T, Daswani P, Brijesh S, Tetali P, Natu A, Antia N.
Newer insights into the mechanism of action of Psidium
guajava L. leaves in infectious diarrhoea. BMC Complement
Altern Med 2010; 10: 33-44.

5. Ezekwesili J, Nkemdilim U, Okeke C. Mechanism of an-
tidiarrhoeal effect of ethanolic extract of Psidium guajava
leaves. Biokemistri 2010; 22: 85-90.

6. Motala C. Effect of loperamide on stool output and duration
of acute infectious diarrhea in infants. J Pediatr 1990; 117:
467-471.

7. Guerrant R, Steiner T, Lima A, Bobak D. How intestinal
bacteria cause disease. J Infect Dis 1999; 179: S331-337.

8. Gongalves FA, Andrade Neto M, Bezerra JN, Macrae A,
Sousa OV, Fonteles-Filho AA, Vieira RH. Antibacterial
activity of guava, Psidium guajava linnaeus, leaf extracts
on diarrhea-causing enteric bacteria isolated from seabob
shrimp, Xiphopenaeus kroyeri (HELLER). Rev Inst Med
Trop S Paulo 2008; 50: 11-15.

9. Shittu O, Ajayi O, SO B, Popoola T. Intestinal ameliorative
effects of traditional Ogi-tutu, Vernonia amygdaline and
Psidium guajava in mice infected with Vibrio cholera. Afr
Health Sci 2016; 16: 620-628.

1. Bush K. Carbapenemases: partners in crime. J Glob Antimi-
crob Resist 2013; 1: 7-16.

2. Bush K. The ABCD’s of beta-lactamase nomenclature. J In-
fect Chemother Off J Japan Soc Chemother 2013; 19: 549-559.

3. Bush K. Proliferation and significance of clinically relevant
beta-lactamases. Ann N Y Acad Sci 2013; 1277: 84-90.

4. Poirel L, Naas T, Nordmann P. Diversity, epidemiology,
and genetics of class D beta-lactamases. Antimicrob Agents
Chemother 2010; 54: 24-38.

5. Carattoli A. Resistance plasmid families in Enterobacteria-
ceae. Antimicrob Agents Chemother 2009; 53: 2227-2238.

6. Jacoby GA, Han P. Detection of extended-spectrum beta-
lactamases in clinical isolates of Klebsiella pneumoniae and
Escherichia coli. J Clin Microbiol 1996; 34: 908-911.

7. Livermore DM. Fourteen years in resistance. Int J Antimi-
crob Agents 2012; 39: 283-294.

10.

11.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Wilke MS, Lovering AL, Strynadka NCJ. Beta-lactam anti-

biotic resistance: a current structural perspective. Curr Opin
Microbiol 2005; 8: 525-533.

. Garau G, Bebrone C, Anne C, Galleni M, Frere JM, Dide-

berg O. A metallo-beta-lactamase enzyme in action: crystal
structures of the monozinc carbapenemase CphA and its
complex with biapenem. J Mol Biol 2005; 345: 785-795.
Drawz SM, Bonomo RA. Three decades of beta-lactamase
inhibitors. Clin Microbiol Rev 2010; 23: 160-201.

Bush K. Alarming beta-lactamase-mediated resistance in
multidrug-resistant Enterobacteriaceae. Curr Opin Micro-
biol 2010; 13: 558-564.

. Perez-Llarena FJ, Bou G. Beta-lactamase inhibitors: the

story so far. Curr Med Chem 2009; 16: 3740-3765.

Bennett PM. Plasmid encoded antibiotic resistance: acquisi-
tion and transfer of antibiotic resistance genes in bacteria. Br
J Pharmacol 2008; 153 Suppl: S347-357.

Nukaga M, Bethel CR, Thomson JM, Hujer AM, Distler A,
Anderson VE, Knox JR, Bonomo RA. Inhibition of class A
beta-lactamases by carbapenems: crystallographic observa-
tion of two conformations of meropenem in SHV-1. J] Am
Chem Soc 2008; 130: 12656-12662.

Babic M, Hujer AM, Bonomo RA. What’s new in antibiotic
resistance? Focus on beta-lactamases. Drug Resist Updat
20006; 9: 142-156.

. Wang Z, Fast W, Valentine AM, Benkovic SJ. Metallo-beta-

lactamase: structure and mechanism. Curr Opin Chem Biol
1999; 3: 614-622.

Awasthi S, Gupta S, Tripathi R, Nair NN. Mechanism and
kinetics of aztreonam hydrolysis catalyzed by class-c beta-
lactamase: a temperature-accelerated sliced sampling study.
J Phys Chem B 2018; 122: 4299-4308.

Fast W, Wang Z, Benkovic SJ. Familial mutations and zinc
stoichiometry determine the rate-limiting step of nitrocefin
hydrolysis by metallo-beta-lactamase from Bacteroides fra-
gilis. Biochemistry 2001; 40: 1640-1650.

Spencer J, Clarke AR, Walsh TR. Novel mechanism of hy-
drolysis of therapeutic beta-lactams by Stenotrophomonas
maltophilia L1 metallo-beta-lactamase. J Biol Chem 2001;
276: 33638-33644.

Feng H, Liu X, Wang S, Fleming J, Wang D-C, Liu W. The
mechanism of NDM-1-catalyzed carbapenem hydrolysis is
distinct from that of penicillin or cephalosporin hydrolysis.
Nat Commun 2017; 8: 2242.

Shapiro AB. Kinetics of sulbactam hydrolysis by beta-lacta-
mases, and kinetics of beta-lactamase inhibition by sulbactam.
Antimicrob Agents Chemother 2017; 61(12). pii: e01612-17.
Lisa M-N, Palacios AR, Aitha M, Gonzalez MM, Moreno
DM, Crowder MW, Bonomo RA, Spencer J, Tierney DL,
Llarrull LI, Vila AJ. A general reaction mechanism for car-
bapenem hydrolysis by mononuclear and binuclear metallo-
beta-lactamases. Nat Commun 2017; 8: 538.

Badarau A, Damblon C, Page MI. The activity of the di-
nuclear cobalt-beta-lactamase from Bacillus cereus in cata-
lysing the hydrolysis of beta-lactams. Biochem J 2007; 401:
197-203.

Zhang H, Hao Q. Crystal structure of NDM-1 reveals a com-
mon beta-lactam hydrolysis mechanism. FASEB J Off Publ
Fed Am Soc Exp Biol 2011; 25: 2574-2582.

Salahuddin P, Kumar A, Khan AU. Structure, Function of
serine and metallo-beta-lactamases and their inhibitors.
Curr Protein Pept Sci 2018; 19: 130-144.

Rotondo CM, Wright GD. Inhibitors of metallo-beta-lacta-
mases. Curr Opin Microbiol 2017; 39: 96-105.

Bush K, Fisher JF. Epidemiological expansion, structural stud-
ies, and clinical challenges of new beta-lactamases from gram-
negative bacteria. Annu Rev Microbiol 2011; 65: 455-478.
Livermore DM, Woodford N. The beta-lactamase threat in
enterobacteriaceae, pseudomonas and acinetobacter. Trends
Microbiol 2006; 14: 413-420.




InFect Dis TRor MeD

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Cheng Z, Thomas PW, Ju L, Bergstrom A, Mason K, Clay-
ton D, Miller C, Bethel CR, VanPelt J, Tierney DL, Page
RC, Bonomo RA, Fast W, Crowder MW. Evolution of New
Delhi metallo-beta-lactamase (NDM) in the clinic: effects of
NDM mutations on stability, zinc affinity, mono-zinc activ-
ity. J Biol Chem 2018 Jun 16. pii: jbc.RA118.003835. doi:
10.1074/jbc.RA118.003835. [Epub ahead of print]

Yang H, Aitha M, Hetrick AM, Richmond TK, Tierney
DL, Crowder MW. Mechanistic and spectroscopic studies
of metallo-beta-lactamase NDM-1. Biochemistry 2012; 51:
3839-3847.

Weterings V, Zhou K, Rossen JW, van Stenis D, Thewessen
E, Kluytmans J, Veenemans J. An outbreak of colistin-
resistant Klebsiella pneumoniae carbapenemase-producing
Klebsiella pneumoniae in the Netherlands (July to December
2013), with inter-institutional spread. Eur J Clin Microbiol
Infect Dis 2015; 34: 1647-1655.

Monaco M, Giani T, Raffone M, Arena F, Garcia-Fernandez
A, Pollini S, Grundmann H, Pantosti A, Rossolini GM.
Colistin resistance superimposed to endemic carbapenem-
resistant Klebsiella pneumoniae: a rapidly evolving problem
in Italy, November 2013 to April 2014. Euro Surveill 2014;
19(42). pii: 20939.

Giani T, Pini B, Arena F, Conte V, Bracco S, Migliavacca R,
Pantosti A, Pagani L, Luzzaro F, Rossolini GM. Epidemic
diffusion of KPC carbapenemase-producing Klebsiella pneu-
moniae in Italy: results of the first countrywide survey, 15
May to 30 June 2011. Euro Surveill 2013; 18(22). pii: 20489.
Bonnin RA, Poirel L, Naas T, Pirs M, Seme K, Schrenzel
J, Nordmann P. Dissemination of New Delhi metallo-beta-
lactamase-1-producing acinetobacter baumannii in Europe.
Clin Microbiol Infect 2012; 18: E362-365.

Canton R, Akova M, Carmeli Y, Giske CG, Glupczynski Y,
Gniadkowski M, Livermore DM, Miriagou V, Naas T, Ros-
solini GM, Samuelsen O, Seifert H, Woodford N, Nordmann
P. Rapid evolution and spread of carbapenemases among
Enterobacteriaceae in Europe. Clin Microbiol Infect 2012;
18: 413-431.

Aschbacher R, Pagani L, Doumith M, Pike R, Woodford
N, Spoladore G, Larcher C, Livermore DM. Metallo-beta-
lactamases among Enterobacteriaceae from routine samples
in an Italian tertiary-care hospital and long-term care facili-
ties during 2008. Clin Microbiol Infect 2011; 17: 181-189.
Girmenia C, Serrao A, Canichella M. Epidemiology of car-
bapenem resistant klebsiella pneumoniae infections in medi-
terranean countries. Mediterr J Hematol Infect Dis 2016; 8:
€2016032 .

Leavitt A, Navon-Venezia S, Chmelnitsky I, Schwaber MJ,
Carmeli Y. Emergence of KPC-2 and KPC-3 in carbapenem-
resistant Klebsiella pneumoniae strains in an Israeli hospital.
Antimicrob Agents Chemother 2007; 51: 3026-3029.

Yigit H, Queenan AM, Anderson GJ, Domenech-Sanchez
A, Biddle JW, Steward CD, Alberti S, Bush K, Tenover
FC. Novel carbapenem-hydrolyzing beta-lactamase, KPC-1,
from a carbapenem-resistant strain of Klebsiella pneumoni-
ae. Antimicrob Agents Chemother 2001; 45: 1151-1161.
Bratu S, Landman D, Haag R, Recco R, Eramo A, Alam M,
Quale J. Rapid spread of carbapenem-resistant Klebsiella
pneumoniae in New York City: a new threat to our antibiotic
armamentarium. Arch Intern Med 2005; 165: 1430-1435.
Woodford N, Tierno PMJ, Young K, Tysall L, Palepou M-FI,
Ward E, Painter RE, Suber DF, Shungu D, Silver LL, Ingli-
ma K, Kornblum J, Livermore DM. Outbreak of Klebsiella
pneumoniae producing a new carbapenem-hydrolyzing class
A beta-lactamase, KPC-3, in a New York Medical Center.
Antimicrob Agents Chemother 2004; 48: 4793-4799.

Bratu S, Landman D, Alam M, Tolentino E, Quale J. Detec-
tion of KPC carbapenem-hydrolyzing enzymes in Entero-
bacter spp. from Brooklyn, New York. Antimicrob Agents
Chemother 2005; 49: 776-778.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Endimiani A, Hujer AM, Perez F, Bethel CR, Hujer KM,
Kroeger J, Oethinger M, Paterson DL, Adams MD, Jacobs
MR, Diekema DJ, Hall GS, Jenkins SG, Rice LB, Tenover FC,
Bonomo RA. Characterization of blaKPC-containing Klebsi-
ella pneumoniae isolates detected in different institutions in the
Eastern USA. J Antimicrob Chemother 2009; 63: 427-437.
Kitchel B, Rasheed JK, Patel JB, Srinivasan A, Navon-
Venezia S, Carmeli Y, Brolund A, Giske CG. Molecular
epidemiology of KPC-producing Klebsiella pneumoniae
isolates in the United States: clonal expansion of multilocus
sequence type 258. Antimicrob Agents Chemother 2009; 53:
3365-3370.

Leavitt A, Carmeli Y, Chmelnitsky I, Goren MG, Ofek I,
Navon-Venezia S. Molecular epidemiology, sequence types,
and plasmid analyses of KPC-producing Klebsiella pneu-
moniae strains in Israel. Antimicrob Agents Chemother
2010; 54: 3002-3006.

Chen L, Mathema B, Chavda KD, DeLeo FR, Bonomo RA,
Kreiswirth BN. Carbapenemase-producing Klebsiella pneu-
moniae: molecular and genetic decoding. Trends Microbiol
2014; 22: 686-696.

Demir Y, Zer Y, Karaoglan I. Investigation of VIM, IMP,
NDM-1, KPC AND OXA-48 enzymes in Enterobacteria-
ceae strains. Pak J Pharm Sci 2015; 28: 1127-1133.

Nigro SJ, Hall RM. Structure and context of Acinetobacter
transposons carrying the oxa23 carbapenemase gene. J An-
timicrob Chemother 2016; 71: 1135-1147.

Karampatakis T, Antachopoulos C, Tsakris A, Roilides E.
Molecular epidemiology of carbapenem-resistant Acineto-
bacter baumannii in Greece: an extended review (2000-
2015). Future Microbiol 2017; 12: 801-815.

Docquier JD, Mangani S. Structure-function relationships of
Class D Carbapenemases. Curr Drug Targets 2016; 17: 1061-1071
Mairi A, Pantel A, Sotto A, Lavigne J-P, Touati A. OXA-
48-like carbapenemases producing Enterobacteriaceae in
different niches. Eur J Clin Microbiol Infect Dis 2018; 37:
587-604.

Iovleva A, Doi Y. Carbapenem-resistant enterobacteriaceae.
Clin Lab Med 2017; 37: 303-315.

Cornaglia G, Giamarellou H, Rossolini GM. Metallo-beta-
lactamases: a last frontier for beta-lactams? Lancet Infect
Dis 2011; 11: 381-393.

Oteo J, Miro E, Perez-Vazquez M, Navarro F. Evolution of
carbapenemase-producing Enterobacteriaceae at the global
and national level: what should be expected in the future?
Enferm Infecc Microbiol Clin 2014; 32 Suppl 4: 17-23.
Khosravi Y, Tee Tay S, Vadivelu J. Metallo-beta-lactamase-
producing imipenem-resistant Pseudomonas aeruginosa
clinical isolates in a university teaching hospital in Ma-
laysia: detection of IMP-7 and first identification of IMP-4,
VIM-2, and VIM-11. Diagn Microbiol Infect Dis 2010; 67:
294-296.

Lauretti L, Riccio ML, Mazzariol A, Cornaglia G, Amico-
sante G, Fontana R, Rossolini GM. Cloning and character-
ization of blaVIM, a new integron-borne metallo-beta-lacta-
mase gene from a Pseudomonas aeruginosa clinical isolate.
Antimicrob Agents Chemother 1999; 43: 1584-1590.
Nordmann P, Poirel L, Walsh TR, Livermore DM. The
emerging NDM carbapenemases. Trends Microbiol 2011; 19:
588-595.

Kim Y, Tesar C, Mire J, Jedrzejczak R, Binkowski A, Babnigg
G, Sacchettini J, Joachimiak A. Structure of apo- and mono-
metalated forms of NDM-1--a highly potent carbapenem-hy-
drolyzing metallo-beta-lactamase. PLoS One 2011; 6: e24621.
Yong D, Toleman MA, Giske CG, Cho HS, Sundman K,
Lee K, Walsh TR. Characterization of a new metallo-beta-
lactamase gene, bla(NDM-1), and a novel erythromycin
esterase gene carried on a unique genetic structure in Kleb-
siella pneumoniae sequence type 14 from India. Antimicrob
Agents Chemother 2009; 53: 5046-5054.



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Cortegiani A, Russotto V, Graziano G, Geraci D, Saporito
L, Cocorullo G, Raineri SM, Mammina C, Giarratano
A. Use of cepheid xpert carba-R(R) for rapid detection of
carbapenemase-producing bacteria in abdominal septic pa-
tients admitted to intensive care unit. PLoS One 2016; 11:
e0160643.

Dortet L, Fusaro M, Naas T. Improvement of the Xpert
Carba-R kit for the detection of carbapenemase-producing
enterobacteriaceae. Antimicrob Agents Chemother 2016; 60:
3832-3837.

Kim DK, Kim HS, Pinto N, Jeon J, D’Souza R, Kim MS,
Choi JY, Yong D, Jeong SH, Lee K. Xpert CARBA-R assay
for the detection of carbapenemase-producing organisms in
intensive care unit patients of a Korean tertiary care hospital.
Ann Lab Med 2016; 36: 162-165.

Antonelli A, Arena F, Giani T, Colavecchio OL, Valeva SV,
Paule S, Boleij P, Rossolini GM. Performance of the BD
MAX instrument with Check-Direct CPE real-time PCR for
the detection of carbapenemase genes from rectal swabs, in
a setting with endemic dissemination of carbapenemase-
producing Enterobacteriaceae. Diagn Microbiol Infect Dis
2016; 86: 30-34.

Souverein D, Euser SM, van der Reijden WA, Herpers BL,
Kluytmans J, Rossen JWA, Den Boer JW. Clinical sensitiv-
ity and specificity of the check-points check-direct ESBL
screen for BD MAX, a real-time PCR for direct ESBL detec-
tion from rectal swabs. J Antimicrob Chemother 2017; 72:
2512-2518.

Engel T, Slotboom BJ, van Maarseveen N, van Zwet AA,
Nabuurs-Franssen MH, Hagen F. A multi-centre prospective
evaluation of the check-direct ESBL Screen for BD MAX as
a rapid molecular screening method for extended-spectrum
beta-lactamase-producing Enterobacteriaceae rectal car-
riage. J Hosp Infect 2017; 97: 247-253.

Kabir MH, Meunier D, Hopkins KL, Giske CG, Woodford
N. A two-centre evaluation of RAPIDEC(R) CARBA NP
for carbapenemase detection in Enterobacteriaceae, Pseu-
domonas aeruginosa and Acinetobacter spp. J Antimicrob
Chemother 2016; 71: 1213-1216.

Garcia-Quintanilla M, Poirel L, Nordmann P. CHROMagar
mSuperCARBA and RAPIDEC(R) Carba NP test for detec-
tion of carbapenemase-producing Enterobacteriaceae. Diagn
Microbiol Infect Dis 2018; 90: 77-80.

Mancini S, Kieffer N, Poirel L, Nordmann P. Evaluation of
the RAPIDEC(R) CARBA NP and beta-CARBA(R) tests
for rapid detection of Carbapenemase-producing Enterobac-
teriaceae. Diagn Microbiol Infect Dis 2017; 88: 293-297.
Coppi M, Antonelli A, Giani T, Spanu T, Liotti FM, Fontana
C, Mirandola W, Gargiulo R, Barozzi A, Mauri C, Principe
L, Rossolini GM. Multicenter evaluation of the RAPIDEC
CARBA NP test for rapid screening of carbapenemase-
producing Enterobacteriaceae and Gram-negative nonfer-
menters from clinical specimens. Diagn Microbiol Infect
Dis 2017; 88: 207-213.

Aktas E, Malkocoglu G, Otlu B, Copur Cicek A, Kulah C,
Comert F, Sandalli C, Gursoy NC, Erdemir D, Bulut ME.
Evaluation of the carbapenem inactivation method for detec-

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

CARBAPENEMASES FAST IDENTIFICATION TECHNIQUES, A REVIEW

tion of carbapenemase-producing gram-negative bacteria in
comparison with the RAPIDEC CARBA NP. Microb Drug
Resist 2017; 23: 457-461.

Casals JB. Comment on: Evaluation of the RAPIDEC(R)
CARBA NP, the Rapid CARB Screen(R) and the Carba NP
test for biochemical detection of carbapenemase-producing
Enterobacteriaceae. J] Antimicrob Chemother 2016; 71: 566.
Dortet L, Agathine A, Naas T, Cuzon G, Poirel L, Nordmann
P. Evaluation of the RAPIDEC(R) CARBA NP, the Rapid
CARB Screen(R) and the Carba NP test for biochemical
detection of carbapenemase-producing Enterobacteriaceae.
J Antimicrob Chemother 2015; 70: 3014-3022.

Bernabeu S, Dortet L, Naas T. Evaluation of the beta-
CARBA test, a colorimetric test for the rapid detection of
carbapenemase activity in Gram-negative bacilli. J Antimi-
crob Chemother 2017; 72: 1646-1658.

Hinic V, Reist J, Egli A. Evaluation of the rapid biochemical
beta-CARBA test for detection of carbapenemase-producing
Gram-negative bacteria. ] Microbiol Methods 2018; 144: 44-
46.

AbdelGhani S, Thomson GK, Snyder JW, Thomson KS.
Comparison of the Carba NP, Modified Carba NP, and
updated rosco neo-rapid carb kit tests for carbapenemase
detection. J Clin Microbiol 2015; 53: 3539-3542.

Huber CA, Sidjabat HE, Zowawi HM, Kvaskoff D, Reed
S, McNamara JF, McCarthy KL, Harris P, Toh B, Wailan
AM, Paterson DL. Detection of carbapenemase activity in
Enterobacteriaceae using LC-MS/MS in comparison with
the neo-rapid CARB kit using direct visual assessment and
colorimetry. J Microbiol Methods 2016; 131: 68-72.
Glupczynski Y, Evrard S, Ote I, Mertens P, Huang TD,
Leclipteux T, Bogaerts P. Evaluation of two new commercial
immunochromatographic assays for the rapid detection of
OXA-48 and KPC carbapenemases from cultured bacteria.
J Antimicrob Chemother 2016; 71: 1217-1222.

Pasteran F, Denorme L, Ote I, Gomez S, De Belder D,
Glupczynski Y, Bogaerts P, Ghiglione B, Power P, Mertens
P, Corso A. Rapid identification of OXA-48 and OXA-163
subfamilies in carbapenem-resistant gram-negative bacilli
with a novel immunochromatographic lateral flow assay. J
Clin Microbiol 2016; 54: 2832-2836.

Mediavilla-Gradolph C, Sainz-Rodriguez R, Valverde-Troya
M, de Toro-Peinado I, Bermudez-Ruiz MP, Palop-Borras B.
Evaluation of an immunochromatographic test for the detec-
tion of OXA-48 carbapenemase. Rev Esp Quimioter 2017,
30: 45-49.

Hoyos-Mallecot Y, Naas T, Bonnin RA, Patino R, Glaser P,
Fortineau N, Dortet L. OXA-244-producing escherichia coli
isolates, a challenge for clinical microbiology laboratories.
Antimicrob Agents Chemother 2017; 61(9). pii: ¢00818-17.
Sagiroglu P, Hasdemir U, Altinkanat Gelmez G, Aksu B,
Karatuna O, Soyletir G. Performance of ‘RESIST-3 O.K.N.
K-SeT’ immunochromatographic assay for the detection of
OXA-48 like, KPC, and NDM carbapenemases in Klebsi-
ella pneumoniae in Turkey. Braz J Microbiol 2018 Mar 1.
pii: S1517-8382(17)30417-3. doi: 10.1016/j.bjm.2018.02.002.
[Epub ahead of print]




