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Abstract

Over the past decade the medical community has witnessed the severe compromise of last resort
antibiotics such as carbapenems, widely used in the treatment of severe infections, due to multidrug-resist-
ant Enterobacteriaceae. A variety of carbapenem-hydrolyzing enzymes, located on diverse mobile genetic
elements, attainable via horizontal transfer, have been associated with the resistant profiles conferred. As
the therapeutic pallet diminishes prompt identification forms the cornerstone for effective containment and
epidemiological surveillance, in an attempt to hinder dissemination in the hospital and community setting.
Nevertheless, issues regarding detection and accurate characterization of the enzyme at hand persist due
not only to the variety of proposed methodologies, but also because of the necessity for each laboratory to
tailor its workflow to its individual needs and resources. We aim to describe the recent status in phenotypic
detection and characterization of carbapenem-hydrolyzing enzymes, with a focus on inhibitor-based tests,
which can offer a reliable, cost-effective, easily applicable alternative to other more expensive, in need of
specialized personnel and equipment methods.
Keywords: carbapenemases, carbapenemase-producing Enterobacteriaceae, phenotypic tests, KPC,
MBL, OXA-48

Pe3rome

[Tpe3 mocieAHOTO JeceTUIIeTHE MEIUIIMHCKATa OOIIHOCT € CBUETEN Ha IMaJIaHeTO U Ha TIOCIICTHUTE
»KpernocTu” Ha aHTHOMOTHUIIMTE, KAaKBaTO € Tpymnara Ha KapOarmeHeMHTe, IIMPOKO TMpujlaraHd 3a
Je4eHne Ha OCTpH HMH(EKIWH, MPUYMHEHH OT MyITHpe3ucTeHTHH Enterobacteriaceae. Ilpodunure Ha
PE3UCTEHTHOCTTA Ca CBbP3aHKM C MHOTOOOpa3HH KapOareHeM-XUAPOJIM3HPAIH CH3UMH, TCHUTE 32 KOUTO Ca
JIOKaIM3UpaHu BbPXY MOOUITHU €IEMEHTH, IPUI00MBaHH Upe3 Xopu3oHTalleH TpaHcdep. C HamanssBaHETO
Ha TEPANeBTUYHUTE BH3MOXKHOCTH, TSIXHOTO TOYHO HJICHTHU(UIIMPAHE CE€ OuepTraBa KaTo KpaWbI'bJICH
KaMbK 32 €()EKTUBHOTO MOTUCKAHE U CITHIEMHUOJOTHIHMS KOHTPOJ 3a CIMpPaHe Ha Pa3NpOCTPAHCHUETO Ha
nH(peKIuUTe B OOTHUINTE U Cpel HAceNIeHUETO. BhIpeku pasHooOpa3HUTE METOAO0IOTHH M HEOOXOTUMOCTTa
3a ChOOpa3siBaHE HA WM3CJICIBAHUATA C BH3MOXHOCTHTE Ha OTJCITHHUTE JIAOOPATOPHH, PA3IIO3HABAHETO
U TPEIU3HOTO OXapaKTepU3MpaHe Ha CH3UMHUTE CH OCTaBa akTyajgHo. llenra Ha HacTosmiara pabora
€ Ja ONWIIEM CHBPEMEHHHS CTaTyC Ha (PEHOTHUIHATA NETEKIHUS M XapaKTepu3UpaHe Ha KapOameHem-
XUJIPOTU3NPAIINTE CH3UMH. YIAPEHUETO € BhPXY TECTOBETE 32 MHXHOHMpAHE, KOMUTO OWXa MPEITOKUITH
HAJIC)KIHH, HKOHOMUYECKH M3TOIHU M JICCHO MPHIOKHUMHU aJITePHATHBH, KOUTO JIa 3aMECTST IMO-CKBITUTE
METO/IM, U3UCKBAIIH CIICIUATM3UPAH TIEPCOHAT U 000pyABaHE.

Introduction
Over the past decade the medical communi-  tidrug-resistant Enterobacteriaceae (Nordmann et
ty has witnessed the severe compromise of last re-  g/., 2012a; Téngdén and Giske, 2015). Carbapenem
sort antibiotics such as carbapenems, widely used  resistance does not encompass a uniform entity of
in the treatment of severe infections, due to mul-  potential mechanisms but may be caused by a vari-
ety of factors and their combinations. Acquisition
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elements bearing genes responsible for the pro-
duction of carbapenem-hydrolyzing enzymes and
decreased antibiotic uptake due to outer membrane
permeability issues, either in the form of efflux
pump up-regulation coupled with complete loss of
porin-expressing genes or debilitating mutations,
in association with AmpC [-lactamase hyperpro-
duction or ESBL expression, constitute the main
mechanisms leading up to a carbapenem resistant
profile (Cornaglia and Rossolini, 2010; Nordmann
et al., 2012a). As the available therapeutic pallet
diminishes and given the complexity and diversity
of the underlying resistance mechanisms, the need
for timely, accurate and cost effective detection/
characterization of the molecular background at
hand becomes even more pressing, in an attempt to
tailor the administered individual patient regimens
(Nordmann, 2014; Jean et al., 2015; Tangdén and
Giske, 2015).

Therefore, focusing on the acquired carbap-
enem-hydrolyzing enzyme aspect of a carbapenem
resistant phenotype, it is essential to bear in mind
the diversity of the enzymes at hand as previous-
ly grouped, based on sequence and structural ho-
mology, in the Ambler classification(Ambler, 1980;
Queenan and Bush, 2007). To date, in regards to
the Enterobactericeae species, carbepenem resis-
tance has been linked to class A enzymes of the
KPC, SME, IMI, NMC, GES types, class B car-
bapenemases of the IMP, VIM, NDM, GIM, SPM,
SIM category and class D oxacillinases such as the
OXA-48 and its variants, with the KPC, VIM, IMP,
NDM and OXA-48 types constituting the most
effective carbapenemases in terms of hydrolytic
potential, dissemination and geographical spread
(Téangdén and Giske, 2015).

The difficulties noted in carbapenemase de-
tection and characterization, arise from the fact that
due to the diversity observed in the active sites of
these enzymes and the coexistence or not of addi-
tional resistance mechanisms, the hydrolytic pro-
file conferred is variable not only in regards to the
specific carbapenem substrate affected but also the
minimum inhibitory concentration (MIC) conferred
(Queenan and Bush, 2007; Poirel et al., 2012).
Furthermore, as these resistance genes are mostly
harbored on transposon-and/or integron-encoded
determinants, prone to inter/intra-species dissemi-
nation, further changes in host range and epidemi-
ological distribution can be anticipated, thus ren-
dering prompt identification the cornerstone for
effective containment, in an attempt to hinder fur-
ther dissemination following an introduction in the

hospital or community setting (Naas et al., 2008;
Poirel et al., 2012; Tangdén and Giske, 2015). This
review aims to present in a comprehensive manner
the current status in regards to the available phe-
notypic tools for detecting and characterizing car-
bapenemase-producing Enterobactericaeae (CPE),
which can be applied in the clinical laboratory set-
ting and give insight into those limitations associat-
ed with sensitivity and cost.

Detection of carbapenemase-producing
Enterobacteriaceae (CPE)
Screening tests

The lingering controversy behind which
isolates could be characterized as carbapenem re-
sistant was addressed with the implementation of
the novel 2010 CLSI breakpoints and guidelines,
followed however by a debate on the necessity of
further confirmatory and phenotypic testing (CLSI,
2010). Although currently further testing is not
routinely recommended neither by the CLSI nor
EUCAST accurate characterization of carbapenem
resistance mechanisms in the clinical laboratory re-
mains crucial not only for the implementation of
infection control measures but also for epidemio-
logical surveillance, especially in areas with preex-
isting endemicity where various genes are likely to
have simultaneously disseminated.

The clinical laboratory is called upon to an-
swer two vital questions. The former addresses the
presence of a carbapenem-hydrolyzing enzyme in
a carbapenem resistant Enterobacteriaceae (CRE)
and the latter the nature of the enzyme detected.

Currently in regards to the first question three
main techniques for detecting carbapenemase ac-
tivity are receiving considerable attention, the mod-
ified Hodge test (MHT), the Carba NP test and the
carbapenem inactivation method (CIM) all based
on indirectly witnessing carbapenem hydrolysis.

The MHT, based on the inactivation of a car-
bapenem by a carbapenemase-producing strain,
therefore enabling a susceptible indicator strain to
extend growth towards the carbapenem containing
disk, is currently recommended by the CLSI as
a confirmatory test for the detection of diffusible
carbapenemases (Lee ef al., 2001). However, in its
original form, this test although simple and easily
applicable in the laboratory setting, is fraught not
only by false positive results in the presence of
other B-lactamase genes such as AmpCs and ES-
BLs when presented with coexisting permeabil-
ity defects but also a low sensitivity of 50% for
NDM-producers (Pasteran et al., 2009; Carvalhaes



et al., 2010; Girlich et al., 2012). In an attempt to
address issues regarding NDM-producers improved
protocols have been presented with the addition of
supplements such as ZnSO(4) to the culture media
or of a nonionic surfactant (Triton X), capable of
releasing the membrane bound NDM carbapene-
mases (Girlich et al., 2012; Pasteran et al., 2016).
Detection of class A carbapenemases with a reduc-
tion in false positives is also feasible with the ad-
dition of inhibitors such as boronic acid (BA) and
oxacillin (OXA) (Pasteran et al., 2010).
Biochemical tests such as the Carba NP, have
also been introduced and in current CLSI guidelines
are recommended for confirmatory testing (CLSI,
2015) . They have been designed to identify the dis-
ruption in the B-lactam ring of the carbapenem sub-
strate (imipenem), based on the produced variation
in color, due to the acidic pH alteration from the
enzymatic hydrolysis, of a phenol indicator, which
is rendered either yellow or orange from an initial
red (Nordmann et al., 2012b; Poirel and Nordmann,
2015). Results are readily available within 2 hours
following sample preparation (Nordmann et al.,
2012b). The second version of the test, Carba NP II,
can differentiate class A and B and indirectly predict
class D enzymes due to the addition of EDTA and
tazobactam, with EDTA and tazobactam inhibiting
MBLs and class A carbapenemases respectively
(Dortet et al., 2012). Another interesting aspect of
the assay is that in biological samples which tend to
yield single bacterial isolates such as blood cultures
the test can be applied directly using the liquid cul-
ture media, thus further reducing the time to detec-
tion and effective antibiotic treatment (Dortet et al.,
2014). The introduced commercial version of the
Carba NP test, Rapidec Carba NP (BioMérieux, La
Balme-les-Grottes, France) comes to report a spec-
ificity and sensitivity of 96% while considerably re-
ducing the time to detetion to <15 min for class A
and B producers and <30min for class C producers,
while suggesting an additional simple step prior to
testing for isolates which present a mucoid pheno-
type (Poirel and Nordmann, 2015). Other tests also
based on the concept of biochemical detection of

carbapem hydrolysis, have been put forward, such
as the commercial Rapid CARB Screen Kit (Rosco-
Diagnostica A/S Taastrup, Denmark) and the more
cost effective Blue-Carba test, yet both have with-
standing issues to address regarding either lower
sensitivity in comparison to the Carba NP as the
former or need for further evaluation studies as the
latter (Pires et al., 2013; Yusuf et al., 2014; Paster-
an et al., 2015).

Finally, the CIM test has recently been pro-
posed as an effective yet cheaper alternative to the
Carba NP test (van der Zwaluw et al., 2015). The
concept behind the test relies on the inactivation of
the carbapenem substrate harbored in a single 10ug
meropenem disk following its inoculation in a bac-
terial suspension and subsequent incubation for a
minimum of two hours. In the event that the isolate
being screened does produce a carbapenemase the
substrate is hydrolyzed and therefore the applica-
tion of the disk on a Mueler-Hinton (MH) agar plate
streaked with a susceptible reference strain fails to
produce an inhibition zone. Despite the fact that in
its initial description the method yields, at a frac-
tion of the cost of the Carba NP test, a similar high
performance (96,6% concordance), further valida-
tion is warranted (van der Zwaluw et al., 2015).

Inhibitor-based tests for carbapenemase
characterization

The principle applied in these tests takes ad-
vantage of the properties of specific B-lactamase
inhibitors, which are class dependent and exhib-
it specificity in rendering their hydrolytic effect,
therefore enabling the characterization of the car-
bapenemase class of the enzyme under investiga-
tion.

Single inhibitor-based tests

EDTA-based tests inhibit f-lactam hydrolysis
by exploiting the dependence of metallo-enzymes
on zinc ions and discriminate MBL-producing En-
terobacteriaceae from CRE due to ESBL and/or
AmpC hyper-production in light of permeability
defects (Yong et al., 2002). Others inhibitors for

Table 1. Class A, B and D carbapenemases and their respective inhibitors

B-lactamase Class Genes Inhibitor Inhibitor Inhibitor
Clavulanate | EDTA/DPA |PBA/CLO*¥*
A KPC - -/~ +/-
IMP, VIM,
Carbapenemase B NDM - ++ -/~
D OXA-48-like , /- /-

*Cloxacillin



class B type enzymes include EDTA plus 1,10-phe-
nanthroline, thiol compounds and dipicolinic acid
(DPA) (Arakawa et al., 2000; Lee et al., 2001; Ki-
mura et al., 2005) (Table 1).

Furthermore, in attempting to optimize the
sensitivity and specificity of the methods used, a
variety of potentiation tests, based either on disk
diffusion or broth dilution, have been proposed
questioning the optimal concentration of inhibitor
applied, the distance between disks at which the ef-
fect is potentiated and the best B-lactam substrate
to be utilized (Yong et al., 2002; Migliavacca et al.,
2002; Pitout et al., 2005; Franklin et al., 2006). In
retrospect for the detection of MBLs in Enterobac-
teriaceae two tests are noted to perform better, the
combined-disk test using either imipenem/imipen-
em with 0.5 M EDTA or ceftazidime/ceftazidime
with 0.2 M EDTA, while applying a 7 mm differ-
ence in inhibition zone cut-off and the double-disk
synergy test where an imipenem disk is placed at a
10 mm distance from a 0.5M EDTA supplemented
disk (Galani et al., 2008).

Attempts to phenotypically detect class A
carbapenemases were initially based on the use of
clavulanate, which inhibits weakly resistance to er-
tapenem and imipenem (Yigit ef al., 2001) . Phen-
ylboronic acid (PBA) was latter directly associated
with the inhibition of class A type carbapenemas-
es ,although the mechanism of action still remains
unclear (Tsakris et al., 2008) (Table 1). Following
this observation different boronic acid compounds
have been used as inhibitors at various concentra-
tions (Pasteran et al., 2009; Tsakris et al., 2009,
2011). Comparative evaluation of different com-
binations of aminophenylboronic acid (APBA) (at
300 pg or 600 pg respectively) and PBA at 400 pg,
for KPC-producing Enterobacteriaceae, highlight
PBA at a concentration of 400 pg as the most effec-
tive KPC carbapenemase inhibitor using meropen-
em as a substrate and evaluating an increase in zone
diameter inhibition equal or greater than 5 mm be-
tween meropenem alone and meropenem plus PBA
(Tsakris et al., 2011).

Combined inhibitor-based tests

The challenge however, remains the exact
identification with an easy to apply method, of these
resistance traits, in isolates likely to be simultane-
ously harboring multiple carbapenemases as well
as other B-lactamase genes. Integrating compounds
with different inhibitor properties into a single test
has led to the proposal and evaluation of a variety
of phenotypic tests.

In this direction Tsakris et al. impregnated
292 pg EDTA and 400 ng PBA separately and in
combination onto 10 pg meropenem disks and ap-
plied a minimum 5 mm increase in inhibition zone
diameter as an indicator of a positive result (Tsakris
et al.,2010). This protocol yielded a sensitivity and
specificity of 96.8% and 100%, respectively, in de-
tecting simultaneous production of KPC and VIM
carbapenemases, with the 100% sensitivity and
specificity ratio for isolates harboring either VIM or
KPC enzymes, deterred only in regards to the spec-
ificity for KPC detection (98.8%), compromised by
two ESBL and AmpC producers with positive tests
to meropenem/ PBA and meropenem/ PBA/EDTA
(Tsakris et al., 2010).

Giske et al. validated a carbapenemase de-
tection test based on a five disk principal with the
use of meropenem alone and supplemented with
730 ng EDTA, 1000 pg DPA, 600ug APBA and
750 pg cloxacillin (Giske et al., 2011). In contrast
to EDTA, DPA and cloxacillin for which a 5 mm
cut-off was applied, the accurate detection of all
KPC producing isolates mandated that for APBA
a 4 mm increase in zone inhibition diameter should
be considered as indicative of KPC production.
AmpC hyper-producers with porin loss were pos-
itive in the APBA test but, unlike KPC producers,
showed cloxacillin synergy. Furthermore DPA per-
formed better than EDTA as far as specificity was
concerned in MBL-producing isolates (Giske et al.,
2011).

In a significantly more complicated and tech-
nically demanding approach Birgy et al. evaluated
the simultaneous preparation and use of a combina-
tion of inhibitor-supplemented (EDTA, PBA, clox-
acillin) MH agar disks in an attempt to also charac-
terize carbapenemase and ESBL producers (Birgy
etal.,2012).

Accurate detection of OXA-48-like-pos-
sessing Enterobacteriaceae 1solates remains prob-
lematic in the absence of a reliable inhibitor and
therefore the optimal screening agents and methods
are yet to be defined (Poirel et al., 2012). However,
class D carbapenemase detection has been recently
been addressed by a novel single phenotypic test,
the OXA-48 disk test (Tsakris et al., 2015). The
test is based on the use of EDTA to permeabilize
the bacterial cell and inhibit MBL carbapenemase
production while a solution of PBA inhibits KPC
production. A 10pug imipenem is placed on a MH
agar plate, inoculated with a lawn of a susceptible
strain, adjacent to two blank disks supplemented
with 292 ng EDTA and 292 ug EDTA/600 pg PBA,



respectively. The isolate under investigation is then
applied onto the imipenem disk and following incu-
bation resulting distortions were assessed and inter-
preted (Tsakris et al., 2015). Pending further valida-
tion the sensitivity of the method was estimated at
96.3% (Tsakris et al., 2015). Also, temocillin MIC
testing on Mueller-Hinton agar supplemented with
cloxacillin was found specific for detecting OXA-
48 production (Maurer et al., 2015).

Conclusion

Carbapenemase-possessing bacteria have
arisen as a serious health associated issue over the
past decade and their detection and accurate charac-
terization has been the focus of extended investiga-
tions (Nordmann et al., 2012a; Tangdén and Giske,
2015). Infections due to CPE not only compromise
patient outcomes but also add a significant financial
burden on national health care systems (Daroukh
et al., 2014; Biehle et al., 2015; Patel and Nagel,
2015).

Unfortunately the issue of cost has created a
gap between those with ample means and those fi-
nancially challenged. Novel methodologies such as
MALDI-TOF-MS and molecular methods such as
microarrays, multiplex- PCRs and even next-gen-
eration sequencing platforms are associated with
either a high initial acquisition cost or become
demanding in their introduction to the laboratory
workflow since they require specialized personnel
and run at significantly higher cost (Voulgari et al.,
2013). Regardless of these issues however, prompt
detection and identification remain the cornerstones
to establishing a successful intervention in regards
to the dissemination of these genes.

In an attempt to meet this need in a reliable
and inexpensive manner, phenotypic tests have been
established as an effective alternative at a fraction
of the cost. Inhibitors based tests performed along
with confirmatory methods, despite their limita-
tions; provide a reliable, easily implemented, low
cost option in carbapenemase enzyme typing.

As the medical community is currently
glimpsing but the tip of the iceberg, as far as car-
bapenemase-producing isolates are concerned, the
tools necessary for coping with this ominous future
have to be readily available and need to cater for
all budgets. Confirmatory testing and enzyme char-
acterization remain cornerstones in effective active
surveillance protocols. Given that our options in
administering effective antibiotic regimens are al-
ready limited and likely to diminish in the future,
prevention and containment are vital. In this con-

text inhibitor based tests offer the advantage of by-
passing in most cases the need for more expensive
tests and can be implemented successfully in every-
day laboratory practice.
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