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ABSTRACT To estimate the incidence of carbapenem-resistant Enterobacterales
(CRE), a global collection of 81,781 surveillance isolates of Enterobacterales collected
from patients in 39 countries in five geographic regions from 2012 to 2017 was stud-
ied. Overall, 3.3% of isolates were meropenem-nonsusceptible (MIC =2 pg/ml), rang-
ing from 1.4% (North America) to 5.3% (Latin America) of isolates by region.
Klebsiella pneumoniae accounted for the largest number of meropenem-nonsuscepti-
ble isolates (76.7%). The majority of meropenem-nonsusceptible Enterobacterales
carried KPC-type carbapenemases (47.4%), metallo-B-lactamases (MBLs; 20.6%) or
OXA-48-like B-lactamases (19.0%). Forty-three carbapenemase sequence variants
(8 KPC-type, 4 GES-type, 7 OXA-48-like, 5 NDM-type, 7 IMP-type, and 12 VIM-type)
were detected, with KPC-2, KPC-3, OXA-48, NDM-1, IMP-4, and VIM-1 identified as
the most common variants of each carbapenemase type. The resistance mechanisms
responsible for meropenem-nonsusceptibility varied by region. A total of 67.3% of all
carbapenemase-positive isolates identified carried at least one additional plasmid-
mediated or intrinsic chromosomally encoded extended-spectrum [-lactamase, AmpC
B-lactamase, or carbapenemase. The overall percentage of meropenem-nonsusceptible
Enterobacterales increased from 2.7% in 2012 to 2014 to 3.8% in 2015 to 2017. This
increase could be attributed to the increasing proportion of carbapenemase-positive
isolates that was observed, most notably among isolates carrying NDM-type MBLs
in Asia/South Pacific, Europe, and Latin America; OXA-48-like carbapenemases in
Europe, Middle East/Africa, and Asia/South Pacific; VIM-type MBLs in Europe; and
KPC-type carbapenemases in Latin America. Ongoing CRE surveillance combined
with a global antimicrobial stewardship strategy, sensitive clinical laboratory detec-
tion methods, and adherence to infection control practices will be needed to inter-
rupt the spread of CRE.
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arbapenems are a class of broad-spectrum B-lactam antimicrobial agents often

used to treat hospitalized patients who have failed initial therapy or those with
severe infections caused by multidrug-resistant (MDR) pathogens. Carbapenems are
highly active against Enterobacterales that possess Ambler class C cephalosporinases
and/or class A B-lactamases, including extended-spectrum B-lactamases (ESBLs) (1).
The appearance and global dissemination of successful clones of ESBL-producing
Enterobacterales over the last 3 decades resulted in an increase in the use of carbape-
nems to treat infections caused by these organisms. Subsequently, carbapenem-

July 2021 Volume 65 Issue7 €02000-20 Antimicrobial Agents and Chemotherapy

Citation Kazmierczak KM, Karlowsky JA, de
Jonge BLM, Stone GG, Sahm DF. 2021.
Epidemiology of carbapenem resistance
determinants identified in meropenem-
nonsusceptible Enterobacterales collected as
part of a global surveillance program, 2012
to 2017. Antimicrob Agents Chemother
65:€02000-20. https://doi.org/10.1128/AAC
.02000-20.

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Krystyna M.
Kazmierczak, kkazmierczak@ihmainc.com.
*Present address: Boudewijn L. M. de Jonge, X-
Biotix Therapeutics, Inc., Waltham,
Massachusetts, USA

Received 18 September 2020

Returned for modification 1 December 2020
Accepted 3 May 2021

Accepted manuscript posted online

10 May 2021

Published 17 June 2021

aac.asm.org

1



https://orcid.org/0000-0001-6040-7804
https://doi.org/10.1128/AAC.02000-20
https://doi.org/10.1128/AAC.02000-20
https://doi.org/10.1128/ASMCopyrightv2
https://aac.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/AAC.02000-20&domain=pdf&date_stamp=2021-5-10

Kazmierczak et al.

resistant Enterobacterales (CRE) emerged, predominantly, but not exclusively, among
Klebsiella pneumoniae (2-8).

Carbapenemases are B-lactamases capable of hydrolyzing carbapenems and most
other B-lactams, resulting in carbapenem and multidrug resistance. Ambler class A
(KPC and GES) and class D (OXA-48-like) carbapenemases possess a serine-based active
site, while class B metallo-B-lactamases (MBLs; NDM, IMP, and VIM) have one or two
zinc atoms in their active site (8, 9). Each carbapenemase type shows different sub-
strate specificities, e.g., KPC hydrolyzes a broad spectrum of substrates, including peni-
cillins, oxyimino-cephalosporins, older B-lactamase inhibitors (clavulanic acid, sulbac-
tam, tazobactam), aztreonam, and carbapenems, while MBLs have a spectrum of
hydrolysis similar to that of KPC but spare aztreonam, and OXA-48-like carbapene-
mases spare both cephalosporins and aztreonam but hydrolyze penicillins and weakly
hydrolyze carbapenems (8, 9). CRE often cocarry multiple B-lactamases and determi-
nants conferring resistance to antimicrobials from other drug classes, such as amino-
glycosides and fluoroquinolones, resulting in an MDR phenotype (10).

Whereas carbapenemase production is the most frequent mechanism of carbape-
nem resistance identified in meropenem-nonsusceptible CRE, other mechanisms of re-
sistance may be present in some clinical isolates, including hyperproduction of AmpC
B-lactamases or ESBLs, combined with impaired outer membrane permeability due to
porin mutations, upregulated efflux, and/or alterations in penicillin-binding proteins (8,
11-14). Resistance arising by non-carbapenemase-mediated mechanisms is indistin-
guishable phenotypically from carbapenemase-based resistance.

The primary objective of the current report was to describe the molecular epidemi-
ology of B-lactamase resistance determinants identified in meropenem-nonsuscepti-
ble Enterobacterales collected as part of a global surveillance program from 2012 to
2017.

RESULTS

A total of 81,781 clinically significant Enterobacterales isolates that were consid-
ered probable causative agents of infection were collected from patients in 39 coun-
tries by medical laboratories participating in a global surveillance study from 2012 to
2017. Of these isolates, 2,666 (3.3%) tested as meropenem-nonsusceptible (MIC
=2 ng/ml). The 2,666 isolates were from various infection sources, including lower re-
spiratory tract (n=778), urinary tract (n=631), skin and soft tissue (n=581), intra-ab-
dominal (n=408), bloodstream (n=266), and other sites of infection (n=2) (see Fig.
S1 in the supplemental material). The percentage of Enterobacterales isolates from
each geographic region that tested as meropenem-nonsusceptible ranged from 1.4%
(North America) to 5.3% (Latin America) (Fig. 1). The largest number of meropenem-
nonsusceptible isolates were comprised of K. pneumoniae (n = 2,046; 76.7%), followed
by Enterobacter cloacae (n=177; 6.6%) and Escherichia coli (n=136; 5.1%), with the
remaining ~12% of meropenem-nonsusceptible isolates composed of 101 isolates of
Klebsiella spp., 79 isolates of Citrobacter spp., 70 isolates of Proteeae, 31 isolates of
Serratia marcescens, 18 isolates of Enterobacter spp., and 8 isolates of Raoultella spp.
(see Fig. S2).

The majority (47.4%, n=1,263) of meropenem-nonsusceptible isolates collected
globally carried KPC-type carbapenemases, whereas comparable percentages of iso-
lates carried MBLs (20.6%, n=548) or OXA-48-like B-lactamases (19.0%, n=506), and
few isolates carried GES-type carbapenemases (0.2%, n=6) (Fig. 2A). MBL types were
not equally common, with 61% of MBL-positive isolates carrying NDM-type, 30% carry-
ing VIM-type, and 9% carrying IMP-type B-lactamases. No gene encoding a carbapene-
mase was detected in 15.5% (n=413) of meropenem-nonsusceptible isolates; of these,
91.5% carried ESBL- and/or AmpC B-lactamase-coding genes detected by PCR or the
intrinsic, chromosomally encoded pB-lactamases common to Citrobacter spp.,
Enterobacter spp., Providencia spp., Serratia spp., and K. oxytoca and were assumed also
to display reduced expression or loss of outer membrane porin proteins and/or
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FIG 1 Distribution of meropenem-nonsusceptible Enterobacterales collected from 2012 to 2017. MEM-
I, meropenem-intermediate, MIC of 2 ug/ml; MEM-R, meropenem-resistant, MIC of =4 ug/ml. Global,
all surveyed regions; LA, Latin America (Argentina, Brazil, Chile, Colombia, Mexico, and Venezuela);
EUR, Europe (Austria, Belgium, the Czech Republic, Denmark, France, Germany, Greece, Hungary, Italy,
the Netherlands, Poland, Portugal, Romania, Russia, Spain, Sweden, Turkey, and the United Kingdom);
AP, Asia/South Pacific (Australia, China, Hong Kong, Japan, Malaysia, the Philippines, South Korea,
Taiwan, and Thailand); MEA, Middle East/Africa (Israel, Kenya, Kuwait, Nigeria, and South Africa); NA,
North America (the United States). Isolates obtained from patients in North America were collected
from 2012 to 2016 only.

upregulated efflux systems, which can lead to carbapenem resistance (Fig. 2A) (11-13).
The remaining isolates were assumed to carry B-lactamases not included in the testing
algorithm (e.g., SME, IMI/NMC-A [8]) and/or other resistance mechanisms, such as those
described above; alternatively, these isolates may have carried B-lactamase genes that
were not amplified with the primers used for detection.

The distribution of resistance mechanisms observed among meropenem-nonsus-
ceptible isolates varied by region (Fig. 2B to F and Table 1). Among isolates collected
in Europe, the percentages of different carbapenemase types were similar to those
observed for the global collection of meropenem-nonsusceptible isolates, except
that a larger proportion of isolates (30%) carried OXA-48-like B-lactamases, isolates
carrying NDM-type and VIM-type MBLs were identified in comparable proportions (7
to 9%), and no isolates carrying IMP-type MBLs were identified (Fig. 2B). In Latin
America and North America, KPC-positive isolates predominated, comprising 68 and
79% of the isolates collected, respectively. MBLs were found in 5 to 7% of merope-
nem-nonsusceptible isolates from these two regions and OXA-48-like B-lactamases
were found, in low numbers, only among isolates from Latin America (Fig. 2C and F).
In contrast, MBL-positive isolates comprised the majority of meropenem-nonsuscep-
tible isolates collected in Asia/South Pacific and the Middle East/Africa regions (55
and 44%, respectively). In these two regions, approximately one-third of the merope-
nem-nonsusceptible isolates collected carried NDM-type MBLs. IMP-positive isolates
were only found in Asia/South Pacific, except for two isolates that were detected in
Latin America. Similar proportions of KPC-positive isolates (19 to 21%) were found in
Asia/South Pacific and the Middle East/Africa region, whereas the proportion of iso-
lates carrying OXA-48-like (29%) and VIM-type (8%) enzymes was greater among iso-
lates collected in the Middle East/Africa region and approached that observed for
Europe (Fig. 2D and E).

Forty-three carbapenemase sequence variants (8 KPC-type, 4 GES-type, 7 OXA-48-
like, 5 NDM-type, 7 IMP-type, and 12 VIM-type variants) were identified among 2,253
meropenem-nonsusceptible isolates carrying one or more carbapenemases (Table 1;
see also Fig. S3 in the supplemental material). KPC-2 (864 of 1,263 isolates, 68.4%),
KPC-3 (388 of 1,263 isolates, 30.7%), OXA-48 (414 of 506 isolates, 81.8%), NDM-1 (283
of 336 isolates, 84.2%), IMP-4 (26 of 49 isolates, 53.1%), and VIM-1 (115 of 164 isolates,
70.1%) were the most commonly identified variants of these carbapenemase types. As
shown in Table 1, KPC-2 made up the majority of KPC-type carbapenemases identified
among isolates collected in Europe (350 of 624, 56.1%), Latin America (418 of 470,
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FIG 2 Distribution of carbapenem resistance mechanisms identified in meropenem-nonsusceptible Enterobacterales isolates.
(A) Meropenem-nonsusceptible isolates collected in all surveyed regions (n=2,666). (B) Isolates collected in Europe
(n=1,441). (C) Isolates collected in Latin America (n=689). (D) Isolates collected in Asia/South Pacific (n=294). (E) Isolates
collected in the Middle East/Africa (n=140). (F) Isolates collected in North America (n=102,2012 to 2016 only). No Cpase
detected, no gene encoding a carbapenemase was detected by PCR. MBL + OXA-48-like (n=52) included NDM + OXA-48-
like (Europe, n=26; Asia/South Pacific, n=17; Middle East/Africa, n=1) and VIM + OXA-48-like (Europe, n=6; Middle East/
Africa, n=2). MBL + KPC (n=11) included VIM + KPC (Europe, n=7), NDM + KPC (Latin America, n=1; Asia/South Pacific,
n=1) and IMP + KPC (Asia/South Pacific, n=2). MBL + GES was composed of NDM + GES carbapenemase (Latin America,

n=2). Two MBLs were composed of VIM + NDM (Europe, n=1).

88.9%), and Asia/South Pacific (60 of 62, 96.8%), whereas KPC-3 was more common
among isolates collected in Middle East/Africa (15 of 26, 57.7%) and North America (53
of 81, 65.4%). OXA-48 was the major OXA-type found among isolates from Europe (398
of 432, 92.1%), but OXA-181 and OXA-232 were more prevalent in the Middle East/
Africa (30 of 41, 73.2%) and Asia/South Pacific (20 of 25, 80.0%). NDM-1 was the pre-
dominant NDM-type detected among isolates collected in all regions, but the numbers
of isolates carrying NDM-5 and NDM-7 were notably increased in Middle East/Africa (9
of 51, 17.6%) and Asia/South Pacific (36 of 115, 31.3%). IMP-8 was the only IMP-type
detected among meropenem-nonsusceptible Enterobacterales collected outside the
Asia/South Pacific region. Similarly, few VIM-positive isolates were collected in regions
other than Europe, and the majority of these carried VIM-1, although isolates carrying
VIM-23 were notable in Latin America (8 of 11, 72.7%) (Table 1). KPC-type carbapene-
mases were carried most frequently by K. pneumoniae in all regions surveyed, ranging
from 73.1% (19 of 26) of KPC-positive isolates collected in Middle East/Africa to 96.0%
(599 of 624) of isolates from Europe; similarly, the majority of OXA-48-like B-lactamases
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TABLE 1 Distribution of carbapenemase variants among 2,253 meropenem-nonsusceptible, carbapenemase-positive Enterobacterales isolates

collected from 2012 to 2017

Region (no. of CPE/

Carbapenemase type/variant (no. of isolates)

no. of collected isolates)? Organism KPC GES OXA-48-like IMP NDM VIM
Europe (1,284/40,151) C. amalonaticus KPC-2 (1) OXA-48 (1)
C. farmeri VIM-1 (2)
C. freundii KPC-2 (2) OXA-48 (7) VIM-1 (11)
KPC-3 (2) VIM-4 (2)
VIM-31 (5)
E. asburiae VIM-1 (1)
E. cloacae KPC-2 (2) GES-6 (1) OXA-48 (12) NDM-1 (12) VIM-1 (42)
KPC-3 (1) OXA-162 (1) VIM-2 (1)
VIM-4 (2)
VIM-31 (1)
E. coli KPC-2 (3) OXA-48 (8) NDM-1 (5) VIM-1 (2)
KPC-3 (7) OXA-181 (7) NDM-5 (5)
OXA-232 (1)
OXA-244 (1)
K. aerogenes KPC-2 (1) OXA-48 (4) NDM-1 (2)
K. oxytoca KPC-2 (3) OXA-48 (6) NDM-1 (2) VIM-1 (3)
KPC-3 (3) VIM-44 (1)
K. pneumoniae KPC-2 (338) GES-6 (1) OXA-48 (347) NDM-1 (88) VIM-1 (24)
KPC-3 (257) OXA-162 (3) NDM-16 (2) VIM-12 (1)
KPC-9 (2) OXA-163 (2) VIM-26 (15)
KPC-type (2) OXA-181 (1) VIM-42 (1)
OXA-232 (6)
OXA-244 (12)
P. mirabilis OXA-48 (1) NDM-1 (1) VIM-1 (5)
P. rettgeri OXA-48 (3) NDM-1 (11) VIM-1 (1)
P. stuartii VIM-1 (14)
R. ornithinolytica OXA-48 (2) VIM-1 (1)
R. planticola OXA-48 (3)
S. marcescens OXA-48 (4) NDM-1 (2) VIM-1 (1)
VIM-4 (1)
VIM-5 (1)
Latin America (525/13,046) C. freundii KPC-2 (7) VIM-23 (1)
C. koseri KPC-2 (3)
E. asburiae KPC-2 (2)
E. cloacae KPC-2(19) NDM-1 (6) VIM-1 (2)
VIM-23 (3)
E. coli KPC-2 (14) GES-2 (1) OXA-232 (1) NDM-1 (1) VIM-23 (2)
K. aerogenes KPC-2 (6)
K. oxytoca KPC-2 (10) GES-2 (1) IMP-8 (2) NDM-1 (1)
K. pneumoniae KPC-2 (346) OXA-163 (4) NDM-1 (24) VIM-23 (2)
KPC-3 (49) OXA-232 (1) VIM-24 (1)
KPC-30 (1) OXA-370 (1)
KPC-type (1)
K. variicola KPC-2 (1) NDM-1 (1)
P. rettgeri NDM-1 (5)
R. ornithinolytica KPC-3 (1) OXA-181 (1)
S. marcescens KPC-2 (10)
Asia/Pacific (231/14,138) C. farmeri NDM-1 (1)
C. freundii IMP-4 (7) NDM-1 (5)
IMP-8 (2) NDM-7 (4)
C. koseri KPC-2 (1) NDM-1 (1)
E. asburiae IMP-8 (1) NDM-1 (1)
IMP-14 (1) NDM-7 (2)
E. cloacae KPC-2 (1) IMP-1 (1) NDM-1 (17)
IMP-4 (3) NDM-7 (4)
IMP-8 (1)
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TABLE 1 (Continued)
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Region (no. of CPE/

Carbapenemase type/variant (no. of isolates)

no. of collected isolates)? Organism KPC GES OXA-48-like IMP NDM VIM
IMP-14 (2)
IMP-26 (1)
E. kobei KPC-2 (1)
E. coli KPC-2 (5) OXA-181 (3) IMP-59 (1) NDM-1 (3)
NDM-5 (9)
NDM-7 (3)
K. aerogenes KPC-2 (3) IMP-8 (1) NDM-1 (1)
K. oxytoca KPC-2 (3) IMP-4 (5) NDM-1 (1)
NDM-7 (1)
K. pneumoniae KPC-2 (45) GES-5 (1) OXA-48 (5) IMP-1 (2) NDM-1 (45)
KPC-12 (1) OXA-181 (7) IMP-4 (10) NDM-4 (1)
KPC-17 (1) OXA-232(10) IMP-26 (5) NDM-5 (1)
NDM-7 (12)
P. mirabilis IMP-26 (1) NDM-1 (1)
P. rettgeri NDM-1 (2)
P. stuartii VIM-1 (1)
S. marcescens KPC-2 (1) IMP-4 (1)
IMP-8 (1)
IMP-47 (1)
Middle East/Africa (126/6,971) C. freundii KPC-2 (1) OXA-181 (1) NDM-1 (1)
E. asburiae OXA-48 (1) NDM-1 (1)
E. cloacae KPC-2 (1) OXA-48 (3) NDM-1 (4) VIM-4 (4)
KPC-3 (1) OXA-181 (1)
E. kobei OXA-48 (2)
E. coli KPC-2 (2) NDM-1 (1)
KPC-3 (1) NDM-5 (2)
K. aerogenes KPC-2 (1) NDM-1 (1)
K. oxytoca NDM-1 (1) VIM-1 (2)
K. pneumoniae KPC-2 (6) OXA-48 (5) NDM-1 (27) VIM-1 (1)
KPC-3 (13) OXA-181 (16) NDM-5 (2)
OXA-232(12) NDM-7 (5)
P. mirabilis VIM-5 (4)
P. rettgeri NDM-1 (5)
P. stuartii NDM-1 (1)
North America (87/7,475) C. farmeri KPC-3 (1)
C. freundii KPC-2 (3) VIM-1 (1)
VIM-32 (1)
E. asburiae KPC-2 (2)
E. cloacae KPC-2 (1) VIM-1 (1)
E. coli KPC-2 (2)
KPC-3 (3)
KPC-18 (2)
K. pneumoniae KPC-2 (17) GES-20 (1) NDM-1 (2)
KPC-3 (49)
KPC-29 (1)

aMeropenem-nonsusceptible carbapenemase-positive isolates from Europe were collected in Austria, Belgium, the Czech Republic, Denmark, France, Germany, Greece,
Hungary, Italy, the Netherlands, Poland, Portugal, Romania, Russia, Spain, Turkey, and the United Kingdom. Isolates from Latin America were collected in Argentina, Brazil,
Chile, Colombia, Mexico, and Venezuela. Isolates from Asia/South Pacific were collected in Australia, China, Japan, Malaysia, the Philippines, South Korea, Taiwan, and
Thailand. Isolates from Middle East/Africa were collected in Israel, Kenya, Kuwait, Nigeria, and South Africa. Isolates from North America were collected in the United States.

Isolates carrying multiple carbapenemases were counted for each individual carbapenemase type.

were also found among K. pneumoniae (>80% of OXA-48-like positive isolates col-
lected in Europe, Asia/South Pacific, and Middle East/Africa). Although a large propor-
tion of the MBLs identified globally were also carried by K. pneumoniae (271 of 548,
49.5%), the incidence of other species or species groups was markedly enriched among
MBL-positive isolates, including E. cloacae (n=107, 19.5%), Citrobacter freundii (n = 40,
7.3%), E. coli (n =34, 6.2%) and the Proteeae (n=51, 9.3%) (Table 1).

A total of 67.3% (1,516 of 2,253) of all carbapenemase-positive isolates identified
globally cocarried at least one additional plasmid-mediated or intrinsic chromosomally
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encoded ESBL, AmpC B-lactamase or carbapenemase, including 49.2% (622 of 1,263)
of KPC-positive isolates, 83.3% (5 of 6) of GES-positive isolates, 90.9% (460 of 506) of
OXA-48-like-positive isolates, and 91.1% (499 of 548) of MBL-positive isolates (Table 2).
Seventy-one isolates cocarrying two carbapenemases were collected in the Europe
(n=42), Asia/South Pacific (n=20), Latin America (n=6), and Middle East/Africa (n=3)
regions (Table 2 and Fig. 2B to E). These isolates were composed of 54 K. pneumoniae,
six C. freundii, four E. cloacae, three E. coli, three K. oxytoca, and one Providencia rettgeri
cocarrying NDM-type and OXA-48-like (n=44), VIM-type and OXA-48-like (n=8), VIM-
type and KPC-type (n=7), KPC-type and OXA-48-like (n=4), KPC-type and NDM- or
IMP-type (n =2 of each), GES-type and NDM- or KPC-type (n=2 and n=1, respectively),
and VIM-type and NDM-type (n=1) carbapenemases. A total of 87.3% (62 of 71) of
these isolates also harbored ESBLs or AmpC B-lactamases (Table 2).

The percentage of meropenem-nonsusceptible Enterobacterales collected over
the course of this study increased from 2.7% of isolates collected globally in 2012
to 2014 to 3.8% of isolates collected in 2015 to 2017 (Fig. 3). At the regional level,
the percentage of meropenem-nonsusceptibility increased among isolates col-
lected in Europe (2.8% versus 4.3%), Asia/South Pacific (1.5% versus 2.6%), and
Latin America (5.1% versus 5.4%) was stable among isolates collected in the Middle
East/Africa (2.04% versus 1.97%) and decreased among isolates collected in North
America (1.6% versus 1.0%). This overall increase could be attributed to the increas-
ing proportion of carbapenemase-positive isolates that was observed, most notably
among isolates carrying NDM-type MBLs in Asia/South Pacific, Europe, and Latin
America; OXA-48-like carbapenemases in Europe, Middle East/Africa, and Asia/
South Pacific; KPC-type carbapenemases in Latin America; and VIM-type MBLs in
Europe (Fig. 3). When countries that participated only or primarily during the 2012
to 2014 time period (China, Hong Kong, Malaysia, Kenya, and Nigeria) were
removed from analysis, a larger increase in the percentage of meropenem-nonsus-
ceptible Enterobacterales and increases in KPC-positive isolates and NDM-positive
isolates were also revealed in the Asia/South Pacific and Middle East/Africa regions,
respectively (see Fig. S4).

DISCUSSION

This 2012-2017 global surveillance study provided a perspective on the incidence
and carbapenemase carriage of meropenem-nonsusceptible Enterobacterales, which
varied by geographic region, as reported by others (4-8, 15). Though it is difficult to
compare results from independent studies that differ in study design and participa-
tion, others have reported broadly similar percentages of meropenem- or imipe-
nem-resistant Enterobacterales (ranging between 1.2 and 1.9% of isolates collected
in North America, 1.3 and 3.1% of isolates collected in the Asia/Pacific region, 3.2
and 3.7% of isolates collected in Europe, and 3.5 and 8.4% of isolates collected in
Latin America) among isolates collected in 2014 to 2016 (16-18). Similar to other
studies, the highest incidence of CRE was observed among K. pneumoniae (19-21).
KPC-type, OXA-48-like, and MBL carbapenemases were each found among 14 to 15
Enterobacterales species, but KPC enzymes were predominantly carried by K. pneu-
moniae, and OXA-48-like enzymes were found mostly among K. pneumoniae and E.
coli, in agreement with other reports (7, 22), whereas MBLs were proportionately
more common among meropenem-nonsusceptible isolates of Enterobacter spp.,
Citrobacter spp., the Proteeae, and E. coli (20, 23). As observed by others, the major-
ity of CRE isolates cocarried ESBLs and/or AmpC enzymes, and a number of isolates
carried multiple carbapenemases (8). The production of multiple B-lactamases from
different Ambler classes, likely encoded on multiple plasmids potentially harboring
additional non-pB-lactam resistance mechanisms, further adds to the challenges of
effectively treating infections caused by these organisms (8, 24).

The overall geographical distribution of Enterobacterales isolates carrying differ-
ent carbapenemase types reported in the present study agreed with published
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TABLE 2 Cocarriage of carbapenemases and other B-lactamases in 2,253 meropenem-nonsusceptible carbapenemase-positive

Enterobacterales collected from 2012 to 2017

B-Lactamase types®

Region (no. of isolates)

Organism®

No. of
isolates

Molecular variant(s)

Europe GES carbapenemase + ESBL +
AmpC + OSBL (1)
KPC * OSBL and/or spectrum

undefined (346)

KPC + ESBL # OSBL (239)

KPC + AmpC = OSBL (25)

KPC + ESBL + AmpC =
OSBL (5)

KPC + GES carbapenemase +
OSBL (1)

KPC + OXA-48-like +
OSBL (1)

OXA-48-like = OSBL (38)

E. cloacae*

E. coli

K. pneumoniae

E. coli

K. oxytocat

K. pneumoniae

C. amalonaticus*
C. freundii*
E. cloacae*

K. pneumoniae

C. freundii*

E. cloacae*

K. aerogenes*
K. pneumoniae
K. pneumoniae

K. pneumoniae

E. coli

1

—_—_m WO = .

w w =
o —_
[e)}

_\N_\_\_._\_\_._._\aw
N

N
[e)}

37
81

21

N =N =

EN
N
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GES-6, CTX-M-15, TEM-OSBL

KPC-2

KPC-2, TEM-OSBL

KPC-3, TEM-OSBL

KPC-2

KPC-2, SHV-OSBL

KPC-2, TEM-OSBL

KPC-2, SHV-OSBL, TEM-OSBL

KPC-3

KPC-3, SHV-OSBL

KPC-3, TEM-OSBL

KPC-3, SHV-OSBL, TEM-OSBL

KPC-3, SHV-26, TEM-OSBL

KPC-3, SHV-36, TEM-OSBL

KPC-2, CTX-M-15, TEM-OSBL

KPC-3, CTX-M-15, TEM-OSBL

KPC-2

KPC-2, TEM-OSBL

KPC-2, SHV-5, TEM-OSBL

KPC-3

KPC-3, TEM-OSBL

KPC-2, CTX-M-15, TEM-OSBL

KPC-2, CTX-M-15, SHV-OSBL, TEM-OSBL
KPC-2, CTX-M-27, SHV-OSBL, TEM-OSBL
KPC-2, SHV-5, TEM-OSBL

KPC-2, SHV-12

KPC-2, SHV-12, TEM-OSBL

KPC-2, VEB-1, SHV-OSBL

KPC-2, VEB-1, SHV-OSBL, TEM-OSBL
KPC-2, VEB-1, SHV-12, TEM-OSBL
KPC-3, CTX-M-1, SHV-OSBL, TEM-OSBL
KPC-3, CTX-M-14, SHV-OSBL, TEM-OSBL
KPC-3, CTX-M-15

KPC-3, CTX-M-15, SHV-OSBL

KPC-3, CTX-M-15, SHV-OSBL, TEM-OSBL
KPC-3, CTX-M-15, SHV-28, TEM-OSBL
KPC-3, CTX-M-15, SHV-168, TEM-OSBL
KPC-3, SHV-12, TEM-OSBL

KPC-9, VEB-1, SHV-OSBL, TEM-OSBL
KPC-TYPE, CTX-M-15, SHV-OSBL, TEM-OSBL
KPC-2, TEM-OSBL

KPC-2, TEM-OSBL

KPC-2, TEM-OSBL

KPC-3

KPC-2, ACT-TYPE, SHV-OSBL

KPC-2, CMY-4, SHV-OSBL

KPC-2, CMY-4, SHV-OSBL, TEM-OSBL
KPC-3, CMY-4, SHV-OSBL, TEM-OSBL
KPC-3, SHV-12

KPC-2, CTX-M-15, TEM-OSBL

KPC-2, VEB-1, TEM-OSBL

KPC-2, CTX-M-15, MOX-2, SHV-OSBL, TEM-OSBL
KPC-2, GES-6, SHV-OSBL, TEM-OSBL

KPC-2, OXA-163, SHV-OSBL, TEM-OSBL

OXA-48, TEM-OSBL
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TABLE 2 (Continued)
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B-Lactamase types®

Region (no. of isolates)

Organism®

No. of
isolates

Molecular variant(s)

OXA-48-like + ESBL =
OSBL (322)

OXA-48-like + AmpC =
OSBL (17)

OXA-48-like + ESBL +
AmpC = OSBL (22)

MBL = OSBL (25)

K. pneumoniae

P. mirabilis

R. ornithinolytica
R. planticola

E. coli

K. oxytocat

K. pneumoniae

C. amalonaticus*
C. freundii*

E. cloacae*

E. coli

K. aerogenes*
K. pneumoniae
P. rettgeri*

S. marcescens*
E. cloacae*

E. coli
K. aerogenes*
K. pneumoniae

P. rettgeri*
S. marcescens*
E. coli

18
11

dN—'N—‘W—‘w—'O\N—‘wN—‘—\O\wN—lN

RN
[eN]
[e)}

S O NN =T NWN_2OV—_, RN o oW NW=_ 3 Wa N2 W= 2 N = =2 NN

OXA-48, SHV-OSBL

OXA-48, SHV-OSBL, TEM-OSBL

OXA-232, SHV-OSBL

OXA-48

OXA-48

OXA-48

OXA-48, CTX-M-15, TEM-OSBL

OXA-48, CTX-M-24, TEM-OSBL

OXA-244, CTX-M-15, TEM-OSBL

OXA-48

OXA-48, TEM-OSBL

OXA-48, CTX-M-14, CTX-M-27

OXA-48, CTX-M-3, SHV-OSBL

OXA-48, CTX-M-3, SHV-OSBL, TEM-OSBL
OXA-48, CTX-M-9-type, SHV-OSBL
OXA-48, CTX-M-9-type, SHV-OSBL, TEM-OSBL
OXA-48, CTX-M-14

OXA-48, CTX-M-14, SHV-OSBL

OXA-48, CTX-M-14, SHV-OSBL, TEM-OSBL
OXA-48, CTX-M-14, CTX-M-15, SHV-OSBL, TEM-OSBL
OXA-48, CTX-M-14, CTX-M-27, SHV-OSBL, TEM-OSBL
OXA-48, CTX-M-15

OXA-48, CTX-M-15, SHV-OSBL

OXA-48, CTX-M-15, SHV-OSBL, TEM-OSBL
OXA-48, CTX-M-15, SHV-12, TEM-OSBL
OXA-48, CTX-M-27, SHV-OSBL, TEM-OSBL
OXA-48, CTX-M-28, SHV-OSBL

OXA-48, CTX-M-28, SHV-OSBL, TEM-OSBL
OXA-48, CTX-M-55

OXA-48, CTX-M-55, SHV-OSBL

OXA-48, SHV-ESBL

OXA-48, SHV-ESBL, TEM-OSBL

OXA-162, CTX-M-15, SHV-OSBL, TEM-OSBL
OXA-163, CTX-M-3, SHV-OSBL, TEM-OSBL
OXA-181, CTX-M-15, SHV-OSBL

OXA-232, CTX-M-15, SHV-OSBL

OXA-244, CTX-M-15, SHV-OSBL

OXA-244, CTX-M-15, SHV-OSBL, TEM-OSBL
OXA-48

OXA-48

OXA-48, TEM-OSBL

OXA-48

OXA-162, ACC-4, DHA-1, TEM-OSBL
OXA-181, CMY-42

OXA-48

OXA-48, DHA-1, SHV-OSBL

OXA-48, TEM-OSBL

OXA-48

OXA-48, CTX-M-9-type, SHV-12

OXA-48, CTX-M-15, SHV-OSBL

OXA-48, CTX-M-15, TEM-OSBL

OXA-48, SHV-12, TEM-OSBL

OXA-181, CTX-M-15, CMY-42

OXA-48, CTX-M-15, TEM-OSBL

OXA-48, CTX-M-15, CMY-6, SHV-OSBL, TEM-OSBL
OXA-48, CTX-M-15, DHA-1, SHV-OSBL, TEM-OSBL
OXA-48, PER-1, TEM-OSBL

OXA-48, CTX-M-22, SHV-OSBL

NDM-1, TEM-OSBL

NDM-5

VIM-1

VIM-1, SHV-OSBL
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B-Lactamase types®

Region (no. of isolates)

Organism®

No. of
isolates

Molecular variant(s)

MBL + ESBL = OSBL (74)

MBL + AmpC * OSBL (56)

MBL + ESBL + AmpC *=
OSBL (73)

K. pneumoniae

E. coli
K. oxytocat

K. pneumoniae

P. mirabilis
C. freundii*

E. asburiae*
E. cloacae*

E. coli

K. aerogenes*

K. pneumoniae
P. mirabilis

P. rettgeri*

R. ornithinolytica
S. marcescens*

C. farmeri*
C. freundii*

E. cloacae*

E. coli

K. oxytocat

K. pneumoniae

5
1
2

1
1
1
1
1
1

25
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N —
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NDM-1, SHV-OSBL

VIM-1

VIM-1, SHV-OSBL

VIM-12, SHV-OSBL

NDM-5, CTX-M-15

VIM-1, CTX-M-3, SHV-12

VIM-1, SHV-12

VIM-44, SHV-12

NDM-1, CTX-M-15, SHV-OSBL

NDM-1, CTX-M-15, SHV-OSBL, TEM-OSBL
NDM-16, CTX-M-15, SHV-OSBL, TEM-OSBL
NDM-16, CTX-M-15, SHV-12, TEM-OSBL
VIM-1, CTX-M-15, SHV-ESBL, TEM-OSBL
VIM-1, SHV-5

VIM-1, SHV-12

VIM-1, SHV-ESBL

VIM-26, SHV-5

VIM-26, SHV-ESBL

VIM-42, SHV-12

VIM-1, VEB-1, SHV-5, TEM-OSBL

VIM-1

VIM-1, TEM-OSBL

VIM-1, FOX-7, TEM-OSBL

VIM-4, TEM-OSBL

VIM-1

NDM-1

VIM-1

VIM-1, TEM-OSBL

VIM-2

VIM-4

NDM-1, CMY-6, TEM-OSBL

NDM-5, CMY-42

NDM-1, CMY-4

NDM-1, CMY-6, SHV-OSBL

VIM-1, CMY-16, TEM-OSBL

NDM-1, VIM-1

VIM-1, CMY-13

VIM-4

VIM-5

VIM-1, SHV-12

VIM-1, SHV-12

VIM-4, SHV-12

NDM-1, CTX-M-15

NDM-1, CTX-M-15, TEM-OSBL

NDM-1, CTX-M-15, SHV-12, TEM-OSBL
VIM-1, CTX-M-3, SHV-12, DHA-1, TEM-OSBL
VIM-1, CTX-M-9-type

VIM-1, CTX-M-9-type, SHV-12

VIM-1, CTX-M-14, TEM-OSBL

VIM-1, CTX-M-15, TEM-OSBL

VIM-1, SHV-12

VIM-1, SHV-12, TEM-OSBL

VIM-4, CTX-M-9, SHV-12, TEM-OSBL
NDM-1, CTX-M-15, CTX-M-27, CMY-6, DHA-1, TEM-OSBL
NDM-1, CTX-M-27, CMY-2

NDM-1, ACC-1, TEM-OSBL

NDM-1, CMY-4

VIM-1, ACC-1

NDM-1, CTX-M-15, CMY-4, SHV-OSBL, TEM-OSBL
NDM-1, CTX-M-15, CMY-6, SHV-OSBL, TEM-OSBL
NDM-1, CTX-M-15, CMY-6, DHA-type, SHV-OSBL, TEM-OSBL
NDM-1, CTX-M-15, DHA-1, SHV-OSBL
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TABLE 2 (Continued)

Antimicrobial Agents and Chemotherapy

B-Lactamase types® No. of
Region (no. of isolates) Organism® isolates  Molecular variant(s)
2 NDM-1, CTX-M-15, DHA-type, SHV-OSBL, TEM-OSBL
1 NDM-1, CTX-M-15, SHV-5, CMY-6, TEM-OSBL
1 NDM-1, CTX-M-15, SHV-5, CMY-6, DHA-type
P. mirabilis 1 NDM-1, CTX-M-15, DHA-type, TEM-OSBL
P. rettgeri* 10 NDM-1, CTX-M-15, TEM-OSBL
P. stuartii* 1 VIM-1, SHV-5, TEM-OSBL
1 VIM-1, VEB-1, TEM-OSBL
12 VIM-1, VEB-1, SHV-5, TEM-OSBL
S. marcescens* 2 NDM-1, CTX-M-15, TEM-OSBL
1 VIM-1, SHV-12
MBL + KPC (1) K. pneumoniae 1 VIM-1, KPC-2
MBL + KPC + ESBL = OSBL (2) K. pneumoniae 2 VIM-26, KPC-2, SHV-12, TEM-OSBL
MBL + KPC + AmpC + OSBL (2) C. freundii* 1 VIM-1, KPC-3, SHV-OSBL
K. pneumoniae 1 VIM-1, KPC-2, MOX-1, SHV-OSBL
MBL + KPC + ESBL + K. pneumoniae 2 VIM-1, KPC-2, SHV-12, CMY-13, TEM-OSBL
AmpC + OSBL (2)
MBL + OXA-48-like + OSBL (4) K. pneumoniae 3 NDM-1, OXA-48, SHV-OSBL
1 NDM-1, OXA-232, SHV-OSBL
MBL + OXA-48-like + ESBL = K. pneumoniae 3 NDM-1, OXA-48, CTX-M-15
OSBL (17) 8 NDM-1, OXA-48, CTX-M-15, SHV-OSBL
4 NDM-1, OXA-48, CTX-M-15, SHV-OSBL, TEM-OSBL
2 NDM-1, OXA-232, CTX-M-15, SHV-OSBL, TEM-OSBL
MBL + OXA-48-like + C. freundii* 5 VIM-31, OXA-48, TEM-OSBL
AmpC = OSBL (8) E. cloacae* 1 NDM-1, OXA-48
1 VIM-31, OXA-48
E. coli 1 NDM-5, OXA-232, CMY-42, TEM-OSBL
MBL + OXA-48-like + ESBL + K. pneumoniae 1 NDM-1, OXA-48, CTX-M-15, CMY-6, SHV-OSBL
AmpC + OSBL (3) 1 NDM-1, OXA-48, CTX-M-15, DHA-type, SHV-OSBL
1 NDM-1, OXA-48, CTX-M-15, DHA-type, SHV-OSBL, TEM-OSBL
Latin America KPC = OSBL and/or spectrum E. coli 9 KPC-2
undefined (211) 3 KPC-2, TEM-OSBL
1 KPC-2, TEM-type
K. pneumoniae 16 KPC-2
68 KPC-2, SHV-OSBL
3 KPC-2, TEM-OSBL
84 KPC-2, SHV-OSBL, TEM-OSBL
KPC-2, SHV-52
KPC-2, SHV-120, TEM-OSBL
KPC-3, SHV-OSBL
5 KPC-3, SHV-OSBL, TEM-OSBL

KPC + ESBL = OSBL (207)

K. variicola
E. coli
K. oxytocat

K. pneumoniae

N W= = = N—=m W= = = =2 a3 a a N)= N = = a2 00 = —
—-

KPC-30, SHV-OSBL

KPC-2

KPC-2, CTX-M-15

KPC-2

KPC-2, SHV-OSBL

KPC-2, TEM-OSBL

KPC-2, CTX-M-8, TEM-OSBL

KPC-2, CTX-M-12

KPC-2, CTX-M-15, TEM-OSBL

KPC-2, SHV-2A

KPC-2, SHV-12, TEM-OSBL

KPC-2, CTX-M-1, SHV-OSBL, TEM-OSBL
KPC-2, CTX-M-1, CTX-M-2, SHV-OSBL, TEM-OSBL
KPC-2, CTX-M-2, SHV-OSBL

KPC-2, CTX-M-2, TEM-OSBL

KPC-2, CTX-M-2, SHV-OSBL, TEM-OSBL
KPC-2, CTX-M-2-type, SHV-OSBL, TEM-OSBL
KPC-2, CTX-M-2, CTX-M-15, SHV-OSBL, TEM-OSBL
KPC-2, CTX-M-9

KPC-2, CTX-M-12

KPC-2, CTX-M-12, SHV-OSBL
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TABLE 2 (Continued)

Antimicrobial Agents and Chemotherapy

B-Lactamase types® No. of

Region (no. of isolates) Organism® isolates  Molecular variant(s)
1 KPC-2, CTX-M-12, SHV-12
3 KPC-2, CTX-M-14
1 KPC-2, CTX-M-14, TEM-OSBL
20 KPC-2, CTX-M-14, SHV-OSBL, TEM-OSBL
3 KPC-2, CTX-M-15
25 KPC-2, CTX-M-15, SHV-OSBL
37 KPC-2, CTX-M-15, SHV-OSBL, TEM-OSBL
1 KPC-2, CTX-M-15, SHV-type, TEM-OSBL
1 KPC-2, CTX-M-35, SHV-OSBL, TEM-OSBL
1 KPC-2, CTX-M-67, SHV-OSBL
2 KPC-2, SHV-5, TEM-OSBL
9 KPC-2, SHV-12
24 KPC-2, SHV-12, TEM-OSBL

KPC + AmpC + OSBL (32)

KPC + ESBL + AmpC =
OSBL (16)

KPC + OXA-48-like + OSBL (1)

KPC + OXA-48-like + ESBL +
OSBL (2)

OXA-48-like == OSBL (4)

OXA-48-like + ESBL *
OSBL (1)
MBL = OSBL (7)

MBL + ESBL = OSBL (24)

R. ornithinolytica
C. freundii*

C. koseri*
E. cloacae*

K. aerogenes*
K. pneumoniae
S. marcescens*

C. freundii*

E. asburiae*
E. cloacae*

K. aerogenes*

S. marcescens*
K. pneumoniae
K. pneumoniae

E. coli

K. pneumoniae
R. ornithinolytica
K. pneumoniae

K. pneumoniae

K. variicola

E. coli

K. oxytocat

K. pneumoniae

_, e N R m e s a N W NS N = m a0 = WU SN N = = aO=m = NN

S LN, SN2 WW

KPC-2, SHV-23, TEM-OSBL

KPC-2, SHV-ESBL

KPC-2, SHV-ESBL, TEM-OSBL

KPC-3, CTX-M-2, SHV-OSBL, TEM-OSBL
KPC-3, CTX-M-12, SHV-12, TEM-OSBL
KPC-3, CTX-M-15, SHV-OSBL, TEM-OSBL
KPC-3, SHV-12

KPC-3, SHV-12, TEM-OSBL

KPC-TYPE, CTX-M-15, SHV-OSBL, TEM-OSBL
KPC-3, SHV-5, TEM-OSBL

KPC-2

KPC-2, TEM-OSBL

KPC-2

KPC-2, TEM-OSBL

KPC-2

KPC-2, TEM-OSBL

KPC-2

KPC-2, FOX-5, SHV-OSBL, TEM-OSBL

KPC-2

KPC-2, TEM-OSBL

KPC-2, CTX-M-2, TEM-OSBL

KPC-2, CTX-M-12

KPC-2, CTX-M-12, TEM-OSBL

KPC-2, CTX-M-15

KPC-2, SHV-12, TEM-OSBL

KPC-2, CTX-M-12, SHV-OSBL, TEM-OSBL
KPC-2, CTX-M-15

KPC-2, CTX-M-15, TEM-OSBL

KPC-2, CTX-M-14, TEM-OSBL

KPC-2, CTX-M-15, TEM-OSBL

KPC-2, CTX-M-15, CTX-M-59, TEM-OSBL
KPC-2, OXA-163, SHV-OSBL, TEM-OSBL
KPC-2, OXA-163, CTX-M-2, SHV-OSBL, TEM-OSBL
KPC-2, OXA-370, CTX-M-14, SHV-OSBL, TEM-OSBL
OXA-232, TEM-OSBL

OXA-163, SHV-OSBL, TEM-OSBL

OXA-181

OXA-232, CTX-M-15, SHV-OSBL, TEM-OSBL

NDM-1, SHV-OSBL

NDM-1, SHV-OSBL, TEM-OSBL

NDM-1

VIM-23, CTX-M-15

IMP-8, TEM-OSBL

NDM-1, CTX-M-14, CTX-M-15, SHV-OSBL
NDM-1, CTX-M-15, SHV-OSBL

NDM-1, CTX-M-15, TEM-OSBL

NDM-1, CTX-M-15, SHV-OSBL, TEM-OSBL
NDM-1, CTX-M-15, SHV-ESBL, TEM-OSBL
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TABLE 2 (Continued)

Antimicrobial Agents and Chemotherapy

B-Lactamase types® No. of
Region (no. of isolates) Organism® isolates  Molecular variant(s)
1 NDM-1, CTX-M-15, PER-1, SHV-OSBL, TEM-OSBL
2 VIM-23, SHV-ESBL
1 VIM-24, CTX-M-15, SHV-ESBL, TEM-OSBL
MBL + AmpC = OSBL (9) C. freundii* 1 VIM-23
E. cloacae* 2 NDM-1
3 VIM-23
P. rettgeri* 3 NDM-1
MBL + ESBL + AmpC *+ E. cloacae* 4 NDM-1, CTX-M-15
OSBL (8) 1 VIM-1, CTX-M-9
1 VIM-1, CTX-M-9, TEM-OSBL
P. rettgeri* 1 NDM-1, CTX-M-12
1 NDM-1, CTX-M-12, TEM-OSBL
MBL + GES carbapenemase + E. coli 1 NDM-1, GES-2, CTX-M-55, TEM-OSBL
ESBL + OSBL (2) K. oxytocat 1 NDM-1, GES-2, TEM-OSBL
MBL + KPC + ESBL = K. pneumoniae 1 NDM-1, KPC-2, CTX-M-15, SHV-OSBL, TEM-OSBL
OSBL (1)
Asia/Pacific GES carbapenemase + K. pneumoniae 1 GES-5, SHV-12
ESBL (1)
KPC =+ OSBL and/or spectrum E. coli KPC-2
undefined (9) KPC-2, TEM-OSBL
K. pneumoniae KPC-2, SHV-OSBL
KPC-2, TEM-OSBL
KPC + ESBL = OSBL (36) K. oxytocat KPC-2, SHV-12
K. pneumoniae KPC-2, CTX-M-3, SHV-OSBL, TEM-OSBL
KPC-2, CTX-M-14, SHV-12, TEM-OSBL
KPC-2, CTX-M-15, SHV-OSBL
KPC-2, CTX-M-15, TEM-OSBL
9 KPC-2, CTX-M-15, SHV-OSBL, TEM-OSBL

KPC + AmpC = OSBL (10)

KPC + ESBL + AmpC =+
OSBL (4)

OXA-48-like == OSBL (1)
OXA-48-like + ESBL *
OSBL (5)
OXA-48-like + AmpC =
OSBL (1)
OXA-48-like + ESBL +
AmpC = OSBL (1)
MBL *+ OSBL (9)

E. kobei*

E. coli

K. aerogenes*
K. pneumoniae

S. marcescens*
C. koseri*

E. cloacae*

K. pneumoniae

K. pneumoniae
K. pneumoniae

E. coli
E. coli

E. coli
K. pneumoniae

S NP6 S S NS NS T S T S S Gy N NS SN N O )

KPC-2, CTX-M-24, SHV-OSBL

KPC-2, CTX-M-55, SHV-OSBL, TEM-OSBL
KPC-2, CTX-M-65, SHV-OSBL, TEM-OSBL
KPC-2, CTX-M-65, SHV-12

KPC-2, CTX-M-65, SHV-12, TEM-OSBL
KPC-2, CTX-M-90, SHV-OSBL, TEM-OSBL
KPC-2, SHV-12, TEM-OSBL

KPC-12, SHV-2A

KPC-17, SHV-12

KPC-2

KPC-2, CMY-2

KPC-2

KPC-2, CMY-2, SHV-OSBL

KPC-2, CMY-2, SHV-OSBL, TEM-OSBL
KPC-2, DHA-1, SHV-OSBL

KPC-2, DHA-1, SHV-OSBL, TEM-OSBL
KPC-2

KPC-2, CTX-M-3, TEM-OSBL

KPC-2, SHV-12, DHA-1

KPC-2, CTX-M-27, DHA-1, SHV-OSBL
KPC-2, CTX-M-55, DHA-1, SHV-OSBL, TEM-OSBL
OXA-48, SHV-OSBL

OXA-48, CTX-M-15, SHV-OSBL, TEM-OSBL
OXA-181, CTX-M-15, SHV-OSBL, TEM-OSBL
OXA-181, CMY-2, TEM-OSBL

OXA-181, CTX-M-15, CMY-2, TEM-OSBL
IMP-59, TEM-OSBL

IMP-1, SHV-OSBL
IMP-4, TEM-OSBL
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TABLE 2 (Continued)

Antimicrobial Agents and Chemotherapy

B-Lactamase types®

Region (no. of isolates)

Organism®

No. of
isolates

Molecular variant(s)

MBL + ESBL * OSBL (60)

MBL + AmpC = OSBL (32)

MBL + ESBL + AmpC =
OSBL (42)

P. mirabilis
E. coli

K. oxytocat

K. pneumoniae

C. freundii*

E. asburiae*

E. cloacae*

E. coli

K. pneumoniae
P. mirabilis

P. rettgeri*

S. marcescens*

C. farmeri*
C. freundii*

C. koseri*
E. asburiae*
E. cloacae*

w
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IMP-4, SHV-OSBL, TEM-OSBL

NDM-1

NDM-1, SHV-OSBL

NDM-1

NDM-1, CTX-M-3

NDM-1, CTX-M-27

NDM-1, CTX-M-27, SHV-31

NDM-5, CTX-M-15

NDM-5, CTX-M-15, TEM-OSBL

NDM-7, CTX-M-15, TEM-OSBL

IMP-4

IMP-4, TEM-OSBL

IMP-4, SHV-12

NDM-1, CTX-M-15, TEM-OSBL

NDM-7, CTX-M-15, SHV-12, TEM-OSBL
IMP-1, CTX-M-3, SHV-OSBL

IMP-4, CTX-M-15, SHV-OSBL

IMP-4, CTX-M-15, SHV-OSBL, TEM-OSBL
IMP-26, CTX-M-15, SHV-OSBL

IMP-26, CTX-M-15, SHV-OSBL, TEM-OSBL
IMP-26, CTX-M-15, SHV-28

NDM-1, CTX-M-14, SHV-12

NDM-1, CTX-M-15

NDM-1, CTX-M-15, SHV-OSBL

NDM-1, CTX-M-15, TEM-OSBL

NDM-1, CTX-M-15, SHV-OSBL, TEM-OSBL
NDM-1, CTX-M-15, CTX-M-27, TEM-OSBL
NDM-1, CTX-M-15, SHV-12

NDM-1, CTX-M-15, SHV-ESBL, TEM-OSBL
NDM-1, CTX-M-15, VEB-1, TEM-OSBL
NDM-5, CTX-M-15, SHV-OSBL

NDM-7, CTX-M-15, SHV-OSBL

NDM-7, CTX-M-15, SHV-OSBL, TEM-OSBL
NDM-7, CTX-M-15, SHV-12, TEM-OSBL
IMP-4, TEM-OSBL

NDM-1

NDM-7

NDM-7, TEM-OSBL

NDM-7, DHA-1

IMP-14

NDM-1

NDM-7

IMP-1

IMP-4

NDM-1

NDM-1, DHA-1, TEM-OSBL

NDM-7

NDM-5, CMY-42, TEM-OSBL

IMP-26, DHA-1, SHV-OSBL, TEM-OSBL
IMP-26, DHA-1

NDM-1

IMP-4, TEM-OSBL

IMP-47, TEM-OSBL

NDM-1, CTX-M-15, TEM-OSBL

IMP-8, SHV-12, TEM-OSBL

NDM-1, CTX-M-3, SHV-12, TEM-OSBL
NDM-1, CTX-M-15

NDM-1, SHV-31, DHA-15, TEM-OSBL
NDM-7, CTX-M-15, TEM-OSBL

NDM-1, SHV-31

IMP-8, SHV-12, TEM-OSBL

IMP-8, CTX-M-22, TEM-OSBL
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TABLE 2 (Continued)

Antimicrobial Agents and Chemotherapy

B-Lactamase types®

Region (no. of isolates)

Organism®

No. of
isolates

Molecular variant(s)

MBL + KPC + ESBL = OSBL (3)

MBL + OXA-48-like + ESBL +
OSBL (16)

MBL + OXA-48-like + ESBL +
AmpC + OSBL (1)

Middle East/Africa KPC = OSBL and/or spectrum

undefined (18)

KPC + ESBL = OSBL (2)

KPC + AmpC = OSBL (3)

KPC + ESBL + AmpC =
OSBL (3)

OXA-48-like == OSBL (3)

OXA-48-like + ESBL =
OSBL (29)

OXA-48-like + AmpC =
OSBL (3)

OXA-48-like + ESBL +
AmpC = OSBL (3)

E. coli

K. aerogenes*

K. pneumoniae

P. stuartii*

S. marcescens*
K. oxytocat

K. pneumoniae
K. pneumoniae

E. coli

E. coli

K. pneumoniae

K. pneumoniae

E. cloacae*

E. coli

K. aerogenes*
C. freundii*

E. cloacae*

K. pneumoniae
K. pneumoniae

K. pneumoniae

E. asburiae*
E. kobei*

C. freundii*

E. cloacae*

N
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IMP-14, CTX-M-15, TEM-OSBL

IMP-26, SHV-12

NDM-1, CTX-M-15, SHV-OSBL, TEM-OSBL

NDM-1, CTX-M-15, SHV-12, SHV-31, TEM-OSBL
NDM-1, CTX-M-15, SHV-31

NDM-1, CTX-M-15, SHV-31, TEM-OSBL

NDM-1, CTX-M-15, SHV-31, DHA-1, TEM-OSBL
NDM-1, SHV-12

NDM-7, CTX-M-15, TEM-OSBL

NDM-7, SHV-12, TEM-OSBL

NDM-5, CTX-M-15, CMY-2, TEM-OSBL

NDM-5, CTX-M-15, CMY-2, TEM-type

NDM-7, CTX-M-14, CTX-M-15, CMY-2, TEM-OSBL
NDM-7, CTX-M-15, DHA-1

IMP-8, SHV-12, TEM-OSBL

NDM-1, CTX-M-15

IMP-26, CTX-M-15, DHA-1, SHV-OSBL, TEM-OSBL
NDM-1, SHV-ESBL, DHA-1

NDM-7, CTX-M-15, DHA-1, SHV-OSBL, TEM-OSBL
VIM-1, VEB-1, SHV-5, TEM-OSBL

IMP-8, CTX-M-3

IMP-4, KPC-2, SHV-12

NDM-7, KPC-2, CTX-M-15, SHV-OSBL, TEM-OSBL
NDM-1, OXA-48, CTX-M-15, SHV-OSBL

NDM-1, OXA-48, SHV-ESBL

NDM-1, OXA-181, CTX-M-15, SHV-OSBL, TEM-OSBL
NDM-1, OXA-232, CTX-M-15, SHV-OSBL

NDM-1, OXA-232, CTX-M-15, SHV-OSBL, TEM-OSBL
NDM-4, OXA-48, CTX-M-14, CTX-M-15, SHV-OSBL, TEM-OSBL
NDM-5, OXA-181, CTX-M-15, CMY-2, TEM-OSBL

KPC-2

KPC-3

KPC-2

KPC-2, SHV-OSBL

KPC-2, SHV-OSBL, TEM-OSBL

KPC-3, SHV-OSBL

KPC-3, SHV-OSBL, TEM-OSBL

KPC-2, CTX-M-15, SHV-OSBL, TEM-OSBL
KPC-3, CTX-M-2, SHV-OSBL, TEM-OSBL
KPC-2, TEM-OSBL

KPC-2, CMY-2, TEM-OSBL

KPC-2, TEM-OSBL

KPC-2, SHV-12, TEM-OSBL

KPC-3, SHV-12, TEM-OSBL

KPC-3, CTX-M-15, SHV-12, DHA-25, TEM-OSBL
OXA-181, SHV-OSBL

OXA-181, SHV-OSBL, TEM-OSBL

OXA-48, CTX-M-14, SHV-OSBL

OXA-48, CTX-M-15, SHV-OSBL

OXA-48, CTX-M-15, SHV-OSBL, TEM-OSBL
OXA-181, CTX-M-15, SHV-OSBL

OXA-181, CTX-M-15, SHV-OSBL, TEM-OSBL
OXA-232, CTX-M-15, SHV-OSBL

OXA-232, CTX-M-15, SHV-OSBL, TEM-OSBL
OXA-48

OXA-48

OXA-181, CTX-M-15

OXA-48, CTX-M-15, TEM-OSBL

July 2021 Volume 65 Issue 7 e02000-20

(Continued on next page)

aacasm.org 15


https://aac.asm.org

Kazmierczak et al.

TABLE 2 (Continued)

Antimicrobial Agents and Chemotherapy

B-Lactamase types®

Region (no. of isolates)

Organism®

No. of
isolates

Molecular variant(s)

MBL = OSBL (8)

MBL + ESBL = OSBL (33)

MBL + AmpC = OSBL (7)

MBL + ESBL + AmpC =
OSBL (11)

MBL + OXA-48-like + OSBL (1)
MBL + OXA-48-like +
AmpC + OSBL (1)
MBL + OXA-48-like + ESBL +
AmpC + OSBL (1)

North America GES carbapenemase *+
OSBL (1)
KPC = OSBL and/or spectrum

undefined (57)

KPC + ESBL = OSBL (16)

KPC + AmpC =+ OSBL (3)

K. pneumoniae
P. mirabilis
K. oxytocat

K. pneumoniae

E. coli
P. rettgeri*
C. freundii*

E. asburiae*
E. cloacae*

E. coli

K. aerogenes*
P. stuartii*

K. pneumoniae
E. cloacae*

E. cloacae*

K. pneumoniae

E. coli

K. pneumoniae

K. pneumoniae

C. farmeri*
C. freundii*
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OXA-181, CTX-M-15, TEM-OSBL
NDM-1, SHV-OSBL

NDM-1, SHV-OSBL, TEM-OSBL

NDM-5, SHV-OSBL

VIM-5

NDM-1, CTX-M-15, TEM-OSBL

VIM-1

NDM-1, CTX-M-15

NDM-1, CTX-M-15, SHV-OSBL

NDM-1, CTX-M-15, SHV-OSBL, TEM-OSBL
NDM-1, CTX-M-15, SHV-12, TEM-OSBL
NDM-1, CTX-M-15, SHV-55, TEM-OSBL
NDM-1, CTX-M-15, SHV-134, TEM-OSBL
NDM-5, CTX-M-15, SHV-OSBL, TEM-OSBL
NDM-7, CTX-M-15, SHV-OSBL

NDM-7, CTX-M-15, SHV-OSBL, TEM-OSBL
VIM-1, CTX-M-15, SHV-OSBL, TEM-OSBL
NDM-5, CMY-42

NDM-5, CMY-42, TEM-OSBL

NDM-1

NDM-1, TEM-OSBL

NDM-1, DHA-type

NDM-1, CTX-M-9-type

NDM-1, VEB-1, TEM-OSBL

NDM-1, CTX-M-15

NDM-1, CTX-M-15, TEM-OSBL

VIM-4, CTX-M-9

VIM-4, CTX-M-100, TEM-OSBL

NDM-1, CTX-M-15, CMY-6

NDM-1, CTX-M-15, TEM-OSBL

NDM-1, PER-12, DHA-type

NDM-1, OXA-232, SHV-OSBL

VIM-4, OXA-48, CMY-4

VIM-4, OXA-48, SHV-12, CMY-4, TEM-OSBL

GES-20, SHV-OSBL

KPC-2, TEM-OSBL

KPC-3

KPC-3, TEM-OSBL

KPC-18, TEM-OSBL

KPC-2

KPC-2, SHV-OSBL

KPC-2, SHV-OSBL, TEM-OSBL
KPC-3

KPC-3, SHV-OSBL

KPC-3, TEM-OSBL

KPC-3, SHV-OSBL, TEM-OSBL
KPC-29, SHV-OSBL, TEM-OSBL
KPC-2, CTX-M-15, SHV-OSBL
KPC-2, CTX-M-15, SHV-28, TEM-OSBL
KPC-2, CTX-M-124, SHV-OSBL
KPC-2, SHV-12

KPC-2, SHV-12, TEM-OSBL
KPC-3, CTX-M-15, SHV-OSBL, TEM-OSBL
KPC-3, SHV-12

KPC-3, SHV-12, TEM-OSBL
KPC-3

KPC-2
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TABLE 2 (Continued)

Antimicrobial Agents and Chemotherapy

B-Lactamase types® No. of
Region (no. of isolates) Organism® isolates  Molecular variant(s)
1 KPC-2, TEM-OSBL
KPC + ESBL + AmpC + C. freundii* 1 KPC-2, VEB-1B, TEM-OSBL
OSBL (5) E. asburiae* 2 KPC-2, SHV-30, TEM-OSBL
E. cloacae* 1 KPC-2, SHV-5, TEM-OSBL
E. coli 1 KPC-2, CTX-M-15, CMY-2, TEM-OSBL
MBL + ESBL = OSBL (2) K. pneumoniae 2 NDM-1, CTX-M-15, SHV-OSBL, TEM-OSBL
MBL + AmpC = OSBL (3) C. freundii* 1 VIM-1
1 VIM-32
E. cloacae* 1 VIM-1

a0SBL, original-spectrum B-lactamase: TEM-type and SHV-type B-lactamases that do not contain amino acid substitutions associated with ESBL activity (e.g., TEM-1, SHV-1,
SHV-11); Spectrum undefined: TEM-type and SHV-type B-lactamases whose spectrum of activity has not be determined biochemically; ESBL, extended-spectrum

B-lactamase; MBL, metallo- 3-lactamase.

b* presumed to also carry the intrinsic chromosomally encoded AmpC B-lactamase common to this species; T, presumed to also carry the intrinsic chromosomally encoded

ESBL common to this species.

reports. KPC was the predominant carbapenemase type detected globally, and the
largest numbers of KPC-positive isolates were collected in the United States,
Argentina, Brazil, Colombia, Greece, Italy, Israel, China, and the Philippines (data
not shown), consistent with reports of their endemicity in all but one of these coun-
tries (6, 7, 25-28). The largest numbers of meropenem-nonsusceptible OXA-48-like-
positive Enterobacterales isolates were observed in Turkey, Russia, Romania, Spain,
Belgium, the United Kingdom, Kuwait, and South Africa (data not shown). Isolates
carrying OXA-48 are reported to be endemic in Turkey and countries in the Middle
East and North Africa, whereas isolates carrying OXA-48-like B-lactamases (e.g.,
OXA-181 and OXA-232) are prevalent in the Indian subcontinent, though both
OXA-48-positive and OXA-48-like-positive isolates have disseminated widely to
countries in Europe, Asia, the Pacific, and southern Africa, including those noted in
our study (6, 22, 29, 30). Isolates carrying OXA-48-like enzymes were rarely identi-
fied in Latin America and the variants found as part of this study were consistent
with those reported by others (27). No OXA-48-like-positive isolates were collected
in the United States during the surveyed time period, likely reflecting both their
low incidence and good susceptibility to meropenem, the sentinel carbapenem
used in this study (31-33). NDM-positive Enterobacterales were found in all regions
in this study, consistent with reports of their worldwide dissemination (6, 7, 23), but
composed the greatest percentage of meropenem-nonsusceptible isolates in the
Asia/South Pacific and Middle East/Africa regions. In other studies, NDM was the
most commonly identified carbapenemase reported in a surveillance study con-
ducted in the Asia/South Pacific region from 2008 to 2014 (34) and was observed in
the greatest number of African countries in literature searches of carbapenem-re-
sistant organisms (35, 36); NDM was also the most common carbapenemase identi-
fied in isolates collected from African patients in a small surveillance study con-
ducted in 2014 to 2015 (37). IMP-positive Enterobacterales were most common in
the Asia/South Pacific region and also identified in a small percentage of isolates
collected in Latin America, consistent with published reports (7, 8, 20, 27). VIM-posi-
tive isolates were found in highest proportions in Europe, Middle East/Africa, and
Latin America, primarily in countries where they have been reported by others (7,
26, 27, 35).

The present study demonstrated that the overall percentage of meropenem-non-
susceptible Enterobacterales has increased over time on the global and most regional
levels. These increases are likely partly attributable to increasing proportions of carba-
penemase-positive Enterobacterales isolates, most notably those carrying OXA-48-like
and NDM-type enzymes. Others have also noted the growing incidence and dissemina-
tion of isolates carrying these carbapenemase types. Increasing CRE rates were
reported for the SENTRY global surveillance study and were attributed in part to an
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FIG 3 Comparison of the distribution of carbapenem resistance mechanisms identified in
meropenem-nonsusceptible Enterobacterales isolates collected from 2012 to 2014 and from 2015
to 2017. Region (no. of isolates collected in 2012 to 2014/no. of isolates collected in 2015 to
2017): Global, all surveyed regions (38,190/43,591); LA, Latin America (5,317/7,729); EUR, Europe
(18,301/21,850); AP, Asia/South Pacific (7,087/7,051); MEA, Middle East/Africa (3,281/3,690); NA,
North America (4,204/3,271 [2015 to 2016 only]). No Cpase detected, no gene encoding a
carbapenemase was detected by PCR. Isolates carrying multiple carbapenemases were counted
for each individual carbapenemase type.

increase in isolates carrying genes encoding NDM and OXA-48 variants identified in
2014 to 2016 compared to an earlier time period (21). In Europe, the incidence of CPE
and a worsening epidemiological situation were documented in a series of expert
reports, which also reported an increase in and rapid spread of OXA-48-positive and
NDM-positive Enterobacterales in 2015 relative to prior years (3, 19, 26, 38, 39); similarly,
increases in the incidence of NDM-positive isolates and/or OXA-48-positive isolates
have been reported on the country level (40-43). In Asia, increasing trends in NDM-
positive E. coli and E. cloacae and KPC-positive K. pneumoniae were reported in
China in 2013 to 2016, whereas increasing trends in both KPC-positive and OXA-48-
positive K. pneumoniae were observed in Taiwan in 2012 to 2015 (28, 44). Increases
in carbapenem-resistant K. pneumoniae also have been documented in Malaysia,
Singapore, Philippines, Thailand, and Vietnam in recent years, and NDM-positive
isolates are commonly identified in these countries (45). In Latin America, NDM has
been reported in several species and as part of outbreaks, notably in Mexico, which
was the source of ~55% of the NDM-positive isolates identified in that region as
part of this study (27, 46, 47).

The strength of the present study is that it is a global, multiyear study employing
standardized antimicrobial susceptibility and molecular testing methods that were
used consistently throughout its course. However, it also has limitations. The study was
not designed to determine the prevalence of resistance mechanisms, since investiga-
tors were requested to collect a predefined number of isolates of select species com-
prising major clinically relevant pathogens and pathogens that pose unique treatment
challenges. Furthermore, the relatively limited number of medical centers participating
in each country may not provide a representation of the full range and diversity of CRE
existing in each region. Changes in study participation by individual medical centers
and countries over the 6years surveyed also must be taken into consideration when
evaluating regional trends. Only meropenem-nonsusceptible isolates were screened
for carbapenemase carriage, likely resulting in an underestimate of the number of iso-
lates carrying OXA-48-like B-lactamases and potentially biasing the results toward re-
sistance mechanisms more specific to meropenem than carbapenems in general (32,
48). Finally, sequence typing was not performed because of the volume of isolates
examined.
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In the absence of appropriate control measures, CRE can disseminate readily among
patients in health care environments. Timely detection of CRE is critical to facilitate opti-
mal implementation of infection prevention and control measures and to inform clini-
cians who must choose treatment regimens (49-51). Current treatment options for CRE
infections include combinations of polymyxins, tigecycline, fosfomycin, and aminoglyco-
sides; B-lactam/non-B-lactam inhibitor combinations utilizing diazabicyclooctanones
(ceftazidime-avibactam and imipenem-relebactam) or boronic acid derivatives (merope-
nem-vaborbactam); and a siderophore cephalosporin (cefiderocol). B-lactam/non-B-lac-
tam inhibitor combinations with promising activity against MBL-positive Enterobacterales
(aztreonam-avibactam and cefepime-taniborbactam) and derivatives of older drug
classes are also in development (1, 52-54). However, ongoing CRE surveillance combined
with a global antimicrobial stewardship strategy, sensitive clinical laboratory detection
methods, and adherence to infection control practices will be needed to interrupt the
progressive spread of CRE.

MATERIALS AND METHODS

Bacterial isolate collection. Nonduplicate isolates of Enterobacterales were collected from patients
with urinary tract infections (n=22,872), skin and soft tissue infections (n=19,838), lower respiratory
tract infections (n=18,405), intra-abdominal infections (n=14,964), bloodstream infections (n=5,559;
isolates collected only in 2014 to 2017), and other infections (n=143) by 232 medical laboratories
located in 39 countries in Asia/South Pacific (n=14,138), Europe (n=40,151), Latin America (n=13,046),
the Middle East/Africa (n=6,971), and North America (n=7,475). Medical centers were requested to con-
tribute a target number of isolates of specified bacterial species regardless of antibiotic susceptibility.
Each isolate was deemed to be a clinically significant pathogen by diagnostic algorithms in use in each
participating laboratory and was considered the probable causative agent of infection. Participating
countries by year are listed in Table S1 in the supplemental material. Nine countries (Austria, China,
Hong Kong, Kenya, Malaysia, Nigeria, Poland, Sweden, and the United States) participated in fewer than
6 years of the study.

Antimicrobial susceptibility testing and screening for f-lactamase genes. All isolates were
shipped to a central reference laboratory (IHMA, Schaumburg, IL), where species identification of all iso-
lates was confirmed by matrix-assisted laser desorption ionization-time of flight mass spectrometry
(Bruker Daltonics, Bremen, Germany). Antimicrobial susceptibility testing was performed at IHMA by
broth microdilution following Clinical and Laboratory Standards Institute (CLSI) guidelines (55, 56).
Enterobacterales isolates testing as nonsusceptible to meropenem (MIC =2 ug/ml) were screened for the
presence of B-lactamase genes encoding carbapenemases (KPC, OXA-48-like, GES, NDM, IMP, VIM, SPM,
and GIM) and other B-lactamases (TEM, SHV, CTX-M-1 group, CTX-M-2 group, CTX-M-8 group, CTX-M-9
group, CTX-M-25 group, VEB, PER, ACC, ACT, CMY, DHA, FOX, MIR, and MOX) using a combination of
microarray and multiplex PCR assays, followed by amplification and sequencing of the full-length genes
and comparison to publicly available databases (57).
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