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Background: Carbapenem-resistant Enterobacterales (CRE) isolates have disseminated worldwide. CREs usually 
produce a carbapenemase; however, some isolates are negative for known carbapenemases. In this study, we 
evaluated the activity of meropenem/vaborbactam and comparators against CREs without a carbapenemase 
(nonCP CREs) collected from European hospitals from 2016 to 2019.

Materials and methods: 23 043 Enterobacterales clinical isolates were collected in 41 hospitals located in 
20 countries. Susceptibility (S) testing was performed using the broth microdilution method. CLSI/EUCAST 
(2021) interpretive criteria were used. 978 CREs were identified with MICs >2 mg/L to meropenem or imipenem. 
Whole-genome sequencing was performed on each CRE isolate. 125 isolates were negative for carbapenemase 
genes, including blaKPC, blaNDM, blaIMP, blaVIM and blaOXA-48-like. NonCP CRE isolates were analysed for the pres
ence of other β-lactamases, multilocus sequence types (ST) and mutations in outer membrane protein (OMP) 
sequences.

Results: Most nonCP CRE were Klebsiella pneumoniae (KPN; n = 97/125). 84.0% of nonCP CRE (n = 105) were from 
Poland, including 88 KPN. The most common β-lactamase was blaCTX-M-15 in 92/125 isolates. OMP disruptions or 
alterations were noted among 76 KPN. Among KPN isolates that had MLST typing, 30 belonged to ST11, 18 to 
ST152 and 17 to ST147, while 13 other STs were observed. Susceptibility to meropenem/vaborbactam was 
96.0/97.6% (CLSI/EUCAST) while meropenem was 2.4/8.0%S.

Conclusions: Meropenem/vaborbactam had potent in vitro activity against CRE isolates that lacked known car
bapenemases. Resistance mechanisms observed among nonCP CREs included acquired β-lactamases and OMP 
alterations. These results indicate that meropenem/vaborbactam may be a useful treatment for infections 
caused by nonCP CREs.
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This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https:// 
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Introduction
Infections caused by antimicrobial-resistant bacterial pathogens 
were globally associated with 4.95 million deaths in 2019, and 
resistance to first-line therapies is continuing to increase.1

Carbapenems have been a common first-line therapy for serious 
Gram-negative infections; as a result, carbapenem-resistant 
Enterobacterales (CRE) isolates are a growing global concern.2,3

Among the carbapenemases detected in Enterobacterales spe
cies, Klebsiella pneumoniae serine carbapenemases (KPCs) have 
disseminated worldwide and are now endemic in many hospitals 
across a wide range of countries.4,5 Metallo-β-lactamases have 

also spread globally, with New Dehli metallo-β-lactamase 
(NDM) the most common metallo-β-lactamase.6 Isolates produ
cing Class D OXA-48 carbapenemases are also increasingly com
mon in Europe.6 Some CRE isolates do not produce a known 
carbapenemase and are referred to as non-carbapenemase- 
producingCRE (nonCP CRE).7,8 These isolates usually produce 
multiple acquired β-lactamases, may have increased expression 
of chromosomal cephalosporinases and/or possess outer mem
brane protein (OMP) dysfunction.9

In response to increasing numbers of CREs, β-lactam/β- 
lactamase inhibitor combinations with activity against serine carba
penemases, meropenem/vaborbactam, ceftazidime/avibactam 
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and imipenem/relebactam were developed and approved for use in 
the USA and Europe.10–12 Vaborbactam is a cyclic boronic acid 
β-lactamase inhibitor that was developed to inhibit Ambler class A 
serine carbapenemases, including KPCs and class C β-lactamases. 
When combined with meropenem, vaborbactam restored the ac
tivity of this carbapenem against KPC-producing isolates in compari
son to meropenem alone. Vaborbactam, like other currently 
approved β-lactamase inhibitors, has no activity against class B 
metallo-β-lactamases.13–15 Meropenem/vaborbactam has been 
approved in Europe for the treatment of the following infections in 
adults: complicated urinary tract infection (cUTI), including acute 
pyelonephritis; complicated intra-abdominal infection (cIAI); 
hospital-acquired bacterial pneumonia and ventilator-associated 
pneumonia; as well as bacteraemia (BSI) occurring in association 
with or suspected to be associated with any of the infections listed 
before.11 Meropenem/vaborbactam is also approved by the 
European Medicines Agency for the treatment of infections due to 
aerobic Gram-negative organisms in adults with limited treatment 
options. The US FDA has approved meropenem/vaborbactam for 
treatment of cUTI, including pyelonephritis.12

In this study, we evaluated the activity of meropenem/vabor
bactam and comparators against nonCP CREs collected from 
European hospitals from 2016 to 2019. We determined other pos
sible mechanisms of carbapenem resistance, including presence 
of acquired β-lactamases and/or disruptions or alterations of OMPs.9

Materials and methods
A total of 23 043 Enterobacterales clinical isolates were consecutively col
lected from 41 European hospitals in 20 countries over the 4-year period 
(2016–2019). Participating laboratories were asked to submit one isolate 
per patient per infection episode.16 Each isolate was considered the prob
able cause of the infection by the submitting site. No medical chart re
views were performed. The number of sites per country ranged from 1 
to 6.17

Susceptibility testing was performed using the broth microdilution 
method.18 Clinical Laboratory and Standards Institute (CLSI, 2022) and 
European Committee for Antimicrobial Susceptibility Testing (EUCAST, 
2022) interpretive criteria were used.19,20 CLSI and EUCAST quality 
control organisms were tested as appropriate for the tested agents and 
all MIC results were within these specified ranges. The meropenem/ 
vaborbactam EUCAST breakpoints are: susceptible ≤8 mg/L; no 
intermediate; and resistant, >8 mg/L, which reflects the higher dose of 
the meropenem component and the maximal inhibitory effect of the va
borbactam component. The CLSI breakpoints are: susceptible, ≤4 mg/L; 
intermediate, 8 mg/L; resistant, ≥16 mg/L.

There were 978 CREs identified using the criteria of an MIC >2 mg/L to 
doripenem, imipenem and/or meropenem as defined by CLSI.19

Imipenem MIC values were not used to categorize Proteus, Providencia 
or Morganella spp.

Whole-genome sequencing was performed on each CRE isolate as 
previously described.9,21,22 A total of 125 CRE isolates were identified 
that did not have known carbapenemase genes, including blaKPC, 
blaNDM, blaIMP, blaVIM and blaOXA-48-like. NonCP CRE isolates were analysed 
for the presence of other β-lactamases and mutations in the protein-cod
ing regions of OMP, as previously described.9,21 An OMP gene was consid
ered disrupted when a premature stop codon was identified within the 
protein coding sequence, while other insertions or deletions were consid
ered alterations.13 Ninety-two of 97 nonCP CRE K. pneumoniae isolates 
were also analysed for their multilocus sequence type (ST) as previously 
described.23

Results
The most common infections from which nonCP CRE were iso
lated were pneumonia in hospitalized patients (n = 37), urinary 
tract infection (UTI; n = 26), intra-abdominal infection (IAI; n =  
23) and bloodstream infection (BSI; n = 22). Of the 978 CRE iden
tified, 12.8% (n = 125) of these isolates lacked a known carbape
nemase gene. The nonCP CREs were Klebsiella pneumoniae (n =  
97, 77.6%), Enterobacter cloacae complex (n = 11, 8.8%), 10 K. 
aerogenes, three Escherichia coli, two Hafnia alvei, one K. oxytoca 
and one Serratia marcescens (Table 1). 84.0% of nonCP CRE (n =  
105) were from Poland, including 90.7% of K. pneumoniae (n = 88; 
Table 1).

Among the 92 K. pneumoniae isolates with an ST identified, 30 
belonged to ST11, 18 to ST152 and 17 to ST147, but at least 13 
other STs were observed (Table 2). Twenty-nine of 30 ST11 iso
lates were from Poland; other STs from Poland were ST152 (n =  
18) and ST147 (n = 17). The distribution of STs by year did not 

Table 1. Country and species distributions of nonCP CREs in Europe 
(2016–2019)

Year

Country/organism 2016 2017 2018 2019 Grand total

Belarus 1 1
Enterobacter cloacae 
species complex

1 1

France 1 1
Klebsiella aerogenes 1 1

Germany 1 1
Klebsiella aerogenes 1 1

Ireland 1 2 3
Klebsiella aerogenes 1 1
Klebsiella pneumoniae 1 1
Serratia marcescens 1 1

Italy 1 2 3
Klebsiella pneumoniae 1 2 3

Poland 35 28 20 22 105
Enterobacter cloacae 
species complex

6 1 2 1 10

Escherichia coli 1 1
Hafnia alvei 1 1 2
Klebsiella aerogenes 3 3
Klebsiella oxytoca 1 1
Klebsiella pneumoniae 29 25 16 18 88

Russia 2 1 3
Klebsiella pneumoniae 2 1 3

Spain 2 2
Klebsiella aerogenes 2 2

Turkey 1 3 4
Escherichia coli 2 2
Klebsiella pneumoniae 1 1 2

UK 1 1 2
Klebsiella aerogenes 1 1 2

Grand Total 38 35 24 28 125
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indicate changes in prevalence of the most common STs. There 
was a slight decrease in the number of nonCP CREs through the 
study period from 28 in 2016 to 20 in 2019 (Table 2).

OMP disruptions or alterations, as determined by the presence 
of premature stop codons or insertions and/or deletions in the 
protein coding sequences, were noted mostly among K. pneumo
niae. Seventy-six K. pneumoniae had OMP disruptions or altera
tions: 24 isolates had disruptions of both OmpK35 and 
OmpK36, six had only OmpK35 disrupted, 44 had only OmpK36 
disrupted and two had only OmpK35 alterations. There were 
four E. cloacae complex, one H. alvei and one K. aerogenes with 
disrupted OmpC and/or OmpF.

The susceptibilities of the nonCP CRE are shown in Table 3. 
Meropenem/vaborbactam susceptibility was 96.0/97.6% (CLSI/ 
EUCAST) while susceptibility to meropenem was 2.4/8.0% (CLSI/ 
EUCAST; Table 3). Susceptibility to imipenem was higher than 
meropenem at 28.0/48.8% (CLSI/EUCAST; Table 3). Three isolates 
were resistant to meropenem/vaborbactam (MIC ≥16 mg/L); two 
of the three were K. pneumoniae and had alterations or disrup
tions in both OmpK35 and 36 (Table 4). These K. pneumoniae iso
lates, both ST-76 from Poland, also contained blaCTX-M-15, 
blaSHV-12, blaOXA-1, blaOXA-10 and blaTEM-57. The third merope
nem/vaborbactam-resistant isolate, from the UK, was a K. aero
genes with TEM-1, chromosomal AmpC and an OmpC 
disruption (Table 4).

Multiple acquired β-lactamases were detected in the nonCP 
CRE as shown in Table 4. Overall, 72.8% of these isolates carried 
blaCTX-M-15, including 86 of 97 K. pneumoniae isolates. Other 
β-lactamases commonly identified were blaSHV-1, SHV-11, SHV-12; 
blaOXA-1_OXA-30 and OXA-9; blaTEM-1 and TEM-57; and plasmid- 

Table 2. K. pneumoniae multilocus sequence type (MLST) distribution of 
nonCP CRE isolates by country and year

Year

Country/MLST 2016 2017 2018 2019 Grand total

Ireland 1 1
25 1 1

Italy 1 2 3
13 1 1
307 1 1
377 1 1

Poland 27 23 15 18 83
11 12 7 4 6 29
15 1 1
76 2 2
101 3 2 1 1 7
147 4 6 3 4 17
152 7 3 5 3 18
196 1 1
392 1 2 1 2 6
437 1 1 2

Russia 2 1 3
11 1 1
23 1 1
86 1 1

Turkey 1 1 2
25 1 1
1593 1 1

Grand total 28 25 19 20 92

Table 3. Activity of meropenem/vaborbactam and comparator antimicrobial agents tested against 125 CRE, nonCP European isolates (2016–2019)

Antimicrobial agent No. of isolates

mg/L CLSIa EUCASTa

MIC50 MIC90 MIC range %S %I %R %S %SIE %R

Meropenem/vaborbactam 125 1 4 0.03 to 16 96.0 1.6 2.4 97.6 2.4
Meropenem 125 8 16 0.12 to 32 2.4 5.6 92.0 8.0b 

8.0c
80.0 92.0 

12.0
Imipenem 125 4 >8 0.5 to >8 28.0 20.8 51.2 48.8 24.0 27.2
Amikacin 125 8 32 0.5 to >32 82.4 8.0 9.6 65.6d 34.4
Aztreonam 125 >16 >16 2 to >16 3.2 1.6 95.2 0.0 3.2 96.8
Cefepime 125 >16 >16 0.5 to >16 3.2 10.4e 86.4 0.8 8.8 90.4
Ceftazidime 125 >32 >32 2 to >32 2.4 0.8 96.8 0.0 2.4 97.6
Colistin 123f 0.25 >8 ≤0.06 to >8 g 74.8 25.2 74.8 25.2
Gentamicin 125 2 >8 ≤0.12 to >8 56.8 0.8 42.4 56.0d 44.0
Levofloxacin 125 >4 >4 ≤0.03 to >4 11.2 5.6 83.2 11.2 5.6 83.2
Piperacillin-tazobactam 125 >64 >64 8 to >64 1.6 13.6 84.8 0.8 99.2

aCriteria as published by CLSI (2022) and EUCAST (2022). SIE, susceptible increased exposure. 
bUsing meningitis breakpoints (≤2 mg/L susceptible and >2 mg/L resistant). 
cUsing non-meningitis breakpoints (≤2 susceptible, 4–8 mg/L intermediate, >8 mg/L resistant). 
dFor infections originating from the urinary tract. For systemic infections, aminoglycosides must be used in combination with other active therapy. 
eIntermediate is interpreted as susceptible-dose dependent. 
f2 K. pneumoniae isolates did not have a colistin MIC and were not retested. 
gCLSI does not have a susceptible breakpoint for colistin. 
Organisms include Enterobacter cloacae species complex (11), Escherichia coli (3), Hafnia alvei (2), Klebsiella aerogenes (10), K. oxytoca (1), 
K. pneumoniae (97) and Serratia marcescens (1).
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Table 4. List of β-lactam resistance mechanisms correlated with meropenem/vaborbactam MIC values for all isolates

OMP disruptions
Meropenem/vaborbactam MIC (mg/L)

β-lactamases present 0.03 0.06 0.12 0.25 0.5 1 2 4 8 16
Grand 
total

OMP K36 disrupted/K35 disrupted or altered 1 1 1 14 26 14 10 67
CMY-2 1 1
CMY-48-like, CTX-M-15, SHV-11, TEM-1 1 1
CTX-M-15, CTX-M-15-like, CTX-M-3-like, DHA-1, OXA-1_OXA-30, SHV-11, 
TEM-32

1 1

CMY-16, CTX-M-15, OXA-10, OXA-1_OXA-30, SHV-1, TEM-1 1 1
CTX-M-15, CTX-M-9, OXA-1_OXA-30, SHV-11, SHV-12, TEM-1 1 1
CTX-M-15, DHA-1, OXA-1_OXA-30, OXA-9, SHV-11, TEM-1 1 1 2
CTX-M-15, DHA-1, OXA-1_OXA-30, SHV-1 1 1
CTX-M-15, DHA-1, OXA-1_OXA-30, SHV-11 1 5 1 7
CTX-M-15, DHA-1, OXA-1_OXA-30, SHV-11, TEM-1 1 1 2
CTX-M-15, DHA-1, OXA-9, SHV-11, TEM-1 2 1 2 5
CTX-M-15, DHA-1, SHV-11 1 1 2
CTX-M-15, OXA-1_OXA-30-like, SHV-11, TEM-1 1 1
CTX-M-15, OXA-1_OXA-30, OXA-9, SHV-1, TEM-1 1 1
CTX-M-15, OXA-1_OXA-30, SHV-1 1 1 1 3
CTX-M-15, OXA-1_OXA-30, SHV-1, SHV-11, TEM-1 1 1
CTX-M-15, OXA-1_OXA-30, SHV-1, TEM-1 4 5 1 10
CTX-M-15, OXA-1_OXA-30, SHV-11 1 1
CTX-M-15, OXA-1_OXA-30, SHV-11, SHV-155-like, TEM-1 1 1
CTX-M-15, OXA-1_OXA-30, SHV-11, TEM-1 3 4 2 9
CTX-M-15, OXA-9, SHV-12, SHV-28, TEM-1 1 1
CTX-M-15, SHV-1 1 1
CTX-M-15, SHV-1, TEM-1 2 1 3
CTX-M-15, SHV-11 1 1 2
CTX-M-15, SHV-11, TEM-1 1 1 2
CTX-M-27, DHA-1, SHV-12 1 1
CTX-M-3, DHA-1, OXA-1_OXA-30, OXA-9, SHV-11, TEM-1 1 1
CTX-M-3, OXA-1_OXA-30, SHV-1 1 1
CTX-M-3, OXA-9, SHV-11, TEM-1 1 1
CTX-M-33, OXA-1_OXA-30, SHV-11 1 1
DHA-1, OXA-1_OXA-30, SHV-11 1 1
DHA-1, SHV-11 1 1
SHV-11, TEM-1 1 1

No Omp disruptions or alterations 1 2 10 18 6 4 41
CMY-2, TEM-1 1 1
CTX-M-15, DHA-1, OXA-1_OXA-30, OXA-9, SHV-11, TEM-1 1 1 1 3
CTX-M-15, OXA-1_OXA-30-like, SHV-11, TEM-1 1 1
CTX-M-15, OXA-1_OXA-30, OXA-9, SHV-1 1 1
CTX-M-15, OXA-1_OXA-30, OXA-9, SHV-11, TEM-1 1 1
CTX-M-15, OXA-1_OXA-30, SHV-1 1 1
CTX-M-15, OXA-1_OXA-30, SHV-1, TEM-1 2 2
CTX-M-15, OXA-1_OXA-30, SHV-11 1 1
CTX-M-15, OXA-1_OXA-30, SHV-11, TEM-1 3 1 4
CTX-M-15, OXA-1_OXA-30, SHV-110, TEM-1 1 1
CTX-M-15, OXA-1_OXA-30, SHV-28 1 1
CTX-M-15, OXA-1_OXA-30, TEM-1 1 2 3
CTX-M-15, SHV-11 2 1 3
CTX-M-15, SHV-11, TEM-1 1 1
CTX-M-3, TEM-1, TEM-1-like 1 1

Continued 
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mediated AmpC blaDHA-1. 96.8% of the nonCP CRE isolates had 
two or more acquired β-lactamases. Of the 10 nonCP CRE K. aero
genes, only one had an acquired β-lactamase, blaTEM-1 (Table 4). 
The other nine K. aerogenes without acquired β-lactamases de
tected had imipenem MIC values of 4–8 mg/L, meropenem MIC 
values of 2–4 mg/L and did not have OMP disruption. Three E. clo
acae complex and two H. alvei also were negative for acquired 
β-lactamases.

The imipenem, meropenem and meropenem/vaborbactam 
MIC distributions of all isolates, and those with or without OMP 
disruptions or alterations, are shown in Table 5. All isolates with 
OMP dysfunction also produced one or more β-lactamase en
zymes (Table 4). The inhibition of these β-lactamases by vabor
bactam is demonstrated by the lower MIC50/90 of meropenem/ 
vaborbactam (MIC50 and 90 values of 1 and 4 mg/L) compared 
to meropenem alone (MIC50 and 90 values of 8 and 16 mg/L; 
Table 5). A correlation of meropenem and meropenem/vaborbac
tam MIC values is shown in Supplemental Figure S1 (available as 
Supplementary data at JAC Online). This correlation also 
demonstrates higher MIC values for meropenem for 120/125 iso
lates due to the presence of β-lactamases that are inhibited by 
vaborbactam. Isolates without OMP changes had lower MIC50 
and 90 values, with MIC50/90 values of 1/2 mg/L to meropenem/ 
vaborbactam and MIC50/90 values of 4/8 mg/L to meropenem 
alone. The MIC50/90 values suggest a contribution of OMP muta
tions to meropenem resistance in the presence of multiple 
β-lactamases.

The isolates in this study were mostly resistant to the other 
agents tested, including the β-lactams and piperacillin/tazobac
tam, with <5.0% susceptibility for each of these agents 
(Table 3). Susceptibility to levofloxacin was 11.2%. The most ac
tive comparators were colistin (74.8% susceptible, EUCAST) and 
amikacin (82.4/65.6%, CLSI/EUCAST).

Discussion
In this collection of European nonCP CRE, K. pneumoniae was the 
most common species, accounting for 77.6% overall. Most iso
lates, including most of the K. pneumoniae, were from Poland. 
The nonCP CR K. pneumoniae from Poland were received through
out the 4-year period and contained nine different ST types, sug
gesting that this overall pattern was not an outbreak caused by a 
single strain. This is consistent with the EuSCAPE multinational 
surveillance on carbapenemase-producing E. coli and K. pneumo
niae conducted from 2013 to 2014, where 88.2% of CR K. pneumo
niae from Poland were negative for carbapenemases.24 The most 
common clone in the current study was ST-11, which is considered 
an international high-risk clone. ST-11 was associated with an 
NDM-1 outbreak in Poland from 2012 to 2018.25–27 The other 
two most frequent STs in Poland were ST-147 and ST-152. 
ST-147 has also been called an international high-risk clone with 
broad dissemination, particularly in the Mediterranean, and has 
been associated with NDM-1.28 ST-152 was described initially in 
Saudi Arabia and more recently in Poland.29–31

Table 4. Continued  

OMP disruptions
Meropenem/vaborbactam MIC (mg/L)

β-lactamases present 0.03 0.06 0.12 0.25 0.5 1 2 4 8 16
Grand 
total

CTX-M-33, DHA-1, SHV-11 1 1
OXA-1_OXA-30 2 2 4
SRT-like 1 1

(no acquired β-lactamases detected) 1 6 1 2 10
Only Omp K35 disrupted 1 2 2 1 1 7

CTX-M-15, DHA-1, OXA-1_OXA-30, OXA-9, SHV-1, TEM-1 1 1
CTX-M-15, DHA-1, OXA-9, SHV-1 1 1
CTX-M-15, OXA-1_OXA-30, OXA-9, SHV-1 1 1
CTX-M-15, OXA-1_OXA-30, OXA-9, SHV-1, TEM-1 1 1
CTX-M-15, OXA-1_OXA-30, SHV-1 1 1
CTX-M-15, OXA-10, OXA-1_OXA-30, SHV-1, SHV-12, TEM-57 1 1
CTX-M-2, OXA-2, TEM-1 1 1

Only Omp K35 alterations 1 1 1 3
CTX-M-15, OXA-10, OXA-1_OXA-30, SHV-12, TEM-57 1 1
DHA-1, OXA-1_OXA-30, SHV-11 1 1

(no β-lactamases detected) 1 1
OmpC/F disrupted 2 1 1 1 5

CTX-M-15, OXA-1_OXA-30 1 1
TEM-1 1 1

(no acquired β-lactamases detected) 1 1 1 3
OmpC/F alterations 1 1

CTX-M-15, OXA-1_OXA-30, TEM-1 1 1
Grand total 1 2 5 26 44 26 16 2 3 125

5

http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlac097#supplementary-data
http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlac097#supplementary-data


Shortridge et al.

Resistance mechanisms observed among the nonCP CRE iso
lates in this study included multiple acquired β-lactamases and 
disruption of OmpC/F in K. aerogenes and E. cloacae or OmpK35/ 
K36 in K. pneumoniae. Most isolates produced CTX-M-15. To deter
mine whether this gene had a role in carbapenem resistance, in a 
previous study Castanheira et al. cloned and expressed CTX-M-15 
in E. coli.9 This experiment suggested that CTX-M-15 production 
alone was not sufficient to cause carbapenem resistance as mero
penem MICs increased only 2-fold with wild-type CTX-M-15 ex
pressed on a plasmid.9 Other studies have looked at the 
contribution of OMP mutations to carbapanem resistance and 
found that disruption of both OmpK35 and OmpK36 were asso
ciated with an increase in meropenem MIC, although neither were 
sufficient to cause meropenem resistance.32,33 Our data support the 
conclusion by Castanheira et al. that a combination of extended-spec
trum β-lactamases with or without the presence of OMP disruption are 
capable of causing carbapenem resistance in the absence of a specific 
carbapenemase. The K. aerogenes that lacked an acquired 
β-lactamase or OMP changes suggest that the CRE phenotype in this 
species may be due to increased expression of chromosomal AmpC.34

In this study, we found that the susceptibility rate of imipenem 
was higher (28.0/48.8%, CLSI/EUCAST) than that of meropenem 
(2.4/8.0%, CLSI/EUCAST). The isolates that were imipenem suscep
tible and meropenem resistant had meropenem MIC values of 

4–8 mg/L. The mechanism(s) for the differences in activities of imi
penem and meropenem for these isolates is unknown. It is possible 
that meropenem was more susceptible to hydrolysis by the mul
tiple β-lactamase enzymes produced by the isolates in this study. 
The three meropenem/vaborbactam resistant isolates in this study 
had either multiple β-lactamases and disrupted OmpK35-K36 (K. 
pneumoniae) or disrupted OmpC, TEM-1 and chromosomal AmpC 
(K. aerogenes), suggesting that both porin disruption and the pro
duction of multiple β-lactamases are needed for nonCP CRE to de
velop resistance to meropenem/vaborbactam.9,33

Our study has several limitations that should be noted. First, 
we cannot draw any conclusions regarding the prevalence of 
nonCP CRE in any one country or across Europe as a whole due 
to the small number of sites in each country from which the de
scribed isolates were submitted. Second, due to the lack of med
ical chart review, we do not know patient antimicrobial treatment 
or treatment outcomes. Third, we cannot rule out the possibility 
of outbreaks at any of these sites during the study period. Fourth, 
absence of known carbapenemase genes does not necessarily 
rule out the presence of unknown carbapenemases. Fifth, the 
identification of OMP disruptions/alterations were based on mu
tations in the protein-coding sequences only.

These results demonstrate meropenem/vaborbactam was 
the most active drug tested in this study against CRE isolates 

Table 5. MIC distributions and cumulative % at MIC, of meropenem/vaborbactam, meropenem and imipenem tested against all nonCP CRE isolates, 
isolates with, and without OMP alterations or disruptions

Organism/antimicrobial 
agent

MIC (mg/L)

MIC50 MIC900.015 0.03 0.06 0.12 0.25 0.5 1 2 4 8 16 >a

All nonCP CRE (n = 125)
Meropenem/ 
vaborbactam

0 1 0 2 5 26 44 26 16 2 3 1 4
0.0% 0.8% 0.8% 2.4% 6.4% 27.2% 62.4% 83.2% 96.0% 97.6% 100.0%

Meropenem 0 1 0 0 2 7 51 49 13 2 8 16
0.0% 0.8% 0.8% 0.8% 2.4% 8.0% 48.8% 88.0% 98.4% 100.0%

Imipenem 0 9 26 26 30 17 17 4 >8
0.0% 7.2% 28.0% 48.8% 72.8% 86.4% 100.0%

Isolates with OMP 
alterations or 
disruptions (n = 84)
Meropenem/ 
vaborbactam

0 1 0 1 3 16 26 20 12 2 3 1 4
0.0% 1.2% 1.2% 2.4% 6.0% 25.0% 56.0% 79.8% 94.0% 96.4% 100.0%

Meropenem 0 2 3 29 37 11 2 8 16
0.0% 2.4% 6.0% 40.5% 84.5% 97.6% 100.0%

Imipenem 0 8 15 17 16 14 14 4 >8
0.0% 9.5% 27.4% 47.6% 66.7% 83.3% 100.0%

Isolates without OMP alterations 
or disruptions (n = 41)
Meropenem/ 
vaborbactam

0 1 2 10 18 6 4 1 2
0.0% 2.4% 7.3% 31.7% 75.6% 90.2% 100.0%

Meropenem 0 1 0 0 0 4 22 12 2 4 8
0.0% 2.4% 2.4% 2.4% 2.4% 12.2% 65.9% 95.1% 100.0%

Imipenem 0 1 11 9 14 3 3 2 8
0.0% 2.4% 29.3% 51.2% 85.4% 92.7% 100.0%

a>, greater than highest dilution tested. 
EUCAST susceptible breakpoints are indicated in bold font.
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that lack known carbapenemases, as 96.0/97.6% (CLSI/EUCAST) 
of these isolates were susceptible to meropenem/vaborbactam 
while only 2.4/8.0% were susceptible to meropenem alone. 
The activity of meropenem/vaborbactam against these isolates 
demonstrates that inhibition of the non-carbapenemase 
β-lactamases by vaborbactam restored the activity of merope
nem. These in vitro results indicate that meropenem/vaborbac
tam may be a useful treatment for infections caused by CREs 
that lack a known carbapenemase.

Funding
This paper has been funded by the Menarini Group, which included ser
vices for manuscript preparation. The sponsor did not play a role in 
data analysis or manuscript writing.

Transparency declaration
JMI Laboratories contracted to perform services in 2021 for AbbVie Inc., 
Affinity Biosensors, AimMax Therapeutics, Inc., Alterity Therapeutics, 
Amicrobe, Inc., Arietis Pharma, Armata Pharmaceuticals, Inc., Astrellas 
Pharma Inc., Basilea Pharmaceutica AG, Becton, Dickinson and 
Company (BD), bioMérieux, Inc., Boost Biomes, Brass Dome Ventures 
Ltd, Bravos Biosciences, Bugworks Research Inc., Centers for Disease 
Control and Prevention, Cerba Research, Cidara Therapeutics, Cipla Ltd, 
ContraFect Corp., CXC7, DiamondV, Enveda Biosciences, Fedora 
Pharmaceuticals, Inc., Fimbrion Therapeutics, First Light Diagnostics, 
Forge Therapeutics, Inc., Fox Chase Cancer Center, GlaxoSmithKline plc 
(GSK), Harvard University, Institute for Clinical Pharmacodynamics 
(ICPD), International Health Management Associates (IHMA), Inc., 
Iterum Therapeutics plc, Janssen Research & Development, Johnson & 
Johnson, Kaleido Biosciences, Inc., Laboratory Specialists, Inc. (LSI), 
Meiji Seika Pharma Co., Ltd, Melinta Therapeutics, A. Menarini Industrie 
Farmaceutiche Riunite SRL, Merck & Co., Inc., MicuRx Pharmaceuticals 
Inc., Mutabilis, Nabriva Therapeutics, National Institutes of Health, 
Novome Biotechnologies, Omnix Medical Ltd, Paratek Pharma, Pattern 
Bioscience, Pfizer Inc., Prokaryotics Inc., Pulmocide Ltd, QPEX 
Biopharma, Inc., Roche Holding AG, Roivant Sciences, SeLux Diagnostics, 
Inc., Shionogi Inc., Sinovent Pharmaceuticals, Inc., SNIPR Biome ApS, 
Spero Therapeutics, Summit Therapeutics, Inc., T2 Biosystems, TenNor 
Therapeutics, Thermo Fisher Scientific, University of Southern California, 
University of Wisconsin, USCAST, US Food and Drug Administration, 
Venatorx Pharmaceutics, Inc., Weill Cornell Medicine and Wockhardt Ltd.

Supplementary data
Figure S1 is available as Supplementary data at JAC Online.

References
1 Murray CJL, Ikuta KS, Sharara F et al. Global burden of bacterial anti
microbial resistance in 2019: a systematic analysis. The Lancet 2022; 
399: 629–55. https://doi.org/10.1016/S0140-6736(21)02724-0
2 WHO. Implementation manual to prevent and control the spread of 
carbapenem-resistant organisms at the national and health care facility 
level. 2019. https://apps.who.int/iris/handle/10665/312226.
3 Tamma PD, Aitken SL, Bonomo RA et al. Infectious Diseases Society 
of America Guidance on the Treatment of Extended-Spectrum beta- 
lactamase Producing Enterobacterales (ESBL-E), Carbapenem-Resistant 
Enterobacterales (CRE), and Pseudomonas aeruginosa with 
Difficult-to-Treat Resistance (DTR-P. aeruginosa). Clin Infect Dis 2021; 
72: e169–83. https://doi.org/10.1093/cid/ciaa1478

4 Bush K, Bradford PA. Epidemiology of beta-lactamase-producing 
pathogens. Clin Microbiol Rev 2020; 33: e00047-19. https://doi.org/10. 
1128/CMR.00047-19
5 Nordmann P, Poirel L. Epidemiology and diagnostics of carbapenem re
sistance in gram-negative bacteria. Clin Infect Dis 2019; 69: S521–8. 
https://doi.org/10.1093/cid/ciz824
6 van Duin D, Doi Y. The global epidemiology of carbapenemase- 
producing Enterobacteriaceae. Virulence 2017; 8: 460–9. https://doi.org/ 
10.1080/21505594.2016.1222343
7 Tamma PD, Goodman KE, Harris AD et al. Comparing the outcomes of 
patients with carbapenemase-producing and non-carbapenemase- 
producing carbapenem-resistant Enterobacteriaceae bacteremia. Clin 
Infect Dis 2017; 64: 257–64. https://doi.org/10.1093/cid/ciw741
8 Marimuthu K, Ng OT, Cherng BPZ et al. Antecedent carbapenem 
exposure as a risk factor for non-carbapenemase-producing 
carbapenem-resistant Enterobacteriaceae and carbapenemase-producing 
Enterobacteriaceae. Antimicrob Agents Chemother 2019; 63: e00845-19. 
https://doi.org/10.1128/AAC.00845-19
9 Castanheira M, Doyle TB, Deshpande LM et al. Activity of ceftazidime/ 
avibactam, meropenem/vaborbactam and imipenem/relebactam 
against carbapenemase-negative carbapenem-resistant Enterobacterales 
isolates from US hospitals. Int J Antimicrob Agents 2021; 58: 106439. 
https://doi.org/10.1016/j.ijantimicag.2021.106439
10 Yahav D, Giske CG, Gramatniece A et al. New beta-lactam-beta- 
lactamase inhibitor combinations. Clin Microbiol Rev 2020; 34: 
e00115-20. https://doi.org/10.1128/CMR.00115-20
11 EMA. Vaborem product information. https://www.ema.europa.eu/en/ 
medicines/human/EPAR/vaborem.
12 Melinta Therapeutics Inc. Vabomere prescribing information. FDA; 
2020.
13 Lomovskaya O, Sun D, Rubio-Aparicio D et al. Vaborbactam: spectrum 
of beta-lactamase inhibition and impact of resistance mechanisms on 
activity in Enterobacteriaceae. Antimicrob Agents Chemother 2017; 61: 
e01443-17. https://doi.org/10.1128/AAC.01443-17
14 Tsivkovski R, Lomovskaya O. Biochemical activity of vaborbactam. 
Antimicrob Agents Chemother 2020; 64: e01935-19.
15 Tsivkovski R, Totrov M, Lomovskaya O. Biochemical characterization of 
QPX7728, a new ultrabroad-spectrum beta-lactamase inhibitor of serine 
and metallo-beta-lactamases. Antimicrob Agents Chemother 2020; 64: 
e00130-20.
16 Fuhrmeister AS, Jones RN. The importance of antimicrobial resistance 
monitoring worldwide and the origins of SENTRY antimicrobial surveil
lance program. Open Forum Infect Dis 2019; 6: S1–4. https://doi.org/10. 
1093/ofid/ofy346
17 Shortridge D, Carvalhaes C, Deshpande L et al. Activity of 
meropenem/vaborbactam and comparators against Gram-negative iso
lates from Eastern and Western European patients hospitalized with 
pneumonia including ventilator-associated pneumonia (2014-19). J 
Antimicrob Chemother 2021; 76: 2600–5. https://doi.org/10.1093/jac/ 
dkab252
18 CLSI. M07 Eleventh edition. Methods for Dilution Antimicrobial 
Susceptibility Testing for Bacteria That Grow Aerobically. Clinical and 
Laboratory Standards Institute, Wayne, PA, USA, 2018.
19 CLSI. M100 32nd edition. Performance Standards for Antimicrobial 
Susceptibility Testing. Clinical and Laboratory Standards Institute, 
Wayne, PA, USA, 2022.
20 EUCAST. The European Committee on Antimicrobial Susceptibility 
Testing. Breakpoint tables for interpretation of MICs and zone diameters 
2022. www.eucast.org.
21 Castanheira M, Rhomberg PR, Flamm RK et al. Effect of the beta- 
lactamase inhibitor vaborbactam combined with meropenem against 

7

http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlac097#supplementary-data
http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlac097#supplementary-data
https://doi.org/10.1016/S0140-6736(21)02724-0
https://apps.who.int/iris/handle/10665/312226
https://doi.org/10.1093/cid/ciaa1478
https://doi.org/10.1128/CMR.00047-19
https://doi.org/10.1128/CMR.00047-19
https://doi.org/10.1093/cid/ciz824
https://doi.org/10.1080/21505594.2016.1222343
https://doi.org/10.1080/21505594.2016.1222343
https://doi.org/10.1093/cid/ciw741
https://doi.org/10.1128/AAC.00845-19
https://doi.org/10.1016/j.ijantimicag.2021.106439
https://doi.org/10.1128/CMR.00115-20
https://www.ema.europa.eu/en/medicines/human/EPAR/vaborem
https://www.ema.europa.eu/en/medicines/human/EPAR/vaborem
https://doi.org/10.1128/AAC.01443-17
https://doi.org/10.1093/ofid/ofy346
https://doi.org/10.1093/ofid/ofy346
https://doi.org/10.1093/jac/dkab252
https://doi.org/10.1093/jac/dkab252
http://www.eucast.org


Shortridge et al.

serine carbapenemase-producing Enterobacteriaceae. Antimicrob Agents 
Chemother 2016; 60: 5454–8. https://doi.org/10.1128/AAC.00711-16
22 Castanheira M, Doyle TB, Mendes RE et al. Comparative activities 
of ceftazidime-avibactam and ceftolozane-tazobactam against 
Enterobacteriaceae isolates producing extended-spectrum beta- 
lactamases from U. S. hospitals. Antimicrob Agents Chemother 2019; 
63: e00160-19. https://doi.org/10.1128/AAC.00160-19
23 Castanheira M, Doyle TB, Hubler C et al. Ceftazidime-avibactam activity 
against a challenge set of carbapenem-resistant Enterobacterales: 
Ompk36 L3 alterations and beta-lactamases with ceftazidime hydrolytic 
activity lead to elevated MIC values. Int J Antimicrob Agents 2020; 56: 
106011. https://doi.org/10.1016/j.ijantimicag.2020.106011
24 Grundmann H, Glasner C, Albiger B et al. Occurrence of 
carbapenemase-producing Klebsiella pneumoniae and Escherichia coli in 
the European survey of carbapenemase-producing Enterobacteriaceae 
(EuSCAPE): a prospective, multinational study. Lancet Infect Dis 2017; 17: 
153–63. https://doi.org/10.1016/S1473-3099(16)30257-2
25 Izdebski R, Sitkiewicz M, Urbanowicz P et al. Genomic background of 
the Klebsiella pneumoniae NDM-1 outbreak in Poland, 2012-18. J 
Antimicrob Chemother 2020; 75: 3156–62. https://doi.org/10.1093/jac/ 
dkaa339
26 Canton R, Gijon D, Ruiz-Garbajosa P. Antimicrobial resistance in ICUs: 
an update in the light of the COVID-19 pandemic. Curr Opin Crit Care 2020; 
26: 433–41. https://doi.org/10.1097/MCC.0000000000000755
27 Lee CR, Lee JH, Park KS et al. Global dissemination of carbapenemase- 
producing Klebsiella pneumoniae: epidemiology, genetic context, treat
ment options, and detection methods. Front Microbiol 2016; 7: 895.
28 Peirano G, Chen L, Kreiswirth BN et al. Emerging antimicrobial- 
resistant high-risk Klebsiella pneumoniae clones ST307 and ST147. 

Antimicrob Agents Chemother 2020; 64: e01148-20. https://doi.org/10. 
1128/AAC.01148-20
29 Zaman TU, Alrodayyan M, Albladi M et al. Clonal diversity and genetic 
profiling of antibiotic resistance among multidrug/carbapenem-resistant 
Klebsiella pneumoniae isolates from a tertiary care hospital in Saudi 
Arabia. BMC Infect Dis 2018; 18: 205. https://doi.org/10.1186/s12879- 
018-3114-9
30 Zaman TU, Albladi M, Siddique MI et al. Insertion element mediated 
mgrB disruption and presence of ISKpn28 in colistin-resistant Klebsiella 
pneumoniae isolates from Saudi Arabia. Infect Drug Resist 2018; 11: 
1183–7. https://doi.org/10.2147/IDR.S161146
31 Wysocka M, Zamudio R, Oggioni MR et al. The new Klebsiella pneumo
niae ST152 variants with hypermucoviscous phenotype isolated from re
nal transplant recipients with asymptomatic bacteriuria-genetic 
characteristics by WGS. Genes (Basel) 2020; 11: 1189. https://doi.org/10. 
3390/genes11101189
32 Hamzaoui Z, Ocampo-Sosa A, Fernandez Martinez M et al. Role of asso
ciation of OmpK35 and OmpK36 alteration and blaESBL and/or blaAmpC 
genes in conferring carbapenem resistance among non-carbapenemase- 
producing Klebsiella pneumoniae. Int J Antimicrob Agents 2018; 52: 
898–905. https://doi.org/10.1016/j.ijantimicag.2018.03.020
33 Sun D, Rubio-Aparicio D, Nelson K et al. Meropenem-vaborbactam re
sistance selection, resistance prevention, and molecular mechanisms in 
mutants of KPC-producing Klebsiella pneumoniae. Antimicrob Agents 
Chemother 2017; 61: e01694-17.
34 Custodio MM, Sanchez D, Anderson B et al. Emergence of resistance in 
Klebsiella aerogenes to piperacillin-tazobactam and ceftriaxone. 
Antimicrob Agents Chemother 2021; 65: e01038-20. https://doi.org/10. 
1128/AAC.01038-20

8

https://doi.org/10.1128/AAC.00711-16
https://doi.org/10.1128/AAC.00160-19
https://doi.org/10.1016/j.ijantimicag.2020.106011
https://doi.org/10.1016/S1473-3099(16)30257-2
https://doi.org/10.1093/jac/dkaa339
https://doi.org/10.1093/jac/dkaa339
https://doi.org/10.1097/MCC.0000000000000755
https://doi.org/10.1128/AAC.01148-20
https://doi.org/10.1128/AAC.01148-20
https://doi.org/10.1186/s12879-018-3114-9
https://doi.org/10.1186/s12879-018-3114-9
https://doi.org/10.2147/IDR.S161146
https://doi.org/10.3390/genes11101189
https://doi.org/10.3390/genes11101189
https://doi.org/10.1016/j.ijantimicag.2018.03.020
https://doi.org/10.1128/AAC.01038-20
https://doi.org/10.1128/AAC.01038-20

	Introduction
	Materials and methods
	Results
	Discussion
	Funding
	Transparency declaration
	Supplementary data
	References

