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ABSTRACT 

Objective: Israeli hospitals were confronted with a major national outbreak of carbapenemase-producing 
Enterobacterales (CPE) starting in 2006, caused predominantly by monoclonal Klebsiella pneumoniae 
carbapenemase (KPC)-producing Klebsiella pneumoniae. Our hospital, Rambam Health Care Campus 
(RHCC), was one of the medical centers affected by this outbreak. We aimed to investigate the changing 
epidemiology of CPE at RHCC since 2006. 

Methods. This was a retrospective observational cohort study performed in Northern Israel (Haifa) at 
RHCC, which is a primary tertiary acute care academic hospital. The study included all patients who had 
acquired CPE at RHCC between January 2005 and December 2020.  

Results. The proportion of patients infected with K. pneumoniae dropped from 100% of all CPE in the first 
years to 28% (37/134) in 2020. In 2014, the carbapenemase in 94% of all CPE patients (89/95) was KPC. 
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This decreased to 56% in 2020, while New Delhi metallo-β-lactamase (NDM) and OXA-48 carbapenemases 
increased from 4% and 2% to 29% (39/134) and 12.7% (17/134) of CPE, respectively. 

Conclusions. The CPE epidemic evolved from KPC-producing K. pneumoniae to involve different Entero-
bacterales and carbapenemases. Our results are a microcosm of the current global epidemiology attesting to 
globalization in bacteriology. The results have implications for infection control and antibiotic treatment of 
CPE infections. 
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INTRODUCTION 

Carbapenem-resistant Enterobacterales (CRE) are 
amongst the major challenges that have been facing 
healthcare institutions throughout the world in the 
last two decades.1 Carbapenem resistance among 
CRE is mediated most commonly by broad-spectrum 
β-lactamases that hydrolyze and inactivate the β-
lactam ring of all known β-lactams, including the 
last-resort carbapenems. These broad-spectrum 
enzymes are labeled carbapenemases, and the CRE 
producing these are named carbapenemase-
producing Enterobacterales (CPE). The most 
common currently known carbapenemases include 
Klebsiella pneumoniae carbapenemase (KPC), New 
Delhi metallo-β-lactamase (NDM), imipenemase 
(IMI), oxacillinases (OXA)-48, and Verona integron-
encoded metallo-β-lactamase (VIM). Israeli 
hospitals confronted a major national outbreak 
starting in 2006, caused predominantly by 
monoclonal KPC-producing Klebsiella pneumo-
niae.2 Following a national intervention, the spread 
of CRE was contained.2 

Our medical center, Rambam Health Care Cam-
pus (RHCC), located in Northern Israel, was among 
the affected hospitals. The prevalence of CRE at 
RHCC increased from 2006, reaching a peak of 186.6 
new acquisitions per 100,000 hospital-days in 
2008.3,4 As described nationally, this outbreak was 
caused by KPC-producing K. pneumoniae; from 
January 2006 to April 2007, all 88 carbapenem-
resistant K. pneumoniae patient isolates carried 
KPC.3 

Some of the carbapenemases are chromosomal, 
but most often, and notably, the KPCs are found on 
plasmids, hence they are able to move between bac-
terial species. Indeed, with time, KPC spread to dif-
ferent Enterobacterales, and the introduction of 
diverse carbapenemases was noted. The aim of this 
study was to describe the introduction of new carba-

penemases at RHCC and the spread of carbapen-
emases among Enterobacterales. 

METHODS 

The study was conducted at RHCC, a 1,000-bed 
primary and tertiary university hospital in Northern 
Israel. All patients who acquired CPE at RHCC 
between January 2005 and December 2020 were 
included in the study. At RHCC, CPE was considered 
as acquired if the positive sample was taken ≥72 
hours after admission, within 72 hours after any dis-
charge, or within one month after discharge, if the 
patient was not hospitalized in another healthcare 
facility. Patients who acquired CRE before admis-
sion to RHCC were excluded.  

Microbiology 

Rectal swab screening samples were cultured prior 
to 2019 on PD420 CHROMagar KPC plates; since 
2019, samples were cultured on PD517 MSUPER-
CARBA plates (both from Hy Laboratories Ltd, 
Rehovot, Israel). The latter medium was used be-
cause of its higher sensitivity to non-KPC CPE. Car-
bapenemase-producing Enterobacterales was de-
fined as Enterobacterales of any type resistant to all 
tested carbapenems using the Clinical and Labora-
tory Standards Institute (CLSI) M100S guidelines 
definition of MIC>1. We extracted DNA from sus-
pected CRE colonies using the Qiamp DNA mini kit 
(QIAgen, Hilden, Germany) in accordance with the 
manufacturer’s instructions. Since 2014, β-
lactamase (bla) carbapenemase genes, i.e. blaKPC/ 
blaNDM/blaOXA-48/blaVIM, have been detected routine-
ly using polymerase chain reaction (PCR)-based 
multiplexed assays specific for these genes.5 

RESULTS 

Between January 2005 and December 2020, a total 
of 891,926 patients were admitted to RHCC. During 
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this period, 1,868 patients acquired CPE in RHCC. 
From 2005 to 2009, almost all isolates were K. 
pneumoniae. Starting in 2009, the proportion of 
patients carrying CRE with other strains increased 
gradually, reaching 72% (97/134) in 2020, while the 
proportion of K. pneumoniae decreased to 28% (37/ 
134) in 2020 (Figure 1). The most common Entero-
bacterales other than K. pneumoniae were: Esche-
richia coli and Enterobacter spp., followed by Citro-
bacter spp., K. oxytoca, Raoultella spp., Morganella 
spp., Proteus spp., and Providencia spp. 

The mechanisms of resistance and types of car-
bapenemases also changed. In 2014, 94% (89/95) of 
all CPE acquired at RHCC possessed the KPC gene. 
Only 6% (6/95) of isolates possessed other resis-
tance genes. This proportion decreased to 56% (75/ 
134) in 2020 (Table 1). The proportion of NDM and 
OXA-48 increased to 29% (39/134) and 12.7% (17/ 
134), respectively (Table 1). 

DISCUSSION 

We examined the changing epidemiology of CPE in 
terms of pathogens and resistance mechanisms in 
one Israeli institution (RHCC) endemic for CPE. 
Starting from an outbreak confined to KPC-
producing K. pneumoniae, spread of carbapenem-
ases to other Enterobacterales strains was reported 
in RHCC as early as 2010.6 In 2020, only 28% of all 

CPE were K. pneumoniae, and less than half pos-
sessed the KPC gene. Carbapenemases spread to 
many different Enterobacterales, and new carbapen-
emases were introduced. 

Since the first description of KPC-producing K. 

pneumoniae in North Carolina, USA, in 1996,7 KPC-

producing K. pneumoniae has spread to many loca-

tions worldwide.8 The KPC gene was subsequently 
found in other Enterobacteriaceae.9 A study using 

short and long-read sequencing of the carbapenemase-

carrying plasmids among Enterobacterales proved 

plasmid transfer between different Enterobacterales 

and KPC-containing transposons between plasmids 

(horizontal transmission), thus explaining the chain 
of transmission in an outbreak of KPC-producing 

Enterobacterales in Columbia.10 Furthermore, resis-

tance genes have large diversity as described in an-

other study that evaluated the emerging mechan-

isms of resistance in CRE between 2013 and 2016 at 

a health system in Northern California, USA. A total 
of 38.7% of CRE isolates were carbapenemase gene-

positive, comprising 25.0% OXA-48, 20.8% KPC, 

20.8% NDM, 20.8% SME, 8.3% IMP, and 4.2% 

VIM.11 Although historically the prevalence of car-

bapenemases had a typical geographic distribution 

(KPC in USA, Europe, and China; VIM in Greece; 
OXA-48 in Turkey; and NDM in the Indian subcon-

tinent), these have now spread all over the world.8 

 

Figure 1. Proportion of CPE Patients diagnosed as carriers of Klebsiella pneumoniae versus with Other 

Enterobacteriacea at Rambam Health Care Campus, Haifa, Israel 
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Our findings are consistent with this spread, 

which has a major impact on infection control. The 

diversity of isolates and resistant genes may indicate 

that, besides clonal transmission of CRE in the hospi-

tal, alternative transmission occurs through hori-

zontal spread of mobile genetic elements and plas-

mids. Modalities to prevent transfer of carbapen-

emases between Enterobacterales are necessary, 

possibly avoiding certain antibiotics, such as carba-

penems which are direct drivers of carbapenem 

resistance. While previously all CRE carriers could 

be cohorted, separate isolation according to the type 

of carbapenemase is currently necessary. The di-

verse resistance mechanisms also affect our choice of 

empirical and definite antibiotic treatment, since the 

new β-lactamases are carbapenemase-specific. 

Our study has some limitations. First, it was con-

ducted in one medical center that was endemic for 
CPE. Second, we included only CPE acquired in 

RHCC due to lack of microbiological data and mo-

lecular studies on isolates acquired elsewhere. How-

ever, 95% of CPE carriers hospitalized in RHCC dur-

ing the study period had acquired CPE there. This 

study does not analyze the mechanisms leading to 
this spread of carbapenemases among bacteria and 

the reasons leading to the introduction of new car-

bapenemases to RHCC; only the CPE epidemiology 

at RHCC over time is described. Similar changes are 

most likely occurring in other Israeli hospitals. Data 

published in the 2019 national report for all CPE 
found in Israeli hospitals reported that only 47% 

were KPC, 33% were NDM, 12% OXA, 5% VIM, and 

3% other; it is likely that these CPE circulate within 

and among hospitals.12  

In conclusion, we demonstrate the change in car-
bapenem resistance mechanisms in one Israeli hos-
pital, the introduction of new carbapenemases, and 
the spread of carbapenemases across Enterobacte-
rales. These findings, if representative of global epi-
demiology, are of great concern.  Irrespective of lo-
cation, infection control efforts are essential to pre-
vent the further spread of carbapenemases and CPE. 
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