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n	 INTRODUCTION

The World Health Organization (WHO) consid-
ers antimicrobial resistance (AMR) as a “glob-

al health security threat requiring action across 
government sectors and society” [1]. In conse-
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Antimicrobial resistance (AMR) is recognized to be a 
global threat to health security, requiring action across 
government sectors and society. Many factors are in-
volved in this phenomenon, overuse of antibiotics, in-
correct antibiotic prophylaxis, and use of antibiotics for 
livestock purposes being the main causes of the increas-
ing rate of multi-drug resistant (MDR) bacteria. 
The impact of resistance to antimicrobials is a major 
threat due also to the emergence of MDR Gram-nega-
tive bacteria resistant to carbapenems, and the lack of 
research to find new active molecules. The production 
of extended spectrum beta-lactamase enzymes was the 
first threatening mechanism for Gram-negative resist-
ance to antibiotics, which prompted the development 
of new classes of antibiotics such as carbapenems. Un-
fortunately, resistance to carbapenems developed be-
cause of multiple mechanisms including efflux pumps, 
porin mutations and enzyme production, the latter 
being particularly relevant in terms of diffusion due 
to the genes located within plasmids that drive their 
horizontal diffusion.
In this scenario, antimicrobial stewardship programs 
(ASP) are a mandatory resource in combating the spread 
of resistance. Reducing the total amount of antibiotics 
administration in the hospital setting and guiding pre-
scribers in the correct administration of antibiotics for 
the shortest period possible, at the correct dosage, can 
be defined as the first goals of an ASP. That said, in an 
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efficacious ASP, apart from antibiotic administration, 
efforts must be made to ensure the lowest probability 
of spreading MDR by efficacious measures of carrier 
isolation, and by offering tools for a rapid diagnosis of 
viral infections, thereby avoiding the administration of 
unnecessary antibiotics. A continuous audit of the ASP 
programs and correct assessment of the allergy to drugs 
such as penicillin should complete the program. Cur-
rently, few options are available for patients with an in-
fection sustained by Gram-negative MDR bacteria. All 
the options currently available are based on the admin-
istration of colistin, an old drug whose real efficacy is 
reduced due to its high toxicity, or on the administration 
of recently proposed drugs such as ceftolozane-tazobac-
tam, ceftazidime-avibactam and meropenem-vaborbac-
tam. None of these new drugs have a novel mechanism 
of action and they have a limited spectrum in terms of 
activity against MDR bacteria.
In conclusion, antimicrobial resistance is a global 
emergency and AMP is the most powerful tool cur-
rently available. Few options are available to treat in-
fections due to Carbapenem-resistant Enterobacteria. 
Antimicrobial molecules with true novel mechanisms 
of action are needed to win the fight against antimicro-
bial resistance.

Keywords: antibiotic resistance, carbapenemase, entero-
bacteria.
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quence, WHO published in 2017 a list of antibiot-
ic-resistant bacteria with urgent need to develop 
new drugs and established three categories of pri-
ority (critical, high and medium) for this purpose 
[2]. Enterobacteria are enrolled in the critical pri-
ority group [2]. 
According to the Center for Disease Control 
(CDC), antibiotic resistance occurs when bacteria 
survive after the exposition to a drug normally 
able to kill or inhibit its growth [3].
CDC estimated that AMR excess direct healthcare 
costs by are up to 20 billion dollars per year, while 
the additional costs to society for lost productiv-
ity reach 35 billion per year in the USA alone [4]. 
Due to the lack of a standardized definitions in 
the field of antibacterial resistance phenotypes, 
a consensus definition for Multi-Drug Resistant 
(MDR), Extremely Drug Resistant (XDR) and Pan 
Drug-Resistant (PDR) bacteria has been proposed 
by CDC and CDC members in 2012 [5].
The main resistance mechanism to antibiotics de-
veloped by Enterobacteria is the production of 
extended-spectrum ß-lactamases (ESBLs). Car-
bapenems have been developed to overcome this 
resistance, but their wide use also as first-line 
treatment of community-acquired infections per-
mitted the selection also of carbapenem-resistant 
Enterobacteria (CRE) [6-10].
At the beginning, CDC defined CRE as Entero-
bacteria not susceptible to ≥1 carbapenem and re-
sistant to 3rd generations cephalosporins but, after 
2015, this definition was revised and CRE are ac-
tually defined as Enterobacteria non-susceptible 
to any carbapenem or documented to produce a 
carbapenemase [11, 12]. 
Three are the major mechanisms by which Entero-
bacteria can become resistant to carbapenems: ef-
flux pumps, porin mutations and enzyme produc-
tion (which is the main resistance mechanism). 

The main groups of these enzyme, according to 
the Ambler classification system, are three: Class 
A, Klebsiella pneumoniae Carbapenemases (KPC), 
endemic in USA, Colombia, Argentina, Greece 
and Italy, Class B metallo ß-lactamases (MBL) in-
cluding New Delhi ß-lactamases (NDM-1) isolat-
ed in India, Pakistan and Sri Lanka, and Class D 
OXA 48 like carbapenemases endemic in Turkey, 
Malta, the Middle East and North Africa and Vero-
na Integron-Mediated metallo ß lactamases (VIM) 
[13-16]. All the genes codifying for these enzymes 
are located within plasmids meaning that a hori-
zontal transfer of carbapenemase genes through 
mobile genetic elements (plasmids) could be the 
main driver of CRE spread, along with clonal ex-
pansion and transmission of carbapenemase-pro-
ducing Enterobacteria (CPE) clonal lineages that 
maintain carbapenemase genes: both of mecha-
nisms contribute on the ongoing global CPE ep-
idemic (Table 1) [17].
The framework outlined by Safdar and Maki 
about the risk factors (RF) for the acquisition of 
MDR pathogens, can be applied also for the ac-
quisition of CRE [18]. 
According to the Consortium on Resistance 
Against Carbapenem in Klebsiella and other En-
terobacteriaceae (CRACKLE) study, conducted in 
Ohio, risk factors for colonization with CRE are: 
female sex, aging, prior antibiotic course, health-
care exposure, chronic comorbidities, travelling to 
endemic areas, presence of invasive devices and 
drains [19]. 
Despite CRE are globally distributed, substantial 
variability exists through continents, nations, re-
gions, and centers and this is the reason why the 
increasing the knowledge of the prevalence and 
incidence of these specific mechanisms is a crucial 
point to prevent the selection of appropriate treat-
ment options [20].

Table 1 - Main Mechanisms of antimicrobial resistance in Gram-negative bacteria.

Mechanism of resistance Specific mechamism Examples

Degradation of antibiotic Destruction of lactam ring  
by lactamase/ carbapenemase

Resistance to Aztreonam in Enterobacteriaceae, resistance  
to carbapenems of Klebsiella pneumoniae

Reduction of uptake Decreased formation of porin 
channel

Carbapenem resistance of Klebsiella pneumoniae  
and Pseudomonas aeruginosa. Aminoglycoside resistance  
to Gram-negative 

Enzymatic modification Acetylation Aminoglycoside resistance 

Altered target Changes in DNA gyrase Quinolone resistance in Gram-negative



359Emerging antibiotic resistance: carbapenemase-producing Enterobacteria 

n	 ANTIMICROBIAL RESISTANCE (AMR)

According to Duval et al., the impact of resistance 
to antimicrobials is an important threat for the fol-
lowing two main factors [21]. The first one is the 
decrease in development of new antibiotics since 
1980s’: paradoxically, in that period there were 
too many new antimicrobials so pharmaceutical 
industries couldn’t launch new molecules and 
were pushed out of this market by low investment 
returns [22, 23]. The second one is the burden of 
resistant bacteria. In the late 1980, glycopeptide- 
(mainly vancomycin) resistant enterococci were 
isolated: this resistance mechanism, carried by 
plasmid, was considered dramatic assuming 
that it could be transferred to Methicillin Resist-
ant Staphylococcus aureus (MRSA) and, moreover, 
generated an error in the fight against antimicro-
bial resistance. In fact, new antibacterials, dis-
covered since then, had a very narrow spectrum 
(mainly directed against Gram-positive bacteria 
creating an evident imbalance. At the same time, 
Gram-negative bacteria (GNB) became more and 
more resistant, narrowing therapeutic choices 
and forcing clinicians to retrieve old molecules 
like colistin previously not used due to the rele-
vant renal and neurological toxicity. Finally, the 
actual increase in term of colistin resistance rates 
in GNBs prompted WHO to claim an urgent ac-
tion to avoid the risk of a “post antibiotic era”.
Different approaches have been implemented in 
the fight against AMR. Governments used a “ra-
tional use philosophy”, aimed to reduce unnec-
essary prescriptions, biochemists stimulated drug 
discovery, and microbiologists suggested stew-
ardship approaches [24]. Despite the correlation 
between antibiotic usage and resistance, it ap-
pears clear that modest reduction in usage cannot 
have strong effect on resistance decline and his-
torical withdrawals of antibiotic had slow impact 
on resistance prevalence: both those facts show 
that structured resistance management interven-
tions are needed to tackle the crisis in AMR [25].
On the basis of these considerations, it can be 
easily deduced that the most common strategies 
employed in resistance management are the fol-
lowing three, for none of these we have a clear 
evidence of benefit in term of long-term survival 
of patients:
	– combination of simultaneous doses of several 

different antibiotics given to an untreated host 

patient naive) in order to avoid antimicrobial 
resistance through time;

	– cycling (rotation): use of a particular class of 
antibiotic for a period of time, followed by a 
different class as first line empiric therapy;

	– mixing (mosaic): prescription of multiple dis-
tinct antibiotic regimens in different patients, 
creating a “spatial” mosaic of antibiotic use, 
thus providing heterogeneity in space and 
time. The goal of this technique is to increase 
the heterogeneity of selection pressure, slow-
ing down the spreading of resistant microbes 
from patient to patient.

n	 ANTIMICROBIAL STEWARDSHIP (AMS)

As previously stated, antimicrobials are an im-
portant resource but their overuse led to AMR, so 
immediate actions are needed to reduce this phe-
nomenon. The Joint Commission, an independ-
ent, not-for-profit organization, that accredits and 
certifies over 22,000 health care organizations and 
programs in the United States. reported antimi-
crobial stewardship (AMS) interventions to pre-
vent AMR for inpatients and outpatients. Given 
that, unfortunately, AMS outcomes (such as direct 
effect of AMS intervention on reducing antimicro-
bial resistance) are not easily measurable, surro-
gate markers (i.e., interventions for minimizing 
inappropriate antibiotic use) can be used to eval-
uate the AMS impact on AMR [26, 27].
Among the categories of interventions imple-
mentable by AMS programs, there are:
1)	 Minimizing the duration of therapy, because it 

has been demonstrated that every more day of 
antimicrobial therapy, increases the risk of re-
sistance, while shortening the duration of ther-
apy led to clinic success, decreasing resistance 
with no difference in mortality, recurrence of 
bacteremia, infection relapse and readmission 
in hospital [28]. 

2)	 Audit and feedback through handshake stew-
ardship, especially in pediatric setting, defined 
as an “emerging practice” ensuring active en-
gagement of frontline prescribers [29, 30].

3)	 Rapid diagnostic tests: easy to interpret so 
useful in hospital with limited ASP resources, 
but also crucial in guiding antibiotic (vanco-
mycin) de-escalation in respiratory tract in-
fection if the MRSA nasal PCR rapid test is 
negative or in stopping antimicrobial therapy 
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if the rapid test for respiratory viruses turns 
positive [31-33].

4)	 Electronic medical record interventions: such 
as webinar, monthly report, tools for decisional 
support in the attempt (not so efficient) of in-
corporate guidelines into the prescribing pro-
cess [34]. At the same time electronic medical 
recording can help cooperation between mi-
crobiologists and infectious disease (ID) phy-
sician, for example excluding MRSA and Pseu-
domonas infectious etiology on antibiograms 
and allowing pharmacist in prescribing re-
stricted antibiotics while ID physician is out of 
work [35-37]. Finally, medical applications (like 
the one licensed by University of Iowa) offer 
a very helpful microbiology pocket guidelines, 
antibiograms, clinical guidelines (for empirical 
as well as disease-state specific therapy) and 
renal dose adjustment guidelines and could be 
updated with AMS information [38]. 

5)	 Beta-lactam allergy assessment: this is a cru-
cial point among intervention of AMS because 
penicillin allergy is not so common, despite of-
ten stated by patients that then undergo more 
toxic and expensive antimicrobial therapies 
[39-41]. Penicillin Skin Tests and Direct Oral 
Challenges can de-label allergy: the oral chal-
lenge is safe, inexpensive and a less time-con-
suming method (with respect to the PST which 
often take more than 4 days to rule out the al-
lergy) [42, 43]. 

Setting up and implementing an antimicrobial 
stewardship program in a hospital could be very 
hard, especially when no preparatory phase is 
available, so three different phases can be planned 
to ensure the maximum adherence to the pro-
gram: the planning one, the implementation one 
and, finally, the monitoring one [44]. During the 
planning phase, the AMS team prepares a toolbox 
using scientific resources available in literature, 

seeks advices from other hospitals already under 
AMS and observes the own local situation (pre-
scribing etiquette, current antimicrobial consump-
tion, antibiotic appropriateness, existent bacterial 
resistance), then the team meets physician from 
other departments, in order to introduce the team, 
listen needs, understand barriers that can enable 
appropriate antimicrobial use and tell them that 
a plan of action called AMS program will be pre-
sented. The team then begins to design the action 
plan. The second phase, so called the implemen-
tation one, begins after the release of the AMS 
plan and consist in the assessment of interven-
tion impacts, in order to figure out why it did or 
didn’t work and celebrate success, always with a 
non-judgmental, friendly, respectful and helpful 
communication attitude. An electronic tool, such 
as a system able to detect when an antimicrobi-
al is prescribed with regards to indication, dose 
and duration can be useful in identifying patients 
prescribed and therefore in introducing restrictive 
measures for post authorization antibiotics.
Giving systematic advice on optimization of the 
diagnostic process along with rounds in high pre-
scribing departments are important actions of this 
phase. Finally, in the last monitoring phase, the 
action plan designed by the AMS team, has to be 
presented to the constituted committee of the hos-
pital and to the hospital management including 
selected and achievable measures avoiding over 
promising in terms of decreasing antimicrobial 
resistance (which is a risky commitment, depend-
ing on multiple non-easily controllable factors). 
This structured process should be reviewed often 
and, when necessary, modified (Table 2).
Although charming and undoubtedly important, 
antimicrobial stewardship is punctuated with 
challenges and controversies since its first scien-
tific citation in 1996 [45-47]. The first challenge is 
the empirical evidence of AMS interventions, con-

Table 2 - Elements for hospital antibiotic stewardship recommended by CDC.

Leadership Commitment Dedicating necessary human, financial and information technologic resources

Accountability Appointing a single leader responsible for the program

Drug expertise Appointing a single pharmacist leader for working in improving antibiotic usage

Action Implementing at least one recommended action (i.e. systemic evaluation of antibiotic time-out  
after 48 hours of antibiotic treatment)

Tracking Monitoring antibiotic prescribing and resistance patterns

Reporting Regular reporting information on antibiotic use and resistance to prescribing staff
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sidering that restrictive ones can delay the treat-
ment and produce a collision between infectious 
specialist and clinicians [48].
The second challenge is to define an appropriate 
design to evaluate the impact of AMS without 
bias. The third challenge is to find standardized 
and validated clinical outcome measures to assess 
the impact and the success of AMS. The CDC pro-
posed the Standardized Antimicrobial Adminis-
tration Ratio (SAAR) as a metric for comparing 
observed to predicted days of antimicrobial ther-
apy, while Sharland and colleagues suggested the 
AWaRe index [% of antibiotic use (antibiotic in-
dex)] to facilitate antibiotic consumption bench-
marking with regards to the pediatric population 
[49, 50].
Another challenge in AMS is the difficulty in 
demonstrating the association between cause 
(intervention) and effects (outcomes) because of 
confounding variables. This is why Evans et al. 
introduced the DOOR (Desirability Of Outcome 
Tanking) and RADAR (Response Adjusted for 
Days of Antibiotic Risk [49]. 
Pharmaco-economics is another point of concern 
in AMS: in Spanish ICUs, the local AMS team 
tried to evaluate the ability of the AMS to reduce 
multidrug resistant bacteria and measure costs 
per avoided resistance and cost per life of years 
gained, demonstrating that AMS is a long-term 
cost-effective tool [49]. 
Still unresolved challenges in AMS are here sum-
marized:
1)	 To delineate the efficacy and safety of carbapen-

em sparing strategy and to evaluate the impact 
of this strategy on local microbiology epidemi-
ology to define its utility in AMS plan [51].

2)	 To evaluate the potential impact of AMS on 
the gut microbiota moving from antibiotic in-
duced microbiota alterations.

3)	 To define and to evaluate the impact of de-es-
calation of antimicrobials in order to avoid col-
onization and infections due to resistant bacte-
ria and to improve compliance to this action.

4)	 To identify patients eligible for alternative 
dosing strategies and assess its impact on the 
human microbiota.

5)	 To perform therapeutic drug monitoring 
(TDM) and to demonstrate that inadequate an-
tibiotic dosages can affect both patients’ out-
comes and resistance development;

6)	 To promote combined regimes demonstrating 

its cost-effectiveness and its ability to avoid re-
sistance.

7)	 To find biomarkers for MDR risk stratification.
8)	 To identify resistance determinants, such as 

gene or enzyme, often underestimated in the 
AMS implementation.

9)	 To define diagnostic tools used to early iden-
tification of microbes and guide the beginning 
and end of antimicrobial course.

Although full of controversies and still not 
achieved challenges, antimicrobial stewardship is 
a great resource in fighting against antimicrobial 
resistance.

n	 TREATMENT OPTIONS FOR 
CARBAPENEMASE-PRODUCING 
ENTEROBACTERIA 

Given that Enterobacteria are able to develop car-
bapenem resistance by hyperproduction of a chro-
mosomally encoded AmpC b-lactamase even after 
the exposure to beta-lactams and carbapenems, it 
appears clear that limited options are available to 
treat infections due to Carbapenem-Resistant En-
terobacteria. This is relevant in severely ill patients 
with comorbidities, and in those undergoing mul-
tiple surgical procedures [52-54]. 
In the last four years, several antibiotics have been 
proposed to treat multi-drug resistant Gram-neg-
ative infections, such as ceftolozane-tazobactam, 
ceftazidime-avibactam and meropenem-vabor-
bactam. The first one is a combination of a 3rd 
generation cephalosporin and a beta-lactamase 
inhibitor; it has a broad antibacterial spectrum ex-
tended not only to Enterobacteriaceae but also to 
P. aeruginosa responsible for community and no-
socomial infections [55].
The second one is a combination of a 3rd genera-
tion cephalosporin and a non b-lactam b-lactama-
se inhibitor direct against class A and class C en-
zymes (according to Amber definition) but with 
no effect on class B enzymes (metallo beta-lacta-
mase) [56]. 
The third one is a combination of a carbapenem 
plus a non-beta-lactam beta-lactamase inhibitor 
active in many infections due to carbapenem re-
sistant Enterobacteriaceae (57).
These combinations, although interesting op-
tions, are not “new molecules sensu stricto”: on the 
contrary, real new antibiotics with a novel mecha-
nism of action are needed. 
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In conclusion, antimicrobial resistance (AMR) is 
a “global health security threat requiring action 
across government sectors and society” and En-
terobacteria are enrolled in the critical priority 
group of multi-drug resistant bacteria (WHO). 
Resistance to antimicrobials happens in conse-
quence of the decrease in development of new an-
tibiotics since 1980s’ and the burden of resistant 
bacteria. To decrease this phenomenon, microbiol-
ogist suggested stewardship approaches, achiev-
able by minimizing the duration of therapy, audit 
and feedback, rapid diagnostic tests, electronic 
medical record interventions and beta-lactam al-
lergy assessment. Setting up and implementing 
an antimicrobial stewardship program in a hospi-
tal could be very hard and its preparation consists 
in different steps. Moreover, although charming 
and undoubtedly important, it is punctuated with 
challenges and controversies. Given that Entero-
bacter species are able to develop carbapenem re-
sistance, few limited options are available to treat 
infections due to Carbapenem-Resistant Entero-
bacteria, based on antibiotics with “old” mecha-
nism of action. Antimicrobial molecules with true 
novel mechanism of action are needed to win the 
fight against antimicrobial resistance. 
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