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Resistance in Gram-negative bacteria has become a serious
problem in many regions of the world as it may reduce the
treatment options substantially. Carbapenem-resistance is a
good marker for such situations and is most prevalent in
Acinetobacter, Pseudomonas but also increasingly in
Enterobacteriaceae, especially Klebsiella. This review gives a
rough global picture highlighting the epicentres of resistance.
The medical need for novel treatment options globally is
undeniable even if many countries with good stewardship and
infection control conditions are not highly affected. Antibiotic
pipelines are encouraging, as new drugs in development
reduce the resistance rate to individual pathogens. Despite
some progress, efforts to discover and develop novel drugs
that are not prone to cross-resistance to existing antibiotic
classes should be intensified.
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Introduction

The percentage of resistant strains in many Gram-
negative pathogens has been rising globally for the last
10 years. Antibiotics pipelines have not kept up with this
trend. No novel antibiotic with a new chemical structure,
an unexploited target or new mode of action has been
developed and marketed for several decades. Substantial
improvements in the ability of known antibiotic classes to
respond to emerging resistance have not been seen since
the first carbapenem became available in 1985.

As highlighted in the WHO Global Priority List of
antibiotic-resistant bacteria developed to guide research,
discovery and development of new antibiotics, carbape-
nem-resistant  (CR)  Enterobacteriaceae,  Pseudomonas
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aeruginosa (PA) and Acinetobacer baumannii (AB) complex
are critical priority targets for new antibiotics to fill the
gap of urgently needed treatment options [1°°]. This
article focuses on hospital-associated CR Enterobacteria-
ceae with Klebsiella pneumoniae (KP) as the predominant
CR species among Enterobacteriaceae, as well as CR PA
and CR AB. All three pathogens frequently show an
extensively drug resistance phenotype.

About one-third of acute-care hospital-acquired infec-
tions, and more than 40% in intensive care units, are
caused by these three WHO priority pathogens [2,3].
These infections are difficult to treat and are associated
with higher morbidity and mortality than infections due
to susceptible strains [4]. A meta-analysis has described
the increased mortality associated with CR Gram-nega-
tive pathogens; the pooled crude mortality in patients
with CR Enterobacteriaceae (CRE) infections is about 40%
[5]. Urinary tract infections cause lower mortality than
bloodstream infections. Similarly, a meta-analysis showed
that patients infected with CR PA had significantly higher
pooled mortality than those infected with carbapenem-
susceptible PA [6]. Increased mortality in CR AB-
infected patients compared to those infected with sus-
ceptible bacteria confirm similar results to patients
infected with PA [7°]. Though a higher likelihood of
inappropriate therapy may be a major reason for the
increased mortality, other factors such as more severe
co-morbidity or increased virulence may contribute to this
finding [8].

Resistance
Carbapenem resistance is usually a good surrogate for
extensively drug resistance (XDR), especially in KP and

AB, less so in PA.

Klebsiella pneumoniae

KP is a common Gram-negative pathogen in healthcare
facilities. In Europe, the rate of resistance to third gener-
ation cephalosporins with co-resistance to fluoroquino-
lones and aminoglycosides, the most common multi-drug
resistance (MDR) phenotype, ranges from 0 to 60%
(EARS-net report 2015). A similar wide range is seen
with the rate of resistance to carbapenems, which are
important antibiotics for the treatment of such MDR
strains (Figure 1). If CR is part of a combined resistance
pattern, XDR may result where the therapeutic options
are severely limited [9]. Similar to the variation seen
across Europe, wide inter-country variations are also seen
globally (Figure 1). India reports high CR in KP (about
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Figure 1

Prevalence of carbapenem resistance in
Klebsiella Pseudomonas| Acinetobacter
pneumoniae | aeruginosa baumanii
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Resistance rates of carbapenem-resistant Gram-negative pathogens in Europe.
Sources: Latest available data, mostly 2012-2016.

EARS-Net, WHO, CDC National Healthcare Safety Network, KARMS Korea, SENTRY, INFORM, CANWARD, AURA 2016, MARATHON Russia.
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Figure 2

Prevalence of carbapenem resistance in
Klebsiella Pseudomonag Acinetobacter
pneumoniae | aeruginosa baumanii
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Resistance rates of carbapenem-resistant Gram-negative pathogens globally, see Figure 1.

60%) [10], whereas CR and XDR may be below 10% in
China [11]. CR rates in Southeast Asia are still low but
increasing [12] with high rates reported in Singapore.
Similarly, some South American countries such as
Argentina and Brazil show resistance rates above 15%
[13,14] (Figure 2). Comprehensive surveillance systems
are still lacking in many parts of the world and leave a
spotty picture.

CR in KP is predominately caused by the production of
carbapenemases that also affect most other beta-lactam
antibiotics. KP is the predominant species among the
group of CRE. In the US, 90% of CRE are KP and 92%
of them produce a carbapenemase, mostly KPC-2 and

KPC-3 [15]. Other classes of beta-lactamases (BL) are rare
in the US, for example, NDM-1 and OXA-48 enzymes.
Similar results are found in many European countries but
the variation between countries is large [16°°]. Italy has a
high rate of CR in KP (36%), of which 97% carry the gene
for KPC (mostly KPC-3), only 1.2% for VIM, a metallo-
B-lactamase (MBL) gene [17]. The epidemiology in
Europe seems to change with increasing occurrence
and spread of carbapenemases in Europe since 2013
(ECDC, EuSCAPE). Non-carbapenemase-mediated
mechanism of resistance in CR KP is rare but, in general,
largely unknown [14]. The prevalence of specific carba-
penemases differs in different parts of the world. While
KPC-type enzymes prevail in Europe and North America,
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MBL-type and OXA-type BLs are much more common
than KPC in other parts of the world, for example, OXA-
48, VIM, NDM, GES, IMP [14,18,19].

Pseudomonas aeruginosa

Besides the limited therapeutic options due to frequent
resistance, PA is a difficult-to-treat pathogen and, com-
pared with other Gram-negative bacteria, is associated
with a higher mortality that cannot be attributed to
resistance [9]. Rates of resistance to carbapenems in
European countries ranged from 0% (Iceland) to 66%
(Romania) in 2015, with a clear divide between West and
East (EARS-Net) (Figure 1). Combined resistance in PA
was common in European countries: About 14% of the
isolates were resistant to at least three antimicrobial
groups, and 5.5% were resistant to all five antimicrobial
groups under regular EARS-Net surveillance (EARS-
Net). CR rates in the US range from 10% to 25% and
showed that isolates with plasmid-mediated carbapene-
mases were rare [20,21]. XDR phenotypes are observed in
almost 10% of cases [22]. In South American countries CR
rates are about 40% [13] and in Asia-Pacific countries
<10-50% [23]. Nationwide average CR rates in China are
9-24% with 1-8% XDR [11] (Figure 2).

Unlike KP, in PA intrinsic/chromosomal-mediated resis-
tance mechanisms, but not carbapenemases, play a major
role in carbapenem resistance. Typical resistance mecha-
nisms in CR PA are alterations or loss of outer membrane
proteins, which are required for the uptake of carbape-
nems and can be combined with overexpression of the
chromosomal cephalosporinase AmpC, upregulation of
efflux systems that can confer resistance to unrelated
antibiotic groups. Acquisition of resistance genes that
confer plasmid-mediated BLs contribute only slightly
to resistance. MBL. enzymes have been identified rarely
in Europe (VIM) but may be more prevalent in other
regions of the world [24-26]. Due to a wide variety of
chromosomal resistance mechanisms, including unspe-
cific ones that affect unrelated antibiotic classes as well
as multiple mobile or mobilizable genetic elements, CR
PA are usually MDR or even XDR [9].

Acinetobacter baumannii group

Infections due to AB are more likely to occur in critically
ill patients with severe comorbidities, immunosuppres-
sion or major trauma. Globally, CR AB is the most
common CR organism associated with nosocomial infec-
tion, followed by CR PA. Despite generally extremely
high CR rates, some European countries continue to have
few problems with CR in Acinetobacter (Figure 1). It
ranges from 0% (Belgium) to 95% (Greece) (EARS-Net).
In most cases CR is combined with resistance to fluor-
oquinolones and aminoglycosides. Globally, CR rates are
generally high but the available data are not comprehen-
sive and often restricted to single or regional hospital data
(Figure 2). In South American countries 80% or more CR
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is reported [13]. The China Surveillance of Antimicrobial
Resistance Program noted a sharp increase of CR from
2004 to 2014. It increased from 13% in 2004 to 70% in
2014 and that of XDR A. baumannii increased from 11% in
2004 to 60% in 2014 [27]. Generally, CR AB strains have a
high potential for being XDR or even pan-drug resistance
(PDR) where no active antibiotic exists [9].

CR among AB is conferred by multiple coexisting mech-
anisms, with production of BLis being the most prevalent
one. Additionally, decrease in permeability of the outer
membrane, upregulated efflux pumps, and modification
of penicillin-binding proteins (PBP) contribute to a vari-
ety of mechanisms. The BLs of the Class D, the intrinsic
OXA-51 and OXA-23 enzyme groups are unique to AB.
Additional common carbapenem-hydrolysing enzymes
are OXA-24-like, OXA-40-like and OXA-58-like BLs
[28,29]. Similar to KP, the occurrence of BLs differs
among Europe, North America and Asia, Africa where
higher rates of BLis are found. Almost 30% of AB strains
may produce the MBLs NDM and VIM or both in
addition to overproduction of OXA-23, as reported from
India [30]. Through changing the expression level of the
enzyme production even the chromosomally encoded and
weak OXA-51-like enzymes can cause CR. As there
seems to be a link between the BLL genes and heightened
expression of virulence determinants, these strains pres-
ent a special clinical problem [31].

Clinical need for novel antibiotics

Reliable data regarding the treatability based on the
prevalence of XDR or PDR Gram-negative bacteria do
not exist. Hospital-based reports indicate that such patho-
gens with limited or no treatment options are increasingly
diagnosed. Without doubt, new antibiotics with activity
against these pathogens are urgently needed [32°°]. Over
at least two decades carbapenems provided last-resort
coverage for the increasingly common MDR Gram-nega-
tive pathogens. Carbapenems became first-line treatment
in many parts of the world. Now we are confronted with
the spread of CR resistance in Gram-negatives, especially
Klebsiella, Pseudomonas and Acinetobacter, with linked co-
resistance to unrelated antibiotic classes, leading to XDR
or even PDR with limited or no therapeutic options. In
response to the clinical need for new antibiotics against
the most resistant Gram-negative pathogens pharmaceu-
tical companies have pursued different strategies. Drugs
in advanced clinical development are based on two con-
cepts: modification of known antibiotic classes and well-
known combinations with beta-lactamase inhibitors
(BLI). Two BLI combinations were recently regis-
tered — ceftazidime/avibactam and ceftolozane/tazobac-
tam [33°]. Both drugs provide some susceptibility gains
compared with existing drugs. The BLLI combinations in
late-stage clinical development consist of a carbapenem
in combination with a new BLI (meropenem-vaborbac-
tam, imipenem-relebactam). Such a combination works
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against KPCs and other class A BLs and AmpC (class C)
[34,35]. These combinations are useful for CR KP, for
example in EU and North America where class A
enzymes prevail, but they are less useful in many Asian
and African as well as some European countries due to the
lack of inhibition of MBLs and OXAs. The earlier clinical
pipelines include more BLLI combinations but also BLLI-
derived compounds that function as synergistic PBP2
inhibitors [36,37]. Cefiderocol is a new approach to the
cephalosporin class as it is conjugated to a siderophore
which facilitates uptake into the Gram-negative cell. This
siderophore-cephalosporin is intrinsically stable to hydro-
lysis by most B-lactamases [38] and has good in vitro
activity against the most resistant Gram-negative patho-
gens that have been studied so far [39]. Other BLI com-
binations with existing drugs have been revived to provide
short-term solutions. Combining aztreonam and avibactam
utilizes the stability of the monobactam against MBLs, and
the inhibitory function of avibactam against most other
BLs. This combination improves the activity of aztreonam
when BLs are the major resistance mechanism, for exam-
ple, in KP and AB. Other BLI combinations are being
developed, for example, cefepime/tazobactam, but have
little advantage over already registered drugs.

The aminoglycoside and tetracycline class has been revis-
ited and new analogues developed that address main class-
specific resistance mechanisms and improve the rate of
susceptibility. The aminoglycoside plazomicin was
designed for the treatment of MDR and aminoglycoside-
resistant Enterobacteriaceae [40] though new resistance
types that are often part of multiple co-resistances are
spreading especially in Asian countries [41]. The synthetic
tetracycline eravacycline may be an alternative therapeutic
option for CR KP and AB, although its activity may be
impaired in the presence of co-existing efflux mechanisms.
Itsinvitro activity is better than that of minocycline butonly
slightly improved compared to tigecycline [42].

The only novel compound without expected cross-resis-
tance to existing antibiotic classes in mid-stage clinical
trials is murepavadin, a Pseudomonas-specific AMP
mimetic [43]. Future monoclonal antibodies, for example,
MEDI-3902 and vaccines against Pseudomonas, may sup-
port pre-emptive approaches in critically ill patients [44].
To date, we see broad-spectrum antibiotics in the pipe-
line such as carbapenems and cephalosporins in combi-
nation with BLLIs and Gram-negative focused drugs such
as aminoglycoside and tetracycline derivatives. Unlike
20 years ago, also small-spectrum or pathogen-specific
drugs seem to be accepted in the medical community,
although the challenges of using these in daily practice
are numerous and need to be assessed.

In contrast to the near-universal activity of ceftazidime,
ciprofloxacin and carbapenems against Enterobacteria-
ceac when they were introduced 20-30 years ago, the

anticipated future compounds of known antibiotic classes
have gaps in susceptibility that are expected to grow fast
once the drugs are widely used. Such widened gaps
caused by incomplete cross-resistance, up-regulation of
existing resistance mechanisms and the rapid global
spread of transferable genetic elements will require
new attitudes towards the use of antibiotics. The call
for strengthened stewardship programmes, infection con-
trol, monitoring of antibiotic use and funding of such
programmes applies strongly to any future antibiotic to
keep its effectiveness as long as possible. If new anti-
biotics are intended to treat infections due to the most
resistant Gram-negative pathogens, there is no way
around the need for reliable and fast susceptibility tests
to ensure effective treatment.

Conclusions

Resistance is a problem that may affect everyone in a
globalised world. The extent of this problem has a wide
range and is more severe in certain regions of the world,
such as Asia, southeast Europe, South America and Africa.
The resistance surveillance systems are mostly insuffi-
cient or non-existent and it is reports from single hospitals
or groups of hospitals that shape our understanding of the
global resistance problem. As recently stated by the
WHO, carbapenem-resistant enterobacteria, Pseudomonas
and Acinetobacter are critical priority targets for antibacte-
rial drug R&D. New antibiotics in late clinical develop-
ment will increase the susceptibility rates of these patho-
gens but they will have no universal or near-universal
coverage because of some remaining cross-resistance to
existing antibiotics. The call to intensify efforts to dis-
cover novel antibiotics that have no potential for cross-
resistance remains.
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