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ABSTRACT

Pseudomonas aeruginosa is a pathogen that has a high 
propensity to develop antibiotic resistance, and the emer-
gence of multidrug-resistant strains is a major concern for 
global health. The mortality rate associated with infections 
caused by this microorganism is significant, especially those 
caused by multidrug-resistant strains. The antibiotics used 
to treat these infections include quinolones, aminoglyco-
sides, colistin, and β-lactams. However, novel combinations of 
β-lactams-β-lactamase inhibitors and cefiderocol offer advan-
tages over other members of their family due to their better 
activity against certain resistance mechanisms.

Selecting the appropriate empiric antibiotic treatment 
requires consideration of the patient’s clinical entity, comor-
bidities, and risk factors for multidrug-resistant pathogen in-
fections, and local epidemiological data. Optimizing antibiotic 
pharmacokinetics, controlling the source of infection, and ap-
propriate collection of samples are crucial for successful treat-
ment.

In the future, the development of alternative treatments 
and strategies, such as antimicrobial peptides, new antibiotics, 
phage therapy, vaccines, and colonization control, holds great 
promise for the management of P. aeruginosa infections.
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PSEUDOMONAS AERUGINOSA: A VERSATILE 
PATHOGEN 

P. aeruginosa is an extremely versatile pathogen with 
three key characteristics (Figure 1). Firstly, it has a high adap-
tive capacity resulting from its ability to generate mutations at 
a high rate, its genomic plasticity, its ability to form biofilms 
and enter a persister state, and its quorum sensing commu-
nication mechanisms. Secondly, it has a large arsenal of viru-
lence factors, such as pigments, exotoxins, proteases, secretory 
systems, and biofilm formation. Thirdly, it has a high potential 
to generate and transmit antibiotic resistance [1].

This bacterium is responsible for a wide variety of in-
fections at different anatomical levels, but it is important to 
note two aspects when studying these infections. Firstly, it is 
primarily considered an opportunistic pathogen, so there are 
patient-specific criteria that must be met for a P. aeruginosa 
infection to occur, and the severity of the infection is modu-
lated by factors such as the patient’s level of immunosuppres-
sion, exposure to medical devices, length of hospital stay, and 
location in the hospital [1].

Biofilm formation is implicated in infections caused by P. 
aeruginosa, with classical examples being chronically infected 
cystic fibrosis or ventilator-associated pneumonia. Hypermu-
tant strains have been described within the biofilm, which may 
generate and share resistance mechanisms [2].

PSEUDOMONAS AERUGINOSA: THE PARADIGM OF 
ANTIBIOTIC RESISTANCE

The antibiotic resistance mechanisms of this bacterium 
can be categorized as innate and acquired. Innate mechanisms, 
such as low outer membrane permeability, Mex-type efflux 
pumps, and AmpC cephalosporinase, are common features of 
this species. Acquired mechanisms can be acquired through 
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makes treating infections with P. aeruginosa especially chal-
lenging.

MULTIDRUG-RESISTANT PSEUDOMONAS 
AERUGINOSA (MDRPA): DIMENSION OF THE 
PROBLEM

The World Health Organization (WHO) published a prior-
ity list of antibiotic-resistant bacteria in 2017, which includes 
carbapenem-resistant P. aeruginosa. Taconelli et al. ranked the 
bacteria on the list based on several factors, including mortal-
ity, health burden, prevalence of resistance, resistance trend, 
community burden, transmissibility, preventability in health-
care and community settings, treatability, and drug develop-

chromosomal gene mutations or horizontal transfer. Some of 
the most frequent mechanisms of acquired resistance through 
mutations include overproduction of chromosomal AmpC 
cephalosporinase, loss of the carbapenem-specific OprD porin, 
and mutational overexpression of efflux pumps. In the case of 
horizontally acquired resistance, extended-spectrum β-lacta-
mases and carbapenemases are of special concern. Metal-
lo-β-lactamases are by far the most prevalent carbapenemases 
in P. aeruginosa [3].

Many of these mechanisms can lead to resistance to the 
same class of antibiotics. For instance, resistance to carbapen-
ems can be mediated by loss of OprD porin expression, overex-
pression of efflux pumps, and production of metallo-β-lacta-
mases. The combined action of these resistance mechanisms 

Figure 1  Virulence factors, risk factors for acquiring infection, scheme of β-lactam resistance mechanisms and 
agents to treat Pseudomonas aeruginosa infections. 

ESBLs: extended-spectrum β-lactamases, MBLs: metallo-β-lactamases, GES: Guiana extended-spectrum β-lactamase. Created with BioRender.com
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fection is moderate to severe, or when source control is poor 
[8]. However, a previous multicenter study in Spain reflected 
that in 150 MDRPA, 68.7% were susceptible to ceftolozane-ta-
zobactam [9]. These results support that antibiotic treatment 
does not end with guideline recommendations.

MORTALITY ASSOCIATED WITH MDRPA 
INFECTIONS

The mortality rate associated with infections caused by 
this bacterium is extremely high, exceeding that of S. aureus 
in certain types of infections, such as bloodstream infections 
[10]. MDRPA infections are associated with higher mortality 
compared to non-MDRPA infections. Inappropriate empiric 
treatment has been shown to increase mortality [11]. However, 
it should be noted that other variables might account for this 
outcome, such as more virulent strains or debilitated patients.

MDRPA: THERAPEUTIC OPTIONS

Quinolones are the only group of antibiotics that can be 
orally administered to treat P. aeruginosa infections. Amino-
glycosides are used intravenously in monotherapy only for 
uncomplicated urinary tract infections, otherwise they are 
administered in combination with other antibiotics. Colistin 
is reserved as a last resort due to its side effects. β-lactam 
antibiotics are available in different levels of potency, with 
piperacillin-tazobactam, ceftazidime, and cefepime as the 
first level, followed by carbapenems in the second level, novel 
β-lactams-β-lactamase inhibitors in the third level, and cefi-
derocol in the highest level.

Avibactam is a β-lactamase inhibitor with inhibitory activi-
ty against several types of β-lactamases, including class C, class 
A, and certain class D enzymes. However, ceftazidime-avibactam 
has limitations, including vulnerability to efflux pumps and lack 
of activity against metallo-β-lactamases. Ceftolozane is a stable 
antibiotic against AmpC-type β-lactamases and efflux pumps 
of P. aeruginosa, with less potential for resistance development 
compared to ceftazidime. However, ceftolozane has its own lim-
itations, including a lack of activity against metallo-β-lactama-
ses and class A carbapenemases. [12]. During the COVID-19 pan-
demic, the increased use of ceftazidime-avibactam led to a rise 
in resistance rates to both ceftolozane-tazobactam and ceftazi-
dime-avibactam due to a cross-resistance phenomenon induced 
by either antibiotic [12]. This effect should be considered when 
developing antibiotic rotation strategies in hospitals.

Relebactam restores imipenem activity against strains 
expressing AmpC overproduction and OprD deficiency, and is 
stable against efflux pumps and some β-lactamases (class A 
and D). However, it has no activity against metallo-β-lactama-
ses and induces cross-resistance to the previously mentioned 
antibiotic combination.

ment. P. aeruginosa placed second on the list, following car-
bapenem-resistant Acinetobacter baumannii [4].

Moreover, P. aeruginosa is the sixth pathogen with the 
highest number of deaths attributable to bacterial antimicro-
bial resistance, according to 2019 data [5]. This is particularly 
notable since other bacteria higher on the list, such as Escher-
ichia coli, Staphylococcus aureus, or Klebsiella pneumoniae, 
cause more infections in the community, ultimately affecting 
a larger number of individuals than P. aeruginosa.

MDRPA IN SPAIN: WHERE ARE WE?

According to the ECDC 2022 data, the rate of carbapen-
em-resistant P. aeruginosa in Spain ranges between 10% and 
25% [6]. A nationwide survey conducted in 2017 with 1454 
strains showed that 9% of them were multidrug-resistant, 
17% were extensively drug-resistant, and 0.1% were pan-
drug-resistant [7]. However, it is important to bear in mind that 
these data are pre-pandemic and the impact of the COVID-19 
pandemic on the previous distribution should be assessed. For 
those strains, colistin, amikacin, ceftolozane-tazobactam, and 
ceftazidime-avibactam showed the highest susceptibility rates. 
The MIC90 for the latter two was 2 and 8, respectively [7]. This 
reflects that the most active β-lactam against P. aeruginosa is 
ceftolozane-tazobactam. It is important to note that this study 
was conducted before the release of cefiderocol.

Among the extensively drug-resistant P. aeruginosa 
strains, 61% were found to have OprD deficiency, and 65% 
displayed overproduction of AmpC [7]. This reflects that the 
most active β-lactam against P. aeruginosa is Ceftolozane-ta-
zobactam. It is important to notice that this study is before 
cefiderocol release.

Among the extensively drug-resistant P. aerugino-
sa strains, 61% were found to be OprD deficiency, and 65% 
displayed overproduction of AmpC It is worth noting the in-
tervariability between hospitals. Clonal diversity is much lower 
among multidrug-resistant and especially extensively drug-re-
sistant strains. High-risk clones have been identified, which are 
linked to hospital outbreaks worldwide, and all of them possess 
the ability to develop and transfer resistance [3]. For instance, 
the ST175 clone accounts for 40.9% of all extensively drug-re-
sistant isolates in Spain [7].

Certain extensively drug-resistant clones, such as ST175, 
ST111, and ST235, are frequently linked to particular resistance 
mechanisms, which in turn are related to a resistance profile. 
In other words, the observed susceptibility profile should make 
us suspect the resistance mechanism and the clone we are 
dealing with because the therapeutic options will vary accord-
ingly [3]. Therefore, MDRPA should not be uniformly treated 
with the same antimicrobial approach.

The IDSA guidelines recommend the use of ceftolo-
zane-tazobactam to treat MDRPA if susceptible, when the in-
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cial role in preventing this. Successfully decolonizing a patient 
or preventing colonization altogether could potentially avoid 
future infections. One strategy to achieve this is studying the 
microbiome and modifying it [18].

Furthermore, alternative treatments such as antimicrobial 
peptides, new antibiotics, phage therapy, nanoparticles, an-
ti-inflammatory agents, gene editing tools, and vaccines are 
being developed, showing great promise for the future man-
agement of P. aeruginosa infections. These novel approaches 
offer a wide range of potential options to combat and control 
this pathogen [19].
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