
REVIEW

Therapeutic Strategies for Emerging Multidrug-
Resistant Pseudomonas aeruginosa

Ashlan J. Kunz Coyne . Amer El Ghali . Dana Holger .

Nicholas Rebold . Michael J. Rybak

Received: November 30, 2021 / Accepted: January 10, 2022 / Published online: February 12, 2022
� The Author(s) 2022

ABSTRACT

Multidrug-resistant (MDR) and extensively
drug-resistant (XDR) Pseudomonas aeruginosa
isolates are frequent causes of serious nosoco-
mial infections that may compromise the
selection of antimicrobial therapy. The goal of
this review is to summarize recent epidemio-
logic, microbiologic, and clinical data pertinent
to the therapeutic management of patients with
infections caused by MDR/XDR-P. aeruginosa.
Historically, conventional antipseudomonal
b-lactam antibiotics have been used for the
empiric treatment of MDR/XDR-P. aeruginosa.
Owing to the remarkable capacity of

P. aeruginosa to confer resistance via multiple
mechanisms, these traditional therapies are
often rendered ineffective. To increase the like-
lihood of administering empiric antipseu-
domonal therapy with in vitro activity, a second
agent from a different antibiotic class is often
administered concomitantly with a traditional
antipseudomonal b-lactam. However, combi-
nation therapy may pose an increased risk of
antibiotic toxicity and secondary infection,
notably, Clostridioides difficile. Multiple novel
agents that demonstrate in vitro activity against
MDR-P. aeruginosa (e.g., b-lactam/b-lactamase
inhibitor combinations and cefiderocol) have
been recently granted US Food and Drug
Administration (FDA) approval and are
promising additions to the antipseudomonal
armamentarium. Even so, comparative clinical
data pertaining to these novel agents is sparse,
and concerns surrounding the scarcity of
antibiotics active against refractory MDR/XDR-
P. aeruginosa necessitates continued assessment
of alternative therapies. This is particularly
important in patients with cystic fibrosis (CF)
who may be chronically colonized and suffer
from recurrent infections and disease exacerba-
tions due in part to limited efficacious
antipseudomonal agents. Bacteriophages repre-
sent a promising candidate for combatting
recurrent and refractory infections with their
ability to target specific host bacteria and cir-
cumvent traditional mechanisms of antibiotic
resistance seen in MDR/XDR-P. aeruginosa.
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Future goals for the management of these
infections include increased comparator clinical
data of novel agents to determine in what sce-
nario certain agents may be preferred over oth-
ers. Until then, appropriate treatment of these
infections requires a thorough evaluation of
patient- and infection-specific factors to guide
empiric and definitive therapeutic decisions.

Keywords: Pseudomonas aeruginosa; Multidrug-
resistant; Extensively drug-resistant;
Ceftolozane–tazobactam;
Ceftazidime–avibactam; Imipenem–relebactam;
Cefiderocol; Bacteriophage

Key Summary Points

Multidrug-resistant (MDR)-P. aeruginosa
has been considered a serious threat by
the Centers for Disease Control and
Prevention (CDC) for the last decade,
accounting for at least 32,600 cases, 2700
deaths, and US $767 million in
attributable healthcare costs annually.

Patient populations at greatest risk of
acquiring infections caused by MDR- and
extensively drug-resistant (XDR)-
P. aeruginosa include those admitted to
the intensive care unit (ICU) in the
preceding year, immunocompromised
patients, and those previously exposed to
antipseudomonal carbapenems and
fluoroquinolones.

When the use of conventional b-lactams
for empiric treatment of P. aeruginosa
infections may be unreliable because of
suspected multidrug resistance,
monotherapy with novel b-lactam/b-
lactamase inhibitors (e.g.,
ceftolozane–tazobactam,
ceftazidime–avibactam, or
imipenem–cilastatin–relebactam), or
cefiderocol as an alternative, is preferred
over combination therapy with
conventional agents, followed by
therapeutic escalation or de-escalation
based on in vitro susceptibility results.

P. aeruginosa is a major colonizing
pathogen in the lungs of patients with
cystic fibrosis (CF) and is extremely
difficult to eradicate once chronically
infected, leading to significant morbidity
and mortality. Standard treatment for
infections caused by MDR-P. aeruginosa in
patients with CF often includes
combination therapy of two intravenous
antipseudomonal antibiotics with
different mechanisms of action to reduce
the chance of selecting for resistant
organisms.

Bacteriophages represent a promising
candidate for combatting resistant and/or
refractory infections caused by MDR/XDR-
P. aeruginosa isolates as they target specific
host bacteria, circumvent traditional
mechanisms of antibiotic resistance, and
can restore antibiotic susceptibility by way
of evolutionary trade-offs.

INTRODUCTION

Multidrug-resistant (MDR) and extensively
drug-resistant (XDR) Pseudomonas aeruginosa
represents a frequent and challenging nosoco-
mial pathogen with consistently high rates that
range from 11.5% to 24.7% and 9.0% to 11.2%,
respectively, according to the INFORM database
[1, 2]. The World Health Organization (WHO)
designated carbapenem-resistant P. aeruginosa a
priority 1 or ‘‘critical’’ pathogen in substantial
need of new therapies to counteract this immi-
nent public health crisis of resistance [3].
Additionally, MDR-P. aeruginosa has been con-
sidered a serious threat by the Centers for Dis-
ease Control and Prevention (CDC) for the last
decade, accounting for at least 32,600 cases,
2700 deaths, and US $767 million in
attributable healthcare costs annually [4, 5]. In a
US national database study, patients with MDR-
P. aeruginosa respiratory infections had higher
mortality, approximately 7 days longer hospital
length of stay (LOS), higher readmission rates,
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and US $20,000 excess cost per infection rela-
tive to those with non-MDR-P. aeruginosa
infections [5].

MDR-P. aeruginosa definitions have changed
over recent years. According to the CDC in
2008, it was defined as nonsusceptibility to at
least one antibiotic in at least three classes for
which P. aeruginosa susceptibility is generally
expected (i.e., antipseudomonal penicillins
[e.g., piperacillin–tazobactam], cephalosporins
[ceftazidime, cefepime], fluoroquinolones,
aminoglycosides, and carbapenems [mer-
openem, imipenem]). XDR-P. aeruginosa isolates
were defined as nonsusceptibility to at least one
agent in all but two or fewer classes of antibi-
otics [6]. Standardized definitions for MDR,
XDR, and pandrug-resistant (PDR) were pro-
posed for infections in 2012, including
P. aeruginosa, with the main update including
an expanded set of categories from the 2008
CDC definition that included monobactams
(aztreonam), phosphonic acids (fosfomycin),
and polymyxins [6]. P. aeruginosa with difficult-
to-treat resistance (DTR) was proposed in 2018
and defined as nonsusceptibility to all of the
following: piperacillin–tazobactam, cef-
tazidime, cefepime, aztreonam, meropenem,
imipenem–cilastatin, ciprofloxacin, and levo-
floxacin [7, 8].

Patient populations at greatest risk of
acquiring MDR/XDR-P. aeruginosa infections
include those admitted to the ICU in the pre-
ceding year, immunocompromised patients,
those with chronic pulmonary disease, and
patients who received a carbapenem or fluoro-
quinolone within the previous 3 months [9–13].
Independent factors associated with 14- and
30-day mortality in patients with MDR/XDR-
P. aeruginosa infection include those with high-
risk source (e.g., intra-abdominal (IAI), pneu-
monia (PNA), skin and soft tissue (SSTI)), septic
shock, high Pitt bacteremia score, and inap-
propriate definitive antibiotic therapy [14–16].

Additionally, in patients with MDR/XDR-
P. aeruginosa infections, delayed administration
of appropriate antimicrobial therapy with
in vitro susceptibility for at least 52 h from
index culture collection resulted in a twofold
increase in 30-day mortality compared to
patients who received appropriate therapy

within 52 h [17]. Furthermore, the proportion
of patients who received delayed appropriate
therapy increased as the number of resistant
classes increased. Specifically, antibiotic resis-
tance to at least three antibiotic classes was
significantly associated with delayed appropri-
ate therapy.

Compliance with Ethics Guidelines

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

MECHANISMS OF RESISTANCE

Pseudomonas aeruginosa has an extraordinary
capacity to confer resistance via multiple
mechanisms, often at the same time, resulting
in resistance to nearly all available antibiotics.
Major P. aeruginosa resistance mechanisms are
often classified into intrinsic and acquired,
which counter most antibiotics, as well as
adaptive, which includes biofilm-mediated
resistance and the formation of multidrug-tol-
erant persister cells [18, 19]. P. aeruginosa’s high
level of intrinsic resistance occurs through
restricted outer membrane permeability (ap-
proximately 12–100-fold lower than that of
Escherichia coli), presence of antibiotic efflux
systems, and the production of endogenous
antibiotic-inactivating enzymes [20, 21].
Acquired resistance mechanisms result from
either horizontal gene transfer (acquisition of
aminoglycoside-modifying enzymes and b-lac-
tamases) or mutational events that result in the
overexpression of efflux pumps or b-lactamases
or the decreased expression or modification of
target sites and porins [20, 22, 23]. Adaptive
resistance mechanisms are induced by external
stimuli (e.g., antibiotic exposure) and become
inactive upon removal of the stimulus [24, 25].

Certain antibiotics (e.g., b-lactams, fluoro-
quinolones) transverse P. aeruginosa’s outer
membrane through porin channels, but not
surprisingly, decreased antibiotic susceptibility
is demonstrated with the loss of specific porin
channels. OprD is one of the major and well-
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characterized porin proteins in P. aeruginosa as
it contains a binding site for carbapenems and
serves as their preferred route of cellular entry.
When OprD is absent, P. aeruginosa exhibits
carbapenem resistance, impacting imipenem
and meropenem [26].

While the loss of porins such as OprD rep-
resents an effective barrier for drug entry into
the cell, a reduction in drug accumulation in
the periplasmic space can also be achieved
through active export by membrane-bound
efflux pumps. P. aeruginosa efflux pumps are
classified into five families with the resistance-
nodulation division (RND) family playing a key
role in antibiotic resistance via MexAB-OprM,
MexCD-OprJ, MexEF-OprN, and MexXY-OprM
[27]. MexAB-OprM, the most described efflux
pump in P. aeruginosa, is able to export drugs
from several different classes (e.g., fluoro-
quinolones, tetracyclines, macrolides,
trimethoprim, sulfonamides, b-lactamase inhi-
bitors) and has the broadest substrate profile for
the b-lactam class being able to export car-
boxypenicillins, aztreonam, extended-spectrum
cephalosporins (e.g., ceftazidime and cefo-
taxime), and carbapenems (e.g., meropenem
but not imipenem) [27–29]. Other pumps
including MexCD-OprJ, MexEF-OprN, and
MexXY-OprM expel b-lactams, fluoro-
quinolones, and aminoglycosides, respectively
[30, 31]. Additionally, overexpression of multi-
ple efflux pumps with concomitant porin
downregulation has been identified in clinical
strains of P. aeruginosa, expanding bacterial
antibiotic resistance and contributing to the
development of multidrug resistance
[21, 32, 33].

Pseudomonas aeruginosa produces multiple b-
lactamases classified via Ambler class A–D. Most
common are penicillinases belonging to the
molecular class A serine b-lactamases (Pseu-
domonas-specific enzymes (PSE), carbenicilli-
nases (CARB), TEM families) with PSE being the
most prevalent. Class A also encompasses the
less common extended-spectrum b-lactamases
(ESBL) including TEM, SHV, CTX-M, PER, GES,
and IBC in addition to Klebsiella pneumoniae
carbapenemase (KPC) [34]. Class B are defined
by metallo-b-lactamases (MBLs), which hydro-
lyze all currently available b-lactams and consist

of four major families: IMP, VIM, SPM, and
GIM. The most notorious MBL is New Delhi
metallo-b-lactamase (NDM) [35]. b-Lactamase
inhibitors variably inhibit these enzymes, with
no commercially available inhibitor being
available against MBL producers. Notably,
aztreonam maintains activity against NDM and
the addition of avibactam to aztreonam has
been shown to provide some improvement in
activity when NDM is expressed with other
mechanisms of resistance that render aztre-
onam ineffective (e.g., AmpC derepression)
[36]. Class C b-lactamases include chromoso-
mally encoded AmpC. Although intrinsically
produced at low levels, overproduction of
AmpC b-lactamase in P. aeruginosa can occur
either by induction of the ampC gene or
through a process of derepression leading to
constitutive high-level expression [37, 38].
AmpC derepression in P. aeruginosa often leads
to cefepime, ceftazidime, and tazobactam resis-
tance, but has little impact on carbapenem
susceptibility unless accompanied by additional
resistance mechanisms (e.g., efflux pump over-
production, decreased OprD, and/or production
of a class A/class B carbapenemase). AmpC-me-
diated resistance poses an additional challenge
as it can emerge during therapy in a patient
receiving an antipseudomonal penicillin, peni-
cillin–inhibitor combination, aztreonam, or
extended-spectrum cephalosporin [39]. Class D
enzymes have a wide range of substrates and
include OXA enzymes, which in general are not
inhibited by traditional b-lactamase inhibitors
(e.g., tazobactam) and may not be inhibited by
new agents (e.g., vaborbactam, relebactam).
OXA-10 exhibits ESBL activity and confers cef-
tazidime and aztreonam resistance, while OXA-
31 confers resistance to cefepime [40].

In addition to genome-encoded intrinsic
resistance mechanisms, P. aeruginosa can gain
resistance via nonhydrolytic antibiotic modifi-
cation or target binding site alterations [23, 41].
Aminoglycoside resistance can occur via
aminoglycoside-modifying enzymes (e.g.,
N-acetyltransferases, O-nucleotidyltransferases,
and O-phosphotransferases), which affect the
structural integrity of aminoglycosides to vary-
ing degrees via catalytic changes, or through
16S ribosomal RNA target site alteration by RNA
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methyltransferases [42]. Target site alternations
can also confer fluoroquinolone resistance
through genome changes in gyrA and parC,
which are components of DNA gyrase and
topoisomerase IV, respectively [43].

Adaptive resistance increases the ability of
P. aeruginosa to survive antibiotic attack owing
to transient changes in gene expression in
response to an environmental stimulus [24].
In P. aeruginosa, the best characterized mecha-
nisms of adaptive resistance are the formation
of biofilm and the generation of persister cells,
which result in persistent infection and poor
prognosis in patients with cystic fibrosis
(CF) [25]. Complex communication pathways
called quorum sensing (QS) directly lead to
coordinated biofilm formation and the pro-
duction or reduction in virulence factors
through gene expression based on colony pop-
ulation size [44, 45]. Three main systems—Las,
Rhl, and pseudomonas quinolone signal
(PQS)—have been found to be responsible for
the regulation of these virulence factors and rely
on the production and detection of the QS
autoinducers N-3-oxo-dodecanoyl-homoserine
lactone and N-butanoyl-homoserine lactone for
activation. As the proportion of cells grow
within the population so too does the concen-
tration of signaling molecules which leads to
the transcription of multiple virulence factors
including elastase, pyocyanin, exotoxin A, and
the formation of biofilm. General mechanisms
of biofilm-mediated resistance protecting bac-
teria from antibiotic attack involve prevention
of antibiotic penetration, altered microenvi-
ronment inducing slow growth of biofilm cells,
induction of an adaptive stress response, and
persister cell differentiation [46, 47].

PHARMACOTHERAPY

Conventional, antipseudomonal b-lactam
antibiotics (i.e., cefepime, ceftazidime,
piperacillin–tazobactam, and carbapenems) are
commonly prescribed for the empiric treatment
of P. aeruginosa, sometimes in combination with
a second agent from a different antibiotic class
(i.e., aminoglycoside, fluoroquinolone, poly-
myxin) when there is concern for MDR to

increase the chance of administering early,
appropriate therapy with in vitro susceptibility
[48, 49]. While empiric combination therapy
increases the likelihood of administering at
least one active in vitro agent for isolates sus-
pected to be MDR, data has yet to validate that
continued combination therapy, once the con-
ventional b-lactam has demonstrated in vitro
activity, offers any benefit over conventional b-
lactam monotherapy [50]. Additionally,
P. aeruginosa isolates that demonstrate in vitro
susceptibility may have elevated minimum
inhibitory concentrations (MICs) at or near the
breakpoint for conventional b-lactams, and
thus require high-dose, extended infusions to
achieve exposures for pharmacokinetic/phar-
macodynamic (PK/PD) target attainment.
Unfortunately, data suggest that resistance to
one antipseudomonal b-lactam is commonly
associated with resistance to other conventional
b-lactams. This was demonstrated in a study of
290 nonduplicate meropenem-nonsusceptible
P. aeruginosa isolates examined at 34 US hospi-
tals. Of those isolates, 36% demonstrated resis-
tance to all other b-lactams tested (cefepime,
ceftazidime, piperacillin–tazobactam, and
aztreonam). Furthermore, and what has yet to
be determined, is whether the use of an
antipseudomonal b-lactam with in vitro sus-
ceptibility harbors cross-resistance to other
antipseudomonal b-lactams and impacts clini-
cal outcomes.

When the use of conventional b-lactams for
empiric treatment of P. aeruginosa infections
may be unreliable because of suspected MDR,
monotherapy with novel b-lactam/b-lactamase
inhibitors (e.g., ceftolozane–tazobactam, cef-
tazidime–avibactam, or imipenem–cilas-
tatin–relebactam) over combination therapy
with conventional agents is preferred followed
by therapeutic escalation or de-escalation based
on in vitro susceptibility results (Table 1) [8]. If
b-lactam/b-lactamase inhibitors are unavailable,
not tolerated, or demonstrate in vitro resis-
tance, cefiderocol is recommended therapy for
serious MDR-P. aeruginosa infections over com-
bination therapy with conventional agents [8].
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CEFTOLOZANE–TAZOBACTAM

Ceftolozane–tazobactam (C/T) is an advanced-
generation cephalosporin (ceftolozane) com-
bined in a fixed (2:1) combination with a b-
lactamase inhibitor (tazobactam), designed to
overcome P. aeruginosa resistance mechanisms
[54]. Ceftolozane, a novel oxyimino-cephalos-
porin with more potent penicillin binding pro-
tein (PBP) 3 inhibition and higher affinity for
PBP1b compared to other b-lactam agents, has
less affinity for hydrolysis by P. aeruginosa
AmpC cephalosporinases [55–57]. Additionally,
it is a weak substrate for drug efflux systems, is
not impacted by OprD loss, and has indepen-
dent activity against DTR-P. aeruginosa since it
does not rely on tazobactam to restore suscep-
tibility to an otherwise inactive drug [58].

Following the results of the ASPECT-cIAI and
ASPECT-cUTI trials, C/T was FDA-approved in
2014 for complicated intra-abdominal infec-
tions (cIAI) and complicated urinary tract
infections (cUTI), including pyelonephritis, in
adult patients at a dosage of 1.5 g every 8 h via
intermittent 30-min infusion [59, 60]. C/T was
later granted FDA approval for nosocomial
pneumonia (NP) including hospital-acquired
bacterial pneumonia (HABP) and ventilator-as-
sociated bacterial pneumonia (VABP) in adult
patients at a dosage of 3 g every 8 h on the basis
of results from the ASPECT-NP trial, which
evaluated C/T compared with meropenem for
NP and demonstrated similar clinical cure
(57.1% vs 60%) and 28-day mortality (25.4% vs
18.5%) between groups [61].

In a multicenter, retrospective, observational
study assessing C/T for the treatment of seri-
ous P. aeruginosa infections in 95 critically ill
patients of which 83.3% of isolates were car-
bapenem-resistant and classified as MDR/XDR,
C/T demonstrated favorable clinical response in
71.6% of patients, which was defined as the
resolution of presenting signs and symptoms of
infection by the end of therapy [62]. Notably,
94.8% of patients had sepsis or septic shock and
needed life-supporting therapies such as vaso-
pressors or mechanical ventilation. Forty-six
episodes were treated with high-dose C/T (3 g
every 8 h) and 38 episodes were treated with

standard dose (1.5 g every 8 h). Almost one-half
(44.2%) of patients were treated with C/T
monotherapy, and the remaining group
received combination therapy with standard of
care antibiotics. Severe adverse events including
thrombocytopenia and seizure occurred in 3.1%
(3/95) of patients [62].

Puzniak and colleagues conducted a system-
atic literature review of 83 studies of C/T for
Gram-negative infections comprising 3701
patients, of which 90.7% (N = 2184) had infec-
tions caused by P. aeruginosa, and of those,
72.3% and 14% of which were MDR and XDR,
respectively [63]. The most common infections
were PNA (52.9%), cUTI (14.9%), and cIAI
(10.1%), and most patients 47.3% were admit-
ted to the ICU. C/T was used at doses of either
1.5 g or 3 g every 8 h for a median duration of
7–56 days (varying between studies). Of the
large studies (those that included more than 50
patients) that included patients with P. aerugi-
nosa infections, positive outcome rates were
comparable with clinical success ranging from
56.7% to 83.2% and mortality from 5% to 29%
[64–72]. Whether P. aeruginosa resistance was a
factor in clinical outcome was analyzed by two
studies, one of which demonstrated similar
proportions of survivors and non-survivors in
patients with XDR-P. aeruginosa while the other
found a significantly different proportion of
MDR vs XDR P. aeruginosa infections between
patients with clinical success or failure [64, 65].
Of the studies that compared C/T to other
treatment regimens (aminoglycoside-/poly-
myxin-based regimens or standard of care) in
patients with resistant P. aeruginosa infections,
C/T was associated with increased clinical cure
rates, but no significant difference was identi-
fied for all-hospital mortality [66, 67, 73].

Data from the ERACE-PA Global Surveillance
Program showed that of the clinical isolates
collected from 17 centers in 12 countries from
2019 to 2021, C/T demonstrated activity against
a majority of the carbapenemase-negative and
carbapenem-resistant P. aeruginosa clinical iso-
lates with 88% and 63% being susceptible
according to Clinical and Laboratory Standards
Institute (CLSI) breakpoints, respectively
(Table 2) [74]. Notably, regional differences in
susceptibility patterns for carbapenem-resistant
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P. aeruginosa were noted for C/T and ranged
from 32% to 85%. Additionally, only 15% of
isolates that tested carbapenemase-positive

phenotypically (VIM, GES, IMP, NDM, or KPC
identified) were susceptible, of which 12.5%
had KPC. Varying susceptibility among C/T

Table 2 In vitro activity of b-lactam/b-lactamase inhibitor combinations and cefiderocol against carbapenem-nonsuscep-
tible P. aeruginosa isolates

Agent Study Database,
location,
year

n MIC50 MIC90 MIC
range

CLSI EUCAST

%S %I %R %S %R

Ceftolozane–tazobactam Gill et al.

2021

[74]

ERACE-PA,

USA,

2019–21

149 1 16 NR 85 4 11 85 15

Gill et al.

2021

[74]

ERACE-PA,

EUR,

2019–21

324 1 [ 64 NR 65 6 29 85 35

Karlowsky

et al.

2020

[78]

SMART,

USA,

2015–17

229 NR NR NR 67.5 NR NR NR NR

Ceftazidime–avibactam Gill et al.

2021

[74]

ERACE-PA,

USA,

2019–21

149 2 16 NR 87 – 13 87 13

Gill et al.

2021

[74]

ERACE-PA,

EUR,

2019–21

324 4 32 NR 79 – 21 79 21

Imipenem–relebactam Karlowsky

et al.

2020

[78]

SMART,

USA,

2015–17

229 2 [ 32 B 0.06

to[ 32

70.3 8.1 21.6 NR NR

Lob et al.

2020

[79]

SMART,

EUR,

2015–17

469 NR NR NR 62.2 NR NR 74.4 25.6

Cefiderocol Iregui et al.

2020

[80]

Iregui et al.,

USA,

2017

269 0.25 0.5 B 0.03 to

8

99.6 NR NR NR NR

Iregui et al.

2020

[80]

Iregui et al.,

USA,

2013–14

130 0.5 1 B 0.03 to

4

100 0 0 100 0

EUR Europe, CLSI Clinical and Laboratory Standards Institute, EUCAST European Committee on Antimicrobial Sus-
ceptibility Testing, MIC minimum inhibitory concentration, S susceptible, I intermediate, R resistant, NR not reported
[51–53]
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isolates has led to investigations of underlying
resistance mechanisms. While common mech-
anisms of resistance in P. aeruginosa including
efflux pump upregulation and porin channel
changes have not been shown to significantly
impact P. aeruginosa susceptibility to C/T, pro-
duction and/or overexpression of b-lactamases
not inhibited by tazobactam (e.g., metallo-b-
lactamases, GES b-lactamases, OXA b-lacta-
mases, and carbapenemases) may result in cef-
tolozane hydrolysis. Additionally, mutations in
chromosomal ampC and ampR genes have been
identified, which is of great significance as the
omega loop of AmpC is the substrate-binding
site for ceftolozane and these mutations have
been associated with treatment-emergent C/T
resistance [39, 58, 75–77].

CEFTAZIDIME–AVIBACTAM

Ceftazidime–avibactam (CZA) combines an
anti-pseudomonal cephalosporin, ceftazidime,
with the novel diazabicyclooctane non-b-lac-
tam/b-lactamase inhibitor, avibactam. It was
FDA-approved in 2015 for the treatment of
cUTI, including pyelonephritis, and cIAI in
combination with metronidazole followed by
approval for the treatment of HABP/VABP in
2018 [81]. While avibactam alone has no
intrinsic activity, it extends the in vitro activity
of ceftazidime to include P. aeruginosa resistance
mechanisms including ESBL-, AmpC-, serine
carbapenemase-producing P. aeruginosa, and
some class D (OXA-48) enzymes [82, 83]. Like
C/T, CZA is not active against MBL-producing
strains, but unlike C/T, CZA appears to be active
against isolates producing class A carbapene-
mases such as GES enzymes [84]. On the other
hand, CZA may be more affected by the over-
expression of efflux pumps compared to C/T
[85].

Few studies have examined the effectiveness
of CZA against infections caused by MDR-
P. aeruginosa isolates. In the largest real-world
study examining 203 patients receiving CZA for
various MDR Gram-negative infections, 63
(31.0%) had infections due to P. aeruginosa and
the most common infection source was respi-
ratory tract (60.3%). Of those patients, clinical

failure, 30-day mortality, and 30-day recurrence
were reported in 19 (30.2%), 11 (17.5%), and 4
(6.3%) of patients, respectively [86].

Stone and colleagues analyzed the activity of
CZA against MDR-P. aeruginosa isolates pooled
from the adult phase III clinical trials in patients
with cIAI, cUTI, or NP including VABP [87].
Microbiological and clinical responses for
patients with one or more MDR-P. aeruginosa
isolates were assessed at the test-of-cure (TOC)
visit. In the pooled microbiologically modified
intention-to-treat (mITT) population, 95
patients with MDR-P. aeruginosa were identified.
Favorable microbiological response rates at TOC
were 57.1% for CZA compared to 53.8% for
comparators, predominantly carbapenems. On
the basis of the results of these studies, CZA may
be a suitable alternative to carbapenem-based
therapies for infections caused by MDR-
P. aeruginosa [87].

Similar to C/T, the ERACE-PA Global Study
Group found that CZA was also active against a
majority of carbapenemase-negative and car-
bapenem-resistant P. aeruginosa isolates with
91% and 72% susceptibility according to CLSI
breakpoints, respectively [74]. CZA, like C/T,
demonstrated highly varied susceptibilities
based on region, ranging from 34% to 87%.
Compared to C/T, more isolates that were phe-
notypically positive for carbapenemase tested
susceptible to CZA including 90% and 100% of
GES and KPC, respectively, although only 4% of
VIM-producing isolates and none of the IMP- or
NDM-producing isolates were CZA susceptible.

In general, of the resistance mechanisms
involved in the development of CZA-resistant
P. aeruginosa isolates, enzymatic inactivation
appears to be the most common with reported
class C (AmpC) and class D (OXA) b-lactamase
mutations. Like C/T, mutations in the omega
loop region of AmpC widen the enzyme’s
binding pocket, increasing the catalysis of both
ceftazidime and ceftolozane. Interestingly,
mutations in the AmpC omega loop also result
in reduced affinity for avibactam. Membrane
impermeability due to porin mutations and
high rates of OprD loss have also been shown to
contribute to resistance in individual CZA-re-
sistant strains [88]. Efflux pumps do not appear
to play a major role in CZA resistance, although
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addition of efflux pump inhibitors CCCP and
PabN have been shown to significantly reduce
the P. aeruginosa MIC from[ 32 to\0.06 [89].

Combination therapy of CZA with other
antimicrobials may have potential in treating
these pathogens. An in vitro study by Mikhail
and colleagues assessed combinations of CZA
with meropenem, amikacin, aztreonam, col-
istin, or fosfomycin against 21 strains of MDR-
P. aeruginosa. MIC combination evaluation and
time-kill assays identified an at least twofold
decrease for most P. aeruginosa isolates in the
majority of combinations tested with amikacin-
or aztreonam-containing combinations
demonstrating synergy ([ 2.15-log10 CFU/mL
decrease) [90]. In a separate study, Papp-Wallace
and colleagues observed CZA MICs decrease
from[32 mg/L to\ 8 mg/L and\ 16 with the
addition of fosfomycin or colistin, respectively,
against CZA-resistant isolates [91].

IMIPENEM–RELEBACTAM

Another recently developed novel treatment of
MDR/XDR-P. aeruginosa infections is the com-
bination of imipenem, a carbapenem, and
cilastatin, a renal dehydropeptidase 1 inhibitor,
with relebactam. It was approved by the FDA in
July 2019 for patients with cUTIs and cIAIs, and
more recently approved in June 2020 for HABP
and VABP [92, 93]. Relebactam is a bicyclic
diazabicyclooctane b-lactamase inhibitor of
many class A and class C b-lactamases. This
novel antibiotic retains activity against
P. aeruginosa with efflux pump and porin loss
mutations as well [94]. As a result of relebac-
tam’s pronounced inhibition of these b-lacta-
mases, strains of P. aeruginosa that are
imipenem nonsusceptible can be made suscep-
tible to imipenem–relebactam (I-R) [95, 96].

Clinical data for the use of I-R against infec-
tions caused by MDR-P. aeruginosa were evalu-
ated in RESTORE-IMI [96]. In this randomized
controlled trial, I-R was compared to
imipenem ? colistin (IMI ? CST) in 47 adults
with carbapenem-resistant cIAIs, cUTIs, HABP,
or VABP of which P. aeruginosa was the most
commonly isolated organism at 77% of infec-
tions (36/47). Patients included in the study had

primary VABP (29%), cUTI, or pyelonephritis
(each 25.8%). The overall rate of favorable
clinical response at day 28 was significantly
higher in the I-R group compared to IMI ? CST
(71% vs 40%; 90% confidence interval (CI)
1.3–51.5). This favorable response was also seen
in a subset of patients with P. aeruginosa infec-
tions with 13/16 (81%) of I-R and 5/8 (63%) of
IMI ? CST having a favorable response. Day 28
all-cause mortality occurred in 2 of 21 patients
in the I-R group compared to 3 of 10 patients in
the IMI ? CST group. Additionally, although
this was a 20% lower mortality rate in the I-R
group compared to the IMI ? CST group (10%
vs 30%; 90% CI - 46.4 to 6.7), it was not sta-
tistically significant. Serious adverse events
occurred more frequently in the IMI ? CST
group at 31.3% compared to the I-R group at
9.7%. Treatment-emergent nephrotoxicity
occurred at a rate of 10% in the I-R group and
56% in the IMI ? CST group (p = 0.002). The
results of RESTORE-IMI 1 support the conclu-
sion that I-R is an effective and well-tolerated
option for the treatment of carbapenem-non-
susceptible infections.

Imipenem–relebactam was shown to be
active against MDR-P. aeruginosa in a suscepti-
bility analysis from 490 P. aeruginosa isolates in
a surveillance study in New York City. Imipe-
nem was susceptible for 70% of isolates at a
susceptibility breakpoint of B 2 mg/L and for
98% of P. aeruginosa isolates when relebactam
was added at a fixed concentration of 4 mg/L
(consistent with current CLSI breakpoints) [97].
Imipenem MIC50 and MIC90 values decreased
fourfold with the addition of relebactam, noted
for isolates with depressed OprD expression and
variable AmpC expression. A lack of activity was
also noted for isolates with OXA (Class D) b-
lactamase enzymes, especially those of Acineto-
bacter baumannii [98].

In more recent data comparing I-R activity to
that of C/T and CZA against MDR/XDR-
P. aeruginosa, 1445 isolates with known MICs
from 51 Spanish hospitals were analyzed.
Overall, isolates were found to have low MICs to
I-R with MIC50/90 of 0.5 mg/L and 1 mg/L,
respectively, 4- and 16-fold lower than that of
imipenem alone. I-R also had the highest sus-
ceptibility rate (97.3%) followed by CST
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(94.6%), C/T (94.6%), and CZA (94.2%) when
using EUCAST clinical breakpoints. Interest-
ingly, patients that developed C/T and/or CZA
resistance during therapy had increased sus-
ceptibility to I-R. Most often, C/T and CZA
resistance development was due to mutations in
the omega loop of AmpC that increased sus-
ceptibility to imipenem [99]. Thus, I-R may be a
reasonable option for rescue therapy in the
setting of treatment-emergent C/T and CZA
resistance secondary to AmpC mutations. For
imipenem-resistant strains, I-R susceptibility
was 80.5% compared to 86.4% for XDR strains.
Notably, all of the 37 strains that exhibited I-R
resistance (2.6%) produced an acquired car-
bapenemase, which were not present in any of
the I-R-susceptible isolates. Hence, there was a
near-perfect correlation between I-R resistance
and carbapenemase production, which means
metallo-b-lactamase production remains a
challenge for new drug development.

CEFIDEROCOL

Cefiderocol (FDC), a novel siderophore cepha-
losporin, demonstrates broad-spectrum Gram-
negative coverage and was developed to combat
MDR Gram-negatives such as carbapenem-re-
sistant P. aeruginosa and A. baumannii [100].
Cefiderocol is currently FDA-approved for
complicated cUTI in adult patients with sus-
ceptible Gram-negative bacteria as a last-line
treatment option. Its novel mechanism of
action involves chelating with ferric iron to
utilize bacterial iron transport systems, increas-
ing periplasmic concentrations in Gram-nega-
tive bacteria. The resultant higher periplasmic
concentrations facilitate the PBP3 saturation
causing cell wall synthesis breakdown.

CREDIBLE-CR, a phase 3, randomized,
international study trial, examined the safety
and efficacy of FDC against best available
treatment (BAT) for the treatment of car-
bapenem-resistant Gram-negative infections
[8]. This open-label trial included 118 patients
from 100 centers, with P. aeruginosa making up
19% (22/118) of all infections in the mITT
analysis and 45% of patients having NP. Clini-
cal cure rates at TOC were similar in the FDC

group [50% (95% CI 33.8–66.2)] compared to
the BAT group, which consisted primarily of
CST-based regimens, [53% (95% CI
28.90–75.60)] for NP. However, all-cause mor-
tality differences were noted between the two
groups with 25% for the FDC group compared
to 11% for the BAT group at day 14. This mor-
tality difference was sustained until day 28 and
was primarily seen in patients with concomi-
tant Acinetobacter spp. infections. Upon further
data stratification, all-cause mortality in
patients with infections that were caused by
monomicrobial P. aeruginosa, or Acinetobacter
spp. were 18% (2/11) and 50% (21/42), respec-
tively. When comparing monomicrobial
P. aeruginosa infections between FDC and BAT,
all-cause mortality remained at 18% (2/11). On
the basis of these results, infections caused by
carbapenem-resistant Acinetobacter spp. may
have been driving the higher mortality rates.
Furthermore, patients in the FDC group had
higher rates of shock, ICU admission, and prior
antibiotic exposure than their BAT-treated
counterparts, which may have confounded
results. In general, the CREDIBLE-CR study
highlighted that FDC performs as well as com-
binations containing extended-infusion mer-
openem, polymyxins, and/or aminoglycosides
for the treatment of infections caused by car-
bapenem-resistant P. aeruginosa.

Cefiderocol resistance in P. aeruginosa is a
complex topic not yet well understood and in
need of continued exploration. Surveillance
studies investigating the in vitro activity of FDC
against MDR-P. aeruginosa are limited. Com-
bined data of 1500 carbapenem-nonsusceptible
P. aeruginosa isolates indicate that more than
97% had FDC MICs of B 4 mg/L or less. Nota-
bly, most if not all isolates were obtained from
patients without previous exposure to FDC.
Cefiderocol has demonstrated high activity
against C/T-resistant P. aeruginosa strains in
surveillance studies with FDC MIC50/90 at 0.25
and 2 mg/mL for 199 isolates, respectively,
although none of the strains were collected after
FDC or C/T exposure [101, 102]. While FDC-
resistant P. aeruginosa isolates are rare and usu-
ally attributed to the production of metallo-b-
lactamases, emerging data demonstrate the
potential for P. aeruginosa nonsusceptibility to
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FDC without previous FDC exposure [100]. A
recent case report detailed the emergence of an
FDC-resistant P. aeruginosa isolate with single
nucleotide polymorphisms (SNPs) in TonB-de-
pendent iron transporter receptor and chromo-
somal AmpC b-lactamase genes without prior
FDC exposure [103]. While these mutations
may have occurred during disk diffusion sus-
ceptibility testing, it is plausible that they were
present before testing since there were 29
additional SNPs in a separate strain isolated
from the same culture source. Thus, FDC MIC
testing of P. aeruginosa isolates prior to FDC use
is warranted [104].

SPECIAL POPULATION: CYSTIC
FIBROSIS

Pseudomonas aeruginosa is a major colonizing
pathogen in the lungs of patients with cystic
fibrosis (CF) and is extremely difficult to eradi-
cate once chronically infected, leading to sig-
nificant morbidity and mortality [105]. This is
theorized to be caused by numerous factors
including patients’ pathological inability to
clear respiratory secretions, impaired innate
production of antibacterial peptides, reduced
phagocytosis by CF cells, impaired host defenses
from low levels of nitric oxide and glutathione,
and genetic adaptations of P. aeruginosa [106].
Young patients with CF are often colonized
with multiple wild-type non-mucoid P. aerugi-
nosa strains until eventual conversion to
mucoid and biofilm-producing strains, which
occur in over 80% of patients with CF aged
25 years or older [107]. Mucoid conversion is
thought to be caused in large part by mutations
in the mucA gene, which leads to alginate
hyperproduction and increased resistance to
innate host defenses in the lungs [108, 109].
Upwards of 84–93% of clinical P. aeruginosa
mucoid isolates in patients with CF have mucA
mutations [110, 111]. An overproduction of the
alginate matrix allows anchoring for biofilm
formation, which further increases resistance to
host phagocytosis, decreases antibiotic pene-
tration, and allows for planktonic formation of
new infection sites [109]. These new infections
often induce CF exacerbations leading to

hospital admissions and subsequent antibiotic
exposure, further selecting for resistance in both
mucoid and non-mucoid P. aeruginosa strains.

Standard treatment for infections caused by
MDR-P. aeruginosa in patients with CF often
includes combination therapy consisting of two
intravenous antipseudomonal antibiotics (e.g.,
piperacillin/tazobactam, ceftolozane/tazobac-
tam, ceftazidime/avibactam, cefepime, or a
carbapenem plus a second antipseudomonal
agent such as a fluoroquinolone, aminogly-
coside, or colistin) with synergistic mechanisms
of action to reduce selection of resistant
organisms [112–116]. Additionally, inhaled
antibiotics are often used to decrease the risk of
exacerbations from P. aeruginosa colonization.
Multiple in vitro studies have evaluated the
antimicrobial susceptibility patterns of
P. aeruginosa isolates collected from the lower
respiratory tract of patients with CF for novel b-
lactam/b-lactamase inhibitor combinations and
cefiderocol. A retrospective review was con-
ducted comparing the in vitro activities of C/T,
CZA, and CST against 42 P. aeruginosa isolates
from the respiratory tract of 32 adults with CF.
In general, isolates were more susceptible to C/T
than CZA (60% versus 43%) and of the 38 (90%)
isolates considered highly drug resistant, more
were susceptible to C/T than CZA (55% versus
45%) [117]. Another in vitro study tested 273
P. aeruginosa isolates from 39 hospitals in 17
countries against CZA, C/T, ceftazidime,
piperacillin–tazobactam, and tobramycin [118].
Both CZA (MIC50/90, 2/8 mg/L; 96.0% suscep-
tible) and C/T (MIC50/90, 1/4 mg/L; 90.5% S)
exhibited potent activity against the P. aerugi-
nosa isolates. Against isolates resistant to mer-
openem, 78.9% were CZA-susceptible while
47.4% were C/T-susceptible. Among MDR iso-
lates (36.3% of isolates), 88.9% and 73.7% of
isolates were susceptible to CZA and C/T,
respectively. In total, 65.4% of C/T-nonsuscep-
tible isolates were susceptible to CZA and 18.2%
of CZA-resistant isolates were susceptible to
C/T. Results of these in vitro studies suggest C/T
and CZA may be valuable options to consider
for the treatment of CF pulmonary exacerba-
tions caused by P. aeruginosa, with in-house
susceptibilities guiding choice of empiric ther-
apy between the two. Currently, there are no
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clinical trials for the use of FDC in patients with
CF. Future research investigating the lung PK
penetration, safety concerns, and synergistic
antibiotic concentrations is warranted to guide
clinical use of FDC.

BACTERIOPHAGE THERAPY

Continued development of novel treatment
approaches against MDR/XDR-P. aeruginosa,
including planktonic, mucoid, and biofilm-
producing strains, remain a top priority to
reduce associated morbidity and mortality. One
strategy is the use of bacteriophage (phage)
therapy. Lytic phages are viruses that infect a
host bacterium and utilize the bacteria’s bio-
logical machinery for replication, ultimately
leading to host cell lysis [119]. Phage therapy is
an emerging anti-infective treatment option for
refractory, MDR, and biofilm-mediated infec-
tions. While phage therapy has been used to
treat bacterial infection for over 100 years, it has
gained slow adoption in western medicine
because of the advent of antibiotics and large
knowledge gaps contributing to heterogeneity
in approach [120, 121].

Phage dosing, route of administration, and
frequency remain poorly understood. Single
doses of 1 9 106 to 1 9 109 PFU/mL (plaque
forming units per milliliter) have been used
for topical application; however, current data
is lacking to make definitive recommendations
for dosing frequency [122, 123]. Moreover,
multiple doses may be favored for adequate
phage concentrations at the infection site.
Unlike antibiotics, phages can increase their
concentration exponentially at the site of
infection as a result of replication. This may
complicate dosing parameters depending on
the type of infection but may prove beneficial
for eradication of deep-seated infections.
Multiplicity of infection (MOI) or the ratio of
phage to bacteria is another key parameter
used for determining optimal concentrations
of phage for bactericidal activity. Adjustments
in this ratio may be specific to patient and/or
phage products to maximize activity. In a case
series where a patient with a ventricular assist
device (VAD) had an infection caused by

MDR/XDR-P. aeruginosa, the patient developed
fever and wheezing that were likely the result
of high concentration phage (1 9 1011 PFU/
mL) administration [124]. When this concen-
tration was diluted to 1 9 1010 and re-admin-
istered, the fever and wheezing subsided. It
was determined that the reaction was due to
pyrogens acquired through the propagation
process, though the concentration of pyrogens
in the initial preparation was below the FDA
limit [125]. This reaction suggests a possible
threshold in which the risk of hypersensitivity
reactions outweighs the efficacy of phage
therapy, which has yet to be delineated for
the treatment of MDR/XDR-P. aeruginosa or
any other bacteria regardless of route of
administration or infection type. In one of the
few clinical trials that looked at treating MDR-
P. aeruginosa with phage, phage therapy
(PP1311 at 1 9 109 PFU/mL) was compared
with standard of care (1% sulfadiazine silver
emulsion cream) for the treatment of burn
wound infections [126]. The trial was stopped
early because of topical preparation stability
issues, reduced phage concentrations, and
subsequent efficacy concerns. This may sug-
gest that there are potential issues related to
manufacturing, drug stability, and selection of
phage concentrations based on bacterial den-
sity at the site of infection. Further PK/PD
studies are needed to address phage titers,
susceptibility, phage resistance, and the gen-
eration of neutralizing antibodies when dos-
ing. Phages and antibiotics have some
overlapping PD principles. As with antibiotics,
the PD goal of phage therapy is to maximize
the number of phages that reach the infection
site and kill as many bacteria as possible.
However, there are PD differences between
antibiotics and phages, which include host
density and their growth rates at the site of
infection, number of phages present, infectiv-
ity rate of phages, phage replication time
within bacterial cells (latency period), phage
burst size (number of phage progeny), and
clearance of phage, among others [127].

One of the most important attributes phage
therapy can provide is the ability to circum-
vent traditional mechanisms of antibiotic
resistance seen in MDR/XDR-P. aeruginosa. This
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principle was demonstrated in a study exam-
ining the efficacy of phage ØA392 against an
imipenem-resistant P. aeruginosa isolate in a
mouse model where phage demonstrated
microbiological eradication [128]. Against
P. aeruginosa isolates obtained from patients
with CF, phage produces enzymes to break up
biofilms and alginate associated with mucoid
P. aeruginosa strains [129]. In one such case, a
patient with CF and active P. aeruginosa respi-
ratory infection experienced refractory respi-
ratory failure and CST-induced renal failure
prior to receiving 8 weeks of phage cocktail
administration (AB-PA01). After completion of
therapy, the patient experienced clinical reso-
lution and did not have an exacerbation
within the 100 days following phage therapy
[130].

Another important advantage of phage
therapy is the ability to restore antibiotic sus-
ceptibility by way of evolutionary trade-offs, or
mutations that enable bacteria to resist phage
infection causing changes in the genes that
code for antibiotic resistance mechanisms.
Chan et al. demonstrated that use of a lytic
phage (OMKO1) targeting MDR-P. aeruginosa’s
outer membrane porin M (OprM) of the mul-
tidrug efflux system MexAB and MexXY resul-
ted in changes to the efflux pump mechanism
through phage selection [131]. In this case,
phage selection resulted in MDR bacteria that
became more susceptible to ciprofloxacin, cef-
tazidime, tetracycline, and erythromycin.

Other than the clinical trial previously
mentioned, experience with phage for the
treatment of MDR/XDR-P. aeruginosa is limited
primarily to case reports with phage obtained
via expanded access for compassionate use.
These case reports have varied widely in
approach, methodology, clinical indications,
dosing, route of administration, and outcomes.
Large gaps in knowledge contribute to the
heterogeneity in approach and lack of clear
consensus in many important clinical areas,
underscoring the need for additional research
that is very much warranted.

CONCLUSION

Multidrug-resistant Gram-negative infections
continue to challenge the healthcare commu-
nity and complicate antimicrobial decisions.
P. aeruginosa remains a public health threat
despite ongoing antibiotic stewardship and
drug development efforts. This is due in large
part to P. aeruginosa’s ability to evade host
defenses and render multiple antibiotic classes
ineffective via rapid development of complex
resistance mechanisms. Prompt initiation of
appropriate antipseudomonal therapy with
in vitro susceptibility is essential to treat
P. aeruginosa infections and prevent detrimental
impacts associated with delayed therapy (e.g.,
significant increases in morbidity, mortality,
need for surgical intervention, length of hospi-
tal stay, and overall cost of treatment). The
recent FDA approval of multiple novel agents
adds to the antipseudomonal armamentarium
and may help to ensure early administration of
appropriate therapy while minimizing devel-
opment of resistance. However, while these
agents have demonstrated high activity in vitro
against MDR/XDR-P. aeruginosa isolates in large
surveillance studies, variability among agents
exists, likely because of regional variation of
resistance mechanisms and phenotypes. Addi-
tionally, there is a need for comparative clinical
evaluations of these agents to determine whe-
ther there is a benefit to the use of certain
agents over others in different clinical scenarios.

Variable in vitro data and sparse clinical
comparative data between novel antipseu-
domonal agents highlight the importance of
thoroughly evaluating regional and local sus-
ceptibility patterns as well as patient-specific
information when selecting empiric and
definitive antimicrobial therapy for patients
with infections caused by MDR/XDR-P. aerugi-
nosa. Continued monitoring of evolving
antibiotic resistance patterns and research
focused on novel approaches including phage
therapy are key to minimizing the impact MDR/
XDR-P. aeruginosa infections have on patients
and the healthcare system.
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REW. Pseudomonas aeruginosa: all roads lead to
resistance. Trends Microbiol. 2011;19(8):419–26.
https://doi.org/10.1016/j.tim.2011.04.005.

21. Chevalier S, Bouffartigues E, Bodilis J, et al. Struc-
ture, function and regulation of Pseudomonas
aeruginosa porins. FEMS Microbiol Rev. 2017;41(5):
698–722. https://doi.org/10.1093/femsre/fux020.

22. Meletis G, Bagkeri M. Pseudomonas aeruginosa:
multi-drug-resistance development and treatment
options. In: Basak S, editor. Infection control. Lon-
don: InTech; 2013. https://doi.org/10.5772/55616.

23. Munita JM, Arias CA. Mechanisms of antibiotic
resistance. Microbiol Spectr. 2016;4(2):15. https://
doi.org/10.1128/microbiolspec.VMBF-0016-2015.

24. Sandoval-Motta S, Aldana M. Adaptive resistance to
antibiotics in bacteria: a systems biology perspec-
tive. WIREs Syst Biol Med. 2016;8(3):253–67.
https://doi.org/10.1002/wsbm.1335.

25. Taylor PK, Yeung ATY, Hancock REW. Antibiotic
resistance in Pseudomonas aeruginosa biofilms:
towards the development of novel anti-biofilm
therapies. J Biotechnol. 2014;191:121–30. https://
doi.org/10.1016/j.jbiotec.2014.09.003.

26. Fang ZL, Zhang LY, Huang YM, et al. OprD muta-
tions and inactivation in imipenem-resistant Pseu-
domonas aeruginosa isolates from China. Infect

676 Infect Dis Ther (2022) 11:661–682

https://doi.org/10.1093/cid/ciy378
https://doi.org/10.1093/cid/ciaa1478
https://doi.org/10.1093/cid/ciaa1478
https://doi.org/10.1186/s13756-018-0370-9
https://doi.org/10.1186/s13756-018-0370-9
https://doi.org/10.1007/s10096-009-0850-1
https://doi.org/10.1007/s10096-009-0850-1
https://doi.org/10.1097/MD.0b013e318239cf0a
https://doi.org/10.1128/AAC.00851-06
https://doi.org/10.1128/AAC.00851-06
https://doi.org/10.1007/s15010-011-0124-6
https://doi.org/10.1007/s15010-011-0124-6
https://doi.org/10.1093/cid/ciy801
https://doi.org/10.1093/cid/ciy801
https://doi.org/10.1007/s00134-019-05519-y
https://doi.org/10.1007/s00134-019-05519-y
https://doi.org/10.1093/cid/ciy723
https://doi.org/10.1093/cid/ciy723
https://doi.org/10.1128/AAC.00338-07
https://doi.org/10.1128/AAC.00338-07
https://doi.org/10.1016/j.micinf.2003.08.009
https://doi.org/10.1016/j.micinf.2003.08.009
https://doi.org/10.1128/JB.01651-09
https://doi.org/10.1128/JB.01651-09
https://doi.org/10.1016/j.tim.2011.04.005
https://doi.org/10.1093/femsre/fux020
https://doi.org/10.5772/55616
https://doi.org/10.1128/microbiolspec.VMBF-0016-2015
https://doi.org/10.1128/microbiolspec.VMBF-0016-2015
https://doi.org/10.1002/wsbm.1335
https://doi.org/10.1016/j.jbiotec.2014.09.003
https://doi.org/10.1016/j.jbiotec.2014.09.003


Genet Evol. 2014;21:124–8. https://doi.org/10.
1016/j.meegid.2013.10.027.

27. Dreier J, Ruggerone P. Interaction of antibacterial
compounds with RND efflux pumps in Pseudomonas
aeruginosa. Front Microbiol. 2015;6:660. https://doi.
org/10.3389/fmicb.2015.00660.

28. Li H, Luo YF, Williams BJ, Blackwell TS, Xie CM.
Structure and function of OprD protein in Pseu-
domonas aeruginosa: from antibiotic resistance to
novel therapies. Int J Med Microbiol. 2012;302(2):
63–8. https://doi.org/10.1016/j.ijmm.2011.10.001.

29. Dupont P, Hocquet D, Jeannot K, Chavanet P, Plé-
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