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Abstract: Pseudomonas aeruginosa (P. aeruginosa) is one of the most frequent opportunistic microor-
ganisms causing infections in oncological patients, especially those with neutropenia. Through its
ability to adapt to difficult environmental conditions and high intrinsic resistance to antibiotics,
it successfully adapts and survives in the hospital environment, causing sporadic infections and
outbreaks. It produces a variety of virulence factors that damage host cells, evade host immune
responses, and permit colonization and infections of hospitalized patients, who usually develop blood
stream, respiratory, urinary tract and skin infections. The wide intrinsic and the increasing acquired
resistance of P. aeruginosa to antibiotics make the treatment of infections caused by this microorganism
a growing challenge. Although novel antibiotics expand the arsenal of antipseudomonal drugs,
they do not show activity against all strains, e.g., MBL (metalo-β-lactamase) producers. Moreover,
resistance to novel antibiotics has already emerged. Consequently, preventive methods such as
limiting the transmission of resistant strains, active surveillance screening for MDR (multidrug-
resistant) strains colonization, microbiological diagnostics, antimicrobial stewardship and antibiotic
prophylaxis are of particular importance in cancer patients. Unfortunately, surveillance screening
in the case of P. aeruginosa is not highly effective, and a fluoroquinolone prophylaxis in the era of
increasing resistance to antibiotics is controversial.

Keywords: Pseudomonas aeruginosa; cancer patients; infections; new antibiotics

1. Introduction

Anticancer chemotherapy, radiotherapy, surgery, stem cell transplantation, and im-
munotherapy as well as cancer itself make oncological patients vulnerable to infection,
which is the second cause of death in this population. The important risk factors of
infections are neutropenia and disruption of anatomic barriers such as skin and mu-
cous membranes [1]. One of the most challenging aspects of patient management is
the treatment of infections caused by multidrug-resistant (MDR) Gram-negative bacteria,
e.g., carbapenemase-producing Enterobacterales and resistant non-fermentative rods. Over-
all, the emergence of antibiotic resistance reduces the effectiveness of antibiotic therapy,
increases infection mortality, and significantly interferes with anti-cancer therapy [2].

This review presents selected aspects of infections in patients with solid tumors and
hematological malignances caused by the most frequent non-fermentative, Gram-negative
rod P. aeruginosa. We focus on microbial pathogenic factors, the clinical form of infections,
the mechanisms of antibiotic resistance, available treatment options, and the control of
nosocomial infections.
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2. Features of Microorganism, Virulence Determinants

P. aeruginosa is a Gram-negative opportunistic pathogen, which has an outstanding
adaptive capability, and thus is widely distributed in various habitats such as soil, river,
artificial water reservoirs, the hospital environment and the human body [3]. This bac-
terium can affect not only humans (mainly immunocompromised patients, e.g., suffering
from cancer, AIDS, burns) but also plants, pets and farm animals. The pathogenicity of
P. aeruginosa is the result of the high plasticity of the genome, the production of numerous
virulence factors, the ability of biofilm formation and the resistance to different classes of
antibiotics. These features are regulated by nucleotide signals and the quorum sensing
system [4]. The P. aeruginosa features influencing pathogenicity are presented in Figure 1.
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Figure 1. Factors of Pseudomonas aeruginosa contributing to its pathogenicity (LPS–lipopolysaccharide,
MDR-multidrug-resistant, PDR-pandrug-resistant).

P. aeruginosa can produce an extensive number of cell-associated and extracellu-
lar virulence factors, e.g., LPS (lipopolysaccharide), alginate, adhesins, pili and flagella,
siderophores (pyoverdine and pyochelin), lipases, proteases, elastases, exotoxin A, and
pyocyanin, as well as secretion systems releasing effector substances–toxins and hydrolytic
enzymes. The virulence factors are involved in the various stages of the infection: adher-
ence to the biotic and abiotic surfaces, colonization, dissemination and tissue damage [5].
The secretion system releases the compounds into the extracellular milieu or into the cells.
For example, the T3SS (type III secretion system), variably expressed in different strains,
can inject toxins such as ExoU, ExoT, ExoS, and ExoY directly into host cells, causing
cytotoxicity and damage to the host’s immune system. The major toxin ExoU is associated
with severe acute lung infections, sepsis and increased risk of early mortality [6]. The type
III secretion system (T3SS) is important in the pathogenesis of invasive and acute infections,
but most strains of P. aeruginosa that cause chronic infections/colonization (e.g., in cystic
fibrosis patients) may inhibit or even lose this and some other virulence factors, which
result in immune evasion and host adaptation [7].

T2SS secrets exotoxin A (PE), the most toxic virulence factor produced by the majority
of P. aeruginosa clinical strains. It is released into the extracellular environment and displays
local necrotic activity [8]. The high cytotoxic properties of Pseudomonas exotoxin A are used
to develop recombinant immunotoxins for anti-cancer therapy. The enzymatic extoxin
A domain is linked to antibody fragments that target a specific antigen on tumor cells.
Upon entry into the cell, the toxin domain inactivates protein biosynthesis and induces
the process of apoptosis. In 2018, Moxetumomab Pasudotox (Lumoxiti), the drug for
the treatment of drug-resistant hairy cell leukemia, was approved by the Food and Drug
Administration. Research is underway on the development of new PE-based immunotoxins
with potential anti-cancer effects on solid tumors [9]. The last type VI secretion system
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(T6SS) present in P. aeruginosa strains facilitates the colonization process. It secretes effector
proteins affecting other bacterial cells, causing them to die, with further disruption of the
natural microbiota [5].

The important determinant of P. aeruginosa pathogenesis, especially in persistent infec-
tions, is the ability to form a biofilm. This feature is crucial, especially in lung infections
in patients with cystic fibrosis, chronic obstructive pulmonary disease, and urinary tract
infections (UTI), and in patients with long-term bladder catheter and chronic wounds or
infections associated with medical devices or implants. Once established, the biofilm is dif-
ficult to eradicate. Bacteria living in the biofilm exhibit higher resistance to antibiotics; thus,
the treatment of biofilm-related persistence in P. aeruginosa infections is challenging [10].

3. P. aeruginosa Mechanisms of Resistance

Infections caused by P. aeruginosa are difficult to treat, as these microorganisms exhibit
high inherent (natural) resistance to many antibiotics (aminopenicillins, first- and second-
generation cephalosporins, orally administered and some intravenously administrated
third-generation cephalosporins, trimethoprim/sulfamethoxazole, tetracyclines) [11] and
the unique ability to develop resistance to almost all antibacterial drugs.

One of the natural mechanisms of antibiotic resistance is the restricted permeability of
the outer membrane, which is 12–100 times less permeable than that of Escherichia coli. The
other mechanisms include the constitutive expression of efflux pumps and the production
of antibiotic-inactivating enzymes. Acquired resistance mechanisms result from mutations
in chromosomal DNA or from horizontal gene transfer from other bacteria. They extend
the natural resistance to antibiotics and lead to the development of multidrug-resistant
(MDR) and pandrug-resistant (PDR) strains. Major mechanisms are loss of porins, modifi-
cation of antibiotic targets, overexpression of efflux pumps, and enzymatic inactivation of
antibiotics [12].

From a clinical point of view, the most important resistances in P. aeruginosa are against
β-lactam antibiotics, aminoglycosides, quinolones, and colistin. The acquired β-lactam
resistance is the result of several mechanisms such as mutations causing specific outer
membrane protein (OMP) deficiencies (e.g., mutations in OprD, which is the main OMP
for uptake of carbapenems in P. aeruginosa), the upregulation of the active efflux system,
cephalosporinase AmpC overexpression, modification of PBPs (penicillin-binding proteins),
or the production of carbapenemases, e.g., metalo-β-lactamases (MBLs) that hydrolyze
β-lactams, with the exception of aztreonam. The major acquired mechanisms of resistance
to aminoglycosides occurs through changes in the aminoglycoside target (the 30S ribosomal
subunit), the production of aminoglycoside-modifying enzymes, as well as overexpression
of the efflux pumps. Resistance to quinolones is mainly associated with the overexpression
of efflux pumps such as the MexAB-OprM and the mutation in genes encoding for target
enzymes (topoisomerase IV and DNA gyrase) [13].

A worrying phenomenon is the emergence of resistance to colistin—a last resort antibi-
otic in the treatment of infections caused by MDR P. aeruginosa. The main mechanisms of
resistance to this antibiotic are chromosomal mutations, leading to the modification of LPS
and resulting in a decrease in the affinity of lipid A for polymyxins. Another much more
dangerous phenomenon from an epidemiological point of view is the association with the
transmissibility of plasmid mcr-genes, first described in 2015 in China, and then discov-
ered in several regions of the world in various animals and humans enteric bacteria [14].
Currently, the plasmid mcr-genes are also detected in P. aeruginosa [15]. In some countries,
especially in those where colistin is overused in human and veterinary medicine and is
widely used in the poultry industry as a growth promoter, the percentage of P. aeruginosa
strains resistant to colistin reaches more than 20% [15].

In addition to the high levels of intrinsic and acquired resistance to many clinically
used antibiotics, P. aeruginosa has the ability to display adaptive resistance based mainly on
biofilm formation and the production of multidrug-tolerant persister cells [16].
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MDR P. aeruginosa strains can be selected de novo due to the selection pressure of
antibiotics (pre-existing antibiotics susceptible P. aeruginosa when exposed to antibiotics
may eventually become resistant) or can be acquired through horizontal transmission, as
seen during an epidemic when a single clone was transferred between patients in the same
hospital ward [17].

P. aeruginosa may use the same mechanism to develop resistance to antibiotics from
different classes. For example, the Mex AB-OprM efflux system is active against fluoro-
quinolones, beta-lactams and aminoglycosides. Thus, exposure to one drug, e.g., fluoro-
quinolone or β-lactam, may select mutants resistant to other classes that are substrates
for the same efflux pump. Another mechanism of multidrug resistance development
is the acquisition of genes encoding various resistance mechanisms on mobile genetic
elements [18].

4. P. aeruginosa Colonization

The intestinal colonization of P. aeruginosa and the translocation of this bacterium from
the gastrointestinal tract into the bloodstream is considered a key in the pathogenesis of
some severe endogenous P. aeruginosa infections in immunocompromised people, including
cancer patients [19]. This is mainly the case of BSI (blood stream infections) in patients with
neutropenia, although in lung infections, hematogenous spread or direct contamination of
the lungs by P. aeruginosa from the intestinal tract is also possible [19]. The colonization
usually precedes P. aeruginosa hospital infections. It has been demonstrated that in ICU
(intensive care unit) patients, the risk of P. aeruginosa infection is 15 times higher in colonized
patients than in noncolonized ones [20]. Studies by Mendes et al. and Sadowska-Klasa et al.
have shown an association between pre-colonization of the gut by P. aeruginosa resistant
to carbapenems (CRPA) and bloodstream infection caused by the same strains in patients
undergoing HSCT (hematopoietic stem cell transplant). The incidence of MDR bacteremia
is higher in patients with MDR colonization than in non-colonized patients [21,22].

P. aeruginosa is not a common member of the gut microbiota in healthy people. In
the non-hospital population, the carrier prevalence of this microorganism was estimated
at 1.47% in adults [23] and 5% in children [24]. Community strains show great genetic
diversity and general susceptibility to antibiotics [23,24]. In hospitalized patients, the risk
of P. aeruginosa colonization may increase many times over, especially with the use of
wide-ranging active antibiotics. For example, in one study, 43% of patients hospitalized
in the ICU (intensive care unit) were colonized with these bacteria [25]. The source of
P. aeruginosa colonization is the hospital environment where P. aeruginosa is ubiquitous. It
has been shown that patients treated in the ICU and exposed to antibiotics can be colonized
by various P. aeruginosa strains (initially mainly by non-MDR, later also by MDR and
PDR). The main risk factor for acquiring multi-drug resistant strains is prior exposure to
carbapenems, including ertapenem or fluoroquinolones [25].

Over 20 years ago, Andremont et al. assessed the colonization of P. aeruginosa in
patients hospitalized in the oncohematology department at over 30% [26]. Currently, when
anticancer therapy is more aggressive and the antibiotic therapies and prophylaxis in this
group of patients are frequent, the rate of colonization can be higher. For example, one
study shows that during hospitalization, 74.2% of patients with leukemia, lymphoma,
and multiple myeloma developed rectal colonization and 25.8% developed throat colo-
nization by XDR P. aeruginosa (extensively drug-resistant P. aeruginosa). The risk factors
were the usage of ciprofloxacin, as well as more than three different antibiotics during the
time of hospitalization, the usage of medical devices such as catheters, and a C-reactive
protein >10 mg/dL. The last factor, in the authors’ opinions, may be related to the weaken-
ing of the protective mucosal barrier as a result of a pro-inflammatory state or a concomitant
infectious disease [27].

Antibiotics disrupt the natural intestinal microbiota and facilitate colonization with
pathogenic microorganisms, including P. aeruginosa [28]. They not only change the compo-
sition of the taxa, they also affect the metabolism, gene expression and protein activity of
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microorganisms inhabiting the gastrointestinal tract. The complex gut microbiota (both in
terms of microbial diversity and density) play a key role in providing resistance to infec-
tions. This mechanism is known as “colonization resistance”. Conversely, dysbiosis causes
a loss of protection against colonization [29]. In cancer patients, not only antibiotics, but
also anticancer chemotherapy alone, causes changes in the oral microbiota depending on
the transition from Gram-positive to Gram-negative bacteria, including Klebsiella, Enterobac-
ter, Pseudomonas and Escherichia [30]. Cancer patients, especially those with hematological
malignances, and hematopoietic stem cell transplant (HSCT) recipients display reduced gut
microbiota diversity. The cause of this situation is aggressive chemotherapy and frequent
use of antibiotics for treatment and prevention. Dysbiosis, which occurs along with damage
to the mucosa, which is common in this group of patients, enables the translocation of
pathogens through the damaged intestinal epithelium into the bloodstream and poses
potential life-threatening infections, especially during episodes of neutropenia [31].

Moreover, other host factors common in solid tumor patients, such as surgical interven-
tion, severe trauma, and obstruction, may favor P. aeruginosa colonization of the intestines.
In addition to the intestines, P. aeruginosa can also colonize the throat, nose, skin, and
urinary tract [32]. Under conditions of severe stress, trauma, and surgery, P. aeruginosa may
become more virulent and damage the intestinal epithelium, and possibly promote tumor
formation in predisposed hosts [33]. While intestinal colonization is considered the most
important reservoir of P. aeruginosa in endogenous pseudomonal infections in hematology
patients, some studies also point to other sources [34]. In addition to the endogenous source
of infection with P. aeruginosa, exogenous routes are also possible. They mainly play a
role during outbreaks, when P. aeruginosa comes directly from the contaminated hospital
environment or from other infected or colonized patients [20] (Figure 2).
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5. P. aeruginosa as an Etiological Factor of Infections in Cancer Patients

P. aeruginosa is one of the most common opportunistic pathogens [35] causing various
forms of acute and chronic infections such as bloodstream infections (BSI), chronic lung
infections in cystic fibrosis patients, soft skin infections (SSI) including surgical wounds
and burns, urinary tract infections (UTIs), ventilator-associated pneumonia (VAP), and
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other nosocomial infections in immunocompromised and critically ill patients. Community-
acquired P. aeruginosa infections are much less common. The examples are: hot tub fol-
liculitis, otitis externa (swimmer’s ear) and keratitis in individuals extendedly wearing
contact lens [35]. In cancer patients, P. aeruginosa causes mainly BSI, respiratory infections,
UTI, and skin and soft tissue infections [36]. The most dangerous infection caused by
P. aeruginosa and occurring in cancer patients is blood stream infection. The risk factors
for the development of P. aeruginosa BSI in oncological patients are: neutropenia, use of
corticosteroids, severity of underlying disease, or prior surgery [37].

The data from the SENTRY Antimicrobial Surveillance Program collecting microor-
ganisms isolated from patients suffering from BSI show that P. aeruginosa is the fourth most
common BSI etiological agent and is responsible for 5.3% of cases [38]. In cancer patients,
especially in those with hematologic malignances, this percentage is higher (11–18% all
BSI cases). In this group of patients, P. aeruginosa is second or third after E. coli and K.
pneumoniae as a causative agent of BSI [39–42].

In P. aeruginosa BSI in hematological patients, the mortality rate is high [37]. It has
changed from 90% in the 1960s, to approximately 70% in the 1970s, to 20% in the 1990s.
During this period, anti-pseudomonal antibiotics were systematically introduced and
started to be used empirically [43]. Unfortunately, now that MDR P. aeruginosa is more
frequent than before, the mortality rate is increasing and can be as high as 70% if MDR
P. aeruginosa is the causative agent [44]. In general, in patients with febrile neutropenia,
the mortality in MDR P. aeruginosa BSI is several times higher than in patients without
MDR P. aeruginosa BSI [45,46]. Independent risk factors for mortality in P. aeruginosa
BSI (bloodstream infections) in neutropenic patients are inappropriate empiric antibiotic
therapy, pneumonia and septic shock at onset [47].

The international, large, retrospective, multicenter study performed between January
2006 and May 2018 showed that 25.4% of P. aeruginosa blood stream infections in neutropenic
cancer patients was caused by multidrug-resistant strains. The risk factors of this etiology
were: hematological disease, the presence of a urinary catheter, prior fluoroquinolone
prophylaxis, and prior exposure to broad-spectrum antipseudomonal β-lactams such as
piperacillin–tazobactam or carbapenem. The identification of patients with a high risk of
MDR P. aeruginosa BSI allows for the early introduction of appropriate antibiotic therapy
and avoids the overuse of broad-spectrum antibiotics where it is not necessary [48].

In some neutropenic leukemia patients, P. aeruginosa BSI may be secondary to mouth
ulcers and necrotic skin lesions (ecthyma gangrenosum) caused by this microorganism.
Although oral lesions can be cured as a result of appropriate antibiotic therapy, after a few
weeks, some patients develop blood stream infection caused by P. aeruginosa resistant to
previously used antibiotics [49]. Ecthyma gangrenosum, an uncommon but dangerous
complication in neutropenic patients, is usually caused by P. aeruginosa. Erythematous skin
lesions on the buttocks, legs, axilla or other part of a body rapidly progress into necrotic
ulcers with black eschars. This skin infection is usually (~58% of cases) associated with
potentially fatal sepsis, with a mortality rate ranging from 38% to 77% [50]. In such a
situation, P. aeruginosa is isolated from the blood and from skin lesions. Early diagnosis,
intensive empirical antibiotic therapy with the P. aeruginosa spectrum, and rapid clearing
are critical to patient prognosis [50,51].

P. aeruginosa can also be involved in polimicrobial infections such as perianal infec-
tions, which are relatively common problems in patients with acute leukemia receiving
chemotherapy. These infections usually take the form of mild local cellulite or abscesses
and fistulas. The main symptoms of local infection are: pain, discomfort swelling, and
constipation. Sometimes these local infections can lead to life-threatening sepsis in patients
with severe neutropenia [52]. In oncological patients, P. aeruginosa can also be present in
the blood due to bacteriemic pneumonia (PABP). These infections, potentially fatal, occur
mainly in neutropenic patients undergoing chemotherapy, but can also occur in patients
with a solid tumor who have developed myelosuppression following chemotherapy. The
clinical presentation of classic PABP is primarily fever without respiratory symptoms,
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followed by rapid progression of pneumonia. In some cases, abscess formation may occur,
which is a rare but possible outcome with a poor prognosis. In PABP, P. aeruginosa can be
isolated from blood and sputum samples [53].

Although P. aeruginosa is more frequent in hematological patients, it can also complicate
anti-cancer treatment of patients with solid tumors, where prolonged, deep neutropenia is
less common than in hematological patients [54]. In this heterogenous group, risk factors
of infection are associated with tumor-related disruption of natural anatomic barriers or
obstruction as well as with the type of treatment, such as surgery, chemotherapy, radio-
therapy, or immunotherapy. Some P. aeruginosa infections in patients with solid tumors
can be slightly different than those in oncohematology. The examples are: polimicrobial
post-obstructive pneumonia caused by bronchial obstruction, UTI due to urinary stasis, or
surgical infection after tumor resection [54].

P. aeruginosa has been described as the etiological agents of surgical infections asso-
ciated with breast implantations in women undergoing anti-cancer treatment [55] and in
patients after major head and neck oncological surgical procedures. Surgical site infections
caused by this microorganism are often associated with an extended patient’s stay in the
hospital, worsening of the patient’s condition and quality of life, or a delay in cancer
therapy [56].

P. aeruginosa together with Staphylococcus aureus are the most common organisms
isolated from symptomatic skin metastases from primary malignancies such as breast, lung,
gastrointestinal, gynecological or high-risk skin cancer metastases [57]. The normal skin
microbiota are disturbed and such symptoms such as ulceration, erosion, pain, malodor, or
bleeding are visible in these medical situations. Systemic antibiotics often help patients to
improve when combined with topical medications [57].

P. aeruginosa and Acinetobacter baumannii are also common etiological factors of ventilator-
associated pneumonia (VAP) in cancer patients admitted to the intensive care unit (ICU) and
requiring mechanical ventilation support [58]. In addition, P. aeruginosa is now identified
as a common etiological factor of bacterial complications (lower respiratory tract infections,
bacteremia, urinary tract infections) in cancer patients affected by COVID-19 [59]. Examples
of clinical forms of P. aeruginosa infections in cancer patients are presented in Figure 3.
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6. The Old and the New Antibiotics against P. aeruginosa

The broad intrinsic and growing acquired resistance of P. aeruginosa to antibiotics makes
treatment of infections caused by this microorganism more difficult. The range of antibiotics
that can be used against P. aeruginosa infections is limited, even when the causative agent
is a susceptible wild-type strain. The possible therapeutic options are: antipseudomonal
β-lactams (e.g., ceftazidime, cefepime, piperacillin/tazobactam, imipenem, meropenem,
aztreonam), fluroquinolones (ciprofloxacin, levofloxacin), aminoglycosides (amikacin, to-
bramycin), polymyxins (colistin), and fosfomycin, as well as a few drugs recently (in the
last 10 years) introduced into medical practice [60]. These novel antibiotics are as fol-
lows: β-lactam/β-lactamase inhibitors (BL/BLI) such as ceftolozane/tazobactam (C/T),
ceftazidime/avibactam (C/A), meropenem/vaborbactam (M/V), imipenem/relabactam
(I/R) and cefiderocol as well as aminoglycoside plazomycin [61]. The portfolio of drugs for
the treatment of P. aeruginosa infections caused by P. aeruginosa is presented in Table 1.

Table 1. Antibiotics for the treatment P. aeruginosa infections.

Group of Antibiotics Old New

β-lactams

Ceftazidime Ceftolozane/tazobactam
Cefepime Ceftazidime/avibactam

Piperacilin/tazobactam Meropenem/vaborbactam
Imipenem Imipenem/relebactam

Meropenem
CefiderocolAztreonam

Fluoroquinolones Ciprofloxacin -
Levofloxacin

Aminoglycosides Amikacin Plazomycin
Tobramycin

Polomyxins Colistin -
Phosphonates Fosfomycin -

C/T consists of a well-known β-lactamase inhibitor and a new cephalosporin, which
is the “better version” of ceftazidime. Ceftolozane exhibits reduced affinity for AmpC
β-lactamase naturally produced by P. aeruginosa and high affinity for penicillin-binding
proteins. In addition, it is stable against other resistance mechanisms such as the overex-
pression of the efflux MexAB-OprM pump or the loss of OprD [62]. In other BL/BLIs (C/A,
M/W an I/R), “the old” antipseudomonal β-lactams are combined with novel β-lactamase
inhibitors (avibactam, waborbactam and relebactam) being synthetic non-β-lactam com-
pounds. The addition of these inhibitors restores the activity of β-lactam antibiotics against
Gram-negative rods producing some β-lactamases, e.g., cefalosporynases AmpC, carbapen-
emases, KPC and some oxacillinase clase D (OXA)-C/A, I/R but not metalo-β-lactamases
(MBL) [63]. Studies show a variable percentage of clinical P. aeruginosa isolates suscep-
tible to new BLs/BLI [64–67]. The susceptibility patterns differ between geographical
region and between hospital settings and depend on local epidemiology, antibiotic pol-
icy, patient profiles and the composition of examined strain collection [68]. In our last
study [69], we assessed the activity of ceftolozane/tazobactam, ceftazidime/avibactam,
meropenem/vaborbactam and colistin against 150 P. aeruginosa strains isolated from onco-
logical patients. Our collection consisted mainly of strains exhibiting various mechanisms
of resistance to carbapenems, including MBL producers. We showed that 87%, 88%, and
58% of tested strains were susceptible to C/T, C/A and M/V, respectively. The best activity
was displayed by colistin (99%). Our study shows that C/T and C/A are better choices
than M/V for treatment of infections caused by carbapenem-resistant P. aeruginosa strains,
provided that the resistance is not due to MBL production. In another polish study, the
C/T activity against eight P. aeruginosa strains not susceptible to carbapenems, isolated
from onco-hematological patients, was 100% [70]. Among new β-lactam antibiotics, only
cefiderocol has activity against MBL-producers. It is a siderophore cephalosporin entering
into a bacterial cell using an active iron-transport system (“Trojan horse” strategy). This
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unique mechanism of cell entry breaks down resistance mechanisms such as overexpression
of efflux pumps and a loss of the porin channel. Additionally, cefiderocol is stable against
carbapenemases (KPC, OXA, and MBL) [63]. However, lack of susceptibility to cefiderocol
has already emerged, even in strains not previously exposed to this antibiotic [71].

Another potential option, especially for the treatment of infections caused by Gram-
negative bacteria producing MBL and ESBL simultaneously, might be the combination of
aztreonam with ceftazidime/avibactam [72].

Novel β-lactam antibiotics have a good safety profile and tolerability and predictable
pharmacokinetics. The problem is the availability, the high costs of therapy, and the lack of
an oral formulation [73]. Incidentally, the only drugs against MDR P. aeruginosa infections
that can be administered orally are quinolones and fosfomycin (only in UTI infections),
which makes it difficult to treat patients with mild infections on an outpatient basis.

Last resort measures against MDR P. aeruginosa strains are also old. Previously and
rarely used antimicrobials such as colistin and fosfomycin have recently been revitalized.
Unfortunately, there are significant limitations in their utility opposed by their toxicity
(nephrotoxicity and neurotoxicity of colistin), increasing resistance to these drugs, and
worse effectiveness than β-lactams in the treatment of severe infections. Moreover, none of
them can be used in monotherapy [74]. In the case of colistin, the risk of nephrotoxicity may
be related to the following factors: daily body dose of colistin, low serum albumin, chronic
kidney disease, cancer, diabetes, anemia and other kidney diseases [75]. In oncological
patients, the nephrotoxicity of this antibiotic may overlap with kidney damage resulting
from anti-cancer therapy. Another disadvantage of colistin is the risk of the emergence
of resistance during therapy (adaptive resistance). To counteract this and to increase the
effectiveness of treatment, high doses of colistin are recommended for the treatment of
invasive infections and in combination with one or two other antimicrobial agents to which
the organism is susceptible. When no active antibiotic is available, those with the lowest
MICs (minimum inhibitory concentrations) should be chosen by interpretation in relation
to the breakpoints [76]. For salvage therapy, colistin can be used in combination with
aminoglycosides, carbapenems or fosfomycin [77].

Fosfomycin is another old antibiotic with a broad spectrum of activity against G-
negative bacilli (except Acinetobacter spp.) as well as against Gram-positive bacteria. Until
recently, it was used as an oral drug to treat community-acquired urinary tract infections.
Intravenous formulations available in many countries are currently used in Gram-negative
hospital strains of MDR. As resistance to this drug may develop during therapy, fosfomycin
should be used in combination with other antibiotics [78].

7. Treatment of P. aeruginosa Infections in Cancer Patients

Empirically adequate antibacterial therapy is crucial in the management of severe, life-
threatening infections in oncological patients undergoing anti-cancer treatment. Antibiotics
with anti-Pseudomonas activity should be administrated in these groups of patients where
infections of this etiology are highly probable and are often associated with a poor outcome,
such as oncohematological febrile neutropenic patients [43]. Treatment success largely
depends on the stage of the underlying disease, the response to anti-cancer therapy, the
clinical form of infection, as well as the sensitivity of the etiological factor to antibiotics and
the time of introducing antibiotic therapy. Antimicrobial resistance and/or inadequacy of
empirical antibiotic treatment are associated with poorer outcomes in cancer patients with
bloodstream infections due to MDR Gram-negative isolates [79].

Blood stream infections caused by P. aeruginosa are quite frequent in neutropenic
patients and are considered as life-threatening conditions; thus, antibiotics with antipseu-
domonal activity for empirical treatment should be administered early, directly after the
collection of samples for microbiological assays. Various national and international guide-
lines [80–82] concerning the management of infections in febrile neutropenia recommend
the use of an antipseudomonal β-lactam (piperacillin/tazobactam, ceftazidime, cefepime,
imipenem, meropenem) with or without aminoglycoside to cover possible P. aeruginosa
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strains. If there a risk of infection caused by MDR strains (e.g., prior carbapenem treat-
ment, MDR P. aeruginosa colonization or the high frequency of MDR strains in the pa-
tient’s setting), drugs such as colistin or new β-lactam, e.g., ceftolozane/tazobactam or
ceftazidime/avibactam, should be taken into consideration [82].

It is not clear whether severe P. aeruginosa infections should be treated with a single
β-lactam or with a combination: β-lactam and aminoglycoside. Although there are studies
showing that both strategies have comparable efficacy [43], it appears that adding an
aminoglycoside to an another pseudomonal drug may be beneficial in the initial treatment
until susceptibility testing is obtained [83]. This mainly applies to seriously ill patients who
stay in the hospital for a long time, where the risk of infection with a multi-drug-resistant
strain is high [18].

Although the advantage of combination therapy over monotherapy is unclear, most
guidelines, e.g., IDSA (Infectious Diseases Society of America), ESMO (European Society for
Medical Oncology), propose the usage of β-lactam with aminoglycoside or fluoroquinolone
in the first-line therapy of FN (febrile neutropenia) BSI caused by Gram-negative bacteria.
When the results of susceptibility testing are known and the patient is stable, the therapy
can be continued only with β-lactam [80,81].

An aminoglycoside added to a β-lactam may cover some resistant strains and may
broaden the antimicrobial spectrum, improving the appropriateness of the empirical treat-
ment, which can result in a reduction of mortality, especially in hematological neutropenic
patients. In addition, the aminoglycoside used in short cycles and in once-per-day doses
does not significantly impair renal function [84].

To improve treatment outcomes in patients with severe P. aeruginosa infections, some
β-lactams (cefepime, piperacillin/tazobactam, meropenem) may be administered as a pro-
longed infusion. As demonstrated in vitro and using animal models, this mode of β-lactam
administration reduces the emergence of P. aeruginosa resistance and increases bacterici-
dal activity compared to standard infusion and ultimately improves patient outcomes
according to the observational data [83,85].

The guidelines prepared by The Expert Group of the 4th European Conference on
Infections in Leukemia (ECIL) in 2013 also recommend a “de-escalation” strategy in pa-
tients with a high risk of infection, including P. aeruginosa BSI. This strategy provides a
broad spectrum of activity of antibiotics used in empirical therapy that are able to cover
even resistant strains and that narrow the spectrum of antibiotics after receiving a microbi-
ological test result [86]. Local resistance patterns, the length of hospital stay, and actual or
previous colonization or infection with MDR bacteria, as well as the patient risk factors for a
complicated clinical course, are helpful in the individualization of empiric therapy. In some
centers where the percentage of MDR Gram-negative rods is high, colistin/polymyxin B
and fosfomycin in combination with other antibiotics (e.g., carbapenems, aminoglycosides)
should be considered as the first line of therapy. Especially in FN patients, drugs such as
fosfomycin or colistin have poorer efficacy, even when they are used in combination with
other drugs, than the antibiotics they replace [87,88].

In some patients with a low risk of infection caused by MDR bacteria and a low risk for
complications of severe infection, after the first intravenous doses, the oral treatment with
combination of, e.g., amoxicillin/clavulanic acid and fluoroquinolone (provided the patient
has not received prophylaxis with this drug), could be administrated. Unfortunately, in
many oncological centers, the resistance to Gram-negative rods, including P. aeruginosa, are
high; thus, therapy with fluoroquinolone is not a good option [80,82].

8. Prevention of P. aeruginosa Infection in Cancer Patients

The high possible exposure to P. aeruginosa in a hospital setting and limited possibili-
ties of an effective treatment for MDR P. aeruginosa infections highlight the importance of
preventive measures such as limiting the transmission of resistant strains, active surveil-
lance screening for MDR colonization, microbiological diagnostics, proper management
of intravascular catheters, antimicrobial stewardship and antimicrobial prophylaxis [83].
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To limit the transmission of MDR bacteria in oncological wards, universal procedures
(e.g., hand hygiene, protection measures—gloves, masks, gowns— and contact isolation
from patients infected/colonized by the MDR strain) must be rigorously followed. Patients
with the highest risk of infection (e.g., HSCT recipients or people prone to prolonged
and profound neutropenia) should be isolated in single-patient rooms with HEPA (high-
efficiency particulate air) filtration. In rooms where neutropenic patients are hospitalized,
plants and flowers should not be allowed. Sometimes, a low-bacteria diet (cooked meals) is
recommended for this group of patients [80,82].

To detect patients colonized by MDR bacteria, microbiological surveillance screening
can be carried out. Many hematological/oncological centers perform microbiological
screening for selected MDR bacteria at admission. Usually, patients are screened for MRSA
(nose swabs) and VRE (rectal swabs) and carbapenem-resistant Enterobacterales (rectal
swabs). Patients colonized/infected by the most dangerous resistant strains are isolated
in single rooms depending on the availability of individual rooms in the facility [89].
Moreover, knowledge of the colonizing microorganism can be helpful in guiding the
empirical antibiotic therapy [21]. Unfortunately, although surveillance stool screening
(SSS) can be useful to identify hematological patients (HSCT recipients) with intestinal
colonization by MDR Enterobacterales, in the case of P. aeruginosa, SSS is not highly effective
because the intestinal tract is not the only possible source of infection in this group of
patients [83]. Moreover, as it was mentioned above, the P. aeruginosa is not a typical
member of the gut microbiota, and this colonization sometimes is not easy to detect. It
seems that routine P. aeruginosa screening should primarily be performed during hospital
outbreaks and in these hematological wards where MDR P. aeruginosa strains are frequently
isolated [90]. To increase the accuracy of P. aeruginosa carriage detection, the combinations
of samples (stool, pharyngeal swab and urine) can be taken and analyzed [91].

In general, the symptoms of P. aeruginosa and other Gram-negative infections are
non-specific and are impossible to distinguish from infections caused by other bacteria on
physical examination. Therefore, microbiological assays are the only way to determine the
causative agents and their susceptibility to antibiotics [74]. To detect P. aeruginosa in biolog-
ical samples, traditional cultures and if possible rapid diagnostics based on polymerase
chain reaction should be performed. The results of susceptibility testing allow for the ad-
ministration of an appropriate treatment, e.g., de-escalate initial antibiotic therapy, choose
the best antibiotic, and limit the usage of drugs reserved for MDR bacteria if the susceptible
strain is detected [83]. Rapid molecular diagnostics, e.g., tests detecting the mechanisms
of resistance or, in the near future, new antimicrobial susceptibility testing [92], can be
useful in the early optimalization of empirical therapy and more targeted usage of some
antibiotics. For example, the rapid detection of MBL enzyme produced by P. aeruginosa
excludes the usage of drugs such as C/T or C/A.

Another method of prevention of infection caused by Gram-negative rods, including
P. aeruginosa, in neutropenic patients can be fluoroquinolone prophylaxis (FP). Many institu-
tional guidelines recommend it for patients at high risk of severe and prolonged neutrope-
nia [80,93,94]. IDSA guidelines for the use of antimicrobial agents in neutropenic patients
with cancer, published in 2010, recommend considering a prophylaxis with ciprofloxacin or
levofloxacin for high-risk but not for low-risk patients (anticipated duration of neutropenia
less than 7 days) [80].

Fluoroquinolones have extensively been used for prophylaxis in neutropenic cancer
patients since the 1990s, but now in the era of increasing resistance of bacteria to antibiotics,
its role is controversial. Some guidelines discourage using it routinely, even in high-risk pa-
tients [81]. Although the use of FP decreases the rate of BSI caused by Gram-negative rods,
it does not influence overall mortality, and it increases the risk of colonization/infection
caused by resistant strains. Thus, the benefits of this prophylaxis are not obvious [95,96]. It
has been shown that the fluoroquinolone prophylaxis in hematological patients is associ-
ated with bacteremia caused by meropenem-nonsusceptible P. aeruginosa strains with oprD
mutations and mutations increasing efflux pumps activity [97]. Currently, the effectiveness
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of fluoroquinolone prophylaxis is diminished by the high percentage of resistant strains
among Gram-negative rods colonizing hospitalized patients [98]. It has been shown that
its efficacy is reduced when the prevalence of fluoroquinolone resistance among Gram-
negative rods exceeds 20% [99]. The prevalence of P. aeruginosa strains resistant to these
drugs varies among settings, but in oncological centers for adult patients, it is high: about
50% for ciprofloxacin and 40% or even more for levofloxacin [100]. P. aeruginosa susceptibil-
ity to fluoroquinolones among strains isolated from FN oncohematological children are
usually higher (in one study, it was 97.2%) than in adult patients, because the use of these
antibiotics is restricted in children due to concerns of adverse skeletal effects [45]. In addi-
tion to antibiotic resistance, other disadvantages of antibiotic prophylaxis are the serious
side effects of fluoroquinolones, the risk of fungal overgrowth, and C. difficile enteritis. [80]
Therefore, monitoring these facts is necessary to assess the effectiveness of FP, in particular,
in the oncological ward.

9. Conclusions

While cancer treatment efficacy and patient prognosis have improved in recent
decades, the risk of complications from cancer therapy, including invasive infections, can
lead to increased morbidity and mortality. The identification of patients at the highest risk
of infection due to MDR strains, including P. aeruginosa, is crucial for infection management
in cancer patients in the era of increasing resistance to antibiotics. Microbiology testing
selects patients who may benefit from a wide range of antibiotics and avoids the use of new
drugs of last resort in patients at low risk of developing resistance. Due to microbiological
diagnostics, the general guidelines can be adapted to the local epidemiological situation
and local susceptibility patterns.

For a resistant pathogen such as P. aeruginosa, the optimal use of currently available
antibiotics and newly introduced drugs is particularly important for the efficacy of anti-
cancer therapy and for the protection of patients from death due to severe infections. In this
context, as emphasized by many experts, it seems particularly important to re-evaluate the
validity and effectiveness of the wide use of fluoroquinolone prophylaxes in patients with
neutropenia. The diagnostic and therapeutic path in patients with cancer and infection is
presented in Figure 4.

Pathogens 2022, 11, x FOR PEER REVIEW  13 of 19 
 

 

are  not  obvious  [95,96].  It  has  been  shown  that  the  fluoroquinolone  prophylaxis  in 

hematological  patients  is  associated  with  bacteremia  caused  by  meropenem‐

nonsusceptible P. aeruginosa strains with oprD mutations and mutations increasing efflux 

pumps  activity  [97].  Currently,  the  effectiveness  of  fluoroquinolone  prophylaxis  is 

diminished  by  the  high  percentage  of  resistant  strains  among  Gram‐negative  rods 

colonizing hospitalized patients [98]. It has been shown that its efficacy is reduced when 

the prevalence of  fluoroquinolone  resistance  among Gram‐negative  rods  exceeds  20% 

[99]. The prevalence of P. aeruginosa strains resistant to these drugs varies among settings, 

but in oncological centers for adult patients, it is high: about 50% for ciprofloxacin and 

40% or even more for levofloxacin [100]. P. aeruginosa susceptibility to fluoroquinolones 

among strains  isolated from FN oncohematological children are usually higher  (in one 

study, it was 97.2%) than in adult patients, because the use of these antibiotics is restricted 

in  children  due  to  concerns  of  adverse  skeletal  effects  [45].  In  addition  to  antibiotic 

resistance, other disadvantages of antibiotic prophylaxis are  the  serious  side effects of 

fluoroquinolones, the risk of fungal overgrowth, and C. difficile enteritis. [80] Therefore, 

monitoring these facts is necessary to assess the effectiveness of FP, in particular, in the 

oncological ward. 

9. Conclusions 

While  cancer  treatment  efficacy  and  patient  prognosis  have  improved  in  recent 

decades, the risk of complications from cancer therapy, including invasive infections, can 

lead to increased morbidity and mortality. The identification of patients at the highest risk 

of  infection  due  to  MDR  strains,  including  P.  aeruginosa,  is  crucial  for  infection 

management  in  cancer  patients  in  the  era  of  increasing  resistance  to  antibiotics. 

Microbiology testing selects patients who may benefit from a wide range of antibiotics 

and  avoids  the  use  of  new  drugs  of  last  resort  in  patients  at  low  risk  of  developing 

resistance. Due to microbiological diagnostics, the general guidelines can be adapted to 

the local epidemiological situation and local susceptibility patterns. 

For a resistant pathogen such as P. aeruginosa, the optimal use of currently available 

antibiotics  and  newly  introduced  drugs  is  particularly  important  for  the  efficacy  of 

anticancer therapy and for the protection of patients from death due to severe infections. 

In  this context, as emphasized by many experts,  it seems particularly  important  to  re‐

evaluate the validity and effectiveness of the wide use of fluoroquinolone prophylaxes in 

patients with neutropenia. The diagnostic and  therapeutic path  in patients with cancer 

and infection is presented in Figure 4. 

 

Figure 4. The diagnostic and antibiotic path in cancer patients with infection including P. aeruginosa 

etiology. 

Author  Contributions:  Conceptualization,  P.P.  and  B.D.;  methodology,  P.P.,  B.D.,  and  A.M.; 

software, P.P.; validation, P.P. and T.W.; formal analysis, P.P. and T.W.;  investigation, P.P., B.D., 

and G.K.; resources, P.P. and R.B.; data curation, P.P.; writing—original draft preparation, P.P. and 

Figure 4. The diagnostic and antibiotic path in cancer patients with infection including P. aeruginosa etiology.

Author Contributions: Conceptualization, P.P. and B.D.; methodology, P.P., B.D. and A.M.; soft-
ware, P.P.; validation, P.P. and T.W.; formal analysis, P.P. and T.W.; investigation, P.P., B.D. and
G.K.; resources, P.P. and R.B.; data curation, P.P.; writing—original draft preparation, P.P. and B.D.;
writing—review and editing, P.P., B.D. and R.B.; visualization, P.P. and A.M.; supervision, P.P.; project
administration, R.B., B.D. and T.W.; funding acquisition, R.B. and B.D. All authors have read and
agreed to the published version of the manuscript.

Funding: Project financed under the program of the Minister of Education and Science called
“Regional Initiative of Excellence” in the years 2019–2022, project no. 024/RID/2018/19 amount of
financing PLN 11 999 000,00, under project SUPB.RN.21.155 (to B.D.).

Institutional Review Board Statement: Not applicable.



Pathogens 2022, 11, 679 13 of 17

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nanayakkara, A.K.; Boucher, H.W.; Fowler, V.G., Jr.; Jezek, A.; Outterson, K.; Greenberg, D.E. Antibiotic resistance in the patient

with cancer: Escalating challenges and paths forward. CA Cancer J. Clin. 2021, 71, 488–504. [CrossRef] [PubMed]
2. Perez, F.; Adachi, J.; Bonomo, R.A. Antibiotic-resistant gram-negative bacterial infections in patients with cancer. Clin. Infect. Dis.

2014, 5 (Suppl. 5), S335–S339. [CrossRef]
3. Crone, S.; Vives-Flórez, M.; Kvich, L.; Saunders, A.M.; Malone, M.; Nicolaisen, M.H.; Martínez-García, E.; Rojas-Acosta, C.;

Catalina Gomez-Puerto, M.; Calum, H.; et al. The environmental occurrence of Pseudomonas aeruginosa. Apmis 2020, 128,
220–231. [CrossRef] [PubMed]

4. de Sousa, T.; Hébraud, M.; Dapkevicius, M.; Maltez, L.; Pereira, J.E.; Capita, R.; Alonso-Calleja, C.; Igrejas, G.; Poeta, P. Genomic
and Metabolic Characteristics of the Pathogenicity in Pseudomonas aeruginosa. Int. J. Mol. Sci. 2021, 22, 12892. [CrossRef]

5. Jurado-Martín, I.; Sainz-Mejías, M.; McClean, S. Pseudomonas aeruginosa: An Audacious Pathogen with an Adaptable Arsenal
of Virulence Factors. Int. J. Mol. Sci. 2021, 22, 3128. [CrossRef] [PubMed]

6. Sawa, T.; Shimizu, M.; Moriyama, K.; Wiener-Kronish, J.P. Association between Pseudomonas aeruginosa type III secretion,
antibiotic resistance, and clinical outcome: A review. Crit. Care 2014, 18, 668. [CrossRef]

7. Faure, E.; Kwong, K.; Nguyen, D. Pseudomonas aeruginosa in Chronic Lung Infections: How to Adapt Within the Host? Front.
Immunol. 2018, 9, 2416. [CrossRef]

8. Wolf, P.; Elsässer-Beile, U. Pseudomonas exotoxin A: From virulence factor to anti-cancer agent. Int. J. Med. Microbiol. 2009, 299,
161–176. [CrossRef]

9. Mazor, R.; Pastan, I. Immunogenicity of Immunotoxins Containing Pseudomonas Exotoxin A: Causes, Consequences, and
Mitigation. Front. Immunol. 2020, 11, 1261. [CrossRef]

10. Ciofu, O.; Tolker-Nielsen, T. Tolerance and Resistance of Pseudomonas aeruginosa Biofilms to Antimicrobial Agents-How P.
aeruginosa Can Escape Antibiotics. Front. Microbiol. 2019, 10, 913. [CrossRef]

11. Behzadi, P.; Baráth, Z.; Gajdács, M. It’s Not Easy Being Green: A Narrative Review on the Microbiology, Virulence and Therapeutic
Prospects of Multidrug-Resistant Pseudomonas aeruginosa. Antibiotics 2021, 10, 42. [CrossRef] [PubMed]

12. Pang, Z.; Raudonis, R.; Glick, B.R.; Lin, T.J.; Cheng, Z. Antibiotic resistance in Pseudomonas aeruginosa: Mechanisms and
alternative therapeutic strategies. Biotechnol. Adv. 2019, 37, 177–192. [CrossRef] [PubMed]

13. Kakoullis, L.; Papachristodoulou, E.; Chra, P.; Panos, G. Mechanisms of Antibiotic Resistance in Important Gram-Positive and
Gram-Negative Pathogens and Novel Antibiotic Solutions. Antibiotics 2021, 10, 415. [CrossRef] [PubMed]

14. Dalmolin, T.; Lima-Morales, D.; Barth, A. Plasmid-mediated Colistin Resistance: What Do We Know? J. Infect. 2018, 1, 16–22.
[CrossRef]

15. Abd El-Baky, R.M.; Masoud, S.M.; Mohamed, D.S.; Waly, N.G.; Shafik, E.A.; Mohareb, D.A.; Elkady, A.; Elbadr, M.M.; Hetta, H.F.
Prevalence and Some Possible Mechanisms of Colistin Resistance Among Multidrug-Resistant and Extensively Drug-Resistant.
Infect. Drug Resist. 2020, 13, 323–332. [CrossRef]

16. Taylor, P.K.; Yeung, A.T.; Hancock, R.E. Antibiotic resistance in Pseudomonas aeruginosa biofilms: Towards the development of
novel anti-biofilm therapies. J. Biotechnol. 2014, 191, 121–130. [CrossRef]

17. Ohmagari, N.; Hanna, H.; Graviss, L.; Hackett, B.; Perego, C.; Gonzalez, V.; Dvorak, T.; Hogan, H.; Hachem, R.; Rolston, K.; et al.
Risk factors for infections with multidrug-resistant Pseudomonas aeruginosa in patients with cancer. Cancer 2005, 104, 205–212.
[CrossRef]

18. Lister, P.D.; Wolter, D.J.; Hanson, N.D. Antibacterial-resistant Pseudomonas aeruginosa: Clinical impact and complex regulation
of chromosomally encoded resistance mechanisms. Clin. Microbiol. Rev. 2009, 22, 582–610. [CrossRef]

19. Okuda, J.; Hayashi, N.; Okamoto, M.; Sawada, S.; Minagawa, S.; Yano, Y.; Gotoh, N. Translocation of Pseudomonas aeruginosa
from the intestinal tract is mediated by the binding of ExoS to an Na,K-ATPase regulator, FXYD3. Infect. Immun. 2010, 78,
4511–4522. [CrossRef]

20. Gómez-Zorrilla, S.; Camoez, M.; Tubau, F.; Cañizares, R.; Periche, E.; Dominguez, M.A.; Ariza, J.; Peña, C. Prospective
observational study of prior rectal colonization status as a predictor for subsequent development of Pseudomonas aeruginosa
clinical infections. Antimicrob. Agents Chemother. 2015, 59, 5213–5219. [CrossRef]

21. Mendes, E.T.; Salomão, M.C.; Tomichi, L.M.; Oliveira, M.S.; Graça, M.; Rossi, F.; Sapadao, F.; Guimarães, T.; Rocha, V.; Costa, S.F.
Effectiveness of surveillance cultures for high priority multidrug-resistant bacteria in hematopoietic stem cell transplant units.
Rev. Inst. Med. Trop. Sao Paulo 2021, 63, e77. [CrossRef] [PubMed]

22. Sadowska-Klasa, A.; Piekarska, A.; Prejzner, W.; Bieniaszewska, M.; Hellmann, A. Colonization with multidrug-resistant bacteria
increases the risk of complications and a fatal outcome after allogeneic hematopoietic cell transplantation. Ann. Hematol. 2018, 97,
509–517. [CrossRef] [PubMed]

23. Valenza, G.; Tuschak, C.; Nickel, S.; Krupa, E.; Lehner-Reindl, V.; Höller, C. Prevalence, antimicrobial susceptibility, and genetic
diversity of Pseudomonas aeruginosa as intestinal colonizer in the community. Infect. Dis. 2015, 47, 654–657. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.21697
http://www.ncbi.nlm.nih.gov/pubmed/34546590
http://doi.org/10.1093/cid/ciu612
http://doi.org/10.1111/apm.13010
http://www.ncbi.nlm.nih.gov/pubmed/31709616
http://doi.org/10.3390/ijms222312892
http://doi.org/10.3390/ijms22063128
http://www.ncbi.nlm.nih.gov/pubmed/33803907
http://doi.org/10.1186/s13054-014-0668-9
http://doi.org/10.3389/fimmu.2018.02416
http://doi.org/10.1016/j.ijmm.2008.08.003
http://doi.org/10.3389/fimmu.2020.01261
http://doi.org/10.3389/fmicb.2019.00913
http://doi.org/10.3390/antibiotics10010042
http://www.ncbi.nlm.nih.gov/pubmed/33406652
http://doi.org/10.1016/j.biotechadv.2018.11.013
http://www.ncbi.nlm.nih.gov/pubmed/30500353
http://doi.org/10.3390/antibiotics10040415
http://www.ncbi.nlm.nih.gov/pubmed/33920199
http://doi.org/10.29245/2689-9981/2018/2.1109
http://doi.org/10.2147/IDR.S238811
http://doi.org/10.1016/j.jbiotec.2014.09.003
http://doi.org/10.1002/cncr.21115
http://doi.org/10.1128/CMR.00040-09
http://doi.org/10.1128/IAI.00428-10
http://doi.org/10.1128/AAC.04636-14
http://doi.org/10.1590/s1678-9946202163077
http://www.ncbi.nlm.nih.gov/pubmed/34755816
http://doi.org/10.1007/s00277-017-3205-5
http://www.ncbi.nlm.nih.gov/pubmed/29255911
http://doi.org/10.3109/23744235.2015.1031171
http://www.ncbi.nlm.nih.gov/pubmed/25832457


Pathogens 2022, 11, 679 14 of 17

24. Ruiz-Roldán, L.; Bellés, A.; Bueno, J.; Azcona-Gutiérrez, J.M.; Rojo-Bezares, B.; Torres, C.; Castillo, F.J.; Sáenz, Y.; Seral, C.
Pseudomonas aeruginosa Isolates from Spanish Children: Occurrence in Faecal Samples, Antimicrobial Resistance, Virulence,
and Molecular Typing. Biomed Res. Int. 2018, 2018, 8060178. [CrossRef]

25. Gómez-Zorrilla, S.; Camoez, M.; Tubau, F.; Periche, E.; Cañizares, R.; Dominguez, M.A.; Ariza, J.; Peña, C. Antibiotic pressure is
a major risk factor for rectal colonization by multidrug-resistant Pseudomonas aeruginosa in critically ill patients. Antimicrob.
Agents Chemother. 2014, 58, 5863–5870. [CrossRef]

26. Andremont, A.; Marang, B.; Tancrède, C.; Baume, D.; Hill, C. Antibiotic treatment and intestinal colonization by Pseudomonas
aeruginosa in cancer patients. Antimicrob. Agents Chemother. 1989, 33, 1400–1402. [CrossRef]

27. Willmann, M.; Klimek, A.M.; Vogel, W.; Liese, J.; Marschal, M.; Autenrieth, I.B.; Peter, S.; Buhl, M. Clinical and treatment-related
risk factors for nosocomial colonisation with extensively drug-resistant Pseudomonas aeruginosa in a haematological patient
population: A matched case control study. BMC Infect. Dis. 2014, 14, 650. [CrossRef]

28. Yang, J.J.; Wang, J.T.; Cheng, A.; Chuang, Y.C.; Sheng, W.H. Impact of broad-spectrum antimicrobial treatment on the ecology of
intestinal flora. J. Microbiol. Immunol. Infect. 2018, 51, 681–687. [CrossRef]

29. Alagna, L.; Palomba, E.; Mangioni, D.; Bozzi, G.; Lombardi, A.; Ungaro, R.; Castelli, V.; Prati, D.; Vecchi, M.; Muscatello, A.; et al.
Multidrug-Resistant Gram-Negative Bacteria Decolonization in Immunocompromised Patients: A Focus on Fecal Microbiota
Transplantation. Int. J. Mol. Sci. 2020, 21, 5619. [CrossRef]

30. Napeñas, J.J.; Brennan, M.T.; Bahrani-Mougeot, F.K.; Fox, P.C.; Lockhart, P.B. Relationship between mucositis and changes in oral
microflora during cancer chemotherapy. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2007, 103, 48–59. [CrossRef]

31. Taur, Y.; Xavier, J.B.; Lipuma, L.; Ubeda, C.; Goldberg, J.; Gobourne, A.; Lee, Y.J.; Dubin, K.A.; Socci, N.D.; Viale, A.; et al. Intestinal
domination and the risk of bacteremia in patients undergoing allogeneic hematopoietic stem cell transplantation. Clin. Infect. Dis.
2012, 55, 905–914. [CrossRef] [PubMed]

32. Ohara, T.; Itoh, K. Significance of Pseudomonas aeruginosa colonization of the gastrointestinal tract. Intern. Med. 2003, 42,
1072–1076. [CrossRef] [PubMed]

33. Markou, P.; Apidianakis, Y. Pathogenesis of intestinal Pseudomonas aeruginosa infection in patients with cancer. Front. Cell.
Infect. Microbiol. 2014, 3, 115. [CrossRef]

34. Nesher, L.; Rolston, K.V.; Shah, D.P.; Tarrand, J.T.; Mulanovich, V.; Ariza-Heredia, E.J.; Chemaly, R.F. Fecal colonization and
infection with Pseudomonas aeruginosa in recipients of allogeneic hematopoietic stem cell transplantation. Transpl. Infect. Dis.
2015, 17, 33–38. [CrossRef] [PubMed]

35. Gellatly, S.L.; Hancock, R.E. Pseudomonas aeruginosa: New insights into pathogenesis and host defenses. Pathog. Dis. 2013, 67,
159–173. [CrossRef]

36. Bhat, S.; Muthunatarajan, S.; Mulki, S.S.; Archana Bhat, K.; Kotian, K.H. Bacterial Infection among Cancer Patients: Analysis of
Isolates and Antibiotic Sensitivity Pattern. Int. J. Microbiol. 2021, 2021, 8883700. [CrossRef] [PubMed]

37. Tofas, P.; Samarkos, M.; Piperaki, E.T.; Kosmidis, C.; Triantafyllopoulou, I.D.; Kotsopoulou, M.; Pantazatou, A.; Perlorentzou, S.;
Poulli, A.; Vagia, M.; et al. Pseudomonas aeruginosa bacteraemia in patients with hematologic malignancies: Risk factors,
treatment and outcome. Diagn. Microbiol. Infect. Dis. 2017, 88, 335–341. [CrossRef]

38. Diekema, D.J.; Hsueh, P.R.; Mendes, R.E.; Pfaller, M.A.; Rolston, K.V.; Sader, H.S.; Jones, R.N. The Microbiology of Bloodstream
Infection: 20-Year Trends from the SENTRY Antimicrobial Surveillance Program. Antimicrob. Agents Chemother. 2019, 63, e00355-19.
[CrossRef]

39. Di Domenico, E.G.; Marchesi, F.; Cavallo, I.; Toma, L.; Sivori, F.; Papa, E.; Spadea, A.; Cafarella, G.; Terrenato, I.; Prignano, G.; et al.
The Impact of Bacterial Biofilms on End-Organ Disease and Mortality in Patients with Hematologic Malignancies Developing a
Bloodstream Infection. Microbiol. Spectr. 2021, 9, e0055021. [CrossRef]

40. Chen, S.; Lin, K.; Li, Q.; Luo, X.; Xiao, M.; Chen, M.; Zhu, H.; Chen, Y.; Wu, X.; Zeng, Y.; et al. A practical update on
the epidemiology and risk factors for the emergence and mortality of bloodstream infections from real-world data of 3014
hematological malignancy patients receiving chemotherapy. J. Cancer 2021, 12, 5494–5505. [CrossRef]

41. Yao, J.-F.; Li, N.; Jiang, J. Clinical Characteristics of Bloodstream Infections in Pediatric Acute Leukemia: A Single-center
Experience with 231 Patients. Chin. Med. J. 2017, 130, 2076–2081. [CrossRef] [PubMed]

42. Marín, M.; Gudiol, C.; Garcia-Vidal, C.; Ardanuy, C.; Carratalà, J. Bloodstream infections in patients with solid tumors: Epi-
demiology, antibiotic therapy, and outcomes in 528 episodes in a single cancer center. Medicine 2014, 93, 143–149. [CrossRef]
[PubMed]

43. Chatzinikolaou, I.; Abi-Said, D.; Bodey, G.P.; Rolston, K.V.; Tarrand, J.J.; Samonis, G. Recent experience with Pseudomonas
aeruginosa bacteremia in patients with cancer: Retrospective analysis of 245 episodes. Arch. Intern. Med. 2000, 160, 501–509.
[CrossRef]

44. Islas-Muñoz, B.; Volkow-Fernández, P.; Ibanes-Gutiérrez, C.; Villamar-Ramírez, A.; Vilar-Compte, D.; Cornejo-Juárez, P. Blood-
stream infections in cancer patients. Risk factors associated with mortality. Int. J. Infect. Dis. 2018, 71, 59–64. [CrossRef]
[PubMed]

45. Kim, H.S.; Park, B.K.; Kim, S.k.; Han, S.B.; Lee, J.W.; Lee, D.-G.; Chung, N.-G.; Cho, B.; Jeong, D.C.; Kang, J.H. Clinical
characteristics and outcomes of Pseudomonas aeruginosa bacteremia in febrile neutropenic children and adolescents with the
impact of antibiotic resistance: A retrospective study. BMC Infect. Dis. 2017, 17, 500. [CrossRef] [PubMed]

http://doi.org/10.1155/2018/8060178
http://doi.org/10.1128/AAC.03419-14
http://doi.org/10.1128/AAC.33.8.1400
http://doi.org/10.1186/s12879-014-0650-9
http://doi.org/10.1016/j.jmii.2016.12.009
http://doi.org/10.3390/ijms21165619
http://doi.org/10.1016/j.tripleo.2005.12.016
http://doi.org/10.1093/cid/cis580
http://www.ncbi.nlm.nih.gov/pubmed/22718773
http://doi.org/10.2169/internalmedicine.42.1072
http://www.ncbi.nlm.nih.gov/pubmed/14686744
http://doi.org/10.3389/fcimb.2013.00115
http://doi.org/10.1111/tid.12323
http://www.ncbi.nlm.nih.gov/pubmed/25546740
http://doi.org/10.1111/2049-632X.12033
http://doi.org/10.1155/2021/8883700
http://www.ncbi.nlm.nih.gov/pubmed/33510793
http://doi.org/10.1016/j.diagmicrobio.2017.05.003
http://doi.org/10.1128/AAC.00355-19
http://doi.org/10.1128/Spectrum.00550-21
http://doi.org/10.7150/jca.50802
http://doi.org/10.4103/0366-6999.213411
http://www.ncbi.nlm.nih.gov/pubmed/28836551
http://doi.org/10.1097/MD.0000000000000026
http://www.ncbi.nlm.nih.gov/pubmed/24797169
http://doi.org/10.1001/archinte.160.4.501
http://doi.org/10.1016/j.ijid.2018.03.022
http://www.ncbi.nlm.nih.gov/pubmed/29649549
http://doi.org/10.1186/s12879-017-2597-0
http://www.ncbi.nlm.nih.gov/pubmed/28716109


Pathogens 2022, 11, 679 15 of 17

46. Zhao, Y.; Lin, Q.; Liu, L.; Ma, R.; Chen, J.; Shen, Y.; Zhu, G.; Jiang, E.; Mi, Y.; Han, M.; et al. Risk Factors and Outcomes of
Antibiotic-resistant Pseudomonas aeruginosa Bloodstream Infection in Adult Patients With Acute Leukemia. Clin. Infect. Dis.
2020, 71, S386–S393. [CrossRef] [PubMed]

47. Martinez-Nadal, G.; Puerta-Alcalde, P.; Gudiol, C.; Cardozo, C.; Albasanz-Puig, A.; Marco, F.; Laporte-Amargós, J.; Moreno-
García, E.; Domingo-Doménech, E.; Chumbita, M.; et al. Inappropriate Empirical Antibiotic Treatment in High-risk Neutropenic
Patients With Bacteremia in the Era of Multidrug Resistance. Clin. Infect. Dis. 2020, 70, 1068–1074. [CrossRef]

48. Gudiol, C.; Albasanz-Puig, A.; Laporte-Amargós, J.; Pallarès, N.; Mussetti, A.; Ruiz-Camps, I.; Puerta-Alcalde, P.; Abdala, E.;
Oltolini, C.; Akova, M.; et al. Clinical Predictive Model of Multidrug Resistance in Neutropenic Cancer Patients with Bloodstream
Infection Due to Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2020, 64, e02494-19. [CrossRef]

49. Sampson, M.M.; Nanjappa, S.; Greene, J.N. Mucositis and oral infections secondary to gram negative rods in patients with
prolonged neutropenia. IDCases 2017, 9, 101–103. [CrossRef]

50. Rodriguez, J.A.; Eckardt, P.A.; Lemos-Ramirez, J.C.; Niu, J. Ecthyma Gangrenosum of Scrotum in a Patient with Neutropenic
Fever: A Case Report. Am. J. Case Rep. 2019, 20, 1369–1372. [CrossRef]

51. Martínez-Longoria, C.A.; Rosales-Solis, G.M.; Ocampo-Garza, J.; Guerrero-González, G.A.; Ocampo-Candiani, J. Ecthyma
gangrenosum: A report of eight cases. An. Bras. Dermatol. 2017, 92, 698–700. [CrossRef] [PubMed]

52. Chen, C.Y.; Cheng, A.; Huang, S.Y.; Sheng, W.H.; Liu, J.H.; Ko, B.S.; Yao, M.; Chou, W.C.; Lin, H.C.; Chen, Y.C.; et al. Clinical and
microbiological characteristics of perianal infections in adult patients with acute leukemia. PLoS ONE 2013, 8, e60624. [CrossRef]
[PubMed]

53. Morita, F.; Hirai, Y.; Suzuki, K.; Uehara, Y.; Mitsuhashi, K.; Takahashi, M.; Watanabe, S.; Naito, T. The First Case of Pseudomonas
aeruginosa Bacteremic Pneumonia in a Cancer Patient Receiving Pegfilgrastim. Intern. Med. 2017, 56, 2039–2042. [CrossRef]
[PubMed]

54. Rolston, K.V. Infections in Cancer Patients with Solid Tumors: A Review. Infect. Dis. Ther. 2017, 6, 69–83. [CrossRef]
55. Szymankiewicz, M.; Nowikiewicz, T.; Biedka, M. Significance of Infections in Implant Loss After Breast Reconstruction in the

Course of Breast Cancer Treatment. Pol. J. Microbiol. 2019, 68, 343–351. [CrossRef]
56. Ramos-Zayas, A.; López-Medrano, F.; Urquiza-Fornovi, I.; Zubillaga, I.; Gutiérrez, R.; Sánchez-Aniceto, G.; Acero, J.; Almeida, F.;

Galdona, A.; Morán, M.J.; et al. The Impact of Healthcare-Associated Infections in Patients Undergoing Oncological Microvascular
Head and Neck Reconstruction: A Prospective Multicentre Study. Cancers 2021, 13, 2109. [CrossRef]

57. Virgen, C.A.; Barker, C.A.; Lacouture, M.E. The microbial flora of clinically infected cutaneous metastases: A retrospective study.
Clin. Exp. Dermatol. 2020, 45, 722–726. [CrossRef]

58. Cornejo-Juárez, P.; González-Oros, I.; Mota-Castañeda, P.; Vilar-Compte, D.; Volkow-Fernández, P. Ventilator-associated pneumo-
nia in patients with cancer: Impact of multidrug resistant bacteria. World J. Crit. Care Med. 2020, 9, 43–53. [CrossRef]

59. Gudiol, C.; Durà-Miralles, X.; Aguilar-Company, J.; Hernández-Jiménez, P.; Martínez-Cutillas, M.; Fernandez-Avilés, F.;
Machado, M.; Vázquez, L.; Martín-Dávila, P.; de Castro, N.; et al. Co-infections and superinfections complicating COVID-
19 in cancer patients: A multicentre, international study. J. Infect. 2021, 83, 306–313. [CrossRef]

60. Horcajada, J.P.; Montero, M.; Oliver, A.; Sorlí, L.; Luque, S.; Gómez-Zorrilla, S.; Benito, N.; Grau, S. Epidemiology and Treatment of
Multidrug-Resistant and Extensively Drug-Resistant Pseudomonas aeruginosa Infections. Clin. Microbiol. Rev. 2019, 32, e00031-19.
[CrossRef]

61. Bassetti, M.; Vena, A.; Sepulcri, C.; Giacobbe, D.R.; Peghin, M. Treatment of Bloodstream Infections Due to Gram-Negative
Bacteria with Difficult-to-Treat Resistance. Antibiotics 2020, 9, 632. [CrossRef] [PubMed]

62. Skalweit, M.J. Profile of ceftolozane/tazobactam and its potential in the treatment of complicated intra-abdominal infections.
Drug Des Devel Ther 2015, 9, 2919–2925. [CrossRef] [PubMed]

63. Tamma, P.D.; Hsu, A.J. Defining the Role of Novel β-Lactam Agents That Target Carbapenem-Resistant Gram-Negative Organisms.
J. Pediatric. Infect. Dis. Soc. 2019, 8, 251–260. [CrossRef] [PubMed]

64. Carvalhaes, C.G.; Shortridge, D.; Sader, H.S.; Castanheira, M. Activity of Meropenem-Vaborbactam against Bacterial Isolates
Causing Pneumonia in Patients in U.S. Hospitals during 2014 to 2018. Antimicrob. Agents Chemother. 2020, 64, e02177-e19.
[CrossRef]

65. Buehrle, D.J.; Shields, R.K.; Chen, L.; Hao, B.; Press, E.G.; Alkrouk, A.; Potoski, B.A.; Kreiswirth, B.N.; Clancy, C.J.; Nguyen, M.H.
Evaluation of the In Vitro Activity of Ceftazidime-Avibactam and Ceftolozane-Tazobactam against Meropenem-Resistant
Pseudomonas aeruginosa Isolates. Antimicrob. Agents Chemother. 2016, 60, 3227–3231. [CrossRef]

66. Grupper, M.; Sutherland, C.; Nicolau, D.P. Multicenter Evaluation of Ceftazidime-Avibactam and Ceftolozane-Tazobactam
Inhibitory Activity against Meropenem-Nonsusceptible Pseudomonas aeruginosa from Blood, Respiratory Tract, and Wounds.
Antimicrob. Agents Chemother. 2017, 61, e00875-e17. [CrossRef]

67. Mirza, H.C.; Hortaç, E.; Koçak, A.A.; Demirkaya, M.H.; Yayla, B.; Güçlü, A.; Başustaoğlu, A. In vitro activity of ceftolozane-
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