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1. ABSTRACT 

 

The indiscriminate use of antibiotics has contributed to the emergence and spread 

of extensively drug-resistant (XDR) Pseudomonas aeruginosa. The increase in 

XDR strains seriously compromises antibiotic treatment options and led to higher 

morbidity and mortality rates among patients with P. aeruginosa infections. New 

therapeutic options are required to overcome the growing problem of antimicrobial 

resistance compounded by a dwindling supply of new drugs.  

The main objective of this thesis is to evaluate different therapeutic options against 

extensively drug-resistant (XDR) P. aeruginosa, including high-risk clones, using 

different in vitro pharmacokinetic/pharmacodynamic (PK/PD) models. 

In the first part of the studies, different antibiotic combinations have been 

evaluated: colistin plus meropenem, ceftolozane/tazobactam (C/T) plus colistin 

and ceftazidime/avibactam (CZA) plus colistin, amikacin and aztreonam. 

Antipseudomonal combination therapy led to increased activity against XDR P. 

aeruginosa compared with that of either agent used as a monotherapy, and could 

prevent resistance development. Combination therapy would benefit patients with 

severe P. aeruginosa infections. 

Secondly, it was intended to optimize PK/PD antimicrobial properties when treating 

XDR P. aeruginosa infections. Since C/T it is a time-dependent antimicrobial, the 

actual standard dose could be optimized when dealing with XDR P. aeruginosa. 

C/T in continuous infusion (CI) achieved a greater overall reduction in bacterial 

burden than intermittent or extended dosing regimens. CI regimen has 

demonstrated to be a useful strategy, but it would be necessary to adjust antibiotic 

steady-state concentration (Css). The administration of suboptimal Css resulted in 

the emergence of C/T resistance, whereas higher Css showed a slight advantage 

in effectiveness.   

These in vitro observations provide promising data that are of value as a basis for 

expanding antibiotic research and ultimate evaluation in clinical use. Findings may 

help to identify novel strategies to improve the treatment of XDR P. aeruginosa 

infections. 
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Antibiotic resistance has been existing since ancient times (1) but nowadays it has 

become a serious worldwide health problem associated to more than 0.7 million 

deaths per year (2,3), currently being considered one of the largest health threats 

(4). Bacteria can easily acquire new antibiotic resistance through chromosomal 

mutations and horizontal gene transfer (5). The indiscriminate use of antibiotics in 

clinic or agriculture has highly contributed to the emergence and selection of 

antibiotic multidrug-resistant and extensively drug-resistant pathogens (MDR and 

XDR, respectively) (2) causing a shortage of antibiotic therapeutic alternatives that 

hinder the choice of the proper treatment (4) and, consequently, morbidity and 

mortality rates have increased notably.  

 

Currently, the classification of bacterial isolates with some type of resistance is 

carried out based on the criteria established by Magiorakos et al (6). The strains 

are considered MDR when they are non-susceptible (intermediate plus resistant) 

to at least three antibiotics classes; XDR when they are non-susceptible to all 

antibiotics categories with the exception of two; and finally, pan-drug resistant 

(PDR), which are those resistant to all antibiotics categories (6). More recently, 

difficult-to-treat resistance (DTR) was introduced in Gram-negative bacteria. DTR 

signifies no active first-line agents and represents an even higher level of 

resistance (7).  

 

Healthcare-associated infections (HAIs) include the classical nosocomial infection 

(i.e., those acquired in the hospital), and infections in patients routinely attended 

by day hospital services and those from long-term care facilities. These HAIs may 

be more difficult to treat and may have a worse clinical outcome when caused by 

MDR/XDR bacteria. Among these bacteria, the ESKAPE group includes 

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species 

(6,8). These microorganisms have often been involved in nosocomial outbreaks 

(1,9).  

 



Introduction 

 

15       
 

One of the most important microorganisms with an outstanding capacity to develop 

resistance is P. aeruginosa (10). P. aeruginosa is a Gram-negative, non-

fermenting and rod-shaped bacterium. It is a microorganism with a wide 

distribution with simple nutritional requirements and great metabolic versatility. 

Although considered strict aerobic, some strains can grow slowly in an anaerobic 

environment with the presence of nitrate. Despite not being commonly present in 

normal human microbiota, it may transiently colonize human. It is a causal agent 

of opportunistic infections, being one of the most relevant nosocomial pathogens 

in our environment (11). Transmission in hospitals may be from environmental 

sources (especially humid reservoirs, such as respiratory equipment, nebulizers 

and showers) or human-mediated (including sanitary personnel) (12,13).  

 

Among the predisposing clinical factors of these infections are 

immunosuppression, the use of medical devices (such as mechanical ventilation 

or urinary catheters), and previous antibiotic treatment (14–16). P. aeruginosa is 

involved in respiratory tract infections (such as cystic fibrosis or chronic obstructive 

pulmonary disease, as well as in ventilator associated pneumonia in critically ill 

patients) (10). This bacterium is also related to bacteraemia, urinary infections and 

a range of soft tissue infections, including folliculitis, external otitis and infections 

of large burns (5).  

 

P. aeruginosa produces a wide range of virulence factors that contribute to 

colonization and pathogenesis, including adhesins (pili, flagella), secretion 

systems (Type I, II and III), hydrolytic enzymes and siderophores. One of the most 

important virulence determinants is the type III secretion system (TTSS) which 

injects effector cytotoxins into the host cells. One of this cytotoxins (ExoU) is the 

most potent identified, and its expression correlates with a poor prognosis (17). 

This bacterium is able to form biofilm through alginate production, which plays an 

important role in the pathogenesis (18,19). 

 

In order to define each P. aeruginosa profile, the following classes and antibiotics 

were recommended for testing: antipseudomonal cephalosporins (ceftazidime and 

cefepime), antipseudomonal penicillin plus beta-lactamase inhibitors (ticarcillin-
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clavulanate and piperacillin-tazobactam), monobactams (aztreonam), 

antipseudomonal carbapenems (imipenem, meropenem and doripenem), 

aminoglycosides (gentamicin, tobramycin, amikacin and netilmicin), 

fluoroquinolones (ciprofloxacin and levofloxacin), phosphonic acids (Fosfomycin) 

and polymyxins (colistin and polymyxin B) (17). 

 

2.1. Pseudomonas aeruginosa resistance mechanisms 

 

Antibiotic resistance in P. aeruginosa can be caused by numerous mechanisms. 

P. aeruginosa presents intrinsic resistance to a wide range of antibiotics (12). Apart 

from its vast intrinsic resistome, P. aeruginosa has the ability to acquire resistance 

easily (12). Adaptive resistance can also occur, due to changes in gene expression 

as a consequence of environmental stimuli (including exposure to antibiotics such 

as colistin) (16). When the triggering stimulus disappears, the bacteria revert to the 

initial responsive phenotype. P. aeruginosa usually presents several simultaneous 

resistance mechanisms, making it difficult to infer the resistance mechanism based 

on the phenotypic resistance pattern (20). 

 

2.1.1. Intrinsic resistance (intrinsic resistome) 

 

The intrinsic resistance mechanisms are mainly due to the low permeability of its 

outer membrane, the constitutive and inducible expression of expulsion pumps 

(efflux-pumps) and the expression of chromosomal enzymes (i.e. inducible AmpC 

cephalosporinase expression) (17,21). Inducible beta-lactamase production has a 

key role in the natural resistance to aminopenicillins and some first and second 

class of cephalosporins. These beta-lactams antibiotics are strong inducers of 

beta-lactamase expression and are efficiently hydrolysed by AmpC. Also, it plays 

a role in the natural reduced susceptibility to imipenem (17). Constitutive 

expression of MexAB-OprM efflux pump leads to lower basal levels of susceptibility 

to the majority of beta-lactams (except for imipenem), fluoroquinolones, 

macrolides, cotrimoxazole, tetracyclines, chloramphenicol and sulphonamides. 

Inducible expression of MexXY plays a role in lower basal levels of susceptibility 

to aminoglycosides (17,22). Moreover, there are a large set of genes referred to 
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P. aeruginosa intrinsic resistome that have an effect on antibiotic susceptibility 

(16,23–25). 

 

2.1.2. Acquired resistance 

 

In P. aeruginosa, acquired resistance is mainly mutational (endogenous). The 

acquisition of foreign resistance genes (beta-lactamases and aminoglycoside-

modifying enzymes) through horizontal gene transfer (through plasmids, 

transposons, integrons and prophages) has been described with increasing 

frequency, and constitutes a risk due to its ability to spread. These mutations can 

change an antibiotic target or the expression of an intrinsic resistance mechanism 

(5,8). 

 

• Acquisition of resistance through chromosomal gene mutations 

(mutational resistome) 

 

In P. aeruginosa, resistance due to chromosomal mutations is related to a 

hyperproduction of the chromosomal AmpC beta-lactamase, porin OprD 

repression and hyperexpression of expulsion pumps. In wild-type strains, the 

expression of the ampC gene is repressed by the ampD regulatory gene. Mutations 

in this regulatory gene can cause derepression of the ampC gene and lead to 

hyperproduction of AmpC (26). The hyperproduction of this beta-lactamase 

determines resistance to antipseudomonic penicillins (including combinations with 

inhibitors), cephalosporins, and monobactams. Apart from AmpC hyperproduction, 

mutations leading to structural modification of AmpC may cause beta-lactams 

resistance, including the novel beta-lactam-beta-lactamase inhibitor combinations 

ceftolozane-tazobactam (C/T) and ceftazidime-avibactam (CZA) (17). 

 

P. aeruginosa has four main porins (OprF, OprC, OprE and OprD). Loss or 

reduction of its expression determines less access of antibiotics to its target. While 

most beta-lactams get accessed by the OprF porin, some carbapenems can be 

accessed by the OprD porin (but not other classes of beta-lactams). Mutations 

leading to loss or deceased expression in OprD porin are associated with 
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resistance to imipenem and reduced susceptibility to meropenem (26–28). OprD 

inactivation frequently acts synergistically with AmpC hyperexpression resulting in 

resistance to all the classis antipseudomonal beta-lactams (17,29). 

 

P. aeruginosa has systems for the active expulsion of toxic substances, including 

antimicrobials. In this microorganism the identified systems are MexAB-OprM, 

MexCD-OprJ, MexEF-OprN and MexXY-OprM (30). MexAB-OprM is expressed 

constitutively. The hyperproduction of this system is caused by mutations that 

affect the regulation of its expression (mexR regulatory gene) and is associated 

with resistance to carbapenems (especially meropenem), other beta-lactam 

antibiotics alone or in combination with beta-lactamase inhibitors (with the 

exception of imipenem) and fluoroquinolones, among other antibiotics (27). 

Mutation-driven overexpression of MexXY results in resistance to cefepime (17). 

Mutations that drive MexCD-OprJ overexpression results in increased cefepime 

minimal inhibitory concentration (MIC) and increased susceptibility to several beta-

lactams and aminoglycosides (17,31). Lastly, affecting fluoroquinolones and 

imipenem, MexEF-OprN hyperexpression can occur (17). 

 

Fluoroquinolone resistance in P. aeruginosa is produced by different mechanisms, 

such as decreased permeability, active expulsion systems, and mutations in the 

region of determinants of resistance to quinolones (Quinolone Region Drug 

Resistance: QRDR). Mutations in the genes that encode the subunits of DNA 

gyrase (gyrA and gyrB) and topoisomerase IV (parC and parE) cause target 

modification (30). 

 

Polymyxins (colistin) increase the permeability of the outer membrane by binding 

to lipopolysaccharide lipid A (LPS) from Gram-negative bacteria. Polymyxin 

resistance can be acquired or adaptive (through prior exposure). LPS modification 

results in less affinity for polymyxins. Polymyxin resistance is regulated by several 

two-component systems, including PhoPQ, PmrAB, ParRS, CprRS, and ColRS. 

These systems induce arn operon transcription, which will produce LPS 

modification (32,33). 
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• Horizontally acquired resistance mechanisms (horizontally acquired 

resistome) 

 

Apart from its mutational resistome, P. aeruginosa has the capacity to develop 

further resistance to other antibiotics via horizontally acquired resistance. It 

involves the acquisition of resistance gene or mutation in DNA elements, including 

plasmids, transposons, integrons, prophages and resistance islands and can be 

acquired by conjugation, transformation or transduction. Plasmids can contain 

multiple resistance cassettes leading to multidrug resistance (17).  

 

Transferable beta-lactamases, the extended-spectrum beta-lactamases (ESBLs) 

and carbapenemases, are increasing concern. Genes encoding this beta-

lactamases, along with determinants of aminoglycoside resistance, are found in 

class 1 integrons.  Different types of ESBL have been described in P. aeruginosa, 

among which are the most frequently reported those in class D (OXA-2 or OXA-

10) and class A (PER, VEB, GES, BEL, PME). Carbapenemases can present 

different molecular characteristics that are reflected in the Ambler classification 

(34). The most frequently reported carbapenemases in P. aeruginosa include class 

B carbapenemases and metallo-beta-lactamases (MBLs). MBLs are the most 

prevalent in P. aeruginosa, being VIM and IMP types the most frequent and 

widespread (27). Within class A carbapenemases, GES and KPC enzymes are the 

predominant (27). Carbapenemases have activity spectrum over all beta-lactams 

(with the exception of aztreonam). About the novel combinations, neither C/T nor 

CZA shows activity against MBL-producing strains. CZA show activity against 

class A carbapenemases. Mutations in acquired OXA beta-lactamases may lead 

to the emergence of resistance to both agents (4,35,36). 

 

The most important mechanisms involved in aminoglycosides resistance are its 

inactivation by modifying enzymes, alterations in permeability and elimination by 

expulsion pumps. In P. aeruginosa, genes encoding aminoglycoside-modifying 

enzymes are acquired by horizontal transfer. The most frequent enzymes are 

nucleotidyltranferases (ANT(2'')-I), which confers resistance to gentamicin, 

tobramycin, and kanamycin; acetyltransferases AAC(3'), whose substrate is 
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gentamicin and AAC(6’) which confers resistance to tobramycin; and 

phosphotransferases (which provide resistance to kanamycin, neomycin, and 

gentamicin) (30,37). 16S rRNA methyltransferases (such as Rmt or Arm) confer 

resistance to all aminoglycoside on the market, including the novel plazomicin (17).  

Transferable fluoroquinolone resistance driven by Qnr determinants has 

occasionally been detected (38).  

 

 

Figure 1: Main beta-lactams resistance mechanisms in Pseudomonas aeruginosa 

(27). 

 

2.2. High-risk clones 

 

P. aeruginosa has a non-clonal epidemic population structure, composed of a 

limited number of generalized clones. However, there are MDR/XDR global clones, 

referred to as “high-risk” clones, scattered throughout hospitals around the world 

(10,39). This global spread has become a public health problem due to limited 

therapeutic options and therapeutic costs (40). The most predominant P. 

aeruginosa high-risk clones are the sequence types (ST) ST175, ST111 and 

ST235 followed by ST 244 and ST 395 (10,41,42) (Figure 2) (10). Frequently 

related to nosocomial infections, these clones are associated with both the 

acquisition of horizontally transferable beta-lactamases (including 

carbapenemases) and chromosomal mutations (10). Of these, the ST175 clone is 
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widely distributed in several European countries, although outside of Europe it has 

only been described so far in Japan (10). Is the most common clone in clinical 

MDR/XDR isolates in Spain and only susceptible to colistin and amikacin. 

Generally, ST175 is characterized by an XDR phenotype, with resistance mainly 

due to mutations in QRDRs and other mutations leading to the inactivation of the 

OprD porin, the beta-lactamase AmpC hyperproduction and efflux-pumps 

overexpression (MexXY) (Figure 3) (43). It has also been related to the acquisition 

of an integron carrying the aadB gene that encodes an aminoglycoside-modifying 

enzyme (44).  

The ST111 clone has been detected on all continents except Oceania (10). 

Regarding this clone, various types of ESBLs and carbapenemases have been 

detected, with VIM-2 being the most prevalent (10). 

The ST235 clone is the one with the largest distribution worldwide (10). Although 

various types of acquired beta-lactamases have been detected, class B 

carbapenemases are the most frequent in this isolate. These include multiple IMP 

and VIM variants, with VIM-2 being the most prevalent (10). 

 

The pathogenicity of epidemic high-risk clones is another major issue that should 

be taken into account (17,45). Considering virulence as the capacity to produce 

more severe infections and higher mortality in acute infections, it differs among 

different high-risk clones. While the virulence of ST175 seems to be particularly 

low, ST235 high-risk clone is highly virulent. The three major high-risk clones were 

found to be defective in the three types of motilities and pigment (pyoverdine and 

pyocyanin) production and also showed reduced fitness in vitro. Moreover, they 

displayed increased spontaneous mutant frequencies and biofilm growth (17).  
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Figure 2: Distribution of Pseudomonas aeruginosa high-risk clones (ST235, 

ST111 and ST175). A: Worldwide distribution. B: Europe Distribution (10). 

 

 

 

Figure 3: Distribution and resistance mechanisms in Spanish XDR Pseudomonas 

aeruginosa isolates. A: different high-risk clones found in Spain. B: Number of 

hospitals where the different isolates were found. C: beta-lactam resistance 

mechanism detected (43). 

 

2.3. Therapeutic options 

 

Useful antibiotics against P. aeruginosa infections are some beta-lactam 

antibiotics (such as piperacillin, piperacillin-tazobactam ceftazidime, cefepime, 
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aztreonam, imipenem, and meropenem), fluoroquinolones, aminoglycosides, 

fosfomycin, and polymyxins (colistin and polymyxin B). Colistin is considered a 

last-line antibiotic that acts at the level of the bacterial membrane interacting with 

its phospholipids. Polymyxins are positively charged, enabling them to interact with 

the phosphate groups in lipid A of the LPS that are negatively charged, causing 

the disruption of the outer cell membrane of most Gram-negative bacteria (46). 

Although it has been reintroduced in the last decade as an MDR / XDR Gram-

negative bacteria treatment, its clinical use is hampered by side effects (especially 

nephrotoxicity), and by difficulties in establishing optimal doses (47–49). In order 

to reduce its toxicity, colistin was mixed with formaldehyde and sodium bisulfite, 

giving colistimethate sodium (CMS), which is currently administered by inhaled or 

intravenous form. CMS is spontaneously hydrolyzed in an aqueous medium 

resulting in sulfomethylated derivatives and colistin-base, which is again the active 

form (50,51). Polymyxin monotherapy may result in treatment failure (as reliably 

effective plasma exposure is not always attained), and bacterial resistance may 

emerge (52). Data from PK studies confirm that colistin plasma concentrations 

following the dosing suggestions of the European Medicines Agency (EMA) and 

Food and drug administration (FDA) are low and inadequate for the treatment of 

MDR/XDR P. aeruginosa infections. These findings highlight the importance of 

considering colistin combination therapy for MDR/XDR P. aeruginosa infections 

(17), which could broaden the spectrum of coverage, achieve and additive or 

synergistic antibacterial effect, and suppress emerging resistance (53–55). Among 

the possible combinations, colistin has been reported in combination with several 

antibiotics against MDR/XDR bacteria, including P. aeruginosa (56).  

 

In the context of growing prevalence of MDR/XDR P. aeruginosa isolates showing 

resistance to all first-line agents, new molecules with antipseudomonic action have 

been developed, as well as new associations with beta-lactamase inhibitors: C/T 

and CZA.  

 

Ceftazidime combined with avibactam (a new beta-lactamase inhibitor) shows an 

improvement in activity against beta-lactamases belonging to class A and C, as 

well as some enzymes of class D, but is not active against MBL-producers (57). 
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The addition of avibactam to ceftazidime protects the cephalosporin from 

enzymatic degradation caused by P. aeruginosa strains (mainly due to AmpC 

enzymes but also ESBLs and class A carbapenemases) and leads to decreased 

minimum inhibitory concentrations (MICs) of ceftazidime (58). 

 

The current recommended dosage of CZA is a dose of 2/0.5 g every 8 h as a 2 h 

rate of infusion, for adult patients with normal renal function. As a time-dependent 

antibiotic, the percentage of free drug concentration that remains above the MIC 

for the 40-70% of the dosing interval is the best PK parameter. It is maximized 

when concentrations in plasma are 4-5 x MIC (59,60). 

 

C/T arises as a new potential agent to treat XDR P. aeruginosa infections. C/T 

combines ceftolozane, a novel oxyimino-aminothiazolyl cephalosporin that has 

bactericidal action with tazobactam, a sulfone beta-lactamase inhibitor in fixed 2:1 

ratio producing a synergistic effect (61). Ceftolozane has a side chain that confer 

less susceptibility to hydrolysis by the derepressed chromosomal beta-lactamase 

AmpC producing P. aeruginosa, and its effectiveness is not affected by efflux pump 

expression or changes in porin permeability (such as deletion of the membrane 

protein OprD). In order to carry its function, C/T binds to important penicillin-binding 

proteins (PBP), AmpC enzymes and other beta-lactamases such as TEM-1, TEM-

2, SHV-1, and OXA-1, which results in the inhibition of bacterial cell wall synthesis 

and subsequent cell death. It also acts against non-ESBL class D oxacillinases. 

However, like other cephalosporins, it can be degraded by ESBLs and 

carbapenemases (29,61–64). Tazobactam protects ceftolozane from hydrolysis by 

irreversibly binding to most class A beta-lactamases (including the enzymes CTX-

M, SHV and TEM) and some class C. As a result, it improves ceftolozane spectrum 

of activity against ESBL producing Enterobacteriaceae and some anaerobes (62) 

and broadening its antimicrobial effect. C/T has demonstrated minimal cross-

resistance with other antimicrobials (61).  

 

Currently C/T is approved at a dose of 1.5 g every 8 h as a 1 h rate of infusion 

(ceftolozane 1 g and tazobactam 0.5 g) for complicated urinary tract infections 

(cUTI) and complicated intra-abdominal infections (cIAI) in combination with 
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metronidazole and 3 g every 8 h (ceftolozane 2 g and tazobactam 1 g) for hospital-

acquired bacterial pneumonia including ventilator-associated bacterial pneumonia 

(HABP/VABP) caused by Gram-negative organisms (65). However, the frequency 

and severity of MDR and XDR P. aeruginosa strains has led physicians to off-label 

use of C/T and hence it is generally reserved for the use against MDR/XDR P. 

aeruginosa strains (4,62,66). Pharmacodynamically, C/T is a time-dependent 

antibiotic and so the parameter that fits the best for predicting bacteriological 

efficacy is the percentage of the dosing interval in which the plasma free drug 

concentration remains higher than the minimum inhibitory concentration 

(%T>MIC), which in the case of C/T is approximately 40%–50% of the time 

between dosage administrations, similar to other cephalosporins (61,67).  

 

Although CZA and C/T are generally reserved for MDR/XDR P. aeruginosa 

infections, the current standard dosing regimens could be insufficient when 

referring to MDR/XDR P. aeruginosa with MIC values close to susceptibility 

breakpoints, due to the increased likelihood of not achieving effective 

concentrations (68). In these scenarios, treatment with combination therapy or 

alternative dosing regimens need to be optimized and individualized (66) taking 

into account the patient’s profile.  

 

2.4. In vitro models 

 

Combination antibiotic therapy has generated great interest in recent years 

because of the potential severity of infections due to XDR P. aeruginosa and the 

very high risk of selection of resistance. Various studies have examined in vitro 

interactions between bacteria and different antipseudomonal antibiotics, such as 

carbapenems, colistin and polymyxin B, fosfomycin, aminoglycosides and 

quinolones, using different methods to determine minimum inhibitory concentration 

(MIC) (for example, synergy testing using the microdilution checkerboard 

technique, gradient diffusion (Etest®) or time-kill curve assays.  

 

These in vitro experiments could be static studies, such as checkerboard, or 

dynamic studies. Static systems can be used for quick determination of time killing 
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behaviour (53) meanwhile dynamic models provide more information under 

changing drug concentrations, their killing effect, the suppression of resistant 

mutant, dose fractionation, and also, combination therapy (27,69). About the 

dynamic models, they could be performed in one-compartment model (like time-

kill curves or one-compartment in vitro model such as Chemostat) or in two-

compartment model, such as the hollow-fiber infection system.  

 

Time-kill curves allow similar antibiotics concentrations evaluation of that to those 

used in clinical practice, testing antibiotics alone or in combination, and adding 

time as a dynamic parameter (27). Some PD time-kill parameters were defined for 

combination therapies. Based on the final count of colonies in the antibiotic 

combination compared with the count for more effective of two components, it was 

defined additivity and synergy as a 1 to 2 log10 colony forming units or CFU/ml and 

as a 2 log10 CFU/ml, respectively (70,71). 

 

The hollow-fiber infection model is a preclinical innovative method that makes 

possible to conduct experiments mimicking human pharmacokinetics under 

biosafety conditions (72). It could be a complement to or substitutes for animal 

models of infection, overcoming the limitations of static models. It is based on the 

use of hollow-fiber bioreactors, which are modules containing small tubular filters 

of 20 microns of diameter (73). There are specific advantages of the hollow-fiber 

infection model compared with static models. It allows analysing combination 

therapies, dosage profiles can be controlled over time, mechanisms of resistance 

can be revealed, and data is more clinically relevant, all without the restrictions of 

animal models. Compared with the one-compartmental model, it allows the 

bacterial load to remain constant, biosafety conditions for biohazardous 

organisms, and absorption, elimination and rapid antibiotic half-lives could be 

modelled (74). These nonclinical infection models can predict clinical outcomes 

(75,76). The insights gained from nonclinical infection models strongly support the 

rational design of optimal antibacterial dosage regimens for evaluation in future 

clinical trials (77). In relation to this, currently new antibiotics are not marketed 

without first being studied through PK/PD studies, and data obtained from these 

models are indispensable for selecting the doses and regimens for patients, 
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establishing susceptibility breakpoints, and ultimately refining clinical dosage 

regimens (77). Furthermore, the recruitment of a sufficient number of patients for 

clinical trials could be challenging. Consequently, these nonclinical PK/PD studies 

are required to support and enhance the insights gained from human studies (77). 

 

Nevertheless, given the very high risk of selection for and spread of resistant 

mutants to drugs, it is of the utmost importance to monitor possible selection for 

resistance during treatment and the associated risk factors. One preventive 

measure would be to administer the new antimicrobials in specific forms and doses 

or in a more personalized way (taking into account the bacteria, type of infection 

and characteristics of the patient). This would prevent the development of 

resistance. In this regard, the hollow-fiber PK/PD dynamic model will enable us to 

discover which doses, routes of administration and antibiotics dosage would be 

the most effective and less likely to select resistant mutants during treatment for 

infections due to XDR P. aeruginosa clones. Consequently, the new drugs could 

be active for longer periods, which will benefit the patients.
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• MAIN OBJETIVE 

 

The main objective of the present thesis is to evaluate different therapeutic 

options against extensively drug-resistant (XDR) Pseudomonas 

aeruginosa, including high-risk clones, using different in vitro 

pharmacokinetic/pharmacodynamic (PK/PD) models. 

 

• SPECIFIC OBJECTIVES  

 

o To evaluate various antipseudomonal antibiotics alone and in 

combination for the three most prevalent XDR P. aeruginosa high-risk 

clones (ST175, ST111 and ST235). To validate the most effective 

combination via checkerboard and time-kill curves in a representative 

collection of XDR P. aeruginosa isolates. 

 

o To study the combination of ceftolozane-tazobactam and colistin against 

the collection of clinical XDR P. aeruginosa isolates by means of the time-

kill curve method. To validate the combination against three XDR P. 

aeruginosa isolates with different susceptibility levels to C/T in an in vitro 

Chemostat PK/PD model.   

 

o To evaluate the effectiveness of CZA alone and in combination with other 

antibiotics against XDR P. aeruginosa isolates via time-kill analysis.  

 

o To compare the efficacy of intermittent (1-h), extended (4-h) and 

continuous C/T infusion against three XDR P. aeruginosa ST175 isolates 

with different susceptibilities to C/T (MIC values between 2 and 16 mg/L) 

in an in vitro hollow-fiber infection model.  

 

o To assess the effectiveness and the emergence of resistance of 

alternative steady-state concentrations of C/T in CI against three XDR P. 

aeruginosa ST175 isolates in a hollow-fiber infection model. 
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MDR/XDR P. aeruginosa is included in the pathogens for which the situation is 

considered critical by the World Health Organization (3,4). Currently, there are only 

a few effective treatments when facing these infections. Consequently, antibiotic 

treatment optimization is a constant concern. 

 

In the present study we evaluated the effect of different antibiotic regimens against 

collection of isolates of XDR P. aeruginosa belonging to several clones, including 

XDR high-risk clones. These isolates had been previously collected from nine 

Spanish hospitals in the multicenter COLIMERO trials and characterized at a 

molecular level using pulsed field gel electrophoresis, multilocus sequence typing 

and whole-genome sequencing (43). The selected isolates provide a 

representative profile of all the clones and resistance mechanisms have been 

detected in the Spanish trial. 

 

First of all, we evaluated the activity of different antipseudomonal antibiotics, alone 

or in combination, used in clinical practice by checkerboard and time-kill curves, in 

order to identify the most effective one. In previous studies polymyxin-carbapenem 

combinations were proposed against MDR/XDR Gram-negative infections to 

enhance the therapeutic response and minimize potential polymyxin resistance, 

especially useful when there were no other therapeutic options (55). Other 

combinations with reported synergy against MDR P. aeruginosa are including 

colistin plus doripenem (52,55,78), colistin-ceftazidime (79), colistin-rifampicin 

(80,81), meropenem-levofloxacin (82), and colistin-imipenem (83). 

 

Through checkerboard experiments results, additive and synergistic combinations 

were selected in order to validate them with time-kill curves against the three most 

prevalent high-risk clones (ST175, ST111, ST235). The most effective combination 

found - colistin plus meropenem – was then validated in the entire collection of 

XDR P. aeruginosa isolates. All strains were resistant to meropenem, but three of 

them were intermediate (MIC 8 mg/L). Just one strain was colistin resistant (MIC 

4 mg/L). In time-kill curves, the untreated control failed, for each study regimen 

when administered alone. The resulting combination with the greatest efficacy, 
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colistin plus meropenem, showed a synergistic effect against 80% of the 20 strains 

studied. These results suggest that this therapy could be a potential option in 

severe infection caused by P. aeruginosa high-risk clones. 

 

Due to most of the current XDR P. aeruginosa isolates still maintain susceptibility 

to colistin (84,85), we decided to evaluate combination therapy with C/T and 

colistin in our collection of 24 representative XDR P. aeruginosa isolates. C/T 

arises as a promising alternative for the treatment for MDR/XDR P. aeruginosa 

because its effectiveness (73). It is less affected by the typical resistance 

mechanisms associated with this bacterium or emerged mutations such as the 

PBP-coding genes (63). However, there are many patients with severe infections 

or with less susceptible strains with higher C/T MIC values, who could benefit from 

combination therapy. Few studies have examined combination therapy of C/T plus 

colistin (86,87). Twelve of the selected isolates were resistant to C/T and one of 

them was resistant to colistin.  

 

The combination was evaluated with time-kill curves, and it has demonstrated 

superior synergistic or additive effect for C/T plus colistin against 21 of the 24 

isolates studied. Furthermore, the combination had bactericidal effect in all cases. 

Time-kill curves with colistin monotherapy showed a similar pattern in all the 

isolates, with an initial reduction after 2 h, followed by regrowth in all cases. In 

contrast, no regrowth was observed for C/T plus colistin combination for any of the 

isolates, supporting former reports (87).  

 

In a second stage, we studied this combination in three ST175 P. aeruginosa 

isolates by the one-compartment in vitro PK/PD model called chemostat (88). 

ST175 is the most prevalent high-risk clone in our environment and, in this case, 

had a C/T MIC values of between 2 and 16 mg/L The simulated C/T dosing 

regimen was 2/1 g every 8 h by intravenous infusion over 1 h (current standard) 

with a simulated half-life of 3 h (73,88,89). It was assumed that tazobactam would 

be eliminated at the same half-life of ceftolozane, since it has a limited role in 

ceftolozane activity against P. aeruginosa (90). Colistin was simulated in CI to 

achieve concentrations of 2 mg/L to mimic plasma colistin concentration-time 
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profiles in critically ill patients (91). The C/T regimen of 2/1 g every 8 h with a Css 

of 2 mg/L colistin effectively suppressed the bacterial growth at 24 h. Additive or 

synergistic interactions were observed for C/T plus colistin against XDR P. 

aeruginosa isolates and particularly against C/T-resistant strains. The combination 

led to increased activity against XDR P. aeruginosa compared with either the 

agents used as monotherapy.  

 

Besides that, in the resistant studies the emergence of colistin-resistant 

subpopulation was detected both in the control arm and in the cultures receiving 

colistin monotherapy. No colistin-resistant subpopulations were detected for the 

combination. These data are helpful to understand the results, since 

heteroresistance already could be present, and therefore these isolates killed with 

the addition of C/T, or resistance could be caused by suboptimal colistin 

concentrations, and therefore C/T can prevent this resistance development from 

occurring. Studies investigating resistance development with colistin monotherapy 

compared with combination therapy have shown suppression or delay of colistin 

resistance when combination therapy is used (55).  

The combination effect observed was probably due to the different mechanisms of 

action of these two antibiotics (92). Colistin acts against the LPS disrupting the 

outer membrane causing local disturbance, permeability changes, osmotic 

imbalance and death cell. The resulting increase in permeability would facilitate 

uptake of carbapenems inside the cell (93) allowing, for example, C/T or 

meropenem entrance. 

 

In recent years, the availability of new drugs such as CZA has increased the 

therapeutic arsenal against Gram-negative pathogens, including XDR P. 

aeruginosa (72). It has activity against ESBL-producers and carbapenem-resistant 

Enterobacterales, but it is not active against MBL-producers. To preserve the 

effectiveness of CZA, its clinical use should be avoided in naturally resistant strains 

and in those carrying MBLs and certain class D beta-carbapenemases (94).  

 

Combination therapy has an important role in these clinical scenarios. We 

performed a time-kill analysis of the effectiveness of CZA alone and in combination 
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with other antipseudomonal antibiotics against 21 XDR P. aeruginosa isolates. 

Seven isolates were resistant to CZA, including four MBL-carrying isolates and two 

class A carbapenemases. CZA showed bactericidal effect in 100% of the CZA-

susceptible isolates. Regarding the CZA-resistant isolates, the combination with 

colistin was additive or synergistic in 100% of the isolates, while the combination 

with amikacin or aztreonam was additive or synergistic in the 85% of the cases. 

These findings support that a CZA combination could be useful for treating XDR 

P. aeruginosa infections and highlighted its potential role against CZA-resistant 

isolates. 

 

Antibiotic resistance contributes to the emergence and selection of XDR P. 

aeruginosa and led to a critical decrease in the availability of alternative antibiotic 

treatments (1). For this reason, strategies to monitor and prevent the selection of 

resistance during antibiotic treatment are urgently needed. C/T has emerged as a 

promising option in this setting, but resistance is emerging (73). C/T combination 

therapy treatment could be an alternative when the current standard C/T dosing 

regimen might be insufficient, for example when referring to XDR P. aeruginosa 

with non-susceptible C/T MIC. Another possibility could be C/T alternative dosing 

regimens that consider the patient’s profile. The standard dose for C/T is a 1-h 

infusion of 1.5 g every 8 h for cUTI and cIAI and 3 g every 8 h for HABP (65). As it 

is a time-dependent antimicrobial, prolonged infusion may help achieve PK/PD 

targets. Few studies have evaluated C/T alternatives dosing infusions (65,66,95). 

 

We aimed to compare the efficacy of intermittent (1-h), extended (4-h) and 

continuous C/T infusion against three XDR ST175 P. aeruginosa isolates with 

different susceptibilities to C/T (MIC between 2 and 16 mg/L) in a hollow-fiber 

infection model. We had selected ST175 clone because it is the most prevalent in 

our environment and it has been associated with MDR/XDR isolates being a 

recognized hospital contaminant (52). Additionally, on a second stage, different 

Css of C/T in CI against the same ST175 isolates were analyzed. 

  

On the first stage, C/T in CI achieves greater overall reduction in bacterial burden 

than intermittent or extended dosing regimens, particularly in the case of non-
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susceptible XDR P. aeruginosa isolates (an overall reduction of -4.95 log10 CFU/ml 

for the CI versus a reduction of -1.87 and -2.78 log10 CFU/ml for the 1-h and 4-h 

infusion, respectively). In addition, it was the only regimen with bactericidal activity 

against all three isolates. These findings reinforce the idea that this mode of 

administration works in concentrations that remain above the susceptibility 

breakpoint for longer. 

  

Once determined that CI of C/T achieves the greatest reduction in XDR P. 

aeruginosa populations, optimization of Css. Will be necessary to achieve optimal 

clinical outcomes and prevent the selection of C/T-resistant subpopulations. On 

the second stage, we evaluated different Css of C/T in CI to test the effectiveness 

of C/T and the emergence of resistance by the hollow-fiber infection model. C/T 

dosing regimens were simulated to achieve approximate Css of 20, 45 and 80 

mg/L (which respectively correspond to 3, 6 and >9 g/ 4.5 every 24 h) (96). 

Effectiveness was investigated by treating C/T-non-susceptible P. aeruginosa 

isolates with C/T in CI at Css of 45 and 80 mg/L, while resistance was investigated 

by treating the C/T-susceptible isolate with C/T in CI at Css of 20 and 45 mg/L. 

Results showed that a Css of 20 mg/L clearly failed to prevent the emergence of 

resistance, whereas a Css of 45 mg/L had a bactericidal effect. Sequencing of 

blaAmpC gene in the resistant subpopulation that emerged revealed a deletion in the 

gene encoding AmpC beta-lactamase, supporting previous reports of a link to C/T 

resistance (63).  

 

Infections caused by P. aeruginosa isolates with C/T MIC values above 2 mg/L 

have been associated with poor outcomes when treated with a standard C/T 

dosing regimen (62). The use of higher doses (up to 6/3 g every 24 h), mainly 

against non-susceptible strains, has not been found to produce adverse effects 

(65). In this context, we also evaluated a C/T regimen in CI with a Css of 80 mg/L 

for optimizing the treatment of C/T-non-susceptible P. aeruginosa isolates. Our 

results showed that this higher dose displays a slight advantage than the currently 

recommended regimen in CI (Css 45 mg/L).  
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In summary, our findings showed that C/T in CI achieves a greater overall 

reduction in bacterial burden than intermittent or extended regimens, particularly 

in the case of non-susceptible XDR P. aeruginosa isolates. C/T in CI at higher Css 

showed the strongest bactericidal effect, while the administration of suboptimal 

doses resulted in the emergence of C/T resistance. The correct use of C/T dosing 

regimens could lead to improve clinical management of P. aeruginosa infections 

caused by XDR isolates. 

 

In vitro studies had some limitations. Regarding, the checkerboard studies, they 

should be used only as a screening, since it is a static model with fixed time and 

concentration and with low reproducibility (97,98). Time-kill curves provide time as 

a dynamic point, but they were lengthened only to 24 h, being not representative 

of the clinical administration guidelines for the majority of antibiotics (97). Apart 

from that, antibiotic combinations were studied using fixed concentrations and, 

since the interaction between antibiotics is dynamic and concentration-dependent 

(93), the results could vary if other concentrations were analysed. Furthermore, it 

should be noted that in vitro studies cannot examine toxicity, contribution of 

immune system or the different PK/PD effects occurring at the specific site of an 

infection.  

 

The one-compartmental chemostat experiments adds drug concentrations as 

dynamic factor, apart from time. Nevertheless, they were lengthened only 24 h; 

longer-duration experiments are needed to assess resistance emergence and to 

represent clinical administration guidelines. Regarding the hollow-fiber infection 

model, although it has been intended to use concentrations, dosing intervals and 

experimental durations similar to those expected to apply clinically, toxicity and the 

diverse PK/PD effects occurring at a specific site of infection cannot be examined, 

besides the lack of immune system in the role of bacterial killing. However, this 

absence may be extrapolated easily to immunocompromised patients as well as 

allow to measure directly the drug antimicrobial activity. 

 

In conclusion, the final purpose of these in vitro studies was to approximate an 

optimized and individualized antimicrobial regimen for each patient through 
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monitoring antibiotic levels and adjusting antibiotic doses, not only based on the 

MIC value, but also, on the targeted PK/PD. Moreover, the non-optimization is one 

of the major implicated causes in antibiotic resistance emergence and is a leading 

cause of morbidity and mortality worldwide. The in vitro data obtained provide a 

basis for expanding research in this direction and ultimate evaluation in clinical 

use, in order to increase antibiotic effectiveness with low rates of resistance 

selection. 
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• Colistin plus meropenem combination is bactericidal and synergistic against 

representative isolates of XDR P. aeruginosa. It could be a potential option 

in severe infections caused by P. aeruginosa high-risk clones, including 

carbapenemase-producing isolates and even panresistant isolates.  

 

• The combination of C/T and colistin led to a rapid and sharp decrease in 

bacterial burden against P. aeruginosa isolates, regardless of C/T 

susceptibility. The combination demonstrated superior synergistic or 

additive effect against 21 of 24 isolates studied.  

 

• Combination therapy with C/T and colistin would benefit patients with 

severe P. aeruginosa infections with a C/T MIC above the susceptibility 

breakpoint.  

 

• Monotherapy with colistin resulted in the development of colistin-resistant 

subpopulations. The combination of colistin plus C/T could prevent 

resistance development from occurring. 

 

• CZA plus colistin was additive or synergistic in 100% of the CZA-resistant 

isolates, while CZA plus amikacin and CZA plus aztreonam was additive or 

synergistic in 85%. 

 

• The combination of CZA plus aztreonam was effective against three of four 

MBL-carrying P. aeruginosa isolates. The addition of aztreonam might 

overcome CZA-resistance in MBL-bearing strains, being a viable option 

against MBL-producing P. aeruginosa isolates. 

 

• C/T in CI achieved a greater overall reduction in bacterial burden than 

intermittent or extended dosing regimens against XDR P. aeruginosa 

isolates. 
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• C/T in CI regimen has demonstrated to be a useful strategy, even against 

C/T non-susceptible P. aeruginosa isolates, but it would be necessary to 

adjust antibiotic Css.  

 

• The administration of suboptimal C/T Css resulted in the emergence of C/T 

resistant subpopulation, which showed a deletion in the gene encoding 

AmpC beta-lactamase. 

 

• Higher C/T Css showed a slight advantage in effectiveness than the 

currently recommended regimen. It is of particular interest in P. aeruginosa 

isolates with C/T MIC values above 2 mg/L, which have been associated 

with poor outcomes when treated with a standard C/T dosing regimen.  
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After carrying out the presented studies, the line of research will continue focused 

on analyzing different treatments for XDR P. aeruginosa infections. 

 

On the one hand, it is known that combination therapy is a potential therapeutic 

option for XDR P. aeruginosa infections. Existing data support the combination of 

CZA and aztreonam against class A carbapenemases- and MBL- producing 

Enterobacterales. However, data about combination against SBL- and MBL- 

producing P. aeruginosa are scarce. A study to compare the efficacy of CZA in 

combination with aztreonam was analysed against SBL- and MBL- producing XDR 

P. aeruginosa isolates. Isolates were tested by time-kill curves and hollow-fiber 

infection model. The combination improved the in vitro activity of both 

monotherapies, suggesting that it may be a viable treatment option against SBL- 

and MBL- producing P. aeruginosa isolates. These results were presented at 32nd 

European Congress of Clinical Microbiology and Infectious Diseases in April, 2022. 

For future studies, these findings will be validated in a larger collection of SBL- and 

MBL- producing P. aeruginosa isolates.  

 

On the other hand, the use of new antipseudomonal agents could improve the 

prognosis for patients with greater clinical efficacy. Cefiderocol has a characteristic 

antibacterial spectrum with a potent activity against resistant Gram-negative 

pathogens, including P. aeruginosa. It has demonstrated promising activity against 

MBL- producing P. aeruginosa.  

 

Future studies will include an analysis of the efficacy of CZA in combination with 

aztreonam compared to cefiderocol in a representative selection of MBL- producing 

XDR P. aeruginosa isolates. 
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