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Abstract 
Olsson, A. 2021. Exploring the interactions of antibiotic combinations against multidrug-
resistant Gram-negative bacteria. Digital Comprehensive Summaries of Uppsala 
Dissertations from the Faculty of Medicine 1788. 70 pp. Uppsala: Uppsala University. 
ISBN 978-91-513-1340-5. 

Antimicrobial resistance is emerging and available treatment options are lacking. Antibiotics is 
a cornerstone in modern medicine where medical procedures such as surgery, care of premature 
babies or treatment of cancer is dependent on efficient drugs. The need for novel treatment 
alternatives is increasing as bacteria continue to develop new resistance mechanisms. 

The main goal of this thesis was to screen for antimicrobial combinations efficient against 
Gram-negative bacteria. The complex membrane structure of Gram-negative bacteria is very 
protective against antimicrobial activity making many antibiotics ineffective. Polymyxin B 
was therefore used as a main component in the combinations evaluated due to its membrane 
disruptive mode of action. Previously neglected or disused antibiotics was used in combination 
with polymyxin B as a part of a Joint Programming Initiative on Antimicrobial Resistance 
(JPIAMR) called CO-ACTION. The prevailing theory of polymyxin B combinations is that the 
membrane disruptive effect will facilitate entry of a second antibiotic and reduce efflux activity. 
In contrast, the combination will not be as efficient in the presence of bacterial enzymatic 
activity as the resistance mechanism is not affected by changes in the membrane composition. 
To increase knowledge on underlying mechanisms behind the success of antimicrobial 
combinations an extensive genetic analysis was performed. 

Several promising polymyxin B combinations were found which could offer a treatment 
option in caring for severely ill patients for which few alternatives exist. Associations between 
genetic background and efficient bacterial killing was also established. The chance of synergistic 
effect by the combination was increased if the antibiotic used in combination with polymyxin 
B could normally not enter the bacterial cell or in presence of resistance mechanisms increasing 
efflux activity. This thesis highlights the fact that only phenotypical antimicrobial susceptibility 
testing would not be used in forecasting the success of antimicrobial combinations. Information 
on antimicrobial susceptibility in combination with knowledge on resistance mechanisms 
present and how it influences the antibiotics used in combination is equally important. 

With this work increased knowledge on genetic background of resistance mechanisms and 
bacterial killing by polymyxin B combinations and was provided. Antimicrobial combinations 
offer an interesting feature when no other treatment alternatives are available. The lack of 
diagnostics in forecasting the success of combination therapy in a clinical microbiology lab 
is of concern. The knowledge obtained in this work contributes to the general knowledge on 
antimicrobial combinations and provides an example of how to evaluate their effect. 
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“Nothing in life is to be feared, it is only to be understood. 

Now is the time to understand more, so that we may fear less.” 

 

Marie Curie 
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Introduction 

Antimicrobial resistance is an increasing threat to healthcare globally (1). 

A great part of modern medicine relies on the availability of efficient anti-

microbial therapy. Clinical procedures such as transplantations, surgery 

and the care of prematurely born babies or cancer patients are threatened 

as treatment alternatives are lacking.   

Alexander Fleming discovered the effect of penicillin in 1928 and made 

way for modern medicine as we know it today. Ten years later, Howard 

Florey and Norman Heatley continued the studies on Penicillium notatum 

at the Sir William Dunn School of Pathology in Oxford, UK (2). Large-

scale production was made possible by American pharmaceutical compa-

nies in 1942 and the accessibility to penicillin made a huge impact on re-

covery for soldiers fighting in World War II.  

In an article published in the New York Times in 1945, Fleming pointed 

out that antimicrobial resistance would emerge as it is a natural phenome-

non and a part of bacterial evolution biology (3). However, the past eighty 

years of overuse and misuse have accelerated the speed at which resistance 

arises. The reason is multifactorial and varies with location as the world-

wide access to healthcare, reliable diagnostics, sufficient antimicrobial 

therapy and clean water is lacking (4). 

As antimicrobial resistance is emerging, the search for new treatment al-

ternatives is crucial. Since 1987, and the development of lipopeptides, 

there has been a discovery void of new antimicrobial classes. Instead, dif-

ferent combinations of already developed drugs have been introduced in 

the clinical setting. The situation is alarming in Gram-negative bacteria, 

e.g., Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeru-

ginosa. In 2018, WHO launched a priority list to guide future development 

and research initiatives (5). Carbapenem- or third-generation cephalo-

sporin-resistant Enterobacterales (e.g. E. coli and K. pneumoniae) and car-

bapenem-resistant P. aeruginosa are included in the first priority group and 

will be further discussed below.  
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Gram-negative bacteria 

The bacterial membrane of Gram-negative bacteria consists of an impene-

trable construction leaving many antibiotics ineffective (6,7).  A diagnostic 

method called Gram-staining has allowed for separation between Gram-

positive and Gram-negative bacteria since 1884. Hans Christian Gram 

stained the bacteria with a crystal violet-iodine complex followed by coun-

terstaining with safranin leaving Gram-positive bacteria purple and Gram-

negative bacteria pink (8). Gram-positive bacteria are stained by the crystal 

violet-iodine complex while Gram-negative bacteria cannot retain it and 

are instead stained by safranin which can reach the cell nuclei.  

 

Figure 1: Differences in the bacterial cell wall. The cell wall of Gram-negative 
bacteria is composed of an outer and inner membrane, while Gram-positive bac-
teria are surrounded by one phospholipid bilayer. The outer leaflet of the Gram-
negative outer membrane is composed of glycolipids, principally lipopolysaccha-
rides (LPS). A peptidoglycan layer is found in both bacteria but it is much thicker 
in Gram-positive bacteria. The typical placement of membrane proteins are also 
shown in blue.  

The bacterial cell wall 

The Gram-negative cell wall protecting the bacterial cytoplasm consists of 

a double-membrane with a thin peptidoglycan layer in between (Figure 1) 

(6,7,9,10). The inner membrane consists of a bilayer of phospholipids, 

while the outer membrane is made up by one leaflet of phospholipids and 

one leaflet of glycolipids, mainly lipopolysaccharides (LPS). Some Gram-

negatives such as Acinetobacter baumanii can be found without a LPS 

structure (11). The cell wall is traversed by different transport systems re-

sponsible for uptake and release of metabolites or other compounds. These 

transport systems are closely related to the resistance–nodulation–division 

(RND) family of multidrug efflux pumps, which are highly involved in 

resistance phenotypes including several antibiotic classes (12,13). Another 

important structure of the bacterial call wall are porins which are generally 
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small proteins generating hydrophilic channels that span across the outer 

membrane facilitating entry of metabolites and hydrophilic antibiotics 

(14). Deficient porins decrease permeability and can sometimes result in 

antimicrobial resistance.  

The peptidoglycan layer 

The peptidoglycan layer is important for cell shape and structure but also 

for the bacterial ability to resist osmotic challenges (15). Transpeptidases, 

glycosyltransferases and D-carboxypeptidases belongs to the group of pen-

icillin-binding proteins (PBPs) which catalyzes the synthesis of the pepti-

doglycan layer (Figure 2). The PBPs are the target for β-lactam antibiotics 

which are the most important class of antibiotics in treatment of Gram-

negative bacteria (16).  

 

Figure 2: The composition and synthesis of the peptidoglycan layer. The pep-
tidoglycan layer is composed by a rigid mesh of polysaccharide chains (green) 
cross-linked by peptide bonds. Several enzymes (in italics) catalyze important 
steps in the peptidoglycan biosynthesis. The crosslinking is catalyzed by transpep-
tidases generating a peptide bond between meso-Dap and the D-Ala in the fourth 
position in the pentapeptide. Glycosyltransferases catalyze the polymerization of 
the GlcNac-MurNac chain and D-carboxypeptidases limit further peptidoglycan 
crosslinking by removal of the terminal D-ala. Transpeptidases, glycosyltransfer-
ases and D-carboxypeptidases are all examples of PBPs.  
Abbreviations: meso-Dap, meso-diaminopimeilic acid; D-Ala, D-alanine; Glc-
Nac, N-acetylglucosamine; MurNac, N-acetylmuramic acid; penicillin-binding 
proteins, PBPs. 

The peptidoglycan layer in Gram-positive bacteria is very strong and con-

tains several layers connected in three dimensions (Figure 1). In contrast, 

the peptidoglycan in Gram-negatives is usually one molecule thick and the 

outer membrane is connected to the peptidoglycan layer via lipoproteins 

(6). The peptidoglycan is composed of a rigid mesh of linear chains made 

up by N-acetylmuramic acid (MurNac) and N-acetylglucosamine (GlcNac) 

which is cross-linked by peptides. The precursor MurNac is synthesized 
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and extended with a pentapeptide (L-Ala, D-Glu, meso-Dap, D-Ala and D-

Ala) in the cytoplasm. The pentapeptide sequence can vary between bac-

terial species but the terminal D-Ala-D-Ala moiety is conserved (16). The 

MurNac pentapeptide is attached to the inner leaflet of the inner membrane 

before linkage with GlcNac which is catalyzed by a glycosyltransferase. 

This generates the disaccharide building block (GlcNac-MurNac + pen-

tapeptide) which is then transported across the inner membrane and later 

attached to existing peptidoglycan chains in the periplasmic space. The 

crosslinking of new building blocks with existing peptidoglycan chains is 

catalyzed by transpeptidases which generates a peptide bond between the 

amino acid of the third peptide and the D-ala at the fourth position of the 

building block (the D-ala in position five is released) (Figure 2). The ex-

tension of the peptidoglycan is limited by D-carboxypeptidases removal of 

unreacted D-ala in the fifth position.  

Lipopolysaccharides (LPS) 

Lipopolysaccharides are crucial for the impermeable feature of the Gram-

negative outer membrane and serve as the major structural component 

(Figure 1). Three structural domains constitute the LPS glycolipid: lipid A, 

the core oligosaccharide and the O-antigen (Figure 3) (9). Lipid A is the 

hydrophobic portion of the molecule and is a disaccharide with numerous 

fatty acids attached that forms the outer leaflet of the outer membrane. Li-

pid A is phosphorylated which adds up to the negatively charged feature 

of the LPS molecule. Linked to the glucosamine of lipid A is the core oli-

gosaccharide which usually contains 3-deoxy-D-manno-oct-2-ulosonic 

acid (Kdo) residues, heptoses and various hexoses (9,17). The most distal 

part of the LPS is the O-antigen which is composed of repeating oligosac-

charides.  
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Figure 3: The structure of the lipopolysaccharide (LPS). The O antigen, the 

core oligosaccharide and lipid A composing the LPS structure is displayed using 

E. coli core type K-12 as an example. Important structures such as phosphates 

(blue) and amides (green) are also shown.  

Abbreviations: Gal, galactose; Glu, glucose; Hep, heptose; Kdo, 3-deoxy-D-

manno-oct-2-ulosonic acid. 

Cation (Mg2+ and Ca2+) linkages between phosphate groups and hydropho-

bic interactions between LPS and membrane proteins establishes strong 

interactions (6,9). Another important feature of the barrier function is the 

ability of LPS to pack densely. The cations prevent repulsion between the 

negatively charged phosphate groups within the LPS structures. These in-

teractions can be disrupted by antibiotics such as polymyxins, which make 

the bacterial cell wall more permeable.  

The overall structure of LPS is conserved but there are differences at spe-

cies and strain level (9,17–19). The lipid A moiety and the inner part of the 

core oligo saccharide is conserved at species level, while the outer part can 
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vary between strains of the same species. For example, five core types of 

E. coli are known: R1-4 and K-12 (9,18). The O-antigen is the most diverse 

part of LPS and is not even synthesized in some Gram-negative bacteria. 

LPS molecules that consist of lipid A and a core oligosaccharide are re-

ferred to as smooth LPS while rough LPS lacks an O-antigen. Further, the 

composition of the LPS molecule is modified as bacteria adapt to different 

environments (9). 

Capsule  

Some bacteria, e.g., P. aeruginosa, K. pneumoniae and E. coli strains pro-

duce a capsule, which surrounds the outer membrane and consists of vari-

ous polysaccharides (6,7,20). The role of the capsule is mainly to protect 

bacteria against the host´s immune response phagocytosis. The capsule 

structure varies and different types are especially important for certain clin-

ical conditions. As an example, the K1 capsule of E. coli is associated with 

urinary tract infections (UTIs), sepsis and meningitis (21). Also, all K. 

pneumoniae strains produces a capsule but hypervirulent strains are often 

associated with increased capsule production expressed by chromosomal 

or plasmid-encoded genes (22). Hair like structures, named fimbriae, can 

be found on the surface of the capsule (6). These are important for adhesion 

to cell layers or medical devises and play an important role in increased 

virulence (21,22).  

Biofilm formation 

Many bacteria are able to form biofilm which is a complex mesh-like com-

position consisting of multiple bacteria and polysaccharides attached to a 

surface (6). Bacterial cells within the structure are tolerant to antibiotic 

treatment. The biofilm formation of P. aeruginosa is notable as the for-

mation obstruct antibiotic treatment of cystic fibrosis (23). Recurrent in-

fections are also common due to occasional bacterial shedding from the 

biofilm. Biofilms are often formed on medical devices such as catheters 

and is a common source of UTIs. Biofilm formation has been associated 

with UTIs caused by E. coli and K. pneumoniae with antibiotic resistance 

phenotypes (24,25).  

  



 

 17 

High priority Gram-negative bacteria included in this work 

Enterobacterales  

This order includes many clinically important bacteria which are ubiqui-

tous and found in soil, water and the intestinal flora of human and animals. 

Bacteria within the Enterobacterales order cause a wide variety of diseases 

and this work will mainly focus on two members of the Enterobacteriaceae 

family: E. coli and K. pneumoniae.  

E. coli is found in the gastrointestinal tract were it can cause opportunistic 

infections and is the major cause of sepsis in Europe (26). Fecal contami-

nation of food or water by different pathogenic E. coli can also result in 

infection and gastroenteritis. The symptoms are varying, from watery to 

bloody diarrhea or fever. The severity of the disease is determined by the 

site of the infection, fimbriae production or toxin-production (6). E. coli 

can also cause extraintestinal infections and is the predominant pathogen 

in UTIs. Food poisoning and mild UTIs are normally self-limiting but an-

tibiotic resistance and difficult-to-treat infections are emerging. Also, neo-

natal meningitis or sepsis can be caused by E. coli strains, but the initial 

source of the infection is usually the intestines or the urinary tract.  

K. pneumoniae is found on the skin, in the gastrointestinal tract and in the 

urinary tract where it causes opportunistic infections. Common K. pneu-

moniae infections are UTIs, hospital-acquired pneumonia, wound infec-

tions and sepsis. Opportunistic infections are associated with immunocom-

promised patients but hypervirulent strains are becoming an increasing 

threat to healthy and immune sufficient people. Hypervirulent strains are 

associated with virulence factors such as increased capsule production, 

LPS variations or expression of fimbriae (22,27).  

Pseudomonadales  

P. aeruginosa belongs to the order Pseudomonadales and the family Pseu-

domonas and is frequently found in the environment: soil, vegetation and 

water. P. aeruginosa can also colonize the respiratory tract and the skin but 

infections are primarily opportunistic and commonly seen in patients with 

compromised immune system or post treatment by broad-spectrum antibi-

otics (6).  P. aeruginosa is one of the major causes of healthcare-associated 

infections in Europe and often associated with cystic fibrosis (23,26). Bio-

film production is a common reason for difficult-to-treat and recurrent P. 

aeruginosa infections. 
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Treatment of Gram-negative bacteria 

β-lactam antibiotics 

The most important class of antibiotics in the treatment of Gram-negative 

bacteria is β-lactam antibiotics. These antibiotics interfere with peptidogly-

can elongation and crosslinking by binding bacterial PBPs. In general, β-

lactam antibiotics are very potent drugs with limited side effects. At pre-

sent, four main classes of β-lactam antibiotics are in clinical use: penicil-

lins, cephalosporins, carbapenems and monobactams (6,28). They all share 

a structure (the amide group and carboxylate group or a sulfonic acid) re-

sembling the D-Ala-D-Ala moiety of PBPs and the characteristic β-lactam 

ring (Figure 4).  

 

Figure 4: The chemical structures of different β-lactam antibiotic classes. Im-
portant structures for binding bacterial PBPs are the carbonyl group (=O) and the 
carboxylate group (-COOH) or a sulfonic acid (-SO3H) composing the PBP-bind-
ing site. “R1” and “R1” symbolizes other parts of the molecule not included in the 
functional group. The characteristic β-lactam ring, which is cleaved by bacterial 
β-lactamases to inactivate β-lactam antibiotics is shown in blue.  

Since the introduction of penicillin in the 1940’s, the emergence of β-lac-

tam resistance has pushed the development of novel β-lactams. As a result, 

the first cephalosporin was introduced to the market in 1948 followed by 

carbapenems in 1976 and monbactams in 1979. Today, cephalosporins are 

the first-line choice in the treatment of Gram-negative bacteria and multi-

ple generations of cephalosporin antibiotics offers various treatment alter-

natives. In parallel to the development of new β-lactam antibiotics the bac-

teria continue to find new ways of acquiring resistance.  

The most common resistance mechanism against β-lactams is production 

of bacterial enzymes causing antibiotic inactivation. Bacterial β-lac-

tamases performs enzymatic cleavage of the β-lactam ring to inactivate the 

antibiotic (Figure 4). These enzymes can be grouped according to the Am-

bler-classification based on specific sequence motifs and they cause re-

sistance against penicillins, cephalosporins and monobactams such as az-

treonam (Table 1). These enzymes are known as Extended Spectrum β-

lactamases (ESBL) and as several enzymes are usually coexisting, the 
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number of treatment alternatives are few. The rise and spread of β-lac-

tamases forces clinicians to move away from cephalosporins and utilize 

carbapenems to a greater extent. Carbapenems are still effective against 

ESBL-producing Enterobacterales as they are resilient to such enzymatic 

inactivation. Unfortunately, emergence of carbapenem inactivating en-

zymes, carbapenemases, is also increasing. In 2018, the highest car-

bapenem resistance levels in Europe were found in Greece, Italy and Ru-

mania. The European Antimicrobial Resistance Surveillance Network 

(EARS-Net) reported carbapenemase resistance in <5 % of the E. coli iso-

lates and >10 % of K. pneumoniae isolates. For collected P. aeruginosa 

isolates 16.5 % were carbapenem-resistant. Of note, carbapenemase-pro-

ducing bacteria are often associated with a multidrug-resistance (MDR) 

phenotypes covering at least three antibiotic classes e.g., β-lactams, fluo-

roquinolones and aminoglycosides (29). Cefiderocol, a recently developed 

cephalosporin antibiotic linked to a siderophore, uses the bacterial iron up-

take to facilitate entry into Gram-negative bacteria (30). This agent is effi-

cient against Gram-negative bacteria such as Enterobacteriales and P. ae-

ruginosa and is not hydrolyzed by carbapenemases.  

Table 1: Ambler classification of β-lactamases. 

Ambler 

classification 

Catalytic 

site 
ESBL Carbapenemase 

Class A Serine TEM, SHV, CTX-M KPC 

Class B Zinc  NDM, VIM, IMP 

Class C Serine AmpC  

Class D Serine OXA OXA-48 

β-lactam and β-lactamase inhibitor combinations 

In an attempt to inhibit enzymatic inactivation of β-lactams, several β-lac-

tamase inhibitors have been introduced to the market (28,31). These inhib-

itors prevent the mode of action of β-lactamases and restore the function 

of the β-lactam antibiotic used in combination. The lack of inhibitors with 

effect against all carbapenemases is of great concern. This is especially true 

for Ambler Class B β-lactamases for which no inhibitors are available. 

However, aztreonam offers an interesting feature as it is unaffected by 

Class B β-lactamases. To this day, no inhibitor can alone inhibit the mode 

of action of all known β-lactamases (Figure 5). 
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Figure 5: β-lactam-β-lactamase inhibitor combinations, cefiderocol and β-lac-
tamase range. Most carbapenemases (indicated by a red square) are not inhibited 
by β-lactamase inhibitors. The cephalosporin cefiderocol is not hydrolyzed by any 
carbapenemases. Drugs or combinations approved for clinical use by the U.S. 
Food and Drug Administration (FDA) are shown in green and combinations cur-
rently in clinical trials are shown in red. 

Clavulanic acid was the first β-lactamase inhibitor approved by the U.S. 

Food and Drug Administration (FDA) back in 1984. The inhibitor binds 

serine residues and can inhibit class A β-lactamases except KPC. The in-

troduction of tazobactam increased the inhibition range to class C β-lac-

tamases. Using tazobactam with the cephalosporin ceftolozane increased 

the range even further. It was not until the development of avibactam that 

the inhibition range also included KPC and OXA-48. The success of avi-

bactam resulted in development of several diazabicyclooctanes (DBOs) 

such as relebactam. Further, boronate-based compounds such as vabor-

bactam have also shown activity against all class A β-lactamases. The 

FDA-approved ceftazidime and avibactam combination has been used to-

gether with aztreonam to cover the by Class B β-lactamases. Clinical trials 

on aztreonam and avibactam or the cefepime and taniborbactam combina-

tion might reveal additional alternatives for treatment of class B β-lac-

tamase producing bacteria.  

Aminoglycosides 

Aminoglycosides are administered intravenously and are potent broad 

spectrum antibiotics which were widely used clinically before the intro-

duction of less toxic alternatives such as cephalosporins and carbapenems 

(32). The emergence of resistance against first-choice antibiotics and MDR 

phenotypes has renewed the interest in aminoglycosides. Aminoglycosides 

enter the bacterial cell by binding to negatively charged sites in the outer 

membrane which disrupts the membrane and increases permeability. With 
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high affinity for the A-site on the 16S ribosomal RNA of the 30S ribosome 

the protein synthesis is disturbed and mistranslation promoted (33). 

Carbapenem-producing Enterobacterales isolates usually remains suscep-

tible to aminoglycosides such as gentamicin and amikacin (34,35). Even 

so, aminoglycosides are considered an alternative-treatment and first-line 

choices are prioritized if effective. Long term aminoglycoside treatment is 

sometimes used in cystic fibrosis patients and is associated with side-ef-

fects such as kidney damages and hearing impairment (36). Reduced ex-

posure to aminoglycosides has been associated with reduced toxicity (32). 

Single-dose aminoglycoside is an alternative treatment option for ESBL–

producing Enterobacterales, carbapenem-resistant Enterobacterales, and 

difficult-to-treat Pseudomonas aeruginosa (37). If susceptible, single-dose 

aminoglycoside is the recommended treatment option for presumed or con-

firmed ESBL–producing Enterobacterales causing cystitis (35,37). A sin-

gle-dose aminoglycoside is generally effective against cystitis as it is al-

most exclusively eliminated via the renal route generating a high concen-

tration in the urine. Daily treatment using aminoglycosides can be an alter-

native for treatment of complicated UTIs if the degree of nephrotoxicity is 

deemed tolerable. 

Fosfomycin 

Fosfomycin interferes with the bacterial peptidoglycan synthesis (38,39). 

More specifically, fosfomycin enters the bacterial cell through membrane 

transporters/channels and targets the UDP-N-acetylglucosamine enolpy-

ruvyl transferase (MurA) responsible for initiating the first step in the pep-

tidoglycan synthesis (15,38,39). If first-line treatment is not available, oral 

fosfomycin can be used to treat E. coli cystitis (35,37). The most common 

resistance mechanism is the presence of the fosfomycin inactivating en-

zyme FosA which is intrinsic in some Gram-negatives such as K. pneu-

moniae and P. aeruginosa (37). One limiting factor for usage of fosfomy-

cin is the resistance development seen during treatment (34,35,38). Im-

portantly, fosfomycin resistance develops at a lower frequency with higher 

fosfomycin concentrations (38). 

There are several advantages to fosfomycin usage: cross-resistance is rare 

due to its unique mechanism of action, less toxicity in comparison to other 

alternative treatment options (e.g., aminoglycosides and polymyxins) and 
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oral administration (40). The use of fosfomycin should be avoided for com-

plicated UTIs or non-UTIs due to inadequate concentrations at the infec-

tion site (35,37). Emergence of fosfomycin resistance has been seen both 

in vitro and among clinical isolates and the development of resistance is 

concentration dependent (38,41). If fosfomycin treatment is considered for 

severe infections, the Swedish strategic programme against antibiotic re-

sistance (STRAMA) recommends that it should always be used in combi-

nation with a second active drug to reduce resistance development during 

treatment (35). 

Fluoroquinolones 

A few decades ago, quinolones were widely used in the treatment of UTIs 

but it is not very efficient in treating other infections (42). The addition of 

fluorine to the quinolone molecule increased the lipophilic characteristics, 

cell penetration and increased affinity for the drug targets: the DNA gyrase 

and the DNA topoisomerase IV. This was the starting point of a new class 

of antibiotics: the fluoroquinolones with increased antibacterial activity 

and improved pharmacological properties. The DNA gyrase is a bacterial 

enzyme responsible for managing DNA tangles and supercoils formed dur-

ing DNA replication and transcription (42). The DNA topoisomerase IV 

shares similar structures with the DNA gyrase but is responsible for relax-

ation of supercoiled DNA.  

Although fluoroquinolones (e.g., ciprofloxacin or levofloxacin) are effec-

tive agents against ESBL-Enterobacterales in cystitis, limited usage is rec-

ommended to preserve the effectiveness of the drugs and use less toxic 

alternatives (35,37). The Infectious Diseases Society of America (IDSA) 

recommends ciprofloxacin as one of many treatment alternatives for com-

plicated UTIs (37). In Sweden, only one third of the ESBL-producing E. 

coli isolates are susceptible to the fluoroquinolone ciprofloxacin (35). The 

use of fluoroquinolones is limited by the high rate of resistance develop-

ment as few mutations in the DNA gyrase is sufficient to cause a resistant 

phenotype (7,35). Ciprofloxacin and quinolones can in some cases be clin-

ically useful as they offer generally efficient CNS permeability (35). 

Polymyxin antibiotics 

Polymyxins, polymyxin B and polymyxin E (colistin), are last resort drugs 

that are used in the treatment of complicated infections caused by Gram-

negative bacteria (29,34,43). The substances are derived from the plant 
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bacterium Paenibacillus polymyxa and the drugs are a composition of sev-

eral substances: polymyxin B (polymyxin B1 and B2) and colistin (colistin 

A/E1 and colistin B/E2) (29,43). The chemical structures of polymyxins 

are very similar consisting of ten amino acids: a tripeptide and a cyclic 

heptapeptide bound to various amino acid and sidechain alterations (Figure 

6).  

 

Figure 6: The chemical structure of polymyxins. The core structure of poly-
myxins (in blue) consists of a hydrophobic tail (amino acids 1-3) and a heptapep-
tide (amino acids 4-10). Differences between polymyxin substances are caused by 
the listed amino acid or sidechain alterations (A-C).  
Abbreviations: Dab, diaminobutyric acid; Thr, Threonine; Leu, Leucine 

Polymyxins are amphipathic i.e., comprised of hydrophilic and lipophilic 

parts.  The amines of L-α,γ-diaminobutyric acid (Dab) are ionized at phys-

iological pH allowing polymyxins to target the negatively charged phos-

phate groups of lipid A (29,43). This interaction displaces the cations (Ca2+ 

and Mg2+) responsible for bridging adjacent LPS molecules and disrupts 

the outer membrane (Figure 7). The hydrophobic tail of the polymyxin 

molecules is then inserted into the fatty acyl chain layer of the lipid A struc-

ture. The phospholipid layer of the inner membrane is later disrupted, as 

well as the type II NADH-menaquinone oxidoreductase (NDH-2) respon-

sible for bacterial respiration.  
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Figure 7: The mechanism of action by polymyxins. The amphiphilic nature of 
polymyxins facilitates electrostatic interaction with negatively charged phosphate 
groups of the lipid A moiety in LPS (1). The outer membrane is disrupted by in-
sertion of the hydrophobic tail into the fatty acyl chain layer (2). Finally, the inner 
membrane is disrupted and NDH-2 responsible for bacterial respiration is inhibited 
(3).  

Despite similar chemical structures and mechanism of action polymyxin B 

and colistin have different pharmacokinetic properties (29,43). Colistin is 

administered as a prodrug (colistimethate sodium, CMS) with renal activa-

tion and polymyxin B is administered intravenously. The use of polymyx-

ins is associated with nephrotoxicity, which is why it is normally regarded 

as a last resort drug (44). Studies of toxicity are difficult to interpret as 

critically ill patients have multiple underlying diseases, the level of toxicity 

is dose-dependent and various definitions of toxicity are used in the litera-

ture. Even so, it is clear that polymyxin therapy is associated with ne-

phrotoxicity. A recent systematic review and meta-analysis reported dou-

ble risk of nephrotoxicity associated with the use of polymyxins in com-

parison to other therapies (OR 2.23; 95% CI 1.58-3.15) (44). It was also 

suggested that there is an increased probability for nephrotoxicity with col-

istin versus polymyxin B (P = 0.005; OR 1.65; 95% CI 1.16-2.35). Alt-

hough contrary results have been reported, the difference in pharmacoki-

netic properties between colistin and polymyxin B is the widely accepted 

theory behind this (29,34,44). In a recent publication, a new agent was re-

ported to neutralize the cell surface of polymyxin B resistant E. coli har-

boring mcr-1 thereby improving the incorporation of polymyxin B to E. 

coli (45). 
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Antimicrobial susceptibility testing 

In Europe, the European Committee on Antimicrobial Susceptibility Test-

ing (EUCAST) is responsible for harmonizing antimicrobial susceptibility 

testing (AST) methodology (46,47). Also, clinical breakpoints for re-

sistance are determined to facilitate interpretation of AST results and guide 

selection of treatment alternatives in the clinical setting. The measured 

zone diameters and/or MIC values for a given pathogen and antimicrobial 

agent is translated into defined susceptibility categories: susceptible (S); 

susceptible, increased exposure (I) or resistant (R) (Table 2) (48). 

Table 2: EUCAST definitions of susceptibility categories. 

Susceptibility category Abbreviation Definition 

Susceptible, standard  

dosing regimen 

S High likelihood of therapeutic suc-

cess using a standard dosing regimen 

of the agent.  

 

Susceptible, increased  

exposure 

I High likelihood of therapeutic suc-

cess because exposure to the agent is 

increased by adjusting the dosing reg-

imen or by its concentration at the site 

of infection. 

Resistant R High likelihood of therapeutic failure 

even when there is increased expo-

sure. 

Variability of the MIC measurements is occurring, but assay variation be-

tween different AST methods and laboratories explains only a small part 

of the problem. A previous study reports that over half of the variability 

seen could be explained by biological variation (49). However, the most 

commonly used methods for AST are influenced by external factors such 

as evaporation, binding to lab ware, solubility, pH, temperature and selec-

tion of nutrient media, all of which should be standardized (50). The vari-

ability of MIC values can have a large impact on treatment success when 

the “true MIC” is near a clinical breakpoint. In order to come as close as 

possible to the “true MIC”, EUCAST recommends standardized AST 

methodology and quality control strains for a given pathogen and antimi-

crobial. Repeated measurements are also recommended and not more than 

a 2-fold variation between replicates is accepted. Importantly, one has to 
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remember that the MIC-value is determined for the entire bacterial popu-

lation as a whole. The phenotype of the selected colonies used for MIC-

determination will represent the whole population. Inadequate antimicro-

bial treatment can select for these individuals and reoccurring infections 

can occur (51). The methods used for AST are usually determined by avail-

able guidelines for standardization, budget, workforce and feasible logis-

tics. 

Dilution 

The reference method for AST of rapidly growing aerobic bacteria is broth 

microdilution (BMD) except for mecillinam and fosfomycin, where agar 

dilution is the reference method (ISO 20776-1:2006) (47,52). When using 

BMD, a defined amount of bacteria (approximately 5 x 105 CFU/mL) is 

allowed to grow in liquid media with different antimicrobial concentrations 

in a 2-fold dilution series. In agar dilution, the antimicrobial agents at dif-

ferent concentrations are added into the agar before casting the plates and 

approximately 5 x 105 CFU/mL is plated. In both BMD and agar dilution, 

the antimicrobial susceptibility is defined by the minimum inhibitory con-

centration (MIC) which is the lowest concentration of a drug that com-

pletely inhibits visible bacterial growth (47). These methods are generally 

not used in a clinical laboratory as it requires an increased workload and 

large volumes of reagents.  

Disc diffusion 

The most commonly used method for AST in clinical laboratories is the 

disc diffusion method. Direct disc diffusion can be performed by covering 

the agar evenly with bacterial suspension using a swab before placing a  

disk  containing  a  defined  amount  of  antibiotic  on  the surface (50). A 

defined amount of bacterial suspension can also be standardized to approx-

imately 5 x 105 CFU/mL. The diameter (in mm) of the resulting inhibition 

zone surrounding the antibiotic disc is then correlated with antimicrobial 

susceptibility breakpoints. Assessing and determining the susceptibility 

once the patient sample reaches the clinical laboratory takes 16-24 h in 

general. This method is cost-effective and easy to perform. However, it has 

many limitations as automation is difficult to incorporate and it is not ap-

plicable for slow-growing or fastidious bacteria.  



 

 27 

Epsilometer testing (Etest) 

Another widely used method in the clinical setting is the Etest. A plastic 

strip containing a range of concentrations of a certain antibiotic is placed 

on an agar plate covered with a bacterial suspension of approximately 5 x 

105 CFU/mL (50). After incubation, an inhibition zone appears and the 

MIC is easily interpreted using the indicators on the Etest itself. The sim-

plicity and accuracy of the Etest is an advantage over other methods but 

the antibiotic-specific inaccuracy and inconsistent behavior is a large draw-

back.  

Automated systems 

In order to decrease the workload generally required for traditional AST 

methods, semi or complete automation has been introduced to the clinical 

laboratories. The use of a pipetting robot can increase the reproducibility 

and decrease the manual workload. There are also automated systems de-

tecting growing bacteria on the basis of turbidity (e.g., Vitek) or fluores-

cence (e.g., Sensititre ARIS 2X). Computer integration allows for quick 

and standardized interpretation of the results. One limitation of these sys-

tems is the panel capacity, which usually has a fixed number of samples to 

analyze at a time. In addition, the panel is typically standardized for a cer-

tain bacterial species, antibiotic type or range of concentrations. Further-

more, most systems still offer less reproducibility, sensitivity and reliabil-

ity compared to traditional AST methods (50).  

Polymerase chain reaction (PCR) 

An effective and direct method to eliminate preparation of bacterial cul-

tures, reduce incubation times and practical labor is the use of PCR. This 

method is the most efficient and rapid molecular based tool for detection 

of bacterial resistance genes associated with a certain resistance phenotype. 

As an example, this method is often used in detecting various β-lactamases 

conferring a known resistance phenotype. In short, a PCR is based on DNA 

amplification of a specific gene of interest which is identified using care-

fully designed primers. Each amplification doubles the amount of DNA 

and facilitates confirmation of gene presence. There are multiple PCR sys-

tems and workflows for interpretation available. One large drawback is the 

fact that you can only detect what you have knowledge about thus, yet un-

known resistance genes cannot be discovered. On the other hand, genotypic 

methods are generally rapid, direct, sensitive and specific.  
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Whole genome sequencing 

Whole genome sequencing (WGS) is a tool for generating an almost com-

plete DNA sequence of an organism. There are multiple platforms to use 

for sequencing and the large amount of data is impossible to interpret as a 

whole. Knowledge on resistance genes and associated phenotypes could in 

theory predict antimicrobial susceptibility. However, in practice it is diffi-

cult to predict the magnitude of expression of these genes and thus the level 

of resistance. In a report from 2020, WHO and EUCAST recently stated 

that WGS cannot be used as a substitute for current phenotypical methods 

as guidance for selecting appropriate treatment alternative (53,54). The 

lack of understanding of genotype-phenotype translation is a huge limita-

tion and WGS also requires investments in infrastructure, techniques and 

big-data storage as well as standardization of bioinformatics methods. On 

the other hand, WGS is not dependent on subjective visual examination of 

results, specific bacterial growth conditions or species limitations of cer-

tain phenotypical methods used for AST. In addition, WGS is a useful tool 

for surveillance of infectious agents. One can easily determine if a sample 

is of human or animal origin or whether an already known resistance gene 

is encoded by a plasmid or on the chromosome. This information is of im-

portance when mapping out transmission routes. There are databases such 

as CARD or ResFinder which have made an attempt to link acquired gen-

otype to phenotype and are being updated regularly as our knowledge on 

resistance mechanisms continues to improve (55,56). 
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Antimicrobial resistance 

Antimicrobial resistance in Gram-negatives is often multifactorial and can 

be a combination of intrinsic, adaptive and acquired mechanisms (Figure 

8) (28,57–60). Intrinsic resistance is the innate ability to survive antimicro-

bial treatments through e.g., low membrane permeability and/or active 

drug efflux. Adaptive resistance is the change in gene expression that al-

lows the bacteria to upregulate efflux or enzymatic activity and/or down-

regulate porins in presence of antimicrobials. Susceptible organisms can 

acquire resistance by acquisition of genetic materials such as plasmids en-

coding antibiotic-degrading enzymes or alternative drug targets that render 

a resistant phenotype. There are three mechanisms of how genetic material 

can be transferred and are commonly referred to as horizontal gene transfer 

(HGT): conjugation (genetic transfer of plasmids or integrative conjuga-

tive elements via pilus), transduction (transfer of bacterial genetic material 

by bacteriophages) and transformation i.e., uptake of extracellular DNA 

that is incorporated in the genome of the recipient (61).  

Resistance mechanisms are generally grouped as follows: I) prevention of 

access to the drug target by decreased permeability of the bacterial mem-

brane or active transport of the drug out of the cell, II) antibiotic inactiva-

tion by bacterial enzymes, III) reduced affinity for the antibiotic through 

alterations of the drug target, or IV) bypassing of the biochemical pathway 

affected by the antibiotic.  
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Figure 8: Overview of the genetic regulation of resistance mechanisms in 
Gram-negative bacteria.  

The bacterial membrane barrier  

The complex structure of the Gram-negative cell wall results in intrinsic 

resistance to many antibiotics as a result of low permeability (9). Small and 

hydrophobic molecules can normally cross the phospholipid bilayer and 

Gram-negative bacteria utilize channels such as porins to transport e.g. nu-

trients (14). This is a mechanism hijacked by some antibiotics to enter the 

cell. Efflux pumps present in the bacterial membrane are responsible for 

removal of harmful substances such as toxins and antimicrobials that made 

its way into the cell (57,58). In addition, bacterial enzymes e.g., β-lac-

tamases inactivating β-lactam antibiotics, are normally located between the 

outer and inner membrane. Also, K. pneumoniae has the ability to induce 
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polymyxin resistance by shedding capsular polysaccharides binding poly-

myxins (62). 

Porin deficiency 

The size and hydrophobicity of a drug influences the way it may enter the 

bacterial cell. Large and hydrophobic drugs such as rifampicin cannot cross 

the outer membrane which results in intrinsic resistance of Gram-negative 

bacteria. Smaller and hydrophilic drugs can cross the membrane through 

porins which are transmembrane proteins forming a channel. Various types 

of porins exist and they can be classified as specific or non-specific based 

on their activity (63). In addition, the size of the channel is also an im-

portant factor for permeability of drugs and its role in antimicrobial re-

sistance. Porin deficiencies caused by genetic variations is a common re-

sistance mechanism in Gram-negatives and often associated with car-

bapenem resistance (57,63–65).   

Non-specific porins OmpC and OmpF are found in E. coli while their hom-

ologues OmpK35 and OmpK36 are found in K. pneumoniae. The porins of 

E. coli are much more studied than those in K. pneumoniae but genetic 

comparisons have revealed many similarities (66). The porin channels of 

OmpF and OmpK35 are larger and allow entry of several antibiotics. As a 

result, OmpF or OmpK35 deficiency impacts resistance much more than 

alterations in OmpC and OmpK36 (63,66). OmpF is the major porin in-

volved in β-lactam resistance in E. coli with great impact on aztreonam 

resistance among others (63). Tetracyclines can utilize the OmpF porin in 

E. coli but the more lipophilic minocycline crosses the membrane as well 

(67,68). The bacterial membrane barrier and intrinsic resistance is espe-

cially reinforced in P. aeruginosa due to the lack of large non-specific 

porins such as OmpF and OmpK35 (60). P. aeruginosa expresses several 

smaller highly specific porins such as OprD which facilitates entry of basic 

amino acids and porin loss has been associated with carbapenem resistance 

(69).  

Efflux activity 

The major efflux pumps of Gram-negative bacteria belongs to the Re-

sistance-Nodulation-Division (RND) efflux pump family which function 

as a tripartite complex composed of the RND protein (the inner membrane 

component), the membrane fusion protein (MFP, the periplasmic compo-

nent), and the outer membrane protein (OMP) (13). Together, these pro-

teins form a continuous channel and the substrate molecules can be trans-

ported across the bacterial membrane using the proton-gradient force. 
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Adaptive resistance can occur as a result of induced efflux activity in the 

presence of antibiotics. However, resistance has also been associated with 

mutations in transcription regulators altering the efflux activity.  

Enterobacterales such as E. coli and K. pneumoniae share the major efflux 

pump AcrAB-TolC, although it is much more studied in E. coli (58). 

AcrAB-TolC has a wide substrate specificity due to the large binding 

pocket of AcrB and efflux of the following substrates are seen in both E. 

coli and K. pneumoniae: β-lactams, chloramphenicol, fluoroquinolones, 

minocycline and rifampicin (58,70). Different substrates bind diverse parts 

of the binding pocket. As an example, the small sized minocycline mole-

cule travels to the upper sub-pocket while rifampicin (a large substrate) 

initially binds to the proximal binding site followed by conformational 

change and later binding to the distal binding site. Increased efflux activity 

has also been associated with certain genetic variations in transcription reg-

ulators. The AcrAB-TolC efflux is activated by the rob-sox-mar regulon 

and inhibited by the global transcription factor AcrR (71). In K. pneu-

moniae, another regulator, RamA, has also been found to activate AcrAB-

TolC efflux (72). Efflux of tetracyclines is mediated by Tet-proteins lo-

cated in the cytoplasmic membrane and are found in Gram-negative as well 

as Gram-positive bacteria (73). Most Tet-proteins cause resistance to tet-

racycline but not minocycline or tigecycline, but have some variation in 

substrate specificity, e.g., TetA confers resistance mainly to tetracycline, 

while TetB confers resistance to tetracycline and minocycline but not 

tigecycline (73). The recently described efflux pump OqxAB has been 

found to be structurally similar to other efflux pumps of the RND family. 

As it is located in the inner membrane it is sometimes dependent on the 

outer membrane channel TolC (74). OqxAB mainly exports fluoroquin-

olones but has also been associated with increased resistance against chlo-

ramphenicol and cefoxitin (59,74,75). OqxAB is negatively regulated by 

OqxR and upregulated by RarA which also induces AcrA transcription 

(58,59). The rarA-oqxABR locus is chromosomally encoded in K. pneu-

moniae and in E. coli most often located on plasmids (58,76).  

Resistance in P. aeruginosa is to a great extent caused by multiple efflux 

pumps; MexAB-OprM, MexEF-OprN, MexCD-OprJ and MexXY-OprM 

being the most prominent ones (57). MexEF-OprN and MexCD-OprJ are 

associated with high-level fluoroquinolone resistance while MexAB-

OprM, MexEF-OprN and MexXY-OprM play a larger role in β-lactam re-

sistance (57,58). MexXY-OprM has been the reason for aminoglycoside 

resistance when enzymatic activity could not be identified (57,58). Even if 
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a specific pump is the major one, many efflux pumps share substrate spec-

ificity and can compensate for lost efflux activity (57,58). The mexXY op-

eron is negatively regulated by the MexZ repressor but presence of antibi-

otics alleviate the repression through ArmZ inhibiting MexZ repression 

(77). Modifications of the AmgRS and ParRS two-component systems are 

involved in regulation of efflux in P. aeruginosa. Mutations associated 

with efflux of aminoglycosides has been identified in AmgS that indirectly 

induces MexXY-OprM transcription (57,78). Efflux of aminoglycosides, 

fluoroquinolones and cefepime are caused by MexXY-OprM activation by 

phosphorylated ParR (79). 

Enzymatic resistance 

The presence of β-lactamases is the primary β-lactam resistance mecha-

nism (28). These bacterial enzymes inactivate β-lactam antibiotics by 

cleavage of the β-lactam ring. Enterobacterales are very much associated 

with β-lactam resistance due to high prevalence of β-lactamase genes en-

coding ESBLs and carbapenems such as New Delhi metallo-beta-lac-

tamase 1 (NDM-1), oxacillinase (OXA-48) and K. pneumoniae car-

bapenemase (KPC) (28). Carriage of several enzymes on plasmids or gene 

cassettes is a common phenomenon and contributes to increased β-lactam 

resistance. Genetic material encoding β-lactamases is very rapidly spread 

among bacteria, even among different species (61). β-lactam resistance in 

P. aeruginosa is often associated with overproduction of the chromosomal 

cephalosporinase AmpC but over 200 Pseudomonas Derived Cephalo-

sporinase (PDC) variants have been described so far (57). Intrinsic re-

sistance in P. aeruginosa against fosfomycin is mediated by chromoso-

mally encoded FosA that inactivates the drug; an enzyme that can be found 

in other species due to HGT (80). Horizontally-acquired aminoglycoside 

modifying enzymes are frequently found among Gram-negatives and often 

in large numbers (57). 

Drug target variations 

Gram-negative bacteria utilize many ways of varying the drug target and 

obstruct antimicrobial effects. The gene encoding the target can be inacti-

vated or mutated but a reason for intrinsic resistance can simply be lack of 

drug target. Another way of creating resistance is to increase the abundance 

of the target through gene amplification (81). Producing a unique version 

of the drug target can also result in resistance as seen in Vibrio fischeri 

which is intrinsically resistant to fosfomycin due to its sole structure of 
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MurA (82). Also, a single mutation in murA (C115D) has been found to 

confer resistance to fosfomycin in E. coli (83).  

There are also known alterations in different genes encoding PBPs targeted 

by β-lactams. As an example, one mutation in dacB encoding PBP4, inac-

tivated the gene and resulted in high level β-lactam resistance in a P. aeru-

ginosa isolate (84). The inactivation also triggered overproduction of chro-

mosomal AmpC. Further, an insertion sequence in ftsI encoding PBP3, re-

sulted in elevation in MIC for several β-lactams (85).  

Quinolone-resistance determining regions are found in both gyrA and 

parC, encoding the DNA gyrase and the DNA topoisomerase IV, respec-

tively (86,87). Mutations in these regions change the protein conformation 

and alters the quinolone affinity. Several mutations give rise to resistance 

and for E. coli the most common sites for mutations are Ser83 and Asp87 

in GyrA which are key residues in binding to quinolones (87,88).  

Aminoglycoside resistance can arise due to methylation of the 16S riboso-

mal RNA (89). The methylation sterically hinders the drug from binding 

to the ribosomal RNA. A study from Japan reported high-level resistance 

against almost all clinically useful aminoglycosides (MIC >1024 mg/L) 

among P. aeruginosa and Serratia marcescens isolates (90). The reason 

was alterations in the rmtA and rmtB genes encoding 16S ribosomal RNA 

methyltransferases. A plasmid-borne methylase encoded by the armA gene 

was initially found in K. pneumoniae and has since then been found world-

wide in other bacterial species (91).  

The most common reason for polymyxin resistance in Gram-negative bac-

teria is modification of LPS which reduces the negatively charged phos-

phate groups. This occurs mainly through addition of 4-amino-L-arabinose 

(L-Ara4N), phosphoethanolamine (PEA) and/or galactosamine to the neg-

atively charged phosphate groups of lipid A (29). The most dreaded mech-

anism is the emergence of the plasmid-encoded mcr-1 initially identified 

in E. coli. Today MCR-1 to 8 are known to catalyze the transfer of phos-

phoethanolamine (PEA) onto lipid A (29,92). Resistance can also arise 

within the bacteria as multiple regulators and two-component systems are 

involved in managing the LPS modifications in Gram-negative bacteria 

(29,62). PhoP/PhoQ and PmrA/PmrB are triggered by environmental 

changes such as low Mg2+ and pH-levels and modify transcription of a 

number of genes (29). The same systems are also upregulated during pol-
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ymyxin therapy, inducing adaptive resistance. For K. pneumoniae, disrup-

tion of the mgrB gene encoding a 47-amino acid transmembrane protein 

that inhibits PhoP is a key player in polymyxin resistance (62). Also, mul-

tiple mutations in pmrA and pmrB have been linked to polymyxin re-

sistance in K. pneumoniae and P. aeruginosa (62). In E. coli, PhoP can 

induce transcription of a small sRNA from mgrR which inhibits eptB 

thereby causing PEA addition to Kdo.   
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Antimicrobial combination therapy 

When monotherapy fails, antimicrobial combination therapy has been used 

as a treatment option against MDR Gram-negatives (34,93–95). The in-

crease of carbapenemase–producing Enterobacterales escalated the use of 

antimicrobial combination therapy in early 2000s. Polymyxin combina-

tions have been commonly used for severe infections caused by car-

bapenemase-resistant Gram-negative bacteria (34). Antibiotics in combi-

nation can yield increased activity or complement each other by targeting 

different sites. However, clinical evidence on combination therapy is still 

limited. Although several methods are used in research to screen for effi-

cient antimicrobial combinations, no diagnostic tool is available for use in 

a clinical microbiology lab.  

Methods used in screening for efficient antimicrobial 

combinations in vitro 

Static time-kill experiments 

Static time-kill experiments are considered the standard method in screen-

ing of synergistic effects of antimicrobial combinations (96,97). Separate 

test tubes are dedicated to growth control, monotherapies and the combi-

nation separately. A standardized bacterial inoculum of ~ 6 log10 CFU/mL 

is added to the tube and after a 0 h sample, antibiotics can be added to the 

test tube. Multiple testing and viable counts are possible before the exper-

iment is ended, normally after 24 h. The killing effect can be classified as 

synergistic (defined as ≥2 log10 decrease in CFU/mL by the combination 

in comparison to the most effective monotherapy at the same concentra-

tion), indifference (<1 log10 CFU/mL decrease in bacterial density) or ad-

ditive (>1 and <2 log10 CFU/mL decrease in bacterial density). A bacteri-

cidal effect is defined as ≥3 log10 CFU/mL decrease in bacterial density in 

comparison to the start inoculum.  

The method is relatively time-consuming, labor intensive and offers eval-

uation of only a small range of concentrations and the killing effect is in-

fluenced by the larger inoculum size (in comparison to AST). Also, the 

method has received criticism as the bacterial killing effect is usually de-

termined at 24 h only which can mask the effect by antibiotics dosed more 

regularly. However, time-kill experiments  offer a low limit of detection (1 

log10 CFU/mL), the possibility to sample at multiple time-points and the 

results have had good correlation with clinical outcome (96).  
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Checkerboard 

Checkerboards are also frequently applied and utilizes MICs to define syn-

ergistic effects (97). Multiple antibiotic concentrations, commonly ranging 

from 1/32 to 4 x MIC, are pipetted onto a 96-well plate as monotherapy 

and in combination before a standardized bacterial inoculum is added to 

the plate. The effect of the combination (FICindex) is determined using the 

fractional inhibitory concentration (FIC) calculated for each drug sepa-

rately: 

𝐹𝐼𝐶𝑑𝑟𝑢𝑔 𝑁𝑁 =
𝑀𝐼𝐶𝑑𝑟𝑢𝑔 𝑁𝑁 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛

𝑀𝐼𝐶𝑑𝑟𝑢𝑔 𝑁𝑁 𝑚𝑜𝑛𝑜𝑡ℎ𝑒𝑟𝑎𝑝𝑦
 

𝐹𝐼𝐶𝑖𝑛𝑑𝑒𝑥 = 𝐹𝐼𝐶𝑑𝑟𝑢𝑔 𝐴 +  𝐹𝐼𝐶𝑑𝑟𝑢𝑔 𝐵 

The inhibitory effect is defined as follows: synergy (FICindex ≤ 0.5), indif-

ference (FICindex of >0.5 but ≤ 4) or antagonism (FICindex >4).  

The checkerboard is a relatively simple method which is easy to perform 

in comparison to time-kill experiments despite evaluation of multiple con-

centrations. However, it allows for interpretation at only one time point and 

has a high limit of detection (~7 log10 CFU/mL).  

Time-lapse microscopy (the oCelloScope) 

Another way of measuring real-time bacterial growth is to utilize digital 

time-lapse microscopy (98). Our group previously evaluated the use of the 

oCelloScope (Philips BioCell A/S, Allerød, Denmark) as a screening tool 

for identifying promising combinations (99,100). In this assay, a bacterial 

inoculum of ~6 log10 CFU/mL and antibiotics are placed in a flat-bottomed 

96-well plate. The plate is covered with a transparent adhesive film before 

being placed in the microscope which is located within an incubator of 

37°C. The software utilizes a bottom search function to determine the best 

focus for each well at the start of the experiment. In our experiments, five 

images of each well were taken every fifteen minutes for 24 h. A strength 

of the microscope for this field of application is the leaning camera which 

facilitates imaging of a solution. All the images from the same horizontal 

plane are combined into an image stack before analysis.  

The UniExplorer software version 6.0 (Philips BioCell A/S, Allerød, Den-

mark) analyzes the images generated during the screening. A combination 

of the Background Corrected Absorption (BCA) and Segmentation and Ex-

traction of Surface Area (SESA) algorithms has been found to best describe 
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the bacterial density. BCA measures differences in intensity in comparison 

to the first images generated while SESA measures the area of detected 

objects (pixels). The use of both algorithms minimizes the rate of false 

positives. BCA cannot separate condensation, filamentous bacteria or col-

ored media/antibiotics from bacterial growth. SESA on the other hand, is 

unreliable at high bacterial concentrations as the value decreases as cells 

start to overlap. For this reason, we utilize SESAmax i.e., the highest meas-

ured SESA-value during the 24 h period. Cut-off values indicating a bac-

terial density of >106 CFU/mL after 24 h were set to >8.0 for BCA and 

>5.8 for maximum SESA value (SESAmax). Antibiotic combinations inhib-

iting bacterial growth (BCA and/or SESAmax below cut-off), while mono-

therapy failed to do so, were considered promising. 

Dynamic time-kill experiments 

Dynamic in vitro models can be used to mimic patient pharmacokinetics 

and such a model was previously developed by Löwdin et al. (101) and 

later modified by Christer Malmberg (personal communication). In short, 

diluent media is supplemented to a vessel containing the bacterial culture 

using a constant rate peristaltic pump (P-500, Pharmacia, Sweden). The 

bacteria grow in solution in the vessel and a filter prevents the bacteria 

from escaping. The flowrate settings are set to obtain a certain half-life 

calculated as follows: 

𝐹 = 𝑉 ∗
ln 2

𝑡½
 

Antimicrobial dosing and sampling for viable counts are possible at multi-

ple time points. In a more recent publication, Hickman et al. evaluated the 

pharmacodynamics of double and triple combinations were the use of com-

puter-controlled syringes dynamically added antibiotics to compensate for 

the difference in half-lives (102). As for static time-kill experiments, the 

bacterial killing effect was based on viable counts and differences in log10 

CFU/mL between monotherapy and the combinations. 

One limitation of such models is the increased workload in setting up and 

managing the systems. The material costs are also relatively high in com-

parison to a static time-kill experiment. The experiments also have a rela-

tively high failure rate due to leakage from the vessel and environmental 

contamination. The limit of detection is very low (1 log10 CFU/mL) and the 

possibility to mimic pharmacokinetics in vitro is a huge advantage.  
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In recent years, the usage of the hollow fiber infection model (HFIM) (Fi-

berCell® Systems Inc, New Market, USA) has increased for mimicking 

pharmacokinetics to evaluate pharmacodynamics (103). The principal is 

similar to the set up described above as medium is supplemented to a bac-

terial compartment using a pump. A big difference is the closed bacterial 

compartment in which semi-permeable fibers facilitate circulation of me-

dia while retaining the bacteria in the cartridge. The compartments con-

taining the antibiotics and the bacteria are separated which facilitates sam-

pling of bacterial loads and antibiotic concentrations throughout the exper-

iment. The cost for infrastructure, cartridges and running remains high and 

no performance standards exist even if suggestions have been published 

(103).  
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Aim of the current thesis 

The main objective of this thesis was to find novel antibiotic combinations 

effective against MDR Gram-negative bacteria in an attempt to meet the 

clinical need of new treatment alternatives. As a part of a Joint Program-

ming Initiative on Antimicrobial Resistance (JPIAMR) called CO-AC-

TION, previously neglected or disused antibiotics were included in the pol-

ymyxin B combinations. In addition, antibiotics from several antibiotic 

classes were included. Also, the project aimed at providing a better under-

standing of the mechanisms behind synergy which can be important infor-

mation in diagnostics and selection of suitable combinational therapy. The 

study design was based on the following questions: 

1. Which combinations are most effective? 

2. Which resistance mechanisms exist and can resistance be sup-

pressed by using combinations? 

3. Which are the mechanisms behind the observed interactions with 

specific combinations? 

A great obstacle in treating Gram-negative pathogens is their complex 

membrane surrounding the bacteria. The foundation of this work is the 

membrane disrupting mechanism of action of polymyxin B. The prevailing 

theory regarding the synergistic effect obtained with polymyxin B combi-

nations is that membrane disruption could facilitate entry of a second drug 

or reduce efflux activity (29,104). Further, polymyxin combinations will 

not be as efficient in circumventing other resistance mechanisms such as 

enzymatic activity or drug target alterations. A lot of emphasis was put on 

genetic analysis to elucidate underlying resistance mechanisms in order to 

find potential associations with synergistic effects. The long term goal with 

this thesis is to make a contribution in improving treatment options and 

clinical outcome in patients infected by MDR Gram-negative bacteria.  
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Paper I 

Efficacy of antibiotic combinations against 

multidrug-resistant Pseudomonas aeruginosa in 

automated time-lapse microscopy and static time-kill 

experiments.  

Background 

Difficult-to-treat P. aeruginosa is emerging and clinical evidence and in 

vitro data for antimicrobial combination therapy is lacking (105). There are 

usually several mechanisms for resistance in P. aeruginosa strains such as 

decreased permeability of the outer membrane, increased efflux and enzy-

matic activity (65,80,106,107). It is therefore important to identify prom-

ising regimens and to better understand the mechanisms behind synergistic 

interactions. This paper is a part of an initiative where previously neglected 

or disused antibiotics were included in polymyxin B combinations to hope-

fully revitalize their clinical use.  

Material and Methods 

In this study, four clinical strains of MDR P. aeruginosa provided by the 

Public Health Agency of Sweden were included. The antibacterial effect 

of polymyxin B in combination with 13 different antibiotics (amikacin, az-

treonam, cefepime, chloramphenicol, ciprofloxacin, fosfomycin, linezolid, 

meropenem, minocycline, rifampicin, temocillin, thiamphenicol and trime-

thoprim) at clinically relevant concentrations was assessed. Antibiotics 

were selected to represent several classes and antibiotics not normally ef-

fective against P. aeruginosa. Automated time-lapse microscopy (the 

oCelloScope) was used as a screening tool to find promising regimens. 

Combinations with enhanced effect in comparison to monotherapy were 

then evaluated using time-kill experiments. The strains were extensively 
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characterized in terms of antimicrobial susceptibility and genetic back-

ground. Genes encoding enzymatic activity, porins, efflux pumps or regu-

lators were considered. 

Results and discussion  

Promising combinations effective against P. aeruginosa 

Enhanced activity with the combination compared to the most active single 

antibiotic was found in 39 of the 52 (75%) experimental setups assessed 

using time-lapse microscopy. The most promising combinations with en-

hanced effect against all four strains were polymyxin B in combination 

with aztreonam, cefepime, fosfomycin, linezolid, minocycline, thiamphen-

icol or trimethoprim. The time-kill experiments could confirm additive or 

synergistic activity at one or several time points in 27 of the 39 (69%) 

promising combinations resulting from the initial screening. Polymyxin B 

in combination with aztreonam, cefepime or fosfomycin was effective 

against all four strains also according to this method. Combinations includ-

ing meropenem, minocycline or thiamphenicol also remained promising as 

they were superior to monotherapy in 3 of 4 strains.  

Strong efflux activity circumvented 

Efflux systems are very abundant in P. aeruginosa in comparison to other 

Gram-negative species (65,106). Hyperactivation of the MexAB-OprM ef-

flux system was suspected in all strains due to several mutations in previ-

ously known regulators. Further, intact sequences of mexT encoding a 

MexEF-OprN efflux regulator were also found in all strains suggesting ba-

sal efflux activity. Both MexAB-OprM and MexEF-OprN transport β-lac-

tam antibiotics out of the cell which is a resistance mechanism circum-

vented by the membrane disrupting effect of polymyxin B (29,57,58). 

MexXY-OprM activity could potentially be lowered in two strains as the 

repressor encoding gene mexZ was intact (106). Genes encoding proteins 

involved in MexCD-OprJ efflux were also found but no speculation on ef-

flux activity could be made due to varying genotypes. 

Polymyxin B combinations and enzymatic degradation of antibiotics  

Several aminoglycoside modifying enzymes were found in all strains 

which could explain the limited effect seen for polymyxin B and amikacin 

combinations (33,108). Enzymatic activity is hypothetically a resistance 

mechanism not circumvented by polymyxin B combinations (29). The 

level of enzymatic activity against a specific antibiotic is of importance and 

a number of β-lactamases were found to exhibit relatively low hydrolytic 
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effect on two of the β-lactam antibiotics used in combination with poly-

myxin B in Paper I. Despite the presence of β-lactamases, additive and 

synergistic effects with polymyxin B in combination with aztreonam or 

cefepime were frequently found. In contrast, the high hydrolytic effect by 

oxacillinases such as blaOXA-50 and blaOXA-10 against temocillin could be the 

reason for the lack of effect by polymyxin B in combination with temocil-

lin (109,110). The polymyxin B and fosfomycin combination showed syn-

ergistic or additive effect in all four strains despite high fosfomycin MICs 

(≥64 mg/L) and presence of fosA encoding an enzyme inactivating 

fosfomycin. FosA is highly conserved in P. aeruginosa and a known rea-

son for intrinsic resistance (80). Both polymyxin B and fosfomycin target 

components of the bacterial membrane and their simultaneous actions have 

been found successful in combination therapy previously (39).  

Multifactorial meropenem resistance 

In all three carbapenem resistant isolates several possible reasons for re-

sistance were found: decreased permeability (non-functioning porin due to 

disrupted oprD gene), potentially increased efflux activity (MexAB-OprM 

hyperactivation) and genes encoding antibiotic-degrading enzymes, e.g. 

blaOXA-50 and blaPAO (65,106). Polymyxin B in combination with mero-

penem had bactericidal and synergistic or additive effect in all strains with 

meropenem resistant phenotype which is in line with previous results 

demonstrating in vitro synergy against MDR P. aeruginosa (95,111). The 

involvement of membrane associated resistance mechanisms, such as ef-

flux and porin loss, in the meropenem-resistance phenotype probably in-

creased the chance of synergy by the combination. Polymyxin B and mero-

penem in combination did not perform better than meropenem monother-

apy in the meropenem susceptible strain.  

Polymyxin B combinations dodging intrinsic resistance 

Increased activity of polymyxin B combinations including minocycline, 

thiamphenicol or rifampicin, antibiotics normally not effective against P. 

aeruginosa due to decreased permeability or efflux activity, was also found 

(112,113). Interestingly, combinations including thiamphenicol performed 

better than those including chloramphenicol although both antibiotics have 

similar mode of action (114). The presence of chromosomal catB7 in P. 

aeruginosa could have an effect but usually results in low-level chloram-

phenicol resistance (115). Even if synergistic or additive effect was found 

for the combinations, no genetic explanation could be found on this set of 
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data. Emerging resistant subpopulations was suggested as a potential rea-

son (51). Unfortunately, no data on drug target alterations were included 

in the screening.  

Conclusion 

Several indications on β-lactam specific efflux and presence of β-lac-

tamases were found in all strains. The membrane disrupting effect of pol-

ymyxin B would theoretically affect efflux activity but not enzymatic ac-

tivity. The success of polymyxin B and aztreonam and cefepime combina-

tions could be explained by the relatively low enzymatic activity against 

the β-lactams included. Further, meropenem resistance was also associated 

with decreased permeability through non-functioning oprD gene and the 

polymyxin B combination was superior to monotherapy in all resistant 

strains. Continued evaluation of the promising combinations found in this 

study is needed to assess potential clinical implementation.   
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Paper II 

Evaluation of polymyxin B in combination with 13 

other antibiotics against carbapenemase-producing 

Klebsiella pneumoniae in time-lapse microscopy and 

time-kill experiments. 

Background  

Carbapenem-producing K. pneumoniae is a high priority pathogen as treat-

ment options are lacking and high mortality is seen in critically ill patients 

(94,116,117). As resistance is usually multifactorial and co-resistance is 

common, polymyxins have already become a cornerstone in the treatment 

of these bacteria (34). In order to find additional treatment alternatives, this 

study aimed to find promising polymyxin B combinations effective against 

K. pneumoniae. Previously neglected or disused antibiotics were included 

in the combinations to hopefully revitalize their clinical use. As lack of 

knowledge regarding combination therapy is prevalent, an extensive ge-

netic characterization was included to study the genotype-phenotype rela-

tionship between resistance mechanisms present and treatment success by 

the combinations.  

Material and Methods 

Five clinical K. pneumoniae strains with MDR phenotype and car-

bapenemases-production were provided by the Public Health Agency of 

Sweden.  An initial screening of promising polymyxin B combinations was 

performed using time-lapse microscopy. Polymyxin B was combined with 

13 different antibiotics (amikacin, aztreonam, cefepime, chloramphenicol, 

ciprofloxacin, fosfomycin, linezolid, meropenem, minocycline, rifam-

picin, temocillin, thiamphenicol and trimethoprim) at clinically relevant 

concentrations. The selection of antibiotics was made to represent several 

antibiotic classes which were previously neglected or disused. As an ex-

ample, minocycline and rifampicin are also intrinsically resistance to K. 



 

 46 

pneumoniae. Promising combinations with enhanced effect in comparison 

to monotherapy in the initial screening were further evaluated using time-

kill experiments. Antimicrobial susceptibility and genetic background 

were extensively studied and genes involved in polymyxin B resistance, 

enzymatic activity, porins, efflux pumps or regulators were considered. 

Results and discussion 

Promising combinations effective against K. pneumoniae 

Of the 65 antibiotic combination/strains setups included in the initial 

screening 23 showed enhanced effect in comparison to monotherapy. Pol-

ymyxin B in combination with minocycline, rifampicin and fosfomycin 

performed exceptionally well with superior activity versus monotherapy 

against five, five and four strains, respectively. Of the 23 combinations 

evaluated in time-kill experiments 21 showed synergistic or additive effect 

at one or more time points. Combinations including polymyxin B and 

minocycline, fosfomycin or rifampicin showed promising results also in 

time-kill experiments. Polymyxin B in combination with minocycline had 

synergistic effect at 24 h in four of five strains with a bacteriostatic and a 

bactericidal effect in two of the strains. The combinations including rifam-

picin was synergistic at 24 h against all four strains evaluated in time-kill 

experiments and a bactericidal or bacteriostatic effect was seen in three and 

one strain respectively. For the polymyxin B and fosfomycin combination, 

synergistic effect was seen at one or more time points against four strains 

but regrowth was common. Frequent regrowth in vitro has been reported 

previously for polymyxin B and fosfomycin against KPC-producing K. 

pneumoniae which could potentially limit the clinical use of the combina-

tion (118–120).  

Genotype, a better predictor than phenotype  

Minocycline resistance is commonly caused by the presence of tetB, which 

encode an efflux pump or through porin loss and decreased permeability 

(68). The polymyxin B and minocycline combination was successful in 

four of five strains included in the study. None of the strains encoded tetB 

but the strain that was indifferent to the combination was associated with a 

disrupted ompK35 sequence. The combination was also successful in 

strains with polymyxin B resistance associated with a mutated ccrB gene 

or IS-insertion in the mgrB promotor. A previous study on carbapenemase-

producing K. pneumoniae has also reported synergistic effect by the poly-

myxin B and minocycline combination in polymyxin B resistant strains 

(121). Huang et al. reported that the effect of the combination decreased 
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with increased polymyxin B MIC, but here we find synergistic effect in 

strains with MICs as high as 16 and 32 mg/L. Taken together, this illus-

trates that the resistance phenotype is a poor predictor for treatment success 

for combinations. Instead, knowledge on genotype and resistance mecha-

nisms affecting the antibiotics used in combinations is of importance. 

Increased enzymatic activity resists polymyxin B combinations  

All strains included in the study had a rifampicin MIC of >32 mg/L but 

only one strain carried the arr-2 gene encoding a rifampicin inactivating 

enzyme (122). The polymyxin B and rifampicin combination was superior 

to monotherapy in the strains not encoding arr-2. This strengthens the hy-

pothesis regarding the decreased effect of polymyxin B combinations in 

strains encoding enzymatic activity. This was also seen for the polymyxin 

B and aztreonam combination showing synergistic effect in one aztreonam 

susceptible strain at 1 and 3 h. The susceptible strain encoded one car-

bapenemase only while the other strains harbored CTX-M-15 or KPC for 

example, enzymes hydrolyzing aztreonam (123). In other words, poly-

myxin B and aztreonam combinations were superior to monotherapy in 

strains lacking enzymes hydrolyzing aztreonam. In contrast, polymyxin B 

in combination with fosfomycin showed synergistic effect in four strains 

despite the presence of fosA encoding a fosfomycin inactivating enzyme.  

Polymyxin B and meropenem showed synergistic or additive effect against 

all three strains evaluated in time-kill experiments. In line with previous 

reports sequence variations in ompK35 and ompK36 seem to have a small 

influence on resistance and the success of combination therapy (124,125). 

Synergistic effect was seen after 24 h for one strain encoding blaVIM-1 only 

and additive effect was seen at 3 and/or 6 h for the remaining two strains 

harboring blaKPC, blaTEM-1a and/or blaSHV. In contrast, the two strains with 

intermediate effect by the polymyxin B and meropenem combination en-

coded blaNDM-1 or blaOXA-48, which can degrade meropenem, and six addi-

tional β-lactamases. Taken together, the fewer enzymes harbored by a 

strain, despite presence of carbapenemases, the bigger success for the pol-

ymyxin B and meropenem combination. This trend is in line with previous 

studies indicating that the accumulative effect of several enzymes is of im-

portance (124). Observational clinical data advocate that meropenem 

should always be used in combination, and only if the meropenem MIC 

value is ≤ 8 mg/L, against carbapenem resistant Enterobacterales (35,117). 

However, this data is almost exclusively based on KPC-producing K. pneu-
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moniae and our results indicates that the type and number of car-

bapenemases determines the success of the polymyxin B and meropenem 

combination.  

Conclusion 

Polymyxin B in combination with fosfomycin, minocycline or rifampicin 

was found to be most successful in treatment of carbapenemase-producing 

K. pneumoniae. However, the regrowth seen for combination therapy in-

cluding fosfomycin might limit the clinical usage. Even so, further inves-

tigation on promising combinations in a larger group of strains would be 

of interest to draw more solid conclusions on genotype-phenotype associ-

ations found in this study.  
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Paper III 

Interactions of polymyxin B in combination with 

aztreonam, minocycline, meropenem and rifampicin 

against Escherichia coli producing NDM and OXA-

48-like carbapenemases. 

Background 

Polymyxin B in combination with other drugs such as β-lactams, minocy-

cline and rifampicin have shown in vitro synergy against carbapenemase-

producing Enterobacterales (Paper I-II) (126–128)). However, the effect 

against E. coli in particular, has been poorly studied in comparison to K. 

pneumoniae. This study aimed to further evaluate the effect by polymyxin 

B in combination with aztreonam, minocycline, meropenem and rifam-

picin against carbapenemase-producing E. coli. To increase the knowledge 

behind synergistic interactions, an extensive genetic analysis was per-

formed. In addition, statistical calculations were used to find associations 

between genetic background and the combination effect. 

Material and methods  

Twenty carbapenemase-producing E. coli isolates originally collected 

from hospitalized patients in Oman during 2015 were included in the study. 

A 24 h time-lapse microscopy assay was used to screen for promising ef-

fects by polymyxin B in combination with aztreonam, minocycline, mero-

penem and rifampicin at multiple clinically achievable concentrations. Af-

ter the 24 h time-lapse microscopy, a spot assay was added to generate 

CFU/mL data as samples were spotted on MH-II plates. In addition, the 

same samples were also plated on MH-II plates with polymyxin B at a 

concentration of 4 x MIC. To further investigate the potential emergence 

of resistance, a selection of isolates growing on the polymyxin B plates 

were subject to polymyxin B susceptibility testing. Association between 
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the genetic background and the effect of the combination was calculated 

using Fisher’s exact test.  

Results and discussion 

Combinations effective against carbapenemase-producing E. coli 

The time-lapse microscope assay and the spot test showed good conform-

ity. Synergistic and bactericidal effects were identified by the spot test for 

22/23 of the promising combinations resulting from the screening. Poly-

myxin B in combination with minocycline or rifampicin were the most suc-

cessful regimens with synergistic and bactericidal effects against 11/20 and 

9/20 strains, respectively. Polymyxin B in combination with a β-lactam 

was less successful. The screening identified positive interactions for com-

binations including meropenem only in 3/20 strains and the combinations 

including aztreonam were not superior to monotherapy. Although growth 

on plates containing polymyxin B was seen bacterial concentrations were 

typically ≤ 2 CFU/mL and no increase in MIC was recorded. 

Antimicrobial non-susceptibility does not preclude synergy 

Despite the fact that all strains had intermediate resistance to polymyxin B 

and an intermediate or resistant minocycline phenotype, synergy was seen 

in approximately half of the strains in both cases. The presence of tetB was 

associated with synergistic effect by polymyxin B and minocycline (P = 

0.0281). In addition, statistically significant associations between poly-

myxin B and minocycline synergy were also found for marB and marR 

encoding regulators of AcrAB-TolC efflux (129). This finding supports the 

hypothesis that the membrane disrupting effect by polymyxin B can cir-

cumvent resistance mechanisms such as efflux activity (29).  

Enzymatic activity remains an obstacle for β-lactams 

Contrary to the current recommendations for difficult-to-treat car-

bapenemase-producing Enterobacterales infections, our results indicate 

that polymyxin B in combination with meropenem is not a successful treat-

ment alternative for NDM and OXA-48-producing E. coli (34,130). The 

observational clinical data supporting the use of such combinations are 

mainly based on KPC-producing K. pneumoniae and its effect on E. coli 

and non-KPC isolates is less studied (34,131). In the current study, poly-

myxin B and β-lactams in combination were not sufficient to circumvent 

the enzymatic activity of the strains included. Although polymyxin B in 

combination with meropenem showed synergistic and bactericidal effect 

in 2/20 strains, no association between genetic background and the success 
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of the combination was found. However, β-lactamases with hydrolytic ef-

fect against the β-lactams included in the study was frequently found 

among the isolates. Metallo-β-lactamases (MBLs) such as NDM were 

found in 15/20 strains (NDM-1, n = 6; NDM-5, n = 8; NDM-7, n = 1) and 

hydrolyze meropenem (132). Aztreonam offers interesting features in 

treatment of carbapenemase-producing isolates due to its stability to 

MBLs. The presence of blaCTX-M-15, encoding the β-lactamase CTX-M-15, 

with high affinity for aztreonam was seen in 14/20 strains (28,133). When 

using antimicrobial combinations or β-lactam-β-lactamase inhibitor com-

binations, it is important to consider strain specific genetic determinants in 

addition to the susceptibility profiles of the drugs in the combination. 

Knowledge on specific enzymes present causing the carbapenem-resistant 

phenotype is an important key in finding the optimal treatment strategy. 

Evaluating the contribution of different genetic traits to combination 

effects  

Gram-negative bacteria are intrinsically resistant to rifampicin which was 

also seen in the current study with MIC-values ranging from 8-32 mg/L. 

As mentioned, all strains showed intermediate resistance to polymyxin B 

and synergistic and bactericidal effect by the polymyxin B and rifampicin 

combination was identified in 9/20 strains. Interestingly, the genetic anal-

ysis revealed positive associations between synergistic effect by the com-

bination and several mutations in the arnT gene (P = 0.005-0.022). The 

arnT gene encodes the ArnT enzyme which adds positively charged moie-

ties to the negatively charged phosphate groups of lipid A which could de-

crease the effect of polymyxin B (9). On the other hand, alterations of lipid 

A could also influence the rigidity of the membrane itself and increase the 

permeability for rifampicin. The cation-linkages between the negatively 

charged phosphate groups is an important factor for membrane integrity 

(29). In contrast, the mutation C27Y in eptA (also encoding an enzyme 

altering the negatively charged feature of lipid A) was negatively associ-

ated with polymyxin B and minocycline synergy (P = 0.0499). Mutant lpxB 

and lpxK were however associated with polymyxin B and minocycline syn-

ergy (P = 0.0499 and P = 0.0499 respectively) (9). The enzymes encoded 

by lpxB and lpxK are important for lipid A biosynthesis. Minocycline itself 

has the ability to directly chelate Ca2+, which is present in the cation-link-

ages between lipid A molecules which could also contribute to the syner-

gistic effect of the combination by increasing permeability (29,134).  
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Conclusion 

Positive interaction with polymyxin B combinations against NDM and 

OXA-48-group carbapenemases was more common for combinations in-

cluding minocycline or rifampicin in comparison to β-lactams. The β-lac-

tamase activity among the isolates included in the study was not circum-

vented by the combination. For combinations including minocycline pres-

ence of resistance mechanisms encoding efflux activity was frequently as-

sociated with the success of the combination. Alterations of lipid A was 

associated with synergy by polymyxin B combinations including minocy-

cline or rifampicin. Taken together, there is still a lot to learn about the 

interactions of the antibiotics in combinations and how the genetic back-

ground influences the resistance mechanisms involved. 
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Paper IV 

In vitro pharmacodynamics of polymyxin B in 

combination with minocycline against 

carbapenemase-producing Klebsiella pneumoniae. 

Background 

Carbapenem-resistant Enterobacterales are increasing in prevalence and 

polymyxin combinations are often used because other treatment alterna-

tives are lacking. In previous screenings, a synergistic effect by polymyxin 

B in combination with minocycline was seen against E. coli, K. pneu-

moniae and P. aeruginosa in time-lapse microscopy and static time-kill 

experiment (Paper I-III). This study aimed to assess the effect of poly-

myxin B in combination with minocycline and its effect against car-

bapenemase-producing K. pneumoniae. The effect was assessed using a 

dynamic in vitro model mimicking patient concentrations of antibiotics, 

which vary over time.   

Materials and methods 

The clinical pharmacokinetic profile of polymyxin B and minocycline, 

alone and in combination, was simulated in a modified version of a previ-

ously published dynamic model (101). An in silico model based on static 

time-kill experiments (135) was utilized to predict the best fitted dosing 

used in vitro to generate the patients-pharmacokinetics of the antibiotic in 

combination (136,137). To confirm that the desired antibiotic concentra-

tions were maintained in the in vitro model a biological concentration de-

termination method was used. Monotherapy and the combination were 

tested against two clinical isolates of K. pneumoniae harboring blaOXA-48 or 

blaKPC-3 with varying phenotypic resistance to polymyxin B and minocy-

cline. The pharmacodynamics were evaluated during 72 h and viable 

counts were performed on MH-II plates with and without polymyxin B or 
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minocycline at concentrations of 4 x and 8 x MIC to assess antibiotic sus-

ceptibility post treatment. Viable counts were performed after 24 h and 

again after 48 h to detect slow growing subpopulations. Isolates growing 

on antibiotic plates from the first replicate growing on antibiotic plates post 

treatment were subjected to MIC determination using BMD.  

Results and discussion 

Treatment success of the polymyxin B and minocycline combination   

Synergistic and bactericidal effects were seen from 12 h and onwards 

against strain ARU705 which was susceptible to minocycline and showed 

intermediate resistance to polymyxin B. No obvious genetic reason for de-

creased polymyxin B susceptibility was found. ARU984 had a more re-

sistant phenotype for both polymyxin B and minocycline. A synergistic 

effect against this strain was seen only between 4 and 8 h. While no obvi-

ous reason for decreased minocycline susceptibility was identified, the 

strain carried several mutations in genes associated with polymyxin B re-

sistance: pmrB (T246A) and ccrB (C68S) (138). 

Resistance development during treatment  

Minocycline and polymyxin B monotherapy against ARU705 resulted in 

regrowth of isolates post treatment. All isolates growing on polymyxin B 

plates had a MIC increase of more than 2 steps. Isolates collected post 

treatment was not associated with an increase in minocycline MIC and 

growth on antibiotic plates was more likely a result of an inoculum effect. 

Few isolates growing on plates containing polymyxin B or minocycline 

was seen for the combination and no increase in polymyxin B or minocy-

cline MIC was identified. In contrast, emergence of ARU984 subpopula-

tions with decreased susceptibility was frequently seen with both the single 

and combination regimens. Of note, growth on PAP plates was also seen 

for the growth control and a selective pressure by the plate itself was noted. 

An increase in minocycline MIC was again rarely seen but a polymyxin B 

MIC increase was seen for 89% of the isolates. This indicates that a poly-

myxin B heteroresistant subpopulation was present in ARU984.  

Clinically relevant concentrations for treatment success 

Polymyxins are associated with nephrotoxicity and should be used with 

caution. In the current experiments, the polymyxin B concentration varies 

between 2 and 1 mg/L after 4 h while an average plasma concentration 

above 1 mg/L is considered too high and contributes to increased ne-

phrotoxicity (34). The concentration levels of the simulated PK-profile 
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were effective against the most susceptible strain ARU705. For a hetero-

resistant strain such as ARU984, where few treatment alternatives exist, a 

continuous infusion of a relatively high concentration would be necessary.  

Conclusion   

The polymyxin B and minocycline combination could be a good alterna-

tive for treatment of carbapenemase-producing K. pneumoniae with mod-

erate resistance profiles. The combination was not as successful against a 

seemingly heteroresistant strain.  
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Concluding remarks and future perspectives 

Promising polymyxin B combinations 

This thesis can report several promising polymyxin B combinations. Paper 

I identified polymyxin B in combination with aztreonam, cefepime or 

fosfomycin as effective alternatives in treating MDR P. aeruginosa. Papers 

II – IV focused on carbapenemase-producing E. coli and K. pneumoniae 

and polymyxin B combinations including minocycline or rifampicin were 

considered most promising after the screening in papers II and III. The as-

sessment of polymyxin B and minocycline in paper IV showed that the 

combination may be a promising treatment alternative. Paper I-IV also 

highlights the importance of knowledge on resistance levels and resistance 

mechanism present as the combination was not as successful against a 

strain with elevated resistance phenotype and a polymyxin B hetero-

resistant subpopulation.  

Treatment success and genetic background 

Several associations between genetic background and treatment success by 

polymyxin B combinations were found. This work highlights the im-

portance of knowledge on resistance mechanisms and the interactions of 

the drugs combined. Polymyxin B combinations had a large impact on the 

MDR-phenotype in P. aeruginosa which to a great extent is associated with 

elevated efflux activity. Elevated efflux is a resistance mechanism circum-

vented by the membrane disruptive effect of polymyxin B. The absence of 

β-lactamases with hydrolytic effect against the antibiotics included in-

creased the chance of treatment success by polymyxin B and β-lactam 

combinations. The isolates included in paper II and III harbored enzymatic 

activity against the specific β-lactams used in combination with polymyxin 

B. As a result, the combination was not as successful as the mode of action 

of polymyxin B did not affect the enzymatic activity. Instead, polymyxin 

B combinations including minocycline or rifampicin were more successful. 

Both minocycline and rifampicin monotherapy have permeability issues in 
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Gram-negative bacteria which is a mechanism influenced by the mode of 

action of polymyxin B. 

Predicting the success of combination therapy 

Even the most promising combinations have limited usage in the presence 

of certain resistance levels or mechanisms. The possibility to include such 

combinations in the clinical routine analysis setting would require thor-

oughly developed diagnostics tools. Also, today’s lack of consensus on 

how to prepare your samples prior to sequencing, selection of sequence 

platform, cut offs for quality and assembly could influence the end results. 

As an example, minor differences between various β-lactamases could be 

lost by small deviations in WGS-data handling. Having to map out the ex-

act resistance mechanism in order to select treatment, might be too much 

work practically in a clinical microbiology lab.  

Associating genotype with phenotype requires a lot of knowledge and com-

plex interpretation of results. Furthermore, multifactorial antimicrobial re-

sistance and genotype based diagnostics where you only detect what you 

have knowledge about and will not notice unknown events. Databases link-

ing genotype and phenotype exist and are being updated but they are still 

dependent on human input and new knowledge. Optimistically, future so-

lutions using e.g., artificial intelligence could substitute the flat human 

learning curve. Phenotypic based diagnostics could have an advantage but 

again, then we will not know what we are missing. However, development 

of phenotypical assays for identifying efficient antimicrobial combinations 

in the clinical setting offers an interesting alternative (139). Antimicrobial 

combination is a promising future alternative for when no other options are 

available. Usage in the clinical setting would require further studies and 

development of a feasible workflow for diagnostics.   
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Sammanfattning på svenska 

Innan Alexander Flemming upptäckte penicillinet år 1928 var det inte möj-

ligt att behandla infektioner orsakade av antibiotika. Storskalig produktion 

av antibiotika blev inte möjligt förrän år 1942, men gjorde då stor skillnad 

för tillfrisknandet av amerikanska soldater under andra världskriget. Sedan 

dess har tillgången på antibiotika varit en grundförutsättning för modern 

sjukvård och möjliggör idag operationer, vård av förtidigt födda barn och 

behandling av cancer.  

Resistenta bakterier har ökad motståndskraft mot vanligt förekommande 

antibiotika vilket gör att de kan överleva en antibiotikakur. Faktum är att 

opassande eller avbruten behandling kan gynna resistens. Diagnostik som 

fastställer vad som orsakat infektionen och hur den bör behandlas är grund-

läggande för att motverka resistensutveckling. I bästa fall utplånas infekt-

ionen av antibiotikakuren, patienten tillfrisknar snabbt och efterföljande 

biverkningar uppkommer inte. Idag saknar många länder fortfarande lämp-

lig diagnostik och tillgången på antibiotika kan även vara begränsad. Ut-

vecklingen av antibiotikaresistens begränsar behandlingsalternativen ytter-

ligare och i vissa fall finns inga alternativ alls, en utveckling som Alexan-

der Flemming varnade för redan på 40-talet. 

Denna doktorsavhandling har studerat antibiotikakombinationer för att be-

möta den ökande bristen på alternativ vid svårbehandlade bakterieinfekt-

ioner. Idag är kunskapen om antibiotikakombinationer väldigt begränsad 

och användningen är ofta baserad på kliniska observationer. Avhandling-

ens främsta syfte har därför varit att hitta nya kombinationer med effekt 

mot svårbehandlade infektioner. Dessutom har stor vikt även lagts vid att 

försöka utreda och förstå varför kombinationen fungerar eller inte. En vik-

tig beståndsdel i kombinationerna har varit antibiotikan polymyxin B vilket 

bryter ner den svårgenomträngliga yta som omger och skyddar vissa bak-

terier. Denna yta förhindrar effekt av många antibiotika då de inte kan ta 

sig in i bakteriecellen. Den allmänt accepterade mekanismen för kombinat-

ionsbehandling innehållande polymyxin B är att ett andra antibiotika skulle 

kunna verka när den svårgenomträngliga ytan bryts ner.  
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Studierna genererade flera lovande polymyxin B kombinationer som var 

effektiva mot svårbehandlade bakterier. Kombinationerna som studerades 

lyckades penetrera den skyddande ytan men hade ingen effekt vid före-

komst av ämnen som inaktiverar antibiotika. Metoderna och tillvägagångs-

sättet som använts i denna avhandling erbjuder ett effektivt och bra tillvä-

gagångssätt för att studera effekten av antibiotikakombinationer.  
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