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1 Zusammenfassung

Antimikrobielle Resistenzen (AMR) stellen eine ernsthafte und zunehmende globale Bedrohung
dar, die die verfiigbaren Optionen zur Behandlung von Infektionen durch multiresistente (MDR)
Gram-negative Bakterien, insbesondere solchen die Carbapenemases oder extended-spectrum
beta-lactamases (ESBL) exprimieren, stark einschranken. Folglich erhdlt das Konzept rationaler
Kombinationstherapien als Moglichkeit, die Wirksamkeit bestehender Reserveantibiotika zu
maximieren, sowie alternative Ansatze wie die Bakteriophagentherapie, zunehmende

Aufmerksambkeit.

Ziel dieser Arbeit war es, die pharmakokinetischen und pharmakodynamischen (PK/PD)
Eigenschaften wichtiger Reserve- und neuartiger Antibiotika systematisch und invitro zu
charakterisieren. Der Fokus lag hierbei auf synergistischen PD-Interaktionen gegen schwer
behandelbare, MDR Isolate von Klebsiella pneumoniae und Escherichia coli. Durch die Integration
von invitro- und insilico-Ansatzen, einschlielRlich verschiedener experimenteller und
pharmkometrischer Methoden, wurde die Wirksamkeit und Interaktionsdynamik von
Meropenem-Fosfomycin, Ceftazidim/Avibactam-Tigecyclin, und Polymyxin B und dem
neuartigen Bakteriophagen pK8 — einzeln und in ausgewahlten Kombinationen — quantitativ

untersucht.

Die Arbeit umfasste vier grundlegende Studien: Publikation I PK/PD-Modellierung von
statischen und hollow-fibre infection model (HFIM) Experimenten zur Meropenem-Fosfomycin
Kombinationstherapie; Publikation Il Pharmakometrische Beurteilung der
Kombinationstherapie von Polymyxin B und Bakteriophage pK8 gegen polymyxinresistente
K. pneumoniae; Publikation Il Systematische Untersuchung der PD-Interaktionen zwischen
Ceftazidim/Avibactam und Tigecyclin in einer Auswahl klinischer und isogener E. coli und
K. pneumoniae-lsolate; und Publikation IV Entwicklung eines pharmakometrischen
Plattformmodel zur Definition kombinierter klinischer Breakpoints fur die Meropenem-
Fosfomycin-Therapie unter Nutzung von Daten aus einer vielfaltigen MDR-K. pneumoniae

Population und unterschiedlichen in vitro-Infektionsmodellen.

Die quantitativen Analysen umfassten statische time-kill Methoden, checkerboard und
dynamische checkerboard Methoden sowie longitudinale HFIM-Experimente zur Simulation
humaner PK-Profile. Darliber hinaus wurden sog. nicht-lineare gemischte Effektmodelle und das
General Pharmacodynamic Interaction Model angewendet, um neben der Wirksamkeit auch die

Art, Richtung und das Ausmal der Arzneistoffinteraktionen zu charakterisieren. Wo zutreffend,
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wurden humane PK-Populationsmodelle eingesetzt, um Simulationen zur Ubertragung der
invitro  Befunde in  klinisch  relevante = Empfehlungen fir  Dosierung und

Erfolgswahrscheinlichkeiten von Therapien zu erstellen.

Die Ergebnisse zeigten eine robuste und reproduzierbare Synergie von Meropenem und
Fosfomycin Kombinationstherapien Uber mehrere MDR K. pneumoniae-Stamme hinweg,
einschlieflich solcher mit Carbapenemases. Die PK/PD-Modellierung bestatigte, dass die
Synergie hohe kombinierte Effekte erzeugte, die mit Monotherapien nicht erreicht werden
konnten. Diese Ergebnisse wurden zusatzlich im Open Flow Infection Model und HFIM unter
Einsatz simulierter humaner PK validiert, was die Wirksamkeit gegen resistente Isolate und
klinische Anwendbarkeit bestatigte. Aufbauend auf diesen Ergebnissen wurden umfassende
Simulationen durchgefuhrt. Bemerkenswert ist, dass die Meropenem-Fosfomycin-Kombination
die PD Zielwerte (Probability of Target Attainment > 90 % fiir Bakteriostase und 1-log-Reduktion
der Bakterien) bei weitaus hoheren MIC-Werten als jede Einzelsubstanz (z.B. bis zu 32 mg/L |
512 mg/L fiir Meropenem | Fosfomycin) zuverldssig erreichte und sowohl die Wiedereinfiihrung
eines intravendsen Fosfomycin-Breakpoints im Kombinationskontext als auch optimierte

Dosierungsempfehlungen bei schweren MDR K. pneumoniae-Infektionen unterstitzt.

Eine alternative Strategie untersuchte die Kombination von Polymyxin B mit einem neuartigen,
lytischen Bakteriophagen (pK8) gegen ein polymyxinresistentes K. pneumoniae Isolat. Die
pharmakometrische Modellierung zeigte eine synergistische Interaktion, gekennzeichnet durch
Phagen-vermittelte Resensibilisierung gegeniiber Polymyxin B und verstarkte bakterizide

Effekte bei hoher Phagenzahl pro Bakterien.

Umgekehrt zeigte die systematische Untersuchung von Ceftazidim/Avibactam mit Tigecyclin in
klinischen und isogenen E. coli und K. pneumoniae-lsolaten liberwiegend antagonistische PD-
Interaktionen. Sowohl checkerboard-basierte als auch time-kill Untersuchungen, unterstutzt
durch metabolomische Analysen, belegten, dass der maximal erzielte Effekt in Kombination auf
den von Tigecyclin-Monotherapie beschrankt war, was nicht nur fehlenden Nutzen, sondern

moglicherweise potenzielle Risiken fir dieses Therapie nahelegt.

Diese Arbeit zeigt den Wert und die Notwendigkeit der Integration fortschrittlicher
pharmakometrischer Ansdtze mit modernen in vitro-Methoden, um rationale, quantitative
Evidenz fur oder gegen spezifische Kombinationsstrategien bei Infektionen ausgeldst durch

MDR, Gram-negative Bakterien zu untersuchen.



-XV -



- XVI -

2 Abstract

Antimicrobial resistance (AMR) poses a critical and escalating global threat, severely limiting the
available options for treating infections caused by multidrug-resistant (MDR) Gram-negative
bacteria, in particular those expressing carbapenemases or extended-spectrum beta-lactamases
(ESBL). Consequently, the concept of rational combination therapies is receiving increasing
emphasis as a means to maximize the efficacy of existing last-resort antibiotics, and alternative

approaches, such as bacteriophage therapy.

This thesis systematically investigated the pharmacokinetic and pharmacodynamic (PK/PD)
properties of key last-resort and novel antimicrobials in vitro. The primary focus was on
synergistic PD interactions against difficult-to-treat, MDR isolates of Klebsiella pneumoniae and
Escherichia coli. Integrating invitro and in silico approaches, like various experimental and
pharmacometric methods, this dissertation quantitatively evaluated the efficacy and interaction
dynamics of meropenem-fosfomycin, ceftazidime/avibactam-tigecycline, polymyxin B and

novel bacteriophage pkK8—alone and in selected combinations.

The work encompassed four foundational studies: Publication | PK/PD modelling of static and
hollow-fibre infection model (HFIM) experiments of meropenem-fosfomycin combination
therapy; Publication Il Pharmacometric assessment of polymyxin B and bacteriophage pK8
combination against polymyxin-resistant K. pneumoniae; Publication lll  Systematic
investigation of PD interactions between ceftazidime/avibactam and tigecycline in a panel of
clinical and isogenic E. coli and K. pneumoniae isolates; and Publication IV The establishment of
a pharmacometric framework to define rational combined clinical breakpoints for meropenem-
fosfomycin combination therapy, employing data from a diverse MDR K. pneumoniae strain

panel and multiple in vitro infection models.

Quantitative analyses included static time-kill assays, checkerboard and ‘dynamic’ checkerboard
methods, and longitudinal HFIM experiments simulating human PK profiles. In addition,
nonlinear mixed-effects models and the General Pharmacodynamic Interaction Model were
applied to elucidate not only efficacy endpoints but also the nature, directionality, and
magnitude of drug interactions. Where appropriate, human population PK models informed
simulation studies to translate in vitro findings into clinically meaningful guidance on dosing

and probability of therapy success.
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The results demonstrated robust and reproducible synergy of meropenem-fosfomycin
combination therapy across multiple MDR K. pneumoniae strains, including those producing KPC
carbapenemases. PK/PD modelling confirmed that synergy was mainly driven by meropenem
enhancing the potency of fosfomycin, resulting in profound suppression of bacterial regrowth
that could not be achieved by monotherapies. These findings were validated in the HFIM using
simulated human PK, confirming efficacy against resistant isolates and offering supportive
evidence for clinical applicability. Building on these results, comprehensive simulations
integrated diverse MDR K. pneumoniae strains, low to high dosing regimens, and two distinct
dynamic invitro infection models, allowing the proposal of rational, model-based clinical
combined breakpoints. Notably, the meropenem-fosfomycin combination reliably achieved
pharmacodynamic targets (Probability of Target Attainment > 90% for bacteriostasis and 1-log
reduction of bacteria) at substantially higher MICs than either compound alone (e.g., up to
32 mg/L | 512 mg/L for meropenem | fosfomycin), supporting both the reintroduction of an
intravenous fosfomycin breakpoint in combination contexts and optimized dosing

recommendations in severe MDR K. pneumoniae infections.

A distinct strategy combining polymyxin B with a novel lytic bacteriophage (pK8) was explored
against a polymyxin-resistant K. pneumoniae isolate. Pharmacometric modelling revealed a

synergistic interaction characterized by phage-mediated resensitization to polymyxin B.

Conversely, the systematic evaluation of ceftazidime/avibactam with tigecycline in clinical and
isogenic E. coliand K. pneumoniae isolates revealed predominantly antagonistic PD interactions.
Both checkerboard-based and time-kill assays, supported by metabolomic analyses,
demonstrated that the maximal effect achieved in combination was limited to that of
tigecycline monotherapy, suggesting not only lack of benefit but potential risk in this widely

considered salvage regimen.

This thesis demonstrates the value and necessity of integrating advanced pharmacometric
modelling with state-of-the-art in vitro methodology to provide rational, quantitative evidence
supporting or refuting specific combination strategies for MDR Gram-negative infections.
Furthermore, the proposals for model-based clinical breakpoints, especially for meropenem-
fosfomycin, represent a concrete advance toward rationalized, evidence-driven infectious
diseases management amid the global AMR crisis. Prospective preclinical and clinical validation
are now warranted to translate these findings into improved patient care, thereby maximizing

the efficacy and safety of antibiotic therapy against MDR Gram-negative bacteria.
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3 Introduction

3.1 Infectious Diseases: Challenges and treatment strategies

Infectious diseases can be defined as illnesses due to pathogens or their toxic product, which
arise through transmission from an infected person, an infected animal, or a contaminated
inanimate object to a susceptible host'. Pathogenic microorganism causing infectious diseases
are bacteria, viruses, parasites or fungi. Infectious diseases can be grouped in three major
categories: diseases which cause high levels of mortality; diseases which place heavy burdens of
disability on populations; and diseases which owing to the rapid and unexpected mature of their
spread can have serious global repercussions?. In brief, these categories often overlap or combine
with one another. These diseases are responsible for immense burden on public health systems
worldwide, causing approximately 14 million infection-related deaths per year®. Antimicrobials
showing antibacterial activity are more specifically referred to as antibiotics. A comprehensive
study published in 2022 estimated that, in 2019, infections caused by bacteria—both those
susceptible and resistant to antibiotics—were associated with 7.7 million deaths, representing

13.6% of all deaths worldwide>.

3.11 Gram-negative and multidrug-resistant bacteria
Bacteria can be grouped into two structural subclasses, Gram-positive or Gram-negative,
differentiated through the Gram staining method®. The bacterial cell wall of Gram-negative
bacteria consists of a thin peptidoglycan layer encased by an outer membrane containing
lipopolysaccharides, thereby differentiating them from Gram-positive bacteria. The structural
difference between these two subclasses results in different penetration of antibiotics into the
bacterial cell wall and plays an essential role in the treatment of bacterial infections. Multidrug-
resistant (MDR) bacteria, defined as bacteria non-susceptible to one or more antibiotics in at
least three categories of antibiotics®, pose a major global threat contributing to approximately
five million deaths per year®. According to the Review on Antimicrobial Resistance,
commissioned by the UK Government, Antimicrobial Resistance (AMR) could arguably be the

cause of 10 million deaths per year until 2050’.

In addition to the intrinsic or natural resistance of some species to selective antibiotics, bacteria
are capable of acquiring or developing resistance through various mechanisms. Resistance is

generally acquired through horizontal gene transfer or developed through mutations under
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selection pressure due to the presence of a drug. Drug resistance mechanisms can be categorized

into three main types: drug uptake limitation, drug target modification and drug inactivation?®.

Drug uptake can be limited by reducing the number of porins or altering their selectivity,

changing cell wall polarity, as well as through efflux transporters®2. Examples of drug target

modification include altered cell wall properties, ribosomal mutations, and modifications of

gene processing enzymes”". Finally, enzyme-catalysed drug inactivation is another significant

mechanism, where antibiotics are structurally modified, resulting in the loss of their activity'®.

Contributing to the AMR challenges, many pharmaceutical companies have discontinued their

antibiotic drug development programs due to low profit margins. As a result, the outlook of new

antibiotics being approved for therapy in the near future is not promising. Global antibiotic

shortages are frequent and arise from various causes, predominantly driven by supply chain

issues with raw materials, dependence on single-source manufacturers, financial disincentives,

and regulatory challenges®™.

Klebsiella pneumoniae (K. pneumoniae) and Escherichia coli (E. coli) are Gram-negative species

within the Enterobacteriaceae family, which is part of the Enterobacterales order. As shown in

Fig. 1, antibiotic resistant K. pneumoniae and E. coli represent two of the deadliest pathogens

worldwide, associated with more than 1.5 million deaths in the year 2019°. The most severe

resistance mechanisms identified within Enterobacterales spp. are attributed to the expression
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Figure 1 Global deaths (counts) attributable to and associated with bacterial
antimicrobial resistance by pathogen, 2019. Estimates were aggregated across
drugs, accounting for the co-occurrence of resistance to multiple drugs. Error bars
show 95% uncertainty intervals. Reprinted from Murray et al. with permission.
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Bacterial Priority List’ under the critical group, representing the highest and most challenging

category within AMR?,

3.12 Antibiotic therapy
Antibiotics, following the direct-acting small molecule paradigm, are used for more than a
century in the treatment of bacterial infections. The first substance with antibiotic properties
was reported by Bartolomeo Gosio in 18937 In 1928, the discovery of penicillin by Sir Alexander
Fleming completely transformed medical practice, and still ranks as the most effective life-
saving intervention in medicine, significantly reducing mortality and saving thousands of lives
across all age groups®. In the early days of antibiotics, drugs were isolated from fungi that
produced them. Today, drug development has progressed to involve structurally modifying drug
molecules to bind to targets with high specificity complemented with various other methods in
testing their activity. Depending on their mechanism of action, antibiotics inhibit bacterial
reproduction (bacteriostatic) or actively kill bacteria (bactericidal). Moreover, antibiotics can be
categorized into classes depending on their mechanism of action: Inhibition of cell wall
synthesis, inhibition of protein synthesis, depolarization of cell membrane, inhibition of nucleic

acid synthesis and inhibition of metabolic pathways?.

In microbiology the Minimum Inhibitory Concentration (MIC) refers to the lowest concentration
of an antimicrobial agent that inhibits the visible growth of a microorganism. The MIC s a crucial
measurement that helps to determine the effectiveness of an antimicrobial agent, such as an
antibiotic, against a specific microorganism. Different MIC determination methods were
established by the European Committee on Antimicrobial Susceptibility Testing (EUCAST) in
complete agreement with the recommendations of the International Standards Organisation?.
The EUCAST routinely updates and releases what are known as breakpoint tables for interpreting
MIC values. These tables define when pathogens are classified as 'susceptible' (S), 'susceptible,
increased exposure' (I), and 'resistant' (R; SIR classification)*. After conducting so called
antibiograms of multiple antibiotics against the respective pathogen, clinicians use MIC values
and the SIR classification to choose the most effective antibiotic for treating an infection,
ensuring that the selected drug can inhibit the growth of the pathogen at achievable

concentrations in the patient’s body.
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However, MIC values do not consider dynamic factors such as drug absorption, distribution,
metabolism, and elimination in the body. As a result, MIC-based treatments may not always
correlate  with clinical outcomes. Harry Eagle was the first to investigate
pharmacokinetic/pharmacodynamic (PK/PD) principles for antibiotics during the 1940s and
1950s. Using animal models, they discovered the time-dependent bactericidal activity of
penicillin, the concentration-dependent activity of streptomycin and bacitracin, and a mixed
pattern for tetracyclines. These insights were applied in clinical settings, revealing that
continuous penicillin infusion resulted in the fastest cures while minimizing drug-related
toxicities®?®. Based on this groundwork, the concept of the PK/PD indices (PDI) was developed,
which have allowed a better understanding of why a particular dosing regimen results in clinical
success or failure??®, By integrating two aspects, the unbound concentration-time profiles
(exposure), and the observed antibacterial effect as tested MIC values, these indices help
maximising therapeutic outcomes while minimising toxicity. The unbound drug concentration
is the portion of the drug in the plasma that is not bound to proteins and is free to exert
therapeutic effects, as only unbound drugs can interact with target sites in the body. The most
common PK/PD indices include: i. The percentage of a 24-h time period that the unbound or free

drug concentration (indicated by ‘f’) exceeds the MIC (time-dependent; fTsy;c), ii. The maximal

unbound drug concentration (concentration-dependent; f}il—’;’g") and iii. the area under the

unbound drug concentration-time curve within 24 h of treatment (time- and concentration-

t: fAUC0—24)

dependen It

. Non-linear least-squares regression analysis is used to identify which PDI

correlates best with a specific antibiotic or even class of antibiotics and therefore help to define
atarget. For example, the effects of beta-lactams are known to be time-dependent and therefore
correlate best with fTs ¢, which is why these antibiotics are recommended to be administered

as prolonged or continuous infusions whenever possible?®3°.

Due to the AMR situation worsening over the last few decades, the World Health Organisation
(WHO) classified antibiotics for evaluation and monitored use into three groups: ‘Access’,
‘Watch’ and ‘Reserve’ (‘AWaRe’)’. These regularly published ‘AWaRe’ classifications help
healthcare providers to rationalize the use of antibiotics by avoiding the unnecessary use of last-
resort antibiotics (‘Access’ and ‘Watch’) and ensuring that the most appropriate and effective
treatments are used based on the severity and resistance patterns of the infecting pathogen. By

adhering to these classifications, healthcare providers can minimize the development and
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spread of antimicrobial resistance, preserve the efficacy of existing treatments, and improve

patient outcomes.

The antibiotics investigated in this work are introduced in the following sections, with five out
of six being marketed last-resort antibiotics that are crucial for combating MDR Gram-negative
bacteria. They were investigated in both mono and combination therapies applying in vitro and
in silico methods, aiming to identify rational treatment strategies and enhance our

understanding of drug interactions.

3.1.2.1 Meropenem
Meropenem is a bactericidal beta-lactam antibiotic of carbapenem-type which penetrates the
outer membrane of the bacterial cell wall and inhibits the peptidoglycan synthesis by covalently
binding to penicillin-binding proteins (PBPs) with high affinity. It binds to several PBPs
simultaneously with different affinities depending on the species of bacteria®. Meropenem
distributes well in interstitial fluids with enhanced cerebrospinal fluid penetration during
meningitis, and exhibits variable concentrations across lung, bile, and abdominal tissues®.
According to the mentioned WHO ‘AWaRe’ classification, meropenem is categorized under
'Watch,' designating it as one of the highest priority agents in human medicine with a significant
potential for resistance®. Moreover, it serves as the first-line treatment for any infections outside
the urinary tract caused by ESBL-E**, and, when combined with the carbapenemase inhibitor
vaborbactam, it is also one of the first-line treatments against CRE®. Resistant bacteria
harbouring Klebsiella pneumoniae carbapenemases (KPCs) can actively hydrolyse meropenem,
causing it to lose its effectiveness. It is regularly given intravenously (IV) with 1or 2 g every 8 h as
standard infusion (i. e. over 30 min). Meropenem has a negligible plasma protein binding (PPB)
of approx. 2%*. The EUCAST sets the clinical breakpoint for meropenem against

Enterobacterales at an MIC of < 2 mg/L for susceptible pathogens.

3122 Ceftazidime/avibactam
Ceftazidime is a bactericidal beta-lactam antibiotic of the 3 generation cephalosporins which
penetrates the outer membrane of the bacterial cell wall and inhibits the peptidoglycan
synthesis by covalently binding to penicillin-binding proteins with high affinity*®. Through
expressing ESBL, bacteria achieve the ability to hydrolyse 3" generation cephalosporins as
ceftazidime?®. To overcome these resistance mechanisms, a combination therapy was developed
using a fixed beta-lactam and beta-lactamase inhibitor — ceftazidime paired with a novel beta-

lactamase inhibitor, avibactam. Against Enterobacterales, the antibacterial spectrum of
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ceftazidime/avibactam is the broadest of the antibiotics available to date®, while resistances
against this combination have already been reported®. According to the WHO classification,
ceftazidime/avibactam is listed under the last category ‘Reserve’®, and serves as another first-
line treatment for any infections caused by ESBL-E and complicated urinary tract infections (UTIs)
caused by CRE. It is given IV as 2 g/0.5 g every 8 h infused over 3 h3. The EUCAST sets the clinical
breakpoint for ceftazidime/avibactam against Enterobacterales at an MIC of <8 mg/L for

susceptible pathogens.

3123 Fosfomycin
Fosfomycin is an antibiotic with low molecular weight inhibiting the call wall synthesis of
bacteria. In order to exert its bactericidal activity, fosfomycin must reach the bacterial cytoplasm.
To enter the cell, fosfomycin uses the active transport proteins GlpT and UhpT by mimicking both
glucose-6-P (G6P) and glycerol-3-P (G3P). Thus, fosfomycin can be imported into the bacterial
cell via the hexose monophosphate transport system (which is induced by G6P) and via the L-a-
glycerophosphate transport system (which is induced by G3P). Given as a flat dose of 3 g, it has
been used against UTIs for decades*®*. Fosfomycin exhibits minimal binding to plasma
proteins®, and is widely distributed across various tissues. Biologically relevant concentrations
of fosfomycin have been detected not only in serum but also in the kidneys, bladder, prostate,
lungs, bone, cerebrospinal fluid, as well as in inflamed tissues and abscess fluid*®4*%. Fosfomycin
IV is a safe and effective option for the treatment of difficult-to-treat infections, categorized by
the WHO under ‘Reserve’ group. Due to its wide distribution across tissues, it showed highest
clinical success rates in osteomyelitis, skin and soft tissue infections, intra-abdominal infections
and sepsis*®. Nevertheless, fosfomycin is not recommended to be used alone*, in combination
with i. e. ceftazidime/avibactam, colistin and other antibiotics, it showed synergy with
potentially better clinical outcomes***->°, Based on the kidney function of the patients, the
resistance of the infecting pathogen and the severity of the infectious disease, fosfomycin IV is
dosed with 16 — 24 g divided into 3 — 4 doses. In the past, the clinical breakpoint of fosfomycin
against Enterobacterales was based on the epidemiological cut-off value, which separated
resistant (‘R’) from susceptible (‘S’) pathogens with a value of MIC > 32 mg/L. Since the beginning
of 2024, EUCAST has withdrawn this clinical breakpoint with the note ‘There is currently a lack

of clinical evidence to support clinical breakpoints.’.
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3124 Tigecycline

Tigecycline is an antibiotic of the glycylcycline class, which are derivatives of the tetracyclines. In
order to exert its bacteriostatic effect, tigecycline binds to the 30S subunit of bacterial ribosomes.
The binding of tigecycline prevents the incorporation of amino acid residues into the elongation
of peptide chains and results in the loss of peptide formation and bacterial growth. Tigecycline
was developed to overcome the main molecular mechanisms of tetracycline resistance, such as
tetracycline-specific efflux pump acquisition [e.g. tet(A)] and ribosomal protection [e.g.
tet(M)]**>2. After administration of “C-labeled tigecycline to rats, tigecycline tissue levels, with
the highest concentrations in bone, liver, spleen, and kidney, exceeded those in plasma*. Due to
reports of higher mortality rates in tigecycline treatment arms within clinical studies, the US
Food and Drug Administration (FDA) issued a black box warning and illustrated that treatment
with tigecycline increased the risk of death in FDA-approved and non-approved diseases®*.
Nevertheless, tigecycline is categorized by the WHO under ‘Reserve’ and represents an
alternative treatment option for infections outside the bloodstream and urinary tract caused by
CRE, including those with NDM and OXA-48-like producers, especially when beta-lactams are
ineffective or not tolerated®. It is dosed with an initial dose of 200 mg IV followed by 100 mg
every 12 h, while some reports recommended an 8-hrly dosing for higher effectiveness against
CRE>. The EUCAST sets the clinical breakpoint for tigecycline against Enterobacterales at an MIC
of < 0.5 mg/L for susceptible pathogens.

3125 Polymyxin B
Polymyxin B is an antibiotic from the polymyxin class, known for its bactericidal effect against
Gram-negative bacteria. It functions by interacting with the bacterial cell membrane, disrupting
its integrity, which leads to cell death. Polymyxin B's primary mechanism involves binding to the
lipopolysaccharides in the outer membrane of Gram-negative bacteria, which increases the
permeability of the membrane and subsequently causes leakage of cellular contents and
bacterial cell death®®. It was developed to combat MDR infections, particularly those resistant to
other antibiotic classes. PK studies in animal models have shown that polymyxin B distributes
well in tissues, with high concentrations found in organs such as the liver and kidneys®.
Although effective, the use of polymyxin B is associated with potential nephrotoxicity and
neurotoxicity, which limits its use to severe infections where alternatives are not available or
effective®®*®. Despite these concerns, polymyxin B is categorized by the WHO under the ‘Reserve’

group, serving as a last-resort treatment for life-threatening infections caused by carbapenem-
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resistant Acinetobacter baumannii and difficult to treat Pseudomonas aeruginosa®®. The dosing
of polymyxin B varies depending on the severity of the infection, but it is typically administered
IV with cautious monitoring of patients’ kidney function. The EUCAST only provides a clinical
breakpoint as a screening cut-off value for phenotypic resistance, defining Enterobacterales with

a MIC £ 2 mg/L as susceptible.

313 Bacteriophage therapy
Bacteriophages (phages) are viruses capable of binding to surface structures of bacteria, thereby
infecting their host and replicating themselves. Lytic phages, also known as virulent phages,
rapidly induce the replication and lysis processes after infecting their hosts®®. They possess a
simple structure, typically comprising a protein coat encapsulating their genetic material, which
can be either DNA or RNA®. Due to the mechanism of action of their polysaccharide
depolymerase enzymes, phages are typically specific for one bacterial strain and its capsule

type®2.

In the context of antimicrobial therapy, phage therapy offers a promising non-traditional
alternative, particularly when effective treatment options are limited, bringing renewed
attention to this previously common approach®. Phage therapy has been practiced for almost a
century in Eastern Europe®, although there are only a few therapies approved relative to
traditional antibiotics. The principles of pharmacology are not directly applicable to phages, as
phages replicate in the presence of their target while simultaneously acting as an anti-infective
agent. Additionally, new phages can be isolated and specifically cultivated against particular
pathogens, resulting in a narrow antimicrobial spectrum. This specificity presents a
disadvantage, as the success of individual phage therapies cannot be easily translated to real-
world scenarios that involve biological variability among infecting pathogens. Furthermore,
bacteria typically develop resistance to phages rapidly. Therefore, conducting systematic studies
on killing kinetics is essential to understand the relationships among multiplicity of infection
(MOI), phage efficacy, and the emergence of resistance®. Studies investigating the efficacy and
the safety of phage therapy showed that a significant percentage of patients with chronic

bacterial infections were able to tolerate phage therapy, yielding good clinical outcomes®®¢’.

In order to apply phage therapy in a clinical setting, presumptive therapy plays an importantrole.
Presumptive phage therapy, also known as non-personalised phage therapy, is an empirical

therapy involving initiating treatment based on a clinical educated guess of the organism
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responsible for the infection and its likely susceptibility to phages from a pre-prepared bank,
even before laboratory results are available to confirm the exact pathogen and its sensitivities.
On the other hand, there is the approach of personalised phage therapy, where phages from a
pre-existing library are adapted or trained to the individual pathogen infecting the patient. In
this approach phage mutants with an increased range and duration of infectivity are selected
in vitro®®. Unfortunately, recent randomized controlled trials using non-personalised phage
therapy have failed to demonstrate efficacy®. However, personalised phage therapy showed

promising results in some cases’.

3.14 Combination therapy

3.1.4.1 Antimicrobial combination therapy
Antimicrobial combination therapy in principle may offer an opportunity to increase efficacy,
protect against the emergence of resistance and in turn potentially even lower infection-related
mortality”’% In empirical therapy, combination treatments can also broaden the antimicrobial
spectrum and reduce the risk of inadequate antibiotic coverage’. When considering the
worsening AMR situation, this underscores the necessity of using already marketed antibiotics
with special precaution and as effectively as possible to potentially extend their shelf-lives™. In
vitro models can be used to identify effective combinations, which can subsequently be
validated through animal or clinical studies. When two or more antibiotics are used together,
they can demonstrate synergistic effects, meaning their combined effect is greater than the sum
of their individual effects’®. This occurs because the antibiotics might target different
mechanisms within the bacteria, leading to a more effective eradication”™. Also, the suppression
of developing resistance is discussed as another potential benefit to combination therapy. One
mechanism trying to describe this principle is collateral sensitivity. Evolutionary trade-offs
between antimicrobial agents occur when bacteria adapt to different environmental pressures.
In the presence of a specific drug, various trade-offs can happen: some mutants may develop
resistance to multiple drugs, while others may become more sensitive to a different drug as they

gain resistance to the first one’®".

Another reason supporting antimicrobial combination therapy includes reducing the need for
increasing doses of antibiotics that have complex side effects. When exemplifying this with

fosfomycin-containing therapies, in addition to potentially achieving high combined effects
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through synergy and suppressing resistance, combination therapy could help limit dose

escalation, thereby reducing challenging side effects such as hypernatremia.

Antibiotic combination therapy is already well established in some infectious diseases caused by
bacteria. Against tuberculosis infections caused by Mycobacterium tuberculosis, recommended
standard therapies across all age groups and special patient populations are based on
combination therapies™. In ulcerative infections caused by Helicobacter pylori, standard therapy
is based on a triple or quadruple combination therapy containing two antibiotics from different
classes™. Another example is the combination therapy for suspected Gram-negative sepsis and
severe infections with Pseudomonas spp., typically including a broad-spectrum beta-lactam and
an aminoglycoside or a fluoroquinolone. Moreover, colistin-containing combination therapies

started to play an important role as last-resort treatment for MDR bacteria™.

In most other infectious diseases, especially those caused by MDR bacteria, combination therapy
is not well established and arises out of necessity. Practicing clinicians have limited time in
deciding how to deal with difficult to treat infections in patients in severe health condition.
Therefore, the choice of which antibiotics to combine is often based on empirical observations
rather than a rational approach. Understanding PD interactions between antibiotics is essential
for guiding rational combination therapy decisions to maximise efficacy and protect against the

emergence of resistance.

3.14.2 Phage combination therapy
When using phages as antibacterial agents, one way to overcome their high specificity to a
certain bacterial strain and fast resistance development is to combine multiple phages in so
called phage cocktails or even combinations of phages and traditional antibiotics®. Using
phages as a supplement to traditional antibiotics has already shown potential benefits and
synergy in phage-antibiotic combination therapy was reported in the literature®-2. A
multicentre, multinational, retrospective observational study on personalised phage therapy
reported clinical improvement and eradication of the targeted bacteria for 77.2% and 61.3% of
infections, respectively®®. In 100 cases, eradication was 70% less probable when no concomitant
antibiotics were used. In one patient a combination of antibiotic re-sensitization to
fluoroquinolones and reduced virulence of phage-resistant isolates were reported. Another
study investigated IV phage therapy combined with three last-resort antipseudomonal

antibiotics in a toddler with post-transplantation sepsis. After further in vitro testing with the
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infecting pathogen, the study reported synergy between the phage and colistin, gentamicin or

aztreonam?®.

3.2 Invitro experimentation and infection models

The ‘scientific method’, pioneered in the 11" century by Al-Hasan Ibn al-Haytham, also known as
Alhazen, in his ‘Book of Optics’ (transl. ‘Kitab al-Manadhir')®, is a structured process of
formulating hypotheses and testing them through repeatable and objective experiments under
controlled conditions. Later, the ‘scientific method’ was further formulised by pioneers like
Galileo and Bacon®”. This method has since then allowed us to explore the physical world,
biological systems, and cosmic phenomena through systematic experimentation. In vitro (from
latin: ‘within glass’) experimentation allows testing of drugs under highly controlled conditions
with precise observations of biological processes without the need of involving animals or
humans. In the context of antibiotics, in vitro experiments are fundamental for assessing how
well a compound inhibits the growth of microorganism under controlled laboratory conditions.
These experiments are typically standardised and validated into assays with feasible methods,
and they are conducted in every hospital to characterize the pathogens causing infections,

consequently influencing clinical treatment decisions.

3.2.1 Antimicrobial susceptibility testing
Antimicrobial susceptibility testing is an invitro microbiological laboratory procedure to
determine the effectivity of an antimicrobial against a specific pathogen. In the case of bacteria,
the MIC can be determined using different methods according to the Clinical and Laboratory
Standards Institute (CLSI) and the EUCAST. The CLSI defines a framework to internationally
standardize antimicrobial susceptibility testing across the following methods: Broth
Microdilution, Agar Dilution, Disk Diffusion and E-Test®®. The relevant methods included in this
work are Broth Microdilution assay and Agar Dilution assay. Briefly, these assays are performed
using either freshly prepared growth media in well-plates, or agar, supplemented with the
antibiotic of interest at different 2-fold concentration levels. The prepared well plates or agar
plates are spiked with a bacterial inoculum containing a defined number of colony-forming units
per mL (CFU/mL), followed by incubation at 35 — 37 °C ambient air for 16—20 h. After assuring

sterility and comparing to positive growth controls, the MIC is read visually. For this, each
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prepared well is visually inspected for turbidity. The lowest concentration that results in a clear
well, indicating that bacterial growth has been inhibited, represents the MIC. In this thesis, MIC
testing was conducted for each bacterial strain that was included in the subsequent research

activities.

3.2.2 Checkerboard assays

Conventional checkerboard assays are in vitro assays testing the combination of two (or more)
antibiotics at the same time to identify PD interactions, e. g. synergy, antagonism, indifference.
Methodologically they can also be understood as an extension of Broth Microdilution MIC
testing with an added dimension with raising concentrations of two antibiotics on two axes
instead of one. In this method, varying concentrations of both antibiotics are combined in a grid
pattern on a microtiter plate. After adding a distinct amount of bacterial inoculum to each well
and incubating overnight, the growth is assessed visually following the visually read turbidity,
similar to MIC testing. The following assessment of PD interactions is often based on the
calculation of the Fractional Inhibitory Concentration Index (FICI)®¥°. The FICI is calculated by
dividing the MIC derived in combination (Acoms, Booms) by the MIC of the individual agent alone
(MICa, MICg) and is used to reflect type and degree of PD interaction between the drugs:

_ Acomb Bcomb —
FICI = S5 + Z5t = FIC, + FIC (Eq. )

There are different ways to interpret which of the many combination wells are to be considered
in calculating the final FICI. Usually, a FICI value of < 0.5 indicates synergy, a value between 0.5
and 1.0 suggests an additive effect, values from 1.0 to 4.0 imply indifference, and a value > 4.0
denotes antagonism. There are multiple limitations to this method: First of all, turbidity is based
on what the naked eye or spectrophotometers (A = 600 nm) can detect, usually resulting in a
lower limit of quantification of > 107 CFU/mL®°. Secondly, checkerboards have a predefined,
single end-point, overlooking the dynamics of bacterial growth and antibacterial killing of drugs
over time. Consequently, PD interactions derived from FICI values based on conventional
checkerboards may potentially lead to an imprecise or incomplete understanding of the

synergistic, additive, or antagonistic effects of drug combinations over time.

When investigating the PD interactions of ceftazidime/avibactam and tigecycline in this work,
‘dynamic checkerboard assays’ were performed®. These assays were an extension of classical

checkerboard assays, but with a total volume of 10 mL, quantification of bacteria at the endpoint
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of 24 h, and informative combination concentrations based on the potency of the drugs in the

respective strain®'.

3.2.3 Static time-kill assays
Statictime-kill assays are in vitro assays evaluating the antibacterial effect of drugs by measuring
the reduction of the bacterial load over time at constant drug concentrations in growth media.
Through sampling the bacterial load at multiple time points they allow a time-dissolved
observation of bacterial growth and antibacterial killing effects. This quantitative data can be
used to categorize killing effects into non-effective, bacteriostatic, and bactericidal, and to assess
the potency (ECso) and maximum effect (Emax) of antibiotics against specific bacterial strains.
Additionally, when combining different antibiotics in these assays, effect size comparison
between antibiotics and assessment on PD interactions of their combination becomes possible.
Furthermore, time-kill assays are a cornerstone of the in vitro investigation of antimicrobials,
often guiding the following in vivo animal model experiments. The European Medicines Agency
(EMA) mentions in its guideline on the development of antimicrobial medicinal products that
time-kill studies should be conducted to obtain preliminary information on the relationship

between drug concentrations and antimicrobial effects®2

Within the scope of this work, time-kill assays were employed to evaluate single and
combination effects of antibiotics and their PD interactions, specifically those of
ceftazidime/avibactam-tigecycline, meropenem-fosfomycin and polymyxin B-phage pK8
against MDR K. pneumoniae and E. coli strains. For each antibiotic, and their combinations
multiple concentrations were tested. Additionally, in time-kill assays conducted with
meropenem, non-enzymatic and enzyme-induced degradation of meropenem was evaluated for

later inclusion in pharmacometric analyses.

3.2.4 Hollow Fibre Infection Model
The Hollow Fibre Infection Model (HFIM) is an in vitro infection model used in preclinical studies
to evaluate the effect of antimicrobials with defined concentration-time profiles against
bacterial pathogens. The HFIM was first described and used by Blaser and Zinner for bacterial

testing in the 1980s and by Bilello et al. for anti-HIV drugs in the 1990534, Furthermore, the EMA
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has organized a workshop in 2015, emphasizing on the HFIM as a method to identify PK/PD

indices®.
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Figure 2 Schematic setup of a Hollow Fibre Infection Model for the in vitro testing of single antibiotics or combinations
of antibiotics illustrating the key components, including central compartment, broth and waste reservoirs, peristaltic
pumps transporting broth, syringe pump for drug infusions, sampling ports, and the hollow fibre cartridge containing
bacteria entrapped in the extra capillary space. Constant influx of fresh and drug-free broth enables optimal growth
conditions for bacteria over a period of multiple days and the programmable syringe pump allows for mimicking
human  concentration-time  profiles of antibiotics. Created in BioRender. Farooq, A. (2025)
https://BioRender.com/e28m303.

Typical human PK profiles of one or multiple antimicrobials, usually derived from population PK
models, can be mimicked by using programmable peristaltic pumps. These peristaltic pumps
allow to simulate drug half-times through precisely calculated dilution pump rates, for both
influx and outflux of medium. At the same time, the bacterial pathogen of interest is inoculated
within the so-called Hollow Fibre Cartridge. Inside this cartridge there are densely packed semi-
permeable hollow fibres with bacteria located in the extracapillary space and broth being
pumped through the intrapapillary space. The large surface area of the fibres facilitates the
exchange of dissolved nutrients, oxygen, metabolic waste products, and antibiotics. This enables
bacteria to grow in an idealized environment for multiple days or even weeks while being

exposed to the antibiotic with the underlying PK profile of interest.
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Fig. 2 shows the schematic setup of a HFIM with all instruments involved. All components of the
HFIM have to be sterilized prior to their setup under an aseptic safety cabinet to avoid
microbiological contaminations. The central compartment of the HFIM is filled with a defined
amount of constantly stirred, sterile medium and is connected via tubing to two cycles
simultaneously. The first being the influx-outflux-cycle (left to right), allowing the influx of fresh
and drug-free growth medium with a calculated and set pump rate, and the outflux of used
medium. Secondly, the cycle connecting the central compartment to the Hollow Fibre Cartridge
using a third peristaltic pump, thereby enabling homogenous distribution of medium containing
antibiotic, nutrients and oxygen throughout the whole HFIM (circular). A programmable syringe
pump is connected to the cycle via a separate port located before the medium enters the central
compartment, making multiple infusions of antibiotics into the system feasible and ensuring
system equilibration before being pumped into the bacteria-containing cartridge. Such an
automated setup allows to mimic diverse dosing intervals of antibiotics, with dosing events
happening outside of usual working hours, overnight for example. Also, the infusion time can be
regulated and adjusted to the common clinical situation. Additionally, sampling ports are
installed to the bacteria-free system and the extracapillary space of the Hollow Fibre Cartridge
for later quantification of antibiotics (PK; exposure) and bacterial burden (PD; response) over
time. The HFIM system is usually placed inside a non-sterile incubator with 37 °C ambient air,
hence any pressure-regulating ports at the reservoirs and central compartment are sealed with
a sterile filter (0.22 pm). Testing of combination therapies of two antibiotics with similar half-
lives can simply be performed by simultaneous infusion of both antibiotics with the same

syringe and infusion rate at planned dosing times.

Comparing the HFIM with time-kill assays with regard to testing of antibiotics reveals certain
key benefits: The HFIM allows for testing of dynamic concentration profiles over time, mimicking
typical human PK profiles, PK profiles of special patient populations, or even PK profiles of
specific tissues if feasible. This advantage allows to derive PK/PD indices from HFIM studies (i. e.
short-infusion vs. long-infusion of the same antibiotic and dose) without the initial need of
in vivo animal infection models. Further, the HFIM can be used to study antibiotics over days to
weeks, closer simulating the real-life situation of infectious diseases. Lastly, a large volume
capacity compared to time-kill assays (up to 50- fold) allows for studying emergence of resistance
with extended study durations without altering conditions significantly. On the other hand,

when comparing the HFIM with in vivo animal infection models or clinical studies, limitations
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are also revealed: There is no immune system or physiology in the HFIM and you cannot look at
distribution processes. Also, due to its in vitro nature, the HFIM does not allow observations like

those conducted in animal studies, such as toxicological assessments.

This work utilized the HFIM to simulate human PK profiles, derived from population PK models,
to demonstrate and confirm synergistic effects of the combinations of meropenem and
fosfomycin in killing MDR K. pneumoniae. The experiments were conducted following the

described setup and with a total duration of 72 h for each experiment.

3.3 Pharmacometric Modelling & Simulations

Pharmacometrics, a term first coined by the editors of the Journal of Pharmacokinetics and
Biopharmaceutics in 1982, refers to the formalization of pharmacokinetic—-pharmacodynamic
modelling into a scientific concept®®. In its simplest sense, pharmacometrics is the science of
quantitative pharmacology®’. However, it has been more formally defined by Paul Williams and
Ene Ette as ‘the science of developing and applying mathematical and statistical methods to
characterize, understand, and predict a drug's pharmacokinetic, pharmacodynamic, and
biomarker-outcomes behavior.”®®. Pharmacometrics is positioned at the intersection of PK
models, PD models, statistics, stochastic simulation, computer programming and data
visualization. As the science of drug development becomes less empirical and more quantitative
in nature, the role of pharmacometrics in drug development is becoming increasingly important.
Following this, it's essential to note that during the drug development and approval processes,
agencies like the FDA and EMA require pharmacometric modelling and simulation analyses,
often including in vitro-in vivo translation, first-in-human dose predictions, population PK-PD

modelling, and clinical trial simulations.

In contrast to non-compartmental analysis (NCA), pharmacometrics uses compartmental
models to describe and predict drug behaviour and drug response, providing a more detailed
understanding of PK and PD®°. A pharmacometric model tries to describe a system by employing
equations and statistical methods to represent and analyse biological and pharmacological
processes of systems. Systems of interest can be invitro laboratory experiments, living
organisms as animal models and humans. The process of developing such mathematical models
relies on the developers understanding of the system of interest, meaning how the operator

thinks the data was created by the system. When conceptually trying to define a mathematical
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model, it is helpful to segregate the model into components. Models are built on experimentally
derived data, which in its nature is dependent on system inputs, system dynamics, and the
instrument used to measure the output of the system®’. Errors in data collection occur through
the measurement error of the instrument but also include process noise that might be part of
the systems data output. For differentiating the systemic component of interest from the error,
models usually consist of a structural model (systematic component) and a statistical model that
describes the variability and error component of the model. The population approach analyses
data from groups of individuals or experiments simultaneously and captures the variability
component in drug behaviour and response. For animals and humans, this variability is often
referred to as inter-individual variability or between-subject variability, whereas in the case of
experiments, it is known as inter-experimental variability. It refers to the differences in
characteristics and responses observed among individuals within a population, which can result
from genetic, physiological, environmental, or lifestyle factors. An example of inter-
experimental variability is the differences observed in the resistance rate constant of the same
bacterium when tested under drug exposure across different experiments. After accounting for
biological variability, there remains a noise or error of the method capturing the data, often

referred to as residual variability. This error is often also referred to as residual variability.

Pharmacometric modelling and simulations provides a robust framework for integrating and
quantitatively analysing complex data to enhance different aspects of drug development across
all phases. Applications of pharmacometric models include in silico prediction of chemical
properties, evaluation of toxicity, and analysis of structure-activity relationships during the
discovery phase. In preclinical development empirical or mechanistic PK/PD models help in
predicting the dose-exposure-response relationship, forecasting drug interactions and selecting
doses for first-in-human studies. During clinical development, it serves to characterize PK and
PD in humans, identify covariates affecting PK/PD, explore differences in effect and safety in
tested and simulated dosing regimens, and inform clinical trial design. In the post-marketing
phase, it can help to personalise therapy and predict activity in new populations. There are many

other applications and only a few are given here.

In this work pharmacometric modelling and simulations was performed to analyse preclinical

data from in vitro model experiments.
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3.3.1  Pharmacokinetics
Edward R. Garrett defined PK as ‘[...] the study of the time courses of absorption, distribution,
metabolism, and excretion of drug in the intact total organism™. PK in its essence is ‘what the
body does to the drug’ after application of the drug using a specific administration route. PKis a
discipline trying to describe the absorption, distribution, metabolism and excretion, often
referred to as ‘ADME’, of a drug in the body and to reduce a concentration—time profile into a set
of parameters that could be used for comparison, evaluation, and prediction®’. When trying to
define a set of parameters describing PK, there are generally two different methods to use: NCA
or compartmental analysis (also: regression analysis). The strengths of regression analysis
correspond to the weaknesses of the non-compartmental approach, and vice versa. NCA does
not necessitate assuming a specific compartmental model for the drug. Instead, it employs the
trapezoidal rule to measure the area under the plasma concentration—time curve (Fig. 3, AUC).

This method, applicable to first-order (linear) models, requires minimal assumptions and can be

Figure 3 lllustration of a
pharmacokinetic (PK) profile
after per oral administration
of a drug with linear PK.
Visualised are secondary
parameters which can be
derived  thereof. Cmax:
maximum  concentration;
Tmax: Time of maximum
concentration; AUC: area
under the plasma
concentration curve.

Plasma concentration

Tmax

Time after dose

easily automated. The primary PK parameter of the elimination constant k. is estimated from
the calculation of the slope of the log-transformed concentration-time curve’s terminal phase.
Further primary parameters as the clearance (CL) or volume of distribution (V4) are then

calculated using the determined AUC and bioavailability (F) after IV administration®’:

__ FXxXD
CL= — (Eq.2)
Vy= — (Eq.3)

ke X AUC
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A simplified mathematical representation of the plasma concentration of a drug with linear PK

after bolus IV administration can be described as a function of time using a decay equation®’:

D XF

c(t) = Cy x e~ KeXt =
Va

x e~kext, (Eq. 4)

with c(t) representing the concentration of the drug at time t and the initial concentration Co
(here also Cmax). Applying the natural logarithm to this equation reveals its linear character with

In(Co) as y-intercept and k. as slope of the function:
In[c(t)] =In(Cy) — k, X t (Eg.5)

Mathematical characterisation of drugs showing more complex behaviour can be performed
through utilizing compartmental analysis, such as through the application of non-linear mixed
effects models (section 1.3.3). Following the population approach explained in the beginning of
this section, population PK models estimate typical PK parameters, such as CL, V4, volume of
second, peripheral compartment (V,), intercompartmental clearance (Q), etc. Random effects are
incorporated to account for different levels of biological variability (inter-individual, within-
individual, interoccasion, inter-experimental) observed within the population, and residual
variability accounting for the measurement error. Moreover, these models enable the
identification of patient-specific covariates (such as bodyweight, renal function, sex) that can
explain the variability between individuals, thereby improving our understanding of the PK of a
drug?. Incorporating random effects into in vitro pharmacometric models describing bacterial
data enables the characterization of biological variability, including inter-strain, inter-

experiment, and potentially other sources of variability.

In vitro experiments with static conditions are usually assumed to have constant concentrations
of the tested drug. Processes as non-enzymatic degradation due to thermodynamic effects or
enzymatic degradation can significantly decrease drug concentrations in these experiments.
Even in such cases PK modelling can be applied. Bioanalytic methods can be coupled with PK
modelling to obtain insights on actual drug levels and for the estimation of degradation rate
constants. With a more precise characterisation of the experimental conditions any following

analyses as on the PD of a drug also become less biased.

This work used population PK models of meropenem and fosfomycin to simulate high-dose
regimens in humans. PK of simulated median patients — virtual individuals providing a
benchmark for typical drug exposure within the studied population — guided the performed

HFIM experiments. Furthermore, in time-kill assays containing meropenem, drug levels were
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analysed over time and developed PK/PD models were used to estimate meropenem

degradation rate constants.

3.3.2  Pharmacodynamics
The establishment of modern pharmacology as a separate discipline are attributed to Rudolph
Buchheim, while the innovation of experimental pharmacology is attributed to Oswald
Schmiedeberg, often called as ‘the father of American pharmacology’. In the mid to late 19t
century, their work laid the groundwork for pharmacology as a scientific discipline, focusing on
the quantifiable effect of drugs on physiological systems'”". Later in the 20" century, PK and PD
were more clearly separated as distinct, yet connected, areas of study within pharmacology. PD
in its essence is ‘what the drug does to the body’ after administration of the drug with a specific

dose.

In the context of antibiotics, PD can refer to

Emax

__________________________ different types of observations, also called
surrogates, for describing desired effects or

undesired toxicity. Some examples for

surrogates on effects are the inhibition of

bacterial growth or killing effect on bacteria,

Effect

biomarkers like body temperature in
animals or patients, the overall health

situation or survival of a population and

many more. As described in the earlier

ECS50

Drug Concentration sections, invitro  experiments  with

Figure 4 Schematic of sigmoidal concentration-response antibiotics usually aim to quantify the PD
curve expressed with the sigmoidal Emax model. . o

effect as killing or inhibition of growth of a

bacterial population. This observed PD effect can be characterised as a function of the drug'’s

concentration. Since most drugs follow the fundamental principles of the receptor theory and

have saturable targets, effect sizes typically reach an Emex when studied over a suitable

concentration range'®. Based on the receptor theory and mass balance principles, the Emax

model, and its extended form, the sigmoidal Em.x model (Fig. 4), are the most commonly used

models for describing an observed PD effect E(c):
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Emax xcH
EC50H+ cH®

E(c) = (Eq. 6)

Here, c is the concentration of the drug, ECso the concentration resulting in a half-maximum

effect, and the Hill coefficient H describes the steepness of the concentration-effect relationship.

3.3.3  Nonlinear mixed-effects models
Nonlinear mixed-effects models (NLME) can be used to describe PK, PD, or integrated PK/PD
relationships. Amodel, such as the PK/PD models developed in this work, is considered nonlinear
if any of the partial derivatives with respect to its parameters depend on other parameters, or if
any of the derivatives are non-existent or discontinuous. One example for a nonlinear model is
the aforementioned sigmoidal Emax model (Eq. 6), where the concentration cis dependent on the

parameters Emax and ECso”".

Regression models, in simple words, aim to fit a model to observed data as good as possible.
Thereby, an objective function is minimized, which can be as simple as ordinary least squares, or

more complex variants of this such as extended least squares'®.

In the context of data consisting of a population of individuals (experiments, animals, patients),
fixed effects are parameters assumed to be constant across all individuals within the given data,
representing the structural component of a model, while random effects aim to capture the
model’s variability components and the error. A given example within this work is the developed
PK/PD model describing phage pK8 kinetics and dynamics tested against K. pneumoniae. It
consists of a number of fixed effects (i. e. bacterial growth rate constant, phage binding kinetics
rate constant, maximum bacterial capacity, etc.) and random effects addressing inter-
experimental variability (on maximum bacterial capacity), along with an error model that

accounts for unexplained residual variability.

Hence, NLME models are regression models that aim to estimate a set of model parameters, both
fixed and random, by minimizing the extended least-squares objective function between
predicted and observed values using approximation methods. In these models, maximum
likelihood estimation (MLE) is utilized because it accommodates model complexity, handles
various distributions, provides efficient parameter estimates, and supports robust statistical
inference'® %, MLE was first presented by Fisher in the 20" century and represents a

cornerstone of today’s statistical estimation methods'’. MLE is an estimation method that finds
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a set of estimations for model parameters such that the likelihood of actually observing the data
is maximal. In complex systems, direct calculation of the likelihood is not practical due to high
numbers; therefore, numerical optimization techniques using the log-likelihood are employed
to simplify computations and avoid numerical errors. In practice, since optimization routines

typically find minima, two times the negative log-likelihood (-2LL) is minimized instead.

By minimizing the differences between observed and predicted values, these models allow to
see how accurately different models reflect what's happening in biological and pharmacological
systems. Furthermore, through simulations, these models enable the prediction of outcomes
under various scenarios, exploration of intervention impacts, and enhanced understanding of
complex biological and pharmacological processes, ultimately aiding in model validation and

guiding drug development and clinical decision-making.

In the context of this work, NLME models were developed using ordinary differential equation
systems and either First-Order Conditional Estimation with interaction in NONMEM® or
Stochastic Approximation Expectation-Maximization in Monolix® to conduct -2LL estimations.
After developing different PK/PD models, those with the best performance were identified by
comparing them on criteria such as biological plausibility, parameter uncertainty, and fit to the

observed data, assessed using the Akaike Information Criterion'®.

3.3.4  PK/PD modelling of combination therapies
PK/PD models connect the concentration-time profile (PK) of the drug to its observed effect (PD).
This link can be direct or indirect, partially depending on the nature of the PD effect surrogate.
Situations where there is a direct link between PK and PD, a decrease of the drug’s concentration
would result in an immediate reduction of the observed effect®®. Measuring the PD effect of
antibiotics as a decrease of the bacterial population within the infected tissue of patients is
usually not feasible, even if some methods are already being investigated'®®™. Conversely, for
in vitro models investigating antibiotic effects against a bacterial population (i.e. time-kill
assays) the change of the bacterial burden under antibiotic exposure is precisely captured over

time subsequently resulting in a direct link.

When trying to describe the combined effect Ecomp» of two drugs, the most obvious approach is to
assume that the effects of the two drugs (Es, Es) simply behave additive, resulting in the

following equation:
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Ecomp = Eq + Ep. (Eq 7)

However, if the effects of drug A and/or B are both near the maximum effect possible, equivalent
to eradicating the entire bacterial population in time-kill assays, their combined effect is not
expected to be adequately expressed with Eq.7. Another model intending to describe null-
interaction additivity of two drugs with independent mechanisms of action is Bliss
Independence™. This additivity model assumes that the observed Ecm» can maximally become

the highest Enmax observed in drug A or B alone:
Ecomp = Eq+Ep —E4 X Ep (Eq. 8)

Since Bliss Independence was derived using a probabilistic approach, Ea and Ez need to be scaled
as fractional effects between 0 and 1. After successfully developing two separate PK/PD models
for single antibiotics, effects of their combination can be calculated using Eq. 8 and compared to

the actually observed Ecomp. This procedure helps to identify larger differences between Bliss

Independence calculated effects and
observed effects, indicating a PD
interaction between the combined
antibiotics. In such cases the PD
interaction was characterized using

the  General  Pharmacodynamic

Effect

Interaction (GPDI) model. The GPDI
term is a function of the perpetrator
drug concentration, which affects a PD

parameter 6 (usually either ECso or

Emax) Of the victim drug with INT as
Drug Concentration

maximum possible fractional shift of
= EC50-Synergy === Non-interaction === EC50-Antagonism

Figure 5 Schematic of sigmoidal concentration-response curve of the PD parameter 8, EC50,vras potency
a drug with its potency (ECso) affected, following the General
Pharmacodynamic Interaction term (Eq. 9). of the perpetrator and Hwr

representing the sigmoidicity of the interaction (Eq. 9). The fractional shift of the victim’s PD
parameter caused by the perpetrator drug allows the directional quantification of the PD

interaction, i.e., either synergy, antagonism or additivity.

H
9X<1+ INT XC"INT >

HINT | ~H
EC50,INT +cHINT
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Fig. 5 visualises how the concentration-effect curve of a victim drug would be influenced in the
case of a PD interaction shifting its ECso to higher (antagonism) or lower values (synergy).
Understanding the mechanism behind observed PD interactions enhances our ability to design

effective combination therapies, potentially extending the utility of existing antibiotics.

In this work longitudinal PK/PD models were developed based on time-kill assay data of
meropenem-fosfomycin and polymyxin B-phage pk8 to describe the basal and enzymatic
degradation of meropenem, PD killing effects of meropenem, fosfomycin, polymyxin B and
phage pK8, and PD interactions between the combination of the mentioned compounds.
Additionally, PD interactions between ceftazidime/avibactam and tigecycline were
systematically evaluated based on non-longitudinal data from dynamic checkerboard assays.
Elucidating PD interactions was based on the principles and methods described in this section
and initially involved identifying its type (synergy, antagonism or additivity) and the
directionality of interactions, meaning determining a perpetrator-victim relationship. The
nature of the interaction was then analysed by comparing models that described the underlying
interaction using ECso shifts, Emax shifts, or a combination of both. Additionally, in PK/PD models
involving phage pK8, the absence of classical PD parameters led to testing shifts in phage kinetics
parameters to assess PD interactions. Possible hypothesises were derived, explaining the
observed and characterised PD interactions between meropenem-fosfomycin, polymyxin B-

phage pK8 and ceftazidime/avibactam-tigecycline.
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4 Objectives

The AMR situation is escalating globally, significantly reducing the availability of effective
treatment options for infected patients. Antimicrobial combination therapy has the potential to
enhance efficacy, guard against resistance, and potentially reduce infection-related mortality.
The primary goal of this dissertation was to find rational combination therapies against MDR
Gram-negative bacteria. The focus was on identifying PD interactions between last-resort or
novel antibiotics using both in vitro and in silico methods. We explored combinations that
included five out of six antibiotics with existing market authorization — meropenem,
ceftazidime/avibactam, fosfomycin, tigecycline and polymyxin B - that previously lacked
quantitative assessment. Because these antibiotics are already marketed, the tested
combinations are believed to be more easily translatable into clinical practice. We conducted
novel analyses across three separate combinations resulting in four studies. Each study pursued
three main objectives: Firstly, to develop and apply appropriate invitro methods for a
comprehensive quantitative evaluation of PD interactions. Secondly, to develop
pharmacometric models that accurately capture the combined effects by integrating PD
interactions and characterising their directionality, type, and potency. Thirdly, to conduct
additional investigations and validate findings, either through further invitro experiments
(HFIM, metabolomics) or in silico experiments (pharmacometric simulations). These efforts

aimed to derive possible mechanisms explaining the observed interactions and highlight their

[ Meropenem-fosfomycin ]—0 — Testing across four dlinically isolated MDR Klebsiella
pneumoniae
Manuscript I: Pharmacokinetic/pharmacodynamic ~ — Statictime-kill assays —Single and combination
| analysis of meropenem and fosfomycin therapy . i

combinations in in vitro time—kill and hollow-fibre ~ — PK/PD modelling of meropenem degradation and PD
infection model inst multidrug-resistant and interactions in time-kill assays
:arbapenemase—pr;iucing Klebsiella pneumoniae - Dynamic Hollow Fibre Infection Model experiments

[ Novel phage pK8-polymyxin B ]—o — Testing in a clinical palymyxin-resistant Klebsiella

L pneumoniae

PR e P hera
the in vitro synergistic effact of bacteriophapge- therapy . L
I i sl fo gl arifes ol polymyxin B cambination in a clinical multidrug- ~ — PK/PD modelling of phage kinetics in time-kill assays

Manusaipt Il: A pharmacometric model assessing Static time-kill assays — Single and combination
i
. . 1 ; i lae | - Assessment of novel PD interaction models includin
rational combination therapies resistant K. preumoniae isolate &

phages
against multidrug-resistant
Gram-negative bacteria
[ Ceftazidime/avibactam-tigecycline - Dynamic checkerbaard assays across 15 MDR clinical
and isogenic Klebsiella pneumoniae and Escherichia coli
Manuscript  W: Evaluation of in  vitro — PDinteraction modelling based on checkerboards
m pharmacodynam'ic drug  interactions  of — Static time-kill assays — Single and combination
ceftazidime-avibactam with tigecycline in ESBL- therapy ,
and carbapenemase producing Escherichia coli - Metabalo_rmcanalyﬂs— Intracellular metabolome
and Kiebsiella pneumoniae. perturbations
—] Meropenem-fosfomycin ]—l — Integrated population PK/PD madelling based on
L in vitromodel data across 12 dinical strains
Manuscript IV: Meropenem and fosfomycin - Advanced probability of target attainment predictions
v against K. pneumonice: towards a combination based on defined PD targets s .
breakpaint using a pharmacometric approach - Determination of combined susceptibility breakpoints

using pharmacometric simulations

Figure 6 Summary of dissertation: Four main studies and their respective scopes.
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potential use in clinical settings. This dissertation is based on four publications, with each
addressing the objectives mentioned. The scopes of these publications, which outline the areas
of study, methodologies, and contributions to the overall research goals, are summarized in

Fig. 6 and further explained upon in the following part of this section.

Publication | focused on the synergistic potential of combining meropenem and fosfomycin
against carbapenem-resistant K. pneumoniae strains, which are a significant clinical challenge
due to their high resistance levels and few treatment options. Specifically, four clinically isolated
MDR K. pneumoniae strains were selected. To evaluate the potential synergy between
meropenem and fosfomycin, time-kill assays were conducted. These assays were designed to
account for the degradation of meropenem over time, ensuring accurate assessment of the
drugs' interactions. Further, these interactions were quantitively assessed using PK/PD
modelling, aiming to identify the directionality within the PD interactions. By modelling these
interactions, the study aimed not only on quantifying the synergy between the two antibiotics
but also to explore underlying mechanisms of action. To validate the synergistic effects
observed, HFIM experiments were performed in each strain. HFIM experiments mimicked
human PK profiles and therefore provided an insight with higher clinical relevance for their

potential use in treating infections caused by carbapenem-resistant K. pneumoniae.

Publication Il explored phage kinetics and PD interactions between novel phage pK8 and
polymyxin B against a polymyxin-resistant, MDR K. pneumoniae. Using time-kill assays with
time-dissolved sampling for both bacterial and phage count, the dynamics of phage and
bacterial populations were monitored. These data were then integrated into pharmacometric
models to investigate the phage kinetics, dynamics of phage-resistance, drug effects and PD
interactions involved. The study aimed to leverage the unique pharmacology of phages to gain
novel insights into the phage-polymyxin interaction, with pharmacometric modelling enhancing
the understanding and assessing the clinical potential of this combination as a complementary
tool. Various interaction models were assessed to describe the observed interaction between
phage pK8 and polymyxin B and subsequently compared to metabolomic findings in this

combination.

Publication Ill systematically investigated the PD interactions between ceftazidime/avibactam
and tigecycline across 15 E. coli and K. pneumoniae strains expressing carbapenemase or ESBL
genes. Optimising and standardising laboratory procedures, the study utilized an adaptive and

‘dynamic’ checkerboard design with single-point sampling after one day of treatment.
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Experimental data was included in pharmacometric modelling to quantitatively described the
interactions' directionality. In addition, time-kill assays and metabolomic analyses were
conducted to provide insights into the mechanisms underlying the drugs' effects. This study also

aimed to deepen the usefulness of this combination and its ongoing clinical application.

Publication IV established a comprehensive pharmacometric framework to characterize the
antibacterial effects and pharmacodynamic interactions of meropenem and fosfomycin, alone
and in combination, against a diverse panel of 12 clinically isolated MDR Klebsiella pneumoniae
strains. Drawing on dynamic in vitro infection model data from two different systems simulating
human pharmacokinetics, the study employed nonlinear mixed-effects modelling to describe
bacterial kill-kinetics and quantify synergy using advanced interaction models. Simulations with
published population PK models were performed across a wide range of dosing regimens and
MICs to predict the probability of target attainment (PTA) for clinically relevant efficacy
endpoints (bacteriostasis, 1-log, and 2-log killing). Importantly, the study proposes rational
clinical breakpoints for the meropenem-fosfomycin combination, providing a framework to
support susceptibility testing and optimal dosing recommendations for treating severe

infections with MDR K. pneumoniae.
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5 Cumulative part

The cumulative part of this dissertation presents the key results of four, briefly summarised,

peer-reviewed publications.

Three Original Research Articles were published in Journal of Antimicrobial Chemotherapy™,

International Journal of Antimicrobial Agents™"* and Clinical Microbiology and Infection™.
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5.1 Publication|

Pharmacokinetic/pharmacodynamic analysis of meropenem and
fosfomycin combinations in in vitro time—kill and hollow-fibre infection
models against multidrug-resistant and carbapenemase-producing
Klebsiella pneumoniae

A. Faroog?, M. Martens?, N. Kroemer?, C. Pfaffendorf?,
J.W. Decousser?, P. Nordmann¢, S.G. Wicha?

2Dept. of Clinical Pharmacy, Institute of Pharmacy, University of Hamburg, Hamburg, Germany
bDynamic Team — EA 7380, Faculté de Sante, Université Paris-Est-Créteil Val-De-Marne, France

“Medical and Molecular Microbiology, University of Fribourg, Fribourg, Switzerland

Journal of Antimicrobial Chemotherapy (2024)
Impact Factor: 3.6 (2024)

Synopsis

One approach against difficult to treat, MDR pathogens is to combine already marketed last-
resort antimicrobials in rational combination therapies, thereby extending their shelf times and
allowing for higher combined effects against even resistant strains. We quantitatively evaluated
the synergistic potential of meropenem and fosfomycin against carbapenem-resistant
K. pneumoniae strains isolated from clinical cases. Four MDR strains were tested using static
time-kill assays accounting for meropenem degradation, followed by pharmacometric PK/PD
interaction modelling to characterize the underlying PD interactions. Dynamic HFIM
experiments simulating human PK confirmed that combination therapy provided high killing
and suppressed regrowth at clinically relevant concentrations, whereas monotherapies failed.
The interaction was mainly driven by meropenem enhancing the potency of fosfomycin. These
findings support the use of meropenem-fosfomycin combination as a rational strategy against
MDR K. pneumoniae and highlight the importance of PK/PD-based approaches for optimizing

antibiotic combinations.
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Background: MDR Gram-negative bacteria, such as ESBL-producing and carbapenemase-producing Klebsiella
pneumoniae, represent major global health threats. Treatment options are limited due to increasing resistance
and slowed development of novel antimicrobials, making it necessary to apply effective combination therapies
based on approved antibiotics.

Objectives: To quantitatively evaluate the synergistic potential of meropenem and fosfomycin against carbape-
nem-resistant K. pneumonige strains isolated from clinics.

Methods: We evaluated four MDR K. pneumoniae strains, each expressing KPC-2 or KPC-3, using static time-kill
assays that accounted for measured meropenem degradation. This was followed by pharmacokinetic/pharma-
codynamic (PK/PD) interaction modelling, which estimated meropenem degradation rate constants and iden-
tified perpetrator-victim relationships in PD interactions. Dynamic hollow-fibre infection model (HFIM)
experiments were used to confirm synergy.

Results: Static time-kill assays demonstrated high killing effects and suppressed regrowth for the combination
of meropenem and fosfomycin, compared with the failure of monaotherapy. Meropenem degradation was sig-
nificantly higher in the presence of bacteria, attributable to carbapenemase activity. Pharmacometric models
indicated a synergistic interaction primarily driven by meropenem as the perpetrator, enhancing the potency
of fosfomycin. HFIM experiments confirmed in vitro synergy, demonstrating continuous bacterial suppression
of the combination therapy.

Conclusions: Meropenem and fosfomycin exhibited additive or synergistic potential against carbapenemase-
expressing single- or double-resistant K. pneumoniae at clinically achievable concentrations. This combination
therapy may offer a strategy against MDR infections, possibly improving clinical treatment outcomes. Further in
vivo research is needed to translate these findings into clinical practice, emphasizing the importance of PK/PD
modelling in rationalizing antibiotic use.

characterized as a WHO Priority 1

pathogen.!?

Introduction

Infections caused by ESBL-producing and carbapenemase-
producing Klebsiella pneumonige are a growing international
health problem, gaining increasing attention due to the lack of ef-
fective treatment options. K. pneumoniae is a Gram-negative
bacterium with a propensity for acquiring multidrug resistance,

K. pneumoniae-asscciated infections present multifaceted diffi-
culties regarding treatment and are associated with high mortal-
ity and morbidity. Due to the lengthy process of developing novel
antimicrobials, there is an urgency for leveraging already mar-
keted antibiotics. Combination therapy provides an opportunistic
approach as it allows for a life extension of existing antibiotics
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through potential synergistic pharmacodynamic (PD) interac-
tions, reducing the need for dose escalations and thus
minimized risk of associated side effects. In empirical
therapy, combination treatments can help to broaden the
antimicrobial spectrum and decrease the risk of no antibiotic
coverage.> Meropenem represents one of the primary treat-
ment options against infections caused by ESBL-producing
Enterobacteriaceae;” however, increasing prevalence of
carbapenem-resistant Enterobacteriaceae is progressively
impairing its efficacy.” IV fosfomycin therapy has shown clin-
ical benefits against infections caused by MDR bacteria, while
also being recommended for exclusive use in combination.®”
Although synergy between meropenem and fesfomycin has
been shown in in vitro studies,®® the clinical relevance re-
mains unclear. Investigations on the PD interaction are often
based on the fractional inhibitory concentration index, limit-
ing the analyses to the imprecise turbidity readout. Also, prior
analyses have relied entirely on static chequerboard or static
time-kill data, neglecting the dynamic pharmacokinetics
(PK) in humans and assuming constant antibiotic concentra-
tions throughout the duration of the experiments. In this
study, our objective was to quantitatively elucidate the poten-
tial synergy between meropenem and fosfomycin against
carbapenem-resistant K. pneumoniage strains isolated from
clinical patients. To achieve this, static time-kill assays ac-
counting for meropenem degradation were coupled with
pharmacometric PK/PD-interaction modelling, enhancing the
effective model accuracy by considering enzyme-driven
changes. We then conducted dynamic hollow-fibre infection
model (HFIM) experiments mimicking typical human PK pro-
files as verification studies.

Materials and methods
Bacterial isolates and antimicraobials

Four clinical K. pneumoniae isolates carrying various resistance genes
coding for ESBLs or carbapenemases (KPC-2, KPC-3, OXA-9, OXA-2,
CTX-M-2, CTX-M-15, SHV-11, SHV-12, SHV-39, SHV-110, TEM-1) were col-
lected from Medical and Molecular Microbiology, University of Fribourg,
Switzerland. Detailed information is given in Text S1 (available as
Supplementary data at JAC Online) and Table S1. Meropenem, fos-
fomycin, glucose-6-phosphate and ceftazidime were obtained from
Sigma-Aldrich (USA) and stocks were prepared in sterile 0.9% saline
and stored at —80°C until use. In each experiment including fosfomycin,
glucose-6-phosphate was added at 25 mg/L according to EUCAST
recommendation.®

Quantification of viable bacteria

For the determination of the bacterial count a diluting and plating pro-
cedure was utilized.!" Bacterial samples were serially 10-fold diluted in
48-well plates using 100 pL of sample and 900 pL of sterile 0.9% saline
followed by plating on Columbia agar. The agar plates were incubated
for 24 h at 37°C ambient air and cfu were counted.

Antimicrobial susceptibility testing

The MICs of meropenem and fosformnycin were determined in accordance
with the EUCAST recommendation.’® Detailed information is given in
Text S1.

) Ko r
e g
:\'IIEM = Synergy :
s EC50ror
P Emaxeorp 3
v v : SLOPEfor Rtz
‘ Evenm_s || Eror s ‘ | Evem_r ” Eror r ‘

Figure 1. Schematic representation of PD models for static time-kill as-
says in four tested K. pneumoniae. (S), compartment addressing subpo-
pulation of susceptible bacterig; (R), compartment addressing
subpopulation of resistant bacteria; kg s, growth rate constant; kg g,
growth rate constant; Eyey_s, effect of meropenem on susceptible bac-
teria; Emem r, effect of meropenem on resistant bacteria; Eror s, effect
of fosfomycin on susceptible bacterig; Eror g, effect of fosfomycin on re-
sistant bacterig; INT MEM: synergistic PD interaction with perpetrator
meropenem affecting fosfomycin effect parameter ECsoror g (1) oF
Ernaxror g (1) or sloperor g (1).

Static time—kill assays

Time-kill assays were conducted with a bacterial inoculum in freshly pre-
pared CAMHB (NutriSelect® Plus, Sigma-Aldrich, USA), incubated at 37°C
for 24 h. Merapenem and/or fosfomycin were added in 2-fold dilutions.
Bacterial counts were quantified at intervals up to 24 h. Samples were
analysed for meropenem degradation and degradation rate constants
were later estimated in PK/PD modelling to enhance model accuracy by
accounting for enzyme-driven changes in meropenem concentration
over time.
Detailed information is given in Text S2.

Pharmacometric modelling

Non-linear mixed-effects modelling was conducted on observed bacter-
ial counts over time in static time-kill assays for all four strains, using
NONMEM® 7.5 (Icon Development Solutions, USA). Quantitative analyses
were performed using first-order conditional estimation with interaction
(FOCE-I) for maximum-likelihood estimations and executed through PsN
5.3.1 (Uppsala University, Uppsala, Sweden). The degradation of merope-
nem was described using a first-order decay rate estimated from experi-
ments without bacteria, Kyqeg, cOmbined with either an additional
constant degradation rate, kkpe, caused by bacteria, or a degradation
rate as a function of bacterial concentration. Degradation was implemen-
ted as shown in either Equation 1 or Equation 2 with B representing the
total bacterial concentration in cfu/mL or transformed as In cfu/mL
(Equation 7).

Ci= Cip X ey +Hoc) X T (1)
CL = Cio X e—(kdag + e x B) >t (2)

All final pharmacometric models (Figure 1) consisted of two bacterial
compartments representing subpopulations of antibiotic-susceptible
bacteria (S) and antibiotic-resistant bacteria (R), respectively. Single
drug effects of meropenem and fosfomycin were described with separate
parameter sets for both subpopulations of bacteria (S and R). The result-
ing differential equations for growth kinetics of susceptible bacteria B
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and less susceptible (here termed ‘resistant’ for clarity) bacteria Bg with-
out drug exposure are:

ng Bs + Bg

— =k 1- B

pn g,5><( B )x 5 (3)

dBR, BS + BR

ke (1 ~ )} (%)
B=28;s+Bg (5)

with k, growth rate constants and Byax representing maximum bacterial
capacity.

Antimicrobial effects of meropenem and fosfomycin were described
using slope or maximum effect (Emgx) models. Detailed information is gi-
ven in Text S3. Combined effects were quantified using the general phar-
macodynamic interaction (GPDI) model.*? The GPDI model quantifies a
potential PD interaction as shifts of the potency (ECsg) or efficacy
(Ernax)- Single drug effects were quantified as described above while com-
bined effects were described using Bliss independence as null-interaction
model with E, and Eg representing the effect of drug A and B:

Ecomp =Ea+Es —Ea X Eg (6)

PD interactions were evaluated as follows. In the GPDI maodel, the GPDI
term is a function of the perpetrator drug concentration, which affects
a PD parameter ¢ (either ECsp or Emqx) of the victim drug with INT as max-
imum possible fractional shift of the PD parameter 4, ECsq, r as potency
of the perpetrator and Hiyr representing the sigmoidicity of the inter-
action (Equation 7). The GPDI model was then incorporated in Bliss inde-
pendence (Equation 6). Identified synergy was statistically significant
when CIs of INT did not include 0. Detailed information is given in Text S3.

HINT
INT xC ) )

Ox |1+ —ppr——
( ECsopil + CP

Therefore, the resulting differential equations for the subpopulations of
susceptible bacteria Bs and resistant bacteria 8z under drug exposure are:

dB Bs+ B
d_ts=kg‘sx(]_sBTAxﬁ)XBS_Ecomb‘SXBS (8)
dB B:+ B
d_tR:kger(1_§BM—AXR)XBR_Emmb.RXBR (9)

Model selection of competing PK/PD models (i. e. interaction on Emax ver-
sus ECsq) was performed after inspecting biological plausibility of para-
meters, parameter uncertainty and the Akaike-Information-Criterion for
identifying the one representing the observed data best.*?

HFIM
PK

Population PK simulations were performed to obtain typical human con-
centration-time profiles for meropenem and fosfomycin. Published popu-
lation PK models of meropenem and fosfomycin developed upon
clinically measured samples were recoded using NONMEM® 7.5.1415
Simulations of 1000 virtual patients were performed for a high-dose regi-
men of 2 g meropenem three times daily (2 g g8h) and 8 g fosfomycin
three times daily (8 g q8h). PK of simulated median patients—virtual in-
dividuals providing a benchmark for typical drug exposure within the

studied population—guided the following HFIM experiments. In order
to streamline the experimental procedure, both antibiotics were adminis-
tered as bolus infusions while maintaining the clinically expected min-
imum (Crmin) and maximum (Cmax) concentrations. Detailed information
is given in Text S2, Table S2 and Figure S1.

Pharmacodynamics

Dynamic time-kill assays simulating human concentration-time profiles
of meropenem and fosfomycin were performed over 72 h at 37°Cin am-
bient air in all four K. pneumeniae strains using the HFIM. Meropenem and
fosfomycin high-dose treatments were mimicked with 2 g g8h and 8 g
g8h, respectively. Killing kinetics and actual drug concentrations were
monitored through dense sampling followed by quantification. Detailed
information on HFIM equipment and set-up is given in Text 52.

Bioanalysis

Samples collected from static time-kill assays and the central compart-
ment of HFIM experiments were analysed using LC-MS/MS in accordance
with the EMA guideline on validation of bioanalytical procedures.*®
Detailed information is given in Text S4 and Tables S3-S6.

Results

Antimicrobial susceptibility testing

The MIC values for all tested strains with identified resistance
genes can be found in Table 1. All tested strains were classified
as resistant to meropenem according to EUCAST,'® with varying
susceptibility to fosfomycin. K. pneumoniae inherently carries fos-
fomycin resistance genes, potentially leading to high-level resist-
ance through elevated expression or mutations in structural
proteins. !’

Static time-kill assays
Meropenem concentrations and degradation

Meropenem concentrations in CAMHB without bacteria de-
creased from 125.5 mg/L at O h to 70.9 mg/L at 24 h (56.5% of
initial value). Meropenem degradation at 24 h was significantly
more pronounced in all tested scenarios with the presence of
KPC-2- or KPC-3-expressing bacteria (Figure 2, Text S5 and
Figure S2), ranging between 45.4% and 4.4% in K. pneumoniae
297 7kpc2, 23.6%-18.8% in K. pneumoniae N2859pc 5, 24.7%-
47% in K. pneumonige N864xpe3 and 31.0%-4.9% in
K. pneumoniage R307ypc-2, compared with the initial value. Mono
and combination scenarios of meropenem with higher effects
and lower bacterial concentrations at 24 h showed a trend of re-
sulting in lower total degradation of meropenem compared with
scenarios with low effects and high bacterial burden.

PD

In static time-kill assays, the tested K. pneumonige strains
showed non-susceptibility or resistance to both meropenem
alone and fosfomycin alone as regrowth was observed
within 24 h at 64-128 mg/L and 128-512 mg/L, respectively.
Concentrations above what is clinically realizable (=64 mg/L
meropenem and >256 mg/L fosfomycin) were required to sup-
press regrowth. Notably, when combining mercpenem and
fosfomycin, substantial reduction followed by suppression of
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Table 1. Tested strains with identified resistance genes and determined MIC values

Strain Resistance genes MICpem (MgfL) MICror (mg/L)

K. pneumaoniae 297 Fypc_ KPC-2, CTX-M-2, SHV-12, 32 32
OXA-9, TEM-1, SHV-110

K. pneumoniae N2859pc.2 KPC-2, SHV-1 64 4

K. pneumoniae N864ypc 3 KPC-3, OXA-9, 32 16
TEM-1, SHV-11

K. pneumoniae R307pc-> KPC-2, CTX-M-2, OXA-2, 128 64

OXA-9, SHV-39, TEM-1

MEM, meropenem; FOF, fosfomycin.

0.1500

0.1000 4

0.0500

Estimated MEM degradation rate [h‘1]

0.0242 1

KP 2977 KPC-2
KP N2859 KPC-2
KP N864 KPC-3
KP R307 KPC-2
MEM degradation
wi/o bacteria

T
0.0 25 50

T T
75 10.0

Bacterial concentration logg(cfu/mL)

Figure 2. Estimated total meropenem degradation rate versus bacterial concentration in logqy cfu/mL. MEM, meropenem; KP, K. pneumoniae; w/o,

without.

regrowth were observed for clinically achievable concentrations
in three of four strains.

For K. pneumoniae 2977ypc-2 (Figure 3) €128 mg/L merope-
nem alone and <256 mg/L fosfomycin alone exhibited up to
4.5logyg reduction followed by regrowth. When combining
both antibiotics at 32 mg/L, up to 4 logy reduction was achieved
and regrowth was suppressed in all replicates.

For K. pneumoniage N2859pc> (Figure 4) €128 mg/L merope-
nem alone and <64 mg/L fosfomycin alone exhibited up to
4 logyg reduction followed by regrowth. When combining both
antibiotics at only 8 mg/L (meropenem) and 32 mg/L (fosfomy-
cin), up te 4 log, o reduction was achieved and regrowth was sup-
pressed in all replicates.

For K. pneumoniae N864ypc_3 (Figure 5) <64 mg/L meropenem
alone and <128 mg/L fosfomycin alone exhibited up to 3 logso
reduction followed by regrowth. When combining both antibio-
tics at 32 mg/L (meropenem) and 256 mg/L (fosfomycin), up to

6.5 logqq reduction was achieved at 24 h and regrowth was sup-
pressed in all replicates.

Lastly, for K. pneurmoniae R307ypc- (Figure 6) <64 mg/L mero-
penem alone and <2048 mg/L fosfomycin alone exhibited up to
4 and 6logqg reduction, respectively, followed by regrowth.
When combining both antibiotics at 32 or 64 mg/L (meropenem)
and 512 mg/L (fosfomycin), up to 6 logyo reduction was achieved
and regrowth was suppressed in all replicates, with full eradica-
tion of bacteria at 24 h.

Pharmacometric modelling

Table 2 shows the final parameter estimates of all pharmaco-
metric models. Initial reduction of bacteria was mainly described
through effects on subpopulation (S) while cbserved regrowth
under drug exposure was mainly driven through subpopulation
(R). The developed pharmacometric models adequately
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Figure 3. Stratified visual predictive check of final PD model characterizing the bacterial load in logye cfu/mL for meropenem and fosformycin against
clinical isolate K. pneumoniae 297 7xpc-z (MICuem=32 mg/L; MICeqr=32 mg/L). Dots, observations; solid green line, median prediction of final model
incorporating synergy; shaded green area, 90% prediction intervals of final model; dashed line, median prediction of calculated additivity by Bliss in-
dependence; shaded orange areq, 90% prediction intervals of calculated additivity. MEM, meropenem; FOF, fosfomycin.

described meropenem degradation in the presence of bacteria
(Figure S2). The estimated degradation rate constants (kkpc) In
the case where hacteria-induced degradation was implemented
as a function of the underlying bacterial count log,q cfu/mL
(Eq. 3), three of the four strains showed comparable rate
constants (Figure 2 and Table 2), while the remaining strain
(K. pneumoniae N2859pc_») maintained a degradation rate con-
stant independent of bacterial load. Bacterial growth and killing
kinetics in both the mono and combination meropenem and fos-
fomycin time-kill assays from low to high concentrations were
accurately characterized, while also identifying the interaction
type (ECsp or Emex) and its directionality (Figures 3-6). When try-
ing to quantify combined effects as null-interaction additivity cal-
culated with Bliss independence (Equation 1), they were
substantially underpredicted in three of four strains (Figures 3,
4 and 6).

A monadirectional PD interaction model with meropenem as
perpetrator drug significantly lowering the ECsq of fosfomycin

on (R) was identified in two of four strains and outperformed
the opposite directionality model with fosfomycin being the
perpetrator and meropenem the victim drug (Figures 3 and 4).
For K. pneumoniae 297 7xpc» and K. pneumonige N285%pc 2,
meropenem lowered the ECsq of fosformycin on (R) by 98.0%
(95% CI 97.4%-98.5%) from 529 to 10.6 mg/L and by 82.1%
(95% CI 70.5%-92.9%) from 36.3 to 6.50 mg/L, respectively.
For K. pneumoniae N864ypc_s, the null-interaction additivity calcu-
lated with Bliss independence correctly predicted bacterial concen-
tration in combination scenarios (Figure 5). For K. pneumoniae
R307pc-2, showing the highest MIC values for all tested strains
(MICumem=128 mag/L; MICror=64 mg/L), a monodirectional PD
interaction model with meropenem as perpetrator drug raising
the slope of fosfomycin on (R) by 6.6-fold (95% CI 5.5-fold to
8.4-fold) was identified (Figure 6). This resulted in only high
concentrations of bath meropenem, as driver of the interaction,
and fosfomycin, restoring its effect, showing synergy in suppres-
sion of regrowth.
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Figure &. Stratified visual predictive check of final PD model characterizing the bacterial load in log; o cfu/mL for meropenem and fosformycin against
clinical isolate K. pneumoniae N285%pc-> (MICuem =64 mg/L; MIC:or=4 mg/L). Dots, observations; solid green line, median prediction of final model
incorporating synergy; shaded green area, 90% prediction intervals of final model; dashed line, median prediction of calculated additivity by Bliss in-
dependence; shaded orange area, 90% prediction intervals of calculated additivity. MEM, meropenem; FOF, fosfomycin.
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Figure 5. Stratified visual predictive check of final PD model characterizing the bacterial load in log;o cfu/mL for meropenem and fosfomycin against
clinical isolate K. pneumoniae N864ypc_3 (MICwem =32 ma/L; MICror =16 mg/L). Dots, observations; dashed line, median prediction of final model ap-
plying additivity by Bliss independence; shaded orange area, 90% prediction intervals of final model. MEM, meropenem; FOF, fosfomycin.

HFIM
PK

planned target profiles of fosfomycin were accurately achieved
in all experiments. Meropenem concentrations in maonotherapy
experiments (Figure 7a) were in line with the planned target

Target PK profiles of meropenem and fosfomycin and measured
concentrations from collected samples are shown in Figure 7. The

profile following one or two dosing events. Thereafter, degradation
of meropenem occurred even shortly after dosing. In these
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Figure 6. Stratified visual predictive check of final PD model characterizing the bacterial load in log,o cfu/mL for meropenem and fosformycin against
clinical isolate K. pneumoniae R307pc.2 (MICuem= 128 mg/L; MICror=64 mg/L). Dots, observations; solid green line, median prediction of final model
incorporating synergy; shaded green area, 90% prediction intervals of final model; dashed line, median prediction of calculated additivity by Bliss in-
dependence; shaded orange area, 90% prediction intervals of calculated additivity. MEM, meropenem; FOF, fosfomycin.

monotherapy experiments, bacteria regrew quickly and reached
stationary phase (compare with Figure 8). Meropenem concentra-
tions in combination therapy experiments (Figure 7c) were initially
in line with the planned target profile but showed degradation
over time, though it was less pronounced than in monotherapy
experiments.

PD

Killing kinetics and natural growth of performed HFIM experi-
ments in four tested strains with their respective MIC values are
shown in Figure 8. Control scenarios showed exponential growth
approaching the stationary phase at 10910 cfu/mL depending
on the tested strain.

For K. pneumoniae 2977xpc2 (MICwem=32 mg/l; MICeor=
32 mg/L), high-dose meropenem with 2 g q8h resulted in 2 logo
reduction within the first 4 h, followed by rapid regrowth and the
bacterial concentration reaching the stationary phase at 24 h.
High-dose fosfomycin with 8 g q8h resulted in 4 log,o reduction
at 4 h, followed by slow and steady regrowth of bacteria, reaching
stationary phase at 48 h. Combination therapy of high-dose mero-
penem plus high-dose fosfomycin resulted in 4 logsq reduction fol-
lowed by no regrowth of bacteria until the end of the experiment.

K. pneumoniae N864pc 3 (MICMEM:32 mg/L) MICeor=16 mg/L),
being similarly susceptible or resistant to both antibiotics, showed a
comparable response where both mono therapies resulted in initial

reduction and regrowth of bacteria, while combination therapy
showed substantial killing without regrowth.

For K. ,Dneumonf-ﬂe N2859Kp(_’_,2 (MICMEM=64 mg/L, MICror=
4 mg/L), representing the lowest MICeor of all tested strains,
high-dose fosfomycin therapy and meropenem plus fosfomycin
combination therapy did not differ in their response; both scen-
arios resulted in substantial killing without regrowth.

For K. pneumoniae R307pc.2 (MICugm=128 mg/L; MICror=
64 mg/L), representing the strain with the highest MICugy and
MICeoe values, meaning being least susceptible to both antibio-
tics, mono and combination scenarios resulted in initial reduction
of bacteria, followed by regrowth, approaching the stationary
phase at 24 h.

Discussion

This study quantitatively elucidated the synergy between
merapenem and fosfomycin against carbapenem-resistant
K. pneumoniage strains. By integrating static time-kill assays and
pharmacometric modelling, we demonstrated that the combin-
ation of these antibiotics exhibits significant synergistic PD inter-
actions, particularly in strains expressing high levels of resistance
against meropenem and partial resistance to fosfomycin.
Previous studies often relied on static in vitro models, lacking dy-
namic human PK; our study, by utilizing HFIM experiments, simu-
lated typical human PK profiles.
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Table 2. Parameter estimates for final PK/PD models of meropenem and fosfomycin against four tested K. pneumoniae

Final estimate (95% CI)

K. pneumoniae

Parameter 297 7kpe-3 N285%pc_3 N864ypr-2 R307xpc-2
Bacterial system
Growth rate constant susceptible bacteria (S) (h™") 2.43 2.23° 151" 1.43°
(1.97-3.04) (1.85-2.57) (1.18-1.87) (1.22-1.68)
Growth rate constant resistant bacteria (R} (h™1) 0.91 2.23b 1.51° 1.43b
(0.81-1.02) (1.85-2.57) (1.18-1.87) (1.22-1.68)
Inoculum susceptible bacteria (S) (logyg cfu/mL) 6.42 6.51 6.83 6.48
(6.29-6.54) (6.29-6.72) (6.60-7.06) (6.28-6.68)
Inoculum resistant bacteria (R) (logig cfu/mL) 1.80 2.17 2.93 2.34
(1.61-1.99) (1.90-2.44) (2.61-3.23) (1.894-2.72)
Maximum bacterial capacity (logqo cfu/mL) 9.22 9.53 S.02 9.13
(9.12-9.33) (9.33-9.74) (8.72-5.33) (8.86-9.40)
Meropenem degradation
MEM degradation rate constant without bacteria (h™) 0.0242° 0.0242¢ 0.0242° 0.0242°
Bacteria-induced MEM degradation rate constant (h™") — 0.042 — —
(0.039-0.045)
Bacteria-induced MEM degradation rate constant 0.0027 — 0.0028 0.0025
as function of bacterial concentration (0.0020-0.0039) (0.0026-0.0030) (0.0021-0.0030)
{h~*xlogyo mL/cfu)
Mono drug effect parameter
Slope of MEM on (S) (L/mgxh™1) 1.42 — — 0.045
(1.05-1.92) (0.037-0.054)
Ermax of MEM on (S} (h™Y) — 6.84 472 —
(6.06-7.82) (3.54-5.81)
ECsq of MEM on (S) (mg/L) — 8.84 3.04 —
(5.03-1642) (1.57-5.91)
Hill coefficient of MEM on (S) 0.30 1° 1° 1°
(0.25-0.36)
Slope of MEM on (R) (L/imgxh™) — — — —
Ernax of MEM on (R) (h™1) 1.10 2.55 2.30 1.58
(1.01-1.24) (2.13-2.97) (1.90-2.70) (1.36-1.84)
ECso of MEM on (R) (mg/L) 91.7 293 45.7 15.8
(80.3-101) (17.4-50.4) (27.1-84.6) (10.5-24.3)
Hill coefficient of MEM on (R) 20° 1¢ 1 1¢
Slope of FOF on (S) {L/mgxh™) — — — —
Ermax Of FOF on (S) (h™Y) 6.06 5.52 5.26 6.78
(5.47-6.77) (4.52-6.69) (3.81-6.07) (5.52-9.98)
ECsq of FOF on (S) (mg/L) 7.28 4.77 9.88° 114
(5.94-9.67) (1.18-10.4) (50.7-240)
Hill coefficient of FOF on (S) 1.29 1° 1° 1°
(0.97-1.67)
Slope of FOF on (R) (L/mgxh™") — — - 0.00045
(0.00033-0.00058)
Emax Of FOF on (R) (h™1) 0.99 2.51 2.10 -
(0.90-1.07) (2.13-2.92) (1.51-2.69)
ECsp of FOF on (R) {(mg/L) 529 36.3 145 -
(369-764) (26.4-49.9) (106-257)
Hill coefficient of FOF on (R) 1 1° 1.15 1°
(0.79-1.90)
GPDI model parameters
Interaction type Synergy Synergy Null interaction Synergy
Continued
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Table 2. Continued
Final estimate (95% CI)
K. pneumoniae
Parameter 297 7kpca N2859pc 3 N86Lypc R307wpc.2
Maximum interaction MEM affecting ECsp of FOF on (R) (%) —98.0 -82.1 — —
(-98.5to -97.4) (=92.9 to —74.0)
ECsp of interaction MEM affecting ECsq of FOF on (R) (mg/L) 8.70 0.29 — —
(5.93-10.1) (0.02-0.84)
Maximum interaction MEM affecting slope of FOF on (R) (%) — — — 6.58
(5.50-8.42)
ECy of interaction MEM affecting slope of FOF on (R} (mg/L) — — — 14.1
(11.8-16.1)
Hill coefficient of interaction 20° 1° — 20¢°
Residual variability model
Additive residual variability PD (logyo cfu/mL) 0.58 0.72 0.86 0.80
(0.54-0.62) (0.66-0.79) {0.79-0.94) (0.73-0.89)
Additive residual variability PK (mg/L) 5.49 0.07 — 3.43
(2.15-11.1) (0.05-0.12) (2.32-5.51)
Proportional residual variability PK (%) 13.7 — 19.0 —
(3.72-33.4) (13.7-29.0)

95% CIs were calculated using log-likelinood profiling. (S), bacteria of susc
penem; FOF, fosfomycin.

“Fixed parameter.

b(S) and (R) same growth rate constant.

eptible compartment; (R), bacteria of resistant compartment; MEM, mero-

(a) (b) (c)
KP 2977 MEM KP N285¢ MEM KP 2977 FOF KP N2858 FOF KP 2977 MEM+FOF | [KP N2859 MEM+FOF
50 | T 5004 | 5004 N\ SN |
\ \ « \ \f\ \I‘ ‘ % N} \[\ ) \‘
X \ 50 Observed
- L \ \ A
E’ > \ P\ P X Fosfomycin
| .
E 51 INdN L2l [ s04l x ‘ | sl [ [® | gl B! U s weropenem
.‘E KP N864 MEM KP R307 MEM KP N864 FOF KP R307 FOF ‘ KP N884 MEM+FOF | | KP R307 MEM+FOF
‘5 50+ T 5004 T 500<T ] 1 3 T Target profiles
= \ \ \ N\ —— Fosfomycin
< \( \ 1 \ \ — Meropenem
1\ (14
’ L ‘
bog 1 kel kol Do W | odal ] 43 ] 4 sodl L L i)l |24 S EREE  E
o 24 48 72 0 24 48 72 Q 24 48 72 0 24 48 72
Time [h]

Figure 7. Target and measured concentration-time profiles for high-dose

meropenem (2 g q8h) and high-dose fosfomycin (8 g g8h) dosing regimen

mimicked in dynamic HFIM experiments stratified by four tested strains and scenarios: mono therapy meropenem (a), mono therapy fosfomycin (b),
combination therapy (c). Dots, observations meropenem; crosses, observations fosfomycin; solid lines, target profiles; MEM, meropenem; FOF, fosfo-

mycin; KP, K. pneumoniae.

Our findings reveal several key insights. First, the combin-
ation therapy of meropenem and fosfomycin significantly
suppressed bacterial regrowth at clinically achievable concen-
trations, even when monotherapy of meropenem and fosfomy-
cin failed to do so. This finding suggests that leveraging
combination therapy could enhance treatment outcomes in
clinical settings where monotherapy might be expected to be
insufficient. MIC values could be a primary decision factor, as
the only combination therapy that failed in the HFIM was the

one associated with the highest MIC values. Second, we could
successfully categorize PD interactions into additive and syner-
gistic, while gaining knowledge regarding the directicnality of
identified synergy by applying the GPDI model. In two of
four strains (K. pneumoniae 2977xpc; and K. pneumoniae
N2859pc-2), synergy was best described with a substantial re-
duction of the ECsq of fosfomycin on subpopulation Bg, driven
by the concentration of meropenem as perpetrator of the
interaction, while in K. pneumoniage N864ypc.3, additivity was
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K. pneumoniae 2977 KPC-2

MICs: MEM 32 mgiL, FOF 32 mg/L

K. pneumoniae N2859 KPC-2

MICs: MEM 64 mg/L, FOF 4 mgiL

A0 . |
24 B ——Ry g7 | ]

== Control

0 8§ 16 24 32 40 48 56 64 72 0

K. pneumoniae N864 KPC-3

MICs: MEM 32 mg/L, FOF 16 mg/L

K. pneumoniae R307 KPC-2

MICs: MEM 128 mg/L, FOF 64 mgiL

16 24 32 40 48 56 64 T2
== FOF 8 g q8h

=& MEM 2 g q8h
=5 MEM 2 g ¢8h + FOF 8 g g8h

Bacterial concentration [logsgcfu/mL]

12 12
10 2 2| 10 —
8 81
6 81
44 @ | 41 =
2 & 2
0 0
0 8 16 24 32 40 48 58 64 72 0 16 24 32 40 48 65 64 72
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Figure 8. Observed killing kinetics in HFIM experiments for four clinical carbapenemase-producing, meropenem-resistant K. pneumonice strains. Each
plot shows the bacterial count in log;o cfu/mL over the experimental time of 72 h for control scenarios, high-dose meropenem 2 g g8h, high-dose
fosfomycin 8 g q8h and combination therapy. Shapes, observations; dotted lines, lower limit of quantification; vertical lines, dosing events; MEM, mero-

penem,; FOF, fosfomycin.

identified. Additionally, in dynamic HFIM experiments over
3 days, which better reflect the clinical situation, there was a
successful reduction of bacterial burden and suppression of re-
growth in combination therapy compared with both monother-
apies for K. pneumoniae 2977¢pc; and K. pneumoniae
N864ypc-3. In contrast, for K. pneumoniae N2859pc.2, both fos-
fomycin monotherapy and combination therapy were equally
successful in reducing bacterial burden over 72 h, consistent
with the estimated ECsq on the Bg subpopulation and its ex-
pected efficacy alone. Thirdly, the presented study is, to our
knowledge, the first to integrate actual drug levels from static
time-kill assays into the development of PK/PD models, conse-
quently addressing the degradation of instable antibiotics such
as meropenem, bacteria-induced degradation and the time-
dependent effect sizes. The estimated degradation rate
constant of meropenem in CAMHB was estimated to be
0.0242 h™! (t% =28.6 h), which is in line with previously pub-
lished data.’® Additionally, bacteria-induced degradation rate
constants were successfully estimated to exceed total merope-
nem degradation to more than three times the size of the basal
meropenem degradation without bacteria. This additional deg-
radation can be explained through high expression of KPC-2 or
KPC-3 in bacterig, enabling the active hydrolysis of meropenem
through a well-described enzymatic reaction.?>?! As expected,
there was an observed decline of meropenem concentrations
over time in the HFIM experiments for both mono and

combination therapy (Figure 7), attributed to the bacteria-
driven degradation of the antibiotic. However, in meropenem
monotherapy experiments, the rate of the degradation follow-
ing 24 h was notably greater than when administered in com-
bination. This discrepancy may be due to the accumulation of
KPC-2 or KPC-3 in the HFIM cartridge.

The mechanism underlying the observed synergy between
carbapenems has been discussed by Samonis et al.,*? in which
B-lactams are suggested to inhibit later stages of cell-wall syn-
thesis. As meropenem was identified as the perpetrator in three
of the four PD interactions within our study, its potential role in
augmenting bacterial cell-wall vulnerability may facilitate the
penetration of fosfomycin. This assumes meropenem can bind
PBPs despite carbapenemase expression, based on initial killing
effects seen in static time-kill assays and HFIM experiments.
Furthermore, this would also explain the potentiation of the
drug effect through a shift in the ECsgror 0N Bg, as indicated by
the identified interaction types. Kroemer et al.?>*?* provided a
similar explanation to describe the synergy between ceftazi-
dime/avibactam and fosfomycin.

Although the HFIM serves as an in vitro model that more ac-
curately simulates biological response compared with static
assays, its primary shortcoming is the lack of an immune re-
sponse, thus providing an optimal environment for bacterial
growth. Therefore, the contribution of the immune system in
an animal or human model may result in an even higher
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likelihood of successfully reducing bacterial burden. A limitation
of the present study’s in vitro nature is thus the absence of the
full complexity of human infections and human-host interac-
tions. Additionally, the selection of a limited number of four
carbapenemase-expressing K. pneumoniae strains does not cap-
ture the panel of diversity in severely infected patients. Our set
in vitro conditions allowed bacteria to reach an early phase of
expenential growth and a starting inoculum of approximately
10% cfu/mL. In contrast, patients typically seek clinical care a
few days after infection onset, and information regarding the
actual bacterial burden at infection sites is very limited.

Despite this, our results offer evidence for the clinical potential
of meropenem and fosfomycin combination therapy against
MDR, carbapenemase-expressing K. pneumoniae. These findings
suppert the inclusion of meropenem and fosfomycin combin-
ation therapy for treating infections caused by carbapenem-
resistant Enterobacteriacece in in vivo animal model studies
and clinical pilot studies, as already conducted for other
fosformycin-containing combination therapies of interest.”® The
combination of meropenem and fosfomycin might serve as an
alternative to the recommended treatments for infections
caused by KPC-producers, such as meropenem/vaborbactam or
ceftazidime/avibactam.”  Furthermore, high-dose fosfomycin
can cause adverse effects, which may limit the use of IV fosfomy-
cin, depending on their severity.”®?” Here the rationale could be
combining fosfomycin with meropenem, subsequently reducing
the need of fosfomycin dose escalation and its side effects.
Moreover, the cost of treatment with off-patent drugs like mero-
penem and fosformycin would be significantly lower, making it
more accessible for a wider population of patients. Future re-
search should focus on clinical trials to validate these in vitro find-
ings and optimize dosing strategies to maximize therapeutic
efficacy and minimize resistance development.
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Synopsis

Another approach in finding rational combination therapies against MDR pathogens is to
combine conventional small molecule antibiotics with novel bacteriophages. Even if
bacteriophages offer a promising alternative, their clinical application comes with challenges as
high specificity resulting in fast resistance development. Our idea in this study was to overcome
this limitation of bacteriophage monotherapy by combining them with polymyxin B, as one of
the clinically used last-resort antibiotics against K. pneumoniae infections. For this we
investigated phage kinetics and pharmacodynamic interactions between novel phage pK8 and
polymyxin B against a clinically isolated K. pneumoniae strain tested to be polymyxin B resistant.
Time-kill assay data with frequent sampling of phages and bacteria were combined with
pharmacometric modelling to describe not only phage-bacteria kinetics, but also killing
dynamics of mono- and combination therapy. The findings showed that the combination
treatments associated with high phage doses allowed for higher killing rates and suppression of
regrowth of bacteria, while monotherapies failed. The developed pharmacometric model
describes observed synergy as a resensitization of polymyxin B when combined with phage pK8
and proves the concept and paves the way for further invivo investigations validating

bacteriophage-based combination therapies to fight MDR infections.
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Background: Klebsiella pneumoniae represents one of the most critical pathogens globally and bacterio-
phage (phage) therapy offers a promising alternative for treatment. Phage therapy poses challenges due
to its high specificity and fast resistance development in bacteria. One promising option to overcome
these challenges is combining phages with conventional antibiotics.
Objective: This study investigates phage kinetics and pharmacodynamic interactions between novel phage
pK8 and polymyxin B against a clinical multidrug-resistant K. pneumoniae.
Methods: Time-kill assays with time-dissolved sampling of phages and bacteria were coupled with
pharmacometric modelling to describe phage-bacteria kinetics and killing dynamics. Additionally, dif-
ferent interaction models were investigated to assess the observed synergy between phage pK$§ and
polymyxin B.
Results; Key findings reveal that while polymyxin B alone showed no effect and phage pK8 alone was
not efficacious enough to prevent the regrowth of K. pneumoniae I11-503, their combined application re-
sulted in notable bactericidal effects up to complete eradication. This was particularly notable in scenarios
with higher phage doses. The developed pharmacokinetic/pharmacodynamic model describes synergy as
bacterial resensitisation to polymyxin B when combined with phage pK8.
Conclusions: The study shows that phage pK8 and polymyxin B combination effectively combats a clinical
polymyxin-resistant K, pneumoniae strain. These promising results pave the way for further in vivo studies
to validate and refine treatment strategies for tackling multidrug-resistant infections.

© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

bringing renewed attention to this previously abandoned approach
[5]. Phage therapy has been practiced for almost a century in East-

Multidrug-resistant Gram-negative bacteria have become an in-
ternational health problem, gaining major attention due to the lack
of effective and safe treatment options, and the low pace in the
development of novel antimicrobial agents [1,2]. Klebsiella pneumo-
niae represents one of the most critical pathogens, causing severe
infections worldwide, associated with high morbidity and mortal-
ity [3,4]. Bacteriophage (phage) therapy offers a promising alter-
native, particularly when effective treatment options are limited,

* Corresponding author. Mailing address: Biomedicine Discovery Institute, Infec-
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ern Europe [6], although there are only a few therapies approved
relative to traditional antibiotics. The principles of pharmacology
cannot be applied to phages, as phages replicate in the presence of
their target while simultaneously functioning as an anti-infective
agent against it. Moreover, phages are isolated and actively culti-
vated against a specific pathogen, consequently displaying a nar-
row spectrum of antimicrobial activity [7]. This specificity has the
disadvantage that the effectiveness of an individual phage ther-
apy cannot be directly transferred to real-world scenarios with
a range of biological variability of infecting pathogens. In addi-
tion, resistance development of a bacterium against phages usu-
ally occurs rapidly [8]. Hence, systematic killing kinetics studies
are needed to understand the relationships between the multiplic-
ity of infection (MOI), phage killing and emergence of resistance

0924-8579/@ 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)



62|

A. Farooq, S.C. Nang, H.H. Yu et al.

[9]. One potential solution to the aforementioned challenges is the
use of combination therapy involving phages and antibiotics [10-
12]. Han et al. have mechanistically investigated the combination
of polymyxin B with the novel phage pK8 against a polymyxin-
resistant mcr-1-carrying clinical isolate K. pneumoniae 11-503 us-
ing in vitro time-kill assays [13]. The metabolomic analyses pro-
vided mechanistic insights to bacterial killing by phage-polymyxin
B combination therapy. Polymyxins exert their antimicrobial ac-
tion by permeabilising the bacterial outer membrane through in-
teraction with the lipid A component of lipopolysaccharides [14],
while phages use receptor-binding proteins to recognise and in-
fect host bacteria, propagate within them, and ultimately cause
cell lysis [15]. The current study involves the exposure of K. pneu-
moniae 11-503 to various MOIs combined with different concentra-
tions of polymyxin B. We further extended the in vitro investiga-
tion of phage pK8 and polymyxin B by assessing pharmacodynamic
(PD) interactions through pharmacometric modelling with the aim
to better understand the interaction from a quantitative perspec-
tive and to corroborate the mechanism of interaction. Therefore,
we evaluated various structural models to describe the infection-
replication-lysis cycle between phages and bacteria. Finally, we in-
vestigated different PD interaction models by testing different pos-
sible mechanisms of interaction and compared the in silico findings
to the mechanistic insight by Han et al. [13].

2. Material and methods
2.1. Bacterial isolate and antibiotics

K. pneumonige 1I-503 is an mcr-1-carrying clinical isolate,
demonstrating resistance to polymyxins with a minimum in-
hibitory concentration of 8 mg/L [16]. The MIC was determined
with a broth microdilution method using cation-adjusted Mueller-
Hinton Broth (CAMHB) [17]. Sterile solutions of polymyxin B (sul-
phate; Beta Pharma, Shanghai, China) were prepared by filter ster-
ilisation through 0.22 pm syringe filters (Sartorius, Germany).

2.2. Bacteriophage isolation and ampiification

The phage pK8 was isolated with K. pneumoniae 11-503 as the
host strain [13]. The amplification of pK8 was conducted using a
plate lysate method as described in the Phage on Tap protocol [18].
Plaque assay was conducted by serially diluting phage stock in SM
buffer (50 mM Tris-HCl pH 7.4, 100 mM NaCl, 8 mM MgSQ,4) and
spotting (10 pL) on a double-layer agar seeded with K. pneumoniae
11-503.

2.3. Static time-kill assays

The time-kill kinetics were conducted with K. pneumoniae II-
503 at starting inocula of 10® and 108 cfu/mL. Briefly, a single
colony was inoculated in 10 mL. CAMHB and incubated over 16 h
at 37 °C. The overnight culture was diluted in 1:100 with fresh
CAMHB and incubated for ~2 h to achieve an ODgygny of 0.5
(equivalent to 10® cfu/mL). For groups with a starting inoculum
of 10% cfu/mL, the culture of ODgggym ©f 0.5 was further diluted
at 1:100 with fresh CAMHB. Treatment groups include polymyxin
B ranging from 2 to 16 mg/L and phage pK8 ranging from MOI
0.000001 to 50. At 0, 1, 2, 4, 6 and 24 h, 200 pL of the culture was
collected and centrifuged at 10,000 x g for 10 min at 4 °C. The bac-
terial pellet was resuspended in an equal volume of 0.9% NaCl so-
lution and plated on nutrient agar. The supernatant of groups con-
taining phage pK8 was plated on double-layer agar with K. pneu-
moniae [1-503. The agar plates were incubated for ~16 h at 37 °C,
and bacterial colonies and phage plaques were enumerated.
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2.4. Pharmacometric modelling

Nonlinear-mixed-effects modelling was conducted on observed
bacterial and phage counts over time in static time-kill assays,
using Monolix® 2023R1 (Lixsoft, France). Quantitative analyses
were performed using the Stochastic Approximation Expectation
Maximisation (SAEM) algorithm for maximum-likelihood estima-
tions. Below limit of quantification data was handled using the
M3 method, as implemented in Monolix, where such data is
treated as censored in the likelihood calculation [19,20]. The model
(Fig. 1) was patterned after a previously published model with fur-
ther modifications [21]. It consisted of three bacterial compart-
ments representing phage-susceptible (Bg), phage-resistant (Bg),
and phage-infected-bacteria (B;), as well as one phage compart-
ment addressing free phage particles (V). The developed model
describes the binding of free phage particles to phage-susceptible
bacteria (Bs), followed by the lysis of bacteria and the release
of a certain number of phage particles per bacterium. Simul-
taneously, phage-susceptible bacteria (Bs) can develop resistance
against phage-binding following a specific mutation rate constant.
Antimicrobial effects of polymyxin B were assessed using slope or
maximum effect (Emax) models, where further information can be
found in Supplementary Text S1.

When bacteria were exposed to phages, the implementation of
the aforementioned infection-replication-lysis cycle results in the
following differential equations with bacterial growth rate constant
kg, maximum bacterial capacity Bpgy, burst size Ny, infected bac-
teria lysis rate constant ks, phage to host binding rate constant
Kping,» thermodynamic phage decay rate constant kgeeqy and bacte-
rial resistance rate constant Kpy:

dv
ar = Npyrst % Kipsis % Bi — kping > V' x Bs — Kgocqy % V (1)
% =kg x 17875Jr Brt B % Bs — Kping x V' x Bs — kmur x Bs
dt ° Binax
(2)
%:kgx(]fw)xBR+kmmng (3)
t Bmax
dB
d—t[ = kbind x V x BS - klysis X B, (4)

Different PD interaction models were implemented following
four principle in biologically plausible assumptions on this particu-
lar combination therapy: synergistic PD interaction addressing (i) a
resensitisation of polymyxin B effect in combination with phages,
(ii) a suppression of resistance to phages, (iii) an increase of Kping
due to polymyxin B interacting with the outer membrane and (iv)
a reduction of k. The modelling effects of (i) was performed as an
additional effect only occurring with combined polymyxin B and
phage exposure. Effect size calculation was done similarly to mod-
elling effects of a traditional drug with a power model but as a
function of both the MOI; _ 4 (In(pfu/mL)/In(cfu/mL)) and the con-
centration of polymyxin B Cpyg with slope parameter of the resen-
sitisation. Slopepys and Hill coefficient Hpyp and Hpyp:

Epmg (Comp, MOIL_g) = Slopepu x (MOI,_g)™" x Copgg0 (5)

In the case of (ii), (iii) and (iv) the General Pharmacodynamic
Interaction (GPDI) model [22] was applied. In the GPDI model,
the GPDI term is a function of the perpetrator drug concentration,
which affects a PD parameter & (typically EC50 or Emax, here:
kimut, Kping, kg) of the victim drug with INT as maximum possible
fractional shift of the PD parameter &, EC50;yr as potency of the
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Fig. 1. Schematic representation of final pharmacometric model for novel phage pK8 and polymyxin B (PMB) against K. pneumoniae 11-503 in static time-kill assays. Bs:
compartment addressing phage-susceptible bacteria; Br: compartment addressing phage-resistant bacteria; Bj: compartment addressing phage-infected bacteria; V: free
phage particles; kg: growth rate constant; Ny burst size; ks infected bacteria lysis rate constant; Ky;,q: phage to host binding rate constant; Kyec,,: thermodynamic
phage decay rate constant; Kmyr: bacterial resistance rate constant; Epyg: effect of polymyxin B on bacteria with synergy when combined with phage pK8.

perpetrator and Hyyr representing the sigmoidicity of the interac-
tion (Eq. (6)). Further information can be found in Supplementary
Text S2.

H
0 (14D XC ) rorg e {kmut, kbind, kg) (6)
EC507 + Cin

Exemplified for modelling polymyxin B as perpetrator of the PD
interaction reducing the ky,,, of bacteria, the following equation re-
sults:

INT x Clinr
k = ke % __"T " PMB (7
mut, INT mut EC50mN-E[ T C;IA;E
Model selection of competing pharmacoki-

netic/pharmacodynamic (PK/PD) models (e.g., different PD in-
teraction) was performed after inspecting biological plausibility of
parameters, parameter uncertainty and the Akaike-Information-
Criterion for identifying the one representing the observed data
best [23].

3. Results

3.1. Static time-kill assays

3.1.1. Phage kinetics

Observed free phage particles are visualised as triangles in
Fig. 2. Phage concentration increased and reached a plateau of ap-
proximately 107-107 pfu/mL in all experiments, with a slow de-
cline of the phage concentration towards 24 h. In some scenar-
ios, starting at a bacterial inoculum; _ g below approximately 10°
cfu/mL (e.g., plots R, S, X, Y), phage proliferation occurred slower in
the early phase of the experiment. Also, this was observed in cer-
tain instances of very low initial phage concentrations (e.g., plots
G and K). Conversely, in other cases (e.g., plot H), this trend was
not observed.

3.1.2. Bacterial kinetics

Observed bacterial counts are visualised as dots in Fig. 2. In
control scenarios (plot A) bacteria showed growth until reaching
a maximum bacterial capacity of 1073-1083 cfu/mL. Single drug

exposure of polymyxin B of up to 16 mg/L resulted in no observ-
able killing effect, thus bacterial growth was comparable to con-
trol scenarios (plots B-F). Exposure to phage pK& alone resulted
in killing or bacteriostasis in the early period of all tested sce-
narios. Phage pK8 at MOIs ranging from 0.00001 to 46, demon-
strated substantial initial killing in the early phase with the bac-
terial count falling below the limit of quantification at 1 h, fol-
lowed by regrowth of bacteria in the late phase. In some cases,
bacterial concentrations even dropped below the limit of quantifi-
cation (plots H, N, O, Q, T). In scenarios involving combined ex-
posure to polymyxin B (2-16 mg/L) and phage pK8 (plots AA-A]),
similar observations were made for experiments with initial MOIs
below one: strong initial killing of bacteria in the early phase fol-
lowed by subsequent regrowth. Scenario plot AA, which represents
the combination of initial MOI; _ 3 = 0.91 with polymyxin B at
2 mg/L, demonstrated bacterial regrowth that did not exceed the
initial inoculum; _ g. One notable scenario with MOI; _ 5 = 0.9],
combined with polymyxin B 4 mg/L (plot AF) exhibited rapid ini-
tial bacterial killing, reducing the bacterial concentration below the
limit of quantification by t = 1 h and maintaining this level until
the final sampling at 24 h. Furthermore, in this scenario no bacte-
ria could be detected at any sampling points later than 0 h indi-
cating total eradication of bacteria. The synergistic activity of phage
pK8 and polymyxin B was not as prominent with the higher start-
ing bacterial inoculum of 108 cfu/mL.

3.2. Pharmacometric modelling

The quantitative assessment of the PD interaction of phage pK8
and polymyxin B is detailed in Fig. 1, Table 1 and Fig. S1, provid-
ing an overview of the parameter estimates and their implications.
Table 1 shows the final parameter estimates of the pharmacomet-
ric model with their confidence intervals. Single drug effect pa-
rameters of polymyxin B approached zero, since no killing effect
of polymyxin B alone was observed. These parameters were con-
sequently removed from the model. Maximum bacterial capacity
Bmax was estimated to be 8.03 (7.62-8.50) logy cfu/mL and inter-
experimental variability was successfully described with a random
effect of 13.0% (9.75-175%). Binding kinetics rate constant, Kyig
describing phages (V) infecting susceptible bacteria (Bs) was fixed
to 10769 h~! from previously published literature [21]. Lysis rate
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Fig. 2. Stratified visual predictive checks of final pharmacokinetic/pharmacodynamic model characterising the bacterial concentration and phage load. Dots: observations
bacteria; triangles: observations phages; solid grey line: median bacteria prediction of model incorporating synergy; shaded grey area: 90% prediction intervals of bacteria;
solid purple line: median phage prediction of model incorporating synergy, shaded purple area: 90% prediction intervals of phages; MOI: multiplicity of infection; Bg:

inoculum,_g, bacteria.

constant of infected bacteria (B;) was estimated to 15.5 (14.2-17.5)
h=1 which translates to an infection-to-lysis half-time of 2.68 min,
and burst size Ny, estimated to a value of 36.1 (29.6-44.1). The
phage decay rate constant Kge,,, describing reduction of phage
particles in absence of bacteria due to thermodynamic and other
processes, was fixed to a literature value [24]. Synergy, modelled
as a resensitisation of the effect of polymyxin B when combined
with phage pK8 (AIC = 1781), outperformed the competing mod-
els describing synergy as a suppression of resistance development
to phages (AIC = 1815), an increase of ky;,q due to polymyxin B in-
teracting with the outer membrane (non-convergence) or a reduc-
tion of kg (AIC = 1847). The resensitisation of polymyxin B effect
only occurring in combination with phage pK8 was estimated as
a Slopepyp = 1.88 (1.68-2.14) In(cfu)/In(pfu) x Limg x h~1. With
Hint set to 20, the synergy was modelled as an on-off effect de-
pending on the initial MOI,_g. The visual predictive checks (Fig. 2)
show an overall high quality of the model prediction when com-
pared with observed data. The developed model described both
the observed bacterial and phage count in mono and combina-
tion scenarios from low to high MOIs well, while also identifying
the interaction-type of the combination. Misspecifications occurred

in only two scenarios (plots G and K), where the predicted early
proliferation and the effect of phage pK8 were overestimated, al-
though the late phase was still accurately predicted.

4. Discussion

The present study demonstrates the successful development
and application of a pharmacometric model to quantitatively de-
scribe phage killing kinetics and the PD interaction in time-kill
assays when combined with polymyxin B against a polymyxin-
resistant mcr-1-carrying K. pneumoniae isolate. Key findings re-
veal that while polymyxin B alone showed no effect, its combined
application with phage pK8 resulted in notable bactericidal ef-
fects and decreased bacterial burden, particularly in scenarios with
higher initial MOIs. Phage pK8 alone was also able to significantly
reduce bacterial concentrations, yet in none of the tested scenarios
was it efficacious enough to prevent the regrowth of K. pneumoniae
[1-503.

Our data build upon previous work by Han et al, which elu-
cidated the synergistic killing of phage pK8 and polymyxin B
combination using metabolomics [13]. Han et al. revealed that
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Parameter estimates for final pharmacokinetic/pharmacodynamic model of polymyxin B and novel phage pK8
against tested K. pneumoniae strain. Confidence intervals (95% CI) were calculated using log-likelihood profiling.

Final estimate (95% CI)

Parameter

Bacterial system
Growth rate constant bacteria kg (h~!)
Resistance to phages rate constant kpy (R71)
Maximum bacterial capacity Bmax (10210 cfu/mt)

Phage infection-replication-lysis cycle

Binding kinetics rate constant of phages to susceptible bacteria (Bs) Kying (h 1)
Phage-induced lysis rate constant of infected bacteria (By) ks (R°")

Burst size of new phage particles after bacterial lysis Ny, (pfu x cfu™')
Thermodynamic phage decay rate constant Kgecyy (h™1)

Interaction-model parameters
Resensitisation of polymyxin B in presence of phages

Slope polymyxin B effect Slopepyg (In(cfu/mL){In(pfu/mL) x mLjg x h~1)

Hill coefficient of interaction Hpyp (=)
Hill coefficient of interaction Hynr (=)
Inter-experimental variability

Random effect maximum bacterial capacity Byax (¥CV)°

Residual variability model
Additive residual variability bacteria (log;o cfu/mL)
Additive residual variability phages (logys pfu/mL)

2.13 (2.02-2.35)
1(]76.77 (10—6.3[7]0—7.22]
.03 (7.62-8.50)

10 59 (FIX)?
15.5 (14.2-17.5)
36.1 (29.6-44.1)
0.011 (FIX)®

1.88 (1,68-2,14)
0.468 (0.463-0.473)
20 (FIX)

13.0 (9.75-17.6)

0.93 (0.83-1.06)
0.84 (0.72-0.97)

3 parameter fixed to literature value: Delattre et al. [21].
b parameter fixed to literature value: Cairns et al. [24].

© %CV was calculated as follows: %CV = /exp(w?) — 1 x 100%.

although pK8 is a highly virulent phage, K. pneumoniae 11-503
could rapidly developed resistance against it. Our pharmacomet-
ric model, structured to consist of phage-susceptible bacteria Bg
transition to phage-resistant bacteria By following resistance rate
constant Kmye, aligns with their findings. In contrast to Delattre
et al. model, which used multiple infected compartments and in-
cluded a pharmacokinetic (PK) component for murine in vivo stud-
ies, we employed a simplified structure with a single infected bac-
terial population, reflecting our focus on in vitro dynamics [21].
It is important to note that in the study by Han et al., distinct
differences in cell surface morphology and membrane potential
of K. pneumoniae 11-503 isolate were observed when treated with
polymyxin B, phage pK8 and the combination of both. Polymyxin B
alone caused outer membrane disorganisation even without show-
ing Kkilling effects while combination treatment showed a mixture
of lysed cells and a disorganised outer membrane. Metabolomic
analysis revealed that phage pK8 and polymyxin B induced sim-
ilar metabolic changes to phage alone at 4 h, but only the com-
bination treatment caused a significant metabolic change at 24 h,
indicating that the synergy was driven by the initial killing activity
from the phage and the suppression of resistance was attributed
by the combination of phage and polymyxin B. Following the eval-
uation of four biologically plausible mechanisms to describe the PD
interaction and a comparison of our in silico findings with the sig-
nificant mechanistic discoveries made by Han et al., we can affirm
agreement. The pharmacometric model demonstrating synergy as
resensitisation of polymyxin B when combined with phage pK8
showed the best performance in describing the observed data sup-
port the idea of collateral sensitivity regarding polymyxin B effi-
cacy [25,26].

Our approach enhances the understanding of PD interactions
between conventional and alternative antimicrobials by quantita-
tively describing their combined effect sizes. It also highlights the
potential for these methodologies to be applied to other combi-
nations, whether in vitro or in more distinct contexts such as in
vivo animal model studies, while considering their inherent differ-
ences, Coupling in vitro studies with modelling techniques serves
as important tools for elucidating phage PK/PD. These approaches
have the potential to inform the rationale for combination thera-

pies, the role of the MOI in treatment success, and provide insights
into bacterial killing and resistance dynamics. In this work, key PD
and biological parameters such as the burst size, lysis rate, bacte-
rial growth rate, resistance emergence rate, and maximum bacte-
rial capacity, were estimated directly from our experimental data.
Other variables, including the phage adsorption rate (kp;,q) and
phage decay rate (Kgec,y), were fixed based on established litera-
ture values. It should be noted that all parameter estimates remain
specific to the tested phage-bacterium pair, and our model did not
explicitly account for evolutionary trade-offs or strain-specific ad-
sorption rates. In addition, limited late time-point sampling may
affect predictions of regrowth and resistance. Broader data from
multiple antibiotics, bacterial strains, and extended time courses
will be essential to improve the robustness and generalizability of
future models.

This study employs time-dissolved sampling of both bacteria
and phages, rather than relying on checkerboard assays with in-
sensitive turbidity criteria, to better understand the underlying ki-
netics and interaction dynamics. This methodology, as detailed in
previous literature [9,21], provides a more accurate evaluation of
how these interactions might influence therapeutic outcomes. Our
PD interaction modelling results suggest that phage pK8 may en-
hance the effectiveness of polymyxin B by modulating the bacterial
outer membrane. Whether comparable synergistic effects would be
achieved with other bacterial membrane-disrupting antibiotics, re-
mains to be investigated in future studies, as differences in cell
surface interactions or bacterial susceptibility could influence the
interaction dynamics.

As our analysis is based on in vitro data from a single phage-
bacterium pair, these findings cannot be directly translated to clin-
ical trials or patient care. While our model predictions closely
matched the observed dynamics for this specific combination and
offer valuable mechanistic insights, key infection parameters may
differ with other strains or in different environments. Further in
vive studies and validation in diverse clinical isolates are needed
to inform phage selection and optimise dosing for real-world ap-
plication. The potential interactions with the host immune system
can be quantitatively assessed through in vivo animal experiments
and subsequent strengthen the pharmacometric model. Incorporat-
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ing coevolution processes with multiple phage and bacterial strains
in future models would also help enhance the translatability of
phage-antibiotic studies.

Due to the high specificity of phages and limited time in decid-
ing which therapy to apply, more data is needed to determine in
which species or strains of bacteria the presumptive application of
a specific phage or phage-antibiotic combination therapy is appro-
priate. Clinical evidence supporting specific combination therapies
should be advanced, such as through case studies. Such studies
have been conducted for adaptive and presumptive phage-cocktail
treatments against urinary tract infections [27,28]. Notably, ongo-
ing clinical efforts such as a randomised, placebo-controlled phase
Il trial of phage therapy combined with antibiotics for infective
endocarditis (ClinicalTrials.gov Identifier: NCT06870409) - includ-
ing patients infected by K. pneumoniae - underscore the increas-
ing interest in bringing phage-antibiotic combinations into clinical
practice [29]. For the first time, this study has successfully built
a pharmacometric model describing the PK and PD of phage and
polymyxin B against K. pneumoniage. Pharmacometric models play
an essential role in clinical practice as they inform the design of
effective phage-antibiotic combination therapies, improving treat-
ment of multidrug-resistant infections and patient outcomes.
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Synopsis

Despite the fact that tigecycline is becoming less relevant as last-resort antibiotic against MDR
pathogens due to safety concerns, it is reported to be used in combination therapy against
difficult to treat infections. Since no quantitative assessment of the last-resort combination of
ceftazidime/avibactam and tigecycline was available, we conducted a study to systematically
evaluate their pharmacodynamic interactions in fifteen clinical or isogenic E.coli and
K. pneumoniae isolates. For this we performed checkerboard assays with an adaptive
experimental design, time-kill assays, and metabolomic analyses. The results revealed
antagonistic interactions between ceftazidime/avibactam and tigecycline in majority of tested
strains, limiting maximum effect sizes of the combination therapy to those of tigecycline
monotherapy. Additionally, metabolomic findings corroborated the identified antagonism
mechanistically. Our study concludes that the clinical benefit of ceftazidime/avibactam and

tigecycline combination therapy would expect to have limited clinical benefit.
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Background: Combination therapy offers a promising option to enhance efficacy and prevent resistance. A
comprehensive and quantitative assessment of the last-resort combination of ceftazidime/avibactam and
tigecycline is not available.
Objective:  This study systematically investigated the pharmacodynamic interaction between cef-
tazidime/avibactam and tigecycline in clinical and isogenic Escherichic coli and Klebsiella pneumoniae
strains harbouring genes that encode various carbapenemases or ESBLs.
Methods: An adaptive in vitro 'dynamic’ checkerboard design and pharmacometric modelling were em-
ployed for the evaluation of pharmacodynamic interactions in fifteen bacterial isolates. Additionally, time-
kill assays and metabolomic analyses were used to provide mechanistic insights.
Results: Antagonistic drug interactions between ceftazidime/avibactam and tigecycline were identified
in the majority of tested strains. Time-kill assays confirmed antagonistic interactions, with tigecycline
limiting ceftazidime/avibactam total killing. Metabolomic analyses of mono and combined drug expo-
sure to bacteria revealed matching metabolomes in tigecycline alone and the combination with cef-
tazidime/avibactam, corroborating the identified antagonism between these drugs.
Conclusions: Our study reveals that the antagonistic interaction between ceftazidime/avibactam and tige-
cycline can undermine ceftazidime/avibactam's efficacy, suggesting limited clinical benefit in combining
these antibiotics. Therefore, further research is encouraged to explore this and alternative combinations
or approaches that may offer better clinical outcomes.
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1. Introduction

Infections caused by multidrug-resistant Enterobacteriaceae such
as ESBL-producing Escherichia coli (E. coli) and carbapenemase-
producing Klebsiella pneumoniae (K. pneuwmoniae), representing
WHO priority-1 pathogens [1], have become an international
health problem and gained major attention due to the lack of
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effective and safe treatment options and the low pace in the
development of novel antimicrobial agents. Novel beta-lactam
and beta-lactamase-inhibitor combinations, such as ceftazidime-
avibactam have become available as promising options against
those strains [2], but resistance against these antibiotics has
already been reported [3,4]. Ceftazidime/avibactam is effective
against KPC and OXA-48-producing Enterobacteriaceae, which drive
resistance against ceftazidime alone. Tigecycline represents an al-
ternative treatment option for infections caused by carbapenem-
resistant Enterobacteriaceae, including those with NDM and OXA-
48-like producers, especially when beta-lactams are ineffective or
not tolerated [5]. Antimicrobial combination therapy in princi-

0924-8579/@ 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-ndf4.0/)
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Table 1
Determined MIC, ECsp and Epax of ceftazidime/avibactam and tigecycline in tested strains.
Strain Type Resistance Genes CZA TGC
MIC [mg/L]  ECsp [mg/L]  Emax logyp MIC [mgfL]  ECso [mg/L]  Emax logio
[CFU/mL] [CFU/mL]

E. coli WT Isogenic empty plasmid 0.125 0.11 9.10 0.125 0.13 5.60
E. coli OXA-181 Isogenic 0XA-181 0.125 0.18 8.90 0.125 0.16 5.04
E. coli OXA-48 Isogenic OXA-48 0.125 0.15 932 0.125 0.10 6.32
E. coli KPC-2 Isogenic KPC-2 0.125 0.10 8.89 0.125 0.10 6.69
E. coli KPC-3 Isogenic KPC-3 1 237 9.44 0.125 0.07 5.35
E. coli YAL_AMA Clinical CTX-M-15, OXA-244 0.125 0.10 9.09 0.25 0.11 4.88
E. coli JUM_]JEA Clinical CTX-M-15, OXA-48 0.06 0.04 7.75 0.25 0.22 6.23
E. coli OLA_HAM Clinical OXA-244, CTX-M-15 0.5 0.21 9,22 0.25 0.17 4,69
K. pneumoniae WT Isogenic - 0.06 0.07 8.81 0.06 0.09 8.81
K. pneumoniae OXA-48 Isogenic OXA-48 0.06 0.10 9.28 0.25 0.12 9.28
K. pneumoniae KPC-2 Isogenic KPC-2 0.125 0.07 9.00 0.25 0.12 9.00
K. pneurnoniae KPC-3 Isogenic KPC-3 0.25 0.08 8.57 0.25 0.10 8.94
K. pneumoniae 2977 Clinical KPC-2, CTX-M-2, OXA-9, TEM-1 1 0.67 9.39 0.125 0.15 2.94
K. pneumoniae N864 Clinical KPC-3 2 2.04 9.75 0.5 0.34 3.51
K. pneumoniae R307 Clinical KPC-2 2 0.56 9.36 0.25 1.15 7.65

Abbreviations: CZA: ceftazidime/avibactam; TGC: tigecycline.
Avibactam fixed to 4 mg/L.

ple may offer an opportunity to increase efficacy, protect against
the emergence of resistance and in turn potentially even lower
infection-related mortality. In vitro studies examining the pharma-
codynamic interactions between ceftazidime/avibactam and tigecy-
cline, particularly using the Fractional Inhibitory Concentration In-
dex (FICI) in checkerboard assays, predominantly showed indiffer-
ent results, with approximately 65% of strains in one study and
18 out of 19 strains in another demonstrating this outcome [6,7].
However, these studies primarily used a turbidity read-out, which
does not allow differentiation between effect sizes helow the tur-
bidity threshold, leaving details and mechanistic insights into this
combination unexplored. Combination therapies that include tige-
cycline are still in clinical use, and previous studies have explored
their potential benefits. Some studies indicate that including tige-
cycline in combination treatments can lead to lower clinical failure
and all-cause mortality rates, though other research has not found
a marked difference in mortality between those receiving combi-
nation therapy and those on monotherapy [8-10].

The aim of this study was to investigate on the ceftazidime/
avibactam-tigecycline combination from a pharmacological and
quantitative perspective. We performed an in vitro screening based
on an optimized checkerboard design [11], and utilized a quan-
titative, model-based PD-interaction assessment using the Gen-
eral Pharmacodynamic Interaction (GPDI) model [12]. The GPDI
model approach provides quantitative insights into the PD inter-
action by identifying the nature (antagonism, additivity, synergy),
affected PD parameter (e.g., potency ECsg or maximum effect Emax)
as well as effect size as shift of the PD parameters. Moreover,
metabolomics studies were conducted and compared to the PD in-
teractions to provide mechanistic insight.

2. Materials and methods
2.1. Bacterial isolates

A total of 8 E. coli (5 isogenic and 3 clinical) and 7 K. pneu-
moniae (4 isogenic and 3 clinical) isolates carrying various resis-
tance genes coding for ESBLs or carbapenemases were collected
from University of Poitiers, France, Université Paris-Est-Créteil Val-
De-Marne, France and Medical and Molecular Microbiology, Univer-
sity of Fribourg, Switzerland. Isogenic E. coli CFT073 and isogenic K.
pneumoniae CIP53153 strains carried the cloning vector pACYC184
with chloramphenical andfor tetracycline resistance gene for the
selection of recombinant bacteria from non-recombinant bacte-

ria using Columbia agar (Carl Roth, Germany) containing 25 mg/L
chloramphenicol or 10 mg/L tetracycline. Isogenic strains of E. coli
and K. pneumoniae were derived from their respective wild-type
(WT) strains, with plasmids modified to include specific resistance
genes listed in Table 1.

2.2. Chemicals

Tigecycline was obtained from USP (USA, LOT: R09410),
ceftazidime, chloramphenicol from Sigma-Aldrich (USA, LOT:
LRAC5653, 0000082469), avibactam sodium from Ambeed Inc.
(USA, LOT: A169351), tetracycline hydrochloride from Chemodex
(Switzerland).

2.3. Antimicrobial susceptibility testing and quantification of viable
bacteria

Minimal inhibitory = concentrations (MICs) of  cef-
tazidime/avibactam and tigecycline were determined as triplicates
using the broth microdilution method in accordance to the Euro-
pean Committee of Antimicrobial Susceptibility Testing (EUCAST)
[13]. Detailed information on antimicrobial susceptibility testing
and quantification of viable bacteria is given in Supplementary
Text S1.

2.4. ECsg and Epgx determination

The half-effective concentration ECsy and the maximal effect
Emax were estimated from triplicate data of experiments, by inoc-
ulating and pre-incubating the bacterial isolates (approx. 1 x 108
CFU/mL) in ca-MHB at 37°C in ambient air for 2 h using 48-well-
plates followed by adding a series of 2-fold dilutions of each an-
tibiotic. The bacterial count was determined after incubating for
24 h as described above,

Drug effect was defined as the reduction in bacterial population
using the sigmoidal maximum effect model (Eq. [1]) describing the
drug effect E as function of its concentration C and the model pa-
rameters Enqgx, EC5p and H (Hill factor).

H
E(C) = M (1)
EC507 + CH

For each antibiotic, the EC5q and Epax were obtained through
analysing the concentration-effect-relationship using a sigmoidal
maximal effect model and non-linear fitting methods. Detailed in-
formation is given in Supplementary Text 52 and Table S1.
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2.5. PD interaction screening

An optimized ‘dynamic’ checkerboard design was chosen
to efficiently screen for PD-interactions [11]. It combined cef-
tazidime/avibactam and tigecycline at different effective concentra-
tions (ECpg, EC44, ECgp) obtained from the ECsy and Emax determi-
nation. The experiments were conducted by inoculating bacterial
isolates (approx. 1 x 105 CFU/mL) in ca-MHB. The inoculated wells
were pre-incubated without drug at 37°C in ambient air for 2 h.
Thereafter, the antibiotics were added and the well plates were in-
cubated for 48 h at 37°C. The bacterial count was determined at 0,
24 and 48 h and subpopulations being phenotypically resistant to
5 x MIC were quantified at 0 and 48 h using Columbia agar plates
containing each antibiotic at 5 x MIC. In the case of the tigecycline
containing agar, pyruvate (2%) and ascorbic acid (0.3%) were added
as stabilizing agents before pouring the agar [14,15]. Mutation fre-
quencies were determined by dividing the count of resistant sub-
populations by the total bacterial population count.

Each experiment was performed as n > 2. Four different com-
bination scenarios containing ceftazidime/avibactam-tigecycline at
ECog-ECq4, EC44-ECyg, EC44-ECgy, ECg2-EC44, One mono scenario for
each antibiotic at EC44 and one growth control scenario were eval-
uated [11]. Detailed information on nominal concentrations tested
in experiments is given in Table 2.

2.6. Assessment of antimicrobial drug interactions using the GPDI
model

The experimental endpoint data at 24 h from the checker-
board assays was modelled using the GPDI model [16]. The GPDI
model quantifies a potential PD interaction as shifts of the ECsq or
Emax. Single drug effects were quantified as described above us-
ing Eq. (1). Bliss Independence was used as null-interaction model
with E; and Eg representing the effect of drug A and B (Eq. (2)).
Ceftazidime/avibactam were treated as a single drug, with avibac-
tam set at a fixed concentration of 4 mg/L in all experiments.

E=FEy+Eg —Es x Ep (2)

PD interactions were evaluated as follows: The GPDI term is a
function of the perpetrator drug concentration, which affects a PD
parameter & (either EC5q or Epax) of the victim drug with INT as
maximum possible fractional shift of the PD parameter €, ECsqnt
as potency of the perpetrator and Hpyr (Eq. [3]). Whenever —1 <
INT < O applies to Epnax based PD interactions, antagonism is de-
scribed, and whenever —1 < INT < 0 applies to ECsg based PD
interactions, synergy is described (vice versa for 0 < INT). In our
study, INT was consistently estimated as a single parameter, lead-
ing to a mutual relationship. Detailed information is given in Sup-
plementary Text S3.

HINT
0 14 N xC (3)
EC50,x7 + CHia

An interaction was statistically significant if the confidence in-
tervals of INT did not overlap with zero (P < 0.05). Model selection
of competing models (i.e., interaction on Emax vs. ECsq) was per-
formed after inspecting biological plausibility of parameters, pa-
rameter uncertainty and the Akaike-Information-Criterion for iden-
tifying the one representing the observed data best [17].

2.7. Time-kill assays

Two E. coli and two K. pneumoniae isolates were tested,
with one isogenic and one clinical strain of each species. These
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strains expressed various resistance genes and were suscepti-
ble to ceftazidimefavibactam and tigecycline (Table 1). The se-
lection criteria also included previously identified interactions,
with three strains showing antagonism and one showing ad-
ditivity in prior screenings. Time-kill assays were performed
by inoculating and pre-incubating the bacterial isolate (approx.
1 x 105 CFU/mL) in ca-MHB for 2 h at 37°C ambient air before
adding ceftazidime/favibactam and/or tigecycline. Tigecycline and
ceftazidime/avibactam concentrations of 1 x MIC, 2 x MIC, 4 x MIC
as well as combinations of both antibiotics at 1 x MICza - 1 x
MICch, 2 X M]CCZA -2X MICTGC, 4 x M[CCZA -4 x M]CTGC and
growth controls were studied over 30 h with samples collected at
0, 2, 4, 7, 24 and 30 h. Each experiment was performed as dupli-
cate with a final volume of 10 mL and a lower limit of detection of
10 CFU/mL. Furthermore, PD interaction modelling was conducted
on growth control, 4 x MICczs, 4 X MICrgc and 4 x MICza - 4
X MICrgc data using non-linear mixed effects modelling in NON-
MEM® version 7.5.0 and PsN® version 5.4.0. Detailed information
is given in Supplementary Text 54.

2.8. Metabolomic analysis

Mechanistical investigation of the PD interaction between
ceftazidime/avibactam-tigecycline was studied in a selected clini-
cal isolate of E. coli (strain JUM_JEA, Table 1) using metabolomic
analyses in mono- and combination treatment scenarios. Time-kill
assays were conducted for ceftazidime/avibactam and tigecycline
concentrations of 4 x MIC as well as combinations of both antibi-
otics at 4 x MICrza - 4 X MICpee and growth controls as four repli-
cates over 4 h with samples at 0, 2 and 4 h. Further information
on sample preparation and metabolomic analysis can be found in
Supplementary Text S6.

3. Results
3.1. MIC, ECsp and Eygyx determination

All tested strains with identified resistance genes, determined
MIC, ECsq and Emax values can be found in Table 1. All tested
strains were susceptible to ceftazidimefavibactam and tigecycline
according to EUCAST [13].

Ceftazidime/avibactam showed bactericidal effects resulting in
high Epnax values (> 7 logoCFU/mL) with full eradication of bac-
teria while tigecycline showed mainly bacteriostatic effects with
low Epax values in most of the tested strains. However, tigecy-
cline showed high Enax values against four isogenic K. pneumoniae
strains (Fig. 1).

3.2. Assessment of antimicrobial drug interactions using the GPDI
mode!

Table 2 shows the results of the in vitro interaction screen-
ing after the GPDI model evaluation for the combination of
ceftazidime/avibactam-tigecycline. The GPDI model identified an-
tagonism in form of a reduced Enax of ceftazidime/avibactam and
tigecycline in seven of eight E. coli and in three of seven K.
pneumoniae strains, The effect sizes of the interaction parame-
ter were high ranging from 3.41 to 7.43 log;3CFU/mL reduction
of the Enax, ie., the effect of ceftazidime/avibactam (7.75-9.75
log1pCFU/mL) was fully antagonized and the weaker effect of tige-
cycline (2.94-6.69 log,(CFU/mL) remained. Four isogenic K. pneu-
monige strains where tigecycline showed a relatively high Epax
(6.32-9.23 log;pCFU/mL) and one isogenic E. coli strain showed
no significant interaction thus the data was best described by the
null-interaction model. Heatmaps visualizing the combined effects
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Fig. 1. Comparison of the maximum effect (Emay) of ceftazidime/avibactam (CZA) and tigecycline (TGC) across tested bacterial strains. The bars represent the En,. values

measured as maximum log,;pCFU/mL reduction of bacteria for each strain.

Table 2

Predicted interactions between ceftazidime/avibactam-tigecycline after evaluation of perfomed checkerboard experiments.

Strain Affected PD-parameter Interaction-type INT (CI 95%) CZA Emax logy [CFU/mL] TGC Epmax logie [CFU/mML]
E coli WT Emax Antagonism —0.40 (-0.63 to —-0.18) 9.10 5.60
E. coli OXA-181 Emax Antagonism —-0.50 (-0.70 to —-0.30) 8.90 5.04
E. coli OXA-48 - Null-interaction —0.05 (-0.23 to 0.12) 9.32 6.32
E. coli KPC-2 Emax Antagonism -0.27 (-0.51 to —0.04) 8.89 6.69
E. coli KPC-3 Emax Antagonism —0.31(-0.53 to —0.09) 9,44 535
E. coli YAL_AMA Emax Antagonism —0.37 (-0.61 to —-0.12) 9.09 4.88
E. coli JUM_JEA Emax Antagonism —0.53 (~0.70 to —0.36) 7.75 6.23
E. coli OLA_LHAM Emax Antagonism —0.44(-0.70 to -0.19) 9.22 4.69
K. pneumoniae WT - Null-interaction —0.03 (-0.10 to 0.15) 8.81 8.81
K. pneumoniae OXA-48 - Null-interaction —0.10 (-0.35 to 0.14) 9.28 9.28
K. pneumoniae KPC-2 - Null-interaction 0 (-0.26 to 0.25) 9.00 9.00
K. pneumoniae KPC-3 - Null-interaction —0.08 (-0.32 to 0.16) 8.57 8.94
K. pneumoniae 2977 Emax Antagonism —0.52 (-0.79 to —0.24) 9.39 2.94
K, pneumoniae N864 Emax Antagonism —0.48 (-0.74 to —-0.22) 9,75 3.51
K. pneumoniae R307 Emax Antagonism —0.20(-0.33 to —-0.07) 936 7.65

Abbreviations: CZA: ceftazidime/avibactam; TGC: tigecycline.
Avibactam fixed to 4 mg/L.

The table shows the predicted interactions by the GPDI model between combined antibiotics, PD parameters which were affected in found interactions, the type of interaction

(i.e., antagonism, synergy, null-interaction additivity).

calculated by the final models can be found in Supplementary Fig.
S3.

Table 3 presents the emergence of 5 x MIC resistant subpop-
ulations and the calculated mutation frequencies observed in the
checkerboard experiments after 48 h. In general, phenotypically re-
sistant subpopulations were found more frequently during mono-
exposure to ceftazidimefavibactam ECy4 or tigecycline ECyy com-
pared to combined exposure ceftazidime/avibactam ECy4 + tigecy-
cline ECyg or tigecycline ECy4 + ceftazidime/avibactam ECg.

3.3. Time-kill assays

Scenarios of ceftazidime/avibactam alone at 1 x MIC, 2 x MIC
and 4 x MIC exhibited bactericidal activity in the first hours fol-
lowed by regrowth in the case of 1 x MIC and full eradication of
bacteria for 2 x MIC and 4 x MIC at 30 h exposure (Fig. 2, Plots
CZA). Tigecycline exhibited bacteriostatic activity over 30 h expo-
sure for E. coli JUM_JEA and K. pneumoniae 2977 at concentrations
of 1 x MIC, 2 x MIC and 4 x MIC (Fig. 2, Plots TGC) with no notable
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Table 3
Overview on the emergence of resistant subpopulations and calculated mutation frequencies in the checkerboard experiments after 48 h,
Strain Emergence of resistant subpopulations against 5x MIC CZA Emergence of resistant subpopulations against 5x MIC TGC
Mono exposure ECyy Combined exposure Mono exposure ECyy Combined exposure
CZA EC44 CZA + ECps TGC TGC EC44 TGC + ECyg CZA
E. coli WT 347 x 10°% | 0 00 0]263 x 108 olo
E. coli OXA-181 290 x 1097 | 2.04 x 1097 |0 0]1.18 x 1008 1.01 x 1004 |
178 x 10°%7 2.22 x 10
E. coli OXA-48 0|0 0|0 0|0 alo
E. coli KPC-2 1.62 x 10% | 0 0|0 1.82 x 107 | 0 alo
E. coli KPC-3 D]3.84 x 10 6.18 x 1092 |0 0|0 alo
E. coli YAL_AMA 0]7.54 x 10 0|0 0] 1.08 x 10 alo
E. coli JUM_JEA 0|0 0|0 0]132 x 1077 alo
E. coli OLA_HAM o]0 0|0 0]4.19 x 10%7 o|o
K. pneumoniae WT 1% 1004 7.81 x 10706 | 471 x 10% | 0 00
448 x 100 3.79 x 1006
K. pneumoniae OXA-48 0]0 o]0 0]0 o]0
K. pneumoniae KPC-2 162 x 10° |0 0|0 1.82 x 1077 |0 o]0
K. pneumoniae KPC-3 D|3.84 x 1003 6.18 x 1097 | 0 0|0 0]0
K. pneumoniae 2977 230 x 107 |0 0|0 7.55 x 109 | 0 6.67 x 1003 |
5.43 x 1072
K. pneumoniae N864 131 x 1005 | 0|0 14 % 10% |0 ol|0
3.85 x 10
K. pneumoniae R307 0|0 0|0 2.80 x 1002 | 870 x 10 |0
6.73 x 100

Abbreviations: CZA: ceftazidime/avibactam; TGC: tigecycline.

Avibactam fixed to 4 mg/L.

Resistances are reported as two mutation frequencies (separated by |), accounting for variable emergence of resistance in the two checkerboard duplicates. Mutation fre-
quencies were determined by dividing the count of resistant subpopulations by the total bacterial population count.
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Fig. 2. Results of time-kill assays with bacterial concentrations during 30-h exposure of mono ceftazidime/avibactam (CZA), mono tigecycline (TGC) and combination (CZA-
TGC) scenarios at MIC-fold drug concentrations against two E. coli and two K. pneumoniae strains (all susceptible to CZA and TGC). Presented control scenarios were individ-
ually evaluated in respective strains. LOD: Limit of detection.
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killing or growth. In E. coli WT and K. pneumoniae WT, 2 x MIC and
4 x MIC. Compared to the growth control scenarios, raising the cef-
tazidime/avibactam concentration resulted in higher activity in all
tested strains, while raising tigecycline concentration did not in-
crease its effect beyond bacteriostasis in two of four strains, When
both antibiotics were combined the combined effect was limited
to that of tigecycline alone indicating that the maximum effect of
ceftazidime/avibactam is antagonized (Fig. 2, Plots CZA-TGC). In K.
pneumoniae 2977 the killing effect of combination scenario 4 x MIC
- 4 x MIC even decreased when compared to 1 x MIC - 1 x MIC.

The models where tigecycline antagonistically impacts the
killing rate constant of ceftazidime/avibactam on the (R) popu-
lation outperformed the opposite directionality models across all
strains (Fig. S1, S2 and Table S3). The final parameter estimates,
detailed in Table S4, show significant reductions in killing rate con-
stant of ceftazidime/avibactam on the (R) population, varying from
notable in K. pneumonice WT to almost complete reduction in E.
coli WT.

3.4. Metabolomic analysis

Principal Component Analysis (PCA) was employed to visual-
ize the distinct metabolomic profiles of bacterial cell pellets un-
der varying treatments at timepoints 2 and 4 h (Fig. 3). Accord-
ing to the PCA score plot of our metabolomic analysis at 2 h
(Fig. 3A), clusters of mono treatment tigecycline and combination
treatment ceftazidime/avibactam-tigecycline show high similarity
within biological replicates but also across treatment groups, indi-
cating similar metabolic perturbations caused by these treatments.
Metabolomes of control group and mono ceftazidime/avibactam
treatment are significantly different from each other but also show
distinct separation from tigecycline and ceftazidimefavibactam-
tigecycline treatments (PC1 = 62.6%).

At 4 h (Fig. 3B), the PCA score plot is similar to that at 2 h,
but here the clusters for tigecycline and ceftazidimefavibactam-
tigecycline are overlapped and within-group variation is in-
creased. Control and mono treatment ceftazidime/avibactam still
separate from tigecycline and ceftazidime/avibactam-tigecycline
(PC1 = 42.5%). The heatmap profiles (Fig. 4) revealed consis-
tent clustering among the four biological replicates within each
treatment group, with only one ceftazidime/avibactam sample dif-
fering (CZA_t4_1). The metabolic profiles were significantly de-
pleted in this sample, which caused within-group variation and
contributed to the difference between the ceftazidime/avibactam
group to the other groups. Comparing the groups, the control and
mono ceftazidimefavibactam profiles were different from those of
mono tigecycline and the ceftazidime/avibactam-tigecycline com-
bination, with the latter two displaying notably similar metabolic
perturbations. This similarity is characterized by an increase
in a variety of metabolites, particularly those related to nu-
cleotide metabolism (i.e., purine metabolism: guanine, guanosine,
guanosine nucleotides, desoxyguanosine monophosphate, adeno-
sine nucleotides, desoxyadenosine monophosphate, and inosine;
pyrimidine metabolism: cytidine nucleotides, uracil and orotic
acid), amino acids and their derivatives (i.e., putrescine, N-acetyl-
putrescine, lysine, N-acetyl-lysine, threonine, glycine, serine, ho-
moserine, ornithine, arginine, glutamine, glutamic acid, phenylala-
nine, methionine, N-acetyl-methionine), and certain carbohydrates
(i.e., 2,3-Dihydroxybenzoic acid, sorbitol, sorbitol-6-phosphate) and
lipids (i.e., glycerol-3-phosphate, palmitoleic acid, linolenic acid,
oleic acid, aconitic acid). These metabolites showed notable el-
evations in the tigecycline and ceftazidime/avibactam-tigecycline
treatments, while they remained stable or decreased in the cef-
tazidime/avibactam treatment. Conversely, metabolites involved
in vitamin B metabolism, such as riboflavin, flavin mononu-
cleotide and pantothenic acid, were increased under mono cef-
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Fig. 3. Multivariate statistical analysis with Principal Component Analysis (PCA)
score plots visualising changes in metabolomic profiles. A total of 16 samples with
4 biological replicates under each treatment are displayed for each timepoint. The
plots depict clustering based on metabolomic profiles in bacterial cell pellets of E.
coli JUM_JEA at time points 2 h (A), and 4 h (B). Each cluster represents distinct
treatment conditions: Control, 4xMIC ceftazidime/avibactam (CZA), 4xMIC tigecy-
cline (TGC), and their combination (CZA-TGC).

tazidime/avibactam treatment but remained stable or decreased in
the tigecycline and ceftazidime/avibactam-tigecycline treatments.

4. Discussion

Ceftazidime/avibactam and tigecycline in susceptible E. coli and
K. pneumonice exhibited mainly antagonistic interactions (ten of
15 tested strains). Four isogenic K. pneumoniae and one E. coli
strain showed no interaction. Yet in these strains, tigecycline it-
self showed a bactericidal effect. Hence, our results indicate that
the mostly inferior maximum effect of tigecycline limits the pos-
sible combined effect and thus antagonizes the effect of cef-
tazidime/avibactam. The screening experiments in this study were
based on the adaptive in vitro 'dynamic’ checkerboard design us-
ing drug potencies as a highly efficient tool to elucidate drug in-
teractions as described by Kroemer et al. [18]. Building on and
following these methodologies, this study represents the first at-
tempt to quantitatively characterize the PD interaction between
ceftazidime/avibactam and tigecycline, employing a combination
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Fig. 4. Heatmap profiles at 4 h showing the commonly affected metabolites in cell pellets associated with all three treatments. A total of 16 samples with 4 biological
replicates under each treatment are displayed. The heatmap illustrates significant metabolic changes in E. coli JUM_]JEA under different scenarios: Control, 4 x MIC cef-
tazidimefavibactam (CZA), 4 x MIC tigecycline (TGC), and their combination (CZA-TGC). The z-score represents the abundance of each metabolite as the number of standard

deviations from the mean, illustrating relative changes across samples.

of precise bacterial counting techniques and pharmacometric ap-
proaches.

Time-kill assays conducted on four of the 15 selected strains
corroborated these findings, further demonstrating the prevalence
of antagonistic interactions. Comparison of the observed killing
effect of ceftazidime/avibactam-tigecycline combination and tige-
cycline alone in time-kill assays over 30 h of exposure resulted
in matching killing profiles. The PD interaction models based on
time-kill assay data showed that tigecycline antagonistically af-
fects the ceftazidime/avibactam effects across all four strains. This
antagonistic relationship outperformed an antagonism with cef-

~1

tazidime/avibactam as perpetrator. Notable reductions in killing
rates consistent with checkerboard assay results were estimated.
A comparison of the estimated interaction parameters in checker-
board assays (Table 2) versus those estimated in time-kill as-
says (Table S4) reveals similarities with partly overlapping confi-
dence intervals. In time-kill assays a rather weak antagonism of
—67.1% (—85.3 to —28.9%) was identified in K. pneumoniae WT,
while in checkerboard assays additivity was found. This difference
could result from sparse data and identifiability issues in the ‘dy-
namic’ checkerboard design. We hypothesize, tigecycline as a pro-
tein biosynthesis inhibitor [19-21], could have lowered the expres-
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sion of the p-alanyl-p-alanine peptidases, also known as penicillin-
binding proteins (PBPs) and the target of beta-lactams such as
cephalosporins like ceftazidimefavibactam [22]. This could cause
ceftazidime/avibactam to lose its target and therefore its bacteri-
cidal activity.

PCA score plots (Fig. 3) and heatmap profiles (Fig. 4)
allowed to highlight how the specific treatments alter the
metabolome, revealing both similarities and differences in metabo-
lite distribution over time. Our metabolomic analysis indi-
cates significant metabolic disruptions in both tigecycline and
ceftazidime/avibactam-tigecycline treatments, strengthening our
hypothesis that tigecycline affects metabolic pathways related to
protein synthesis, and therefore might also affect expression of cef-
tazidime/avibactam target. An increase of certain amino acids and
their derivatives is expected with exposure to tigecycline, as the
inhibition of protein biosynthesis while amino acid synthesis re-
mains unaffected allows for their accumulation. Idrees et al. of-
fer valuable insights into amino acid biosynthesis in microorgan-
isms and its potential as a therapeutic target [23]. This disruption
may alter the metabolic environment in a way that influences cef-
tazidime/avibactam's effectiveness and could possibly explain the
observed antagonistic interactions and reduced bactericidal effect
of ceftazidime/avibactam when combined with tigecycline. How-
ever, the performed metabolomic analysis did not allow to iden-
tify intermediate metabolites specific to p-alanyl-D-alanine pepti-
dases catalysed reaction (i.e, components of the stem pentapep-
tide, p-alanine, p-alanyl-p-alanine) [24]. Further research, possibly
incorporating proteomics and similar approaches, could focus on
changes in enzyme expression or larger peptides.

The findings of Yeh et al. [25] indicated that antagonistic in-
teractions can narrow the range of drug concentrations where re-
sistance evolves, and slow the rate of evolution through muta-
tions while in synergistic interactions, single-drug resistance mu-
tations could not only remove the effect associated with one of
the drugs, but also remove the synergy with the other drug. Our
work partly confirms these findings for antagonistic interactions,
showing that resistant subpopulations were more prevalent under
mono-exposure to ceftazidime/avibactam EC,4 or tigecycline ECyy
than under combined exposure to ceftazidime/avibactam and tige-
cycline, as shown in Table 3. However, Kroemer et al. similarly
found higher mutation frequencies under mono-exposure of cef-
tazidime/avibactam and fosfomycin while identifying the combina-
tion of these drugs as synergistic.

The concept of collateral sensitivity, as discussed in multi-
ple studies [26-28], describes evolutionary trade-offs between an-
timicrobial agents when bacteria adapt to different environmen-
tal pressures. We hypothesize that collateral sensitivity, particularly
related to plasmid-borne tetracycline and chloramphenicol resis-
tance, may have influenced our testing outcomes, and this phe-
nomenon could also be species-dependent. In our study, we noted
high Emax values for tigecycline monotherapy across all four iso-
genic K. pneumoniae strains, despite tigecycline's typically bacterio-
static effects (Table 1). This was further illustrated by K. pneumo-
nige WT carrying the empty plasmid coding for chloramphenicol
and tetracycline resistance, which exhibited high efficacy for tige-
cycline alone in time-kill assays (Fig. 2). However, similar effects
were not observed in the isogenic E. coli strains or in clinically
isolated strains that do not carry plasmids encoding resistance to
tetracycline and chloramphenicol.

The studies of Ojdana et al. and Wang et al. [6,7], which re-
lied on the FICI and turbidity readouts, reported mainly indif-
ferent or additive and synergistic PD interactions between cef-
tazidime/avibactam and tigecycline. Yet, these results may be mis-
leading since turbidity-based assays do not allow to distinguish
between bacteriostatic and bactericidal effects below the turbidity
threshold. Similar findings have been observed with meropenem
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and linezolid against Staphylococcus aureus, where the conven-
tional checkerboard method was unable to detect an antagonis-
tic interaction affecting the maximum killing effect. In this case,
linezolid antagonized the effect of meropenem, which was not de-
tectable using the conventional checkerboard approach based on
turbidity readouts [29]. Consequently, if the observations from this
study had been evaluated using the FICI method instead of time-
kill and modelling, they would likely have yielded FICI values in-
terpreted as indifferent.

Several limitations must be acknowledged. The in vitro nature
of this study restricts the direct translation of these findings to
the clinical situation. A fixed concentration of 4 mg/L avibactam
was used in the experiments, in line with EUCAST recommenda-
tions [13], while changing avibactam concentrations may not only
influence the effect of ceftazidimej/avibactam [30], but also influ-
ence the observed interactions. For the model-based interaction
evaluation in the checkerboards, several assumptions were made.
The sparse experimental layout identifies the nature of drug in-
teractions but cannot estimate interaction parameters, interaction
potencies and interaction directionality at the same time. Due to
strong observed antagonistic interactions, the interaction potency
(ECsoint) was fixed to very small values to stabilize estimates.
When trying to determine the perpetrator and victim in interac-
tions applying the GPDI model on the checkerboard screening data,
this process proved to be ineffective. Using a single INT parameter
for both drugs resolved identifiability issues and avoided selection
bias in interaction directionality.

The observed antagonism between tigecycline and cef-
tazidime/avibactam could significantly impact their clinical use.
Higher all-cause mortality with tigecycline standard dose therapy
was identified, exceeding what was observed when the drug first
entered the market with significantly increased mortality and non-
cure rates compared to active comparators [31,32]. In light of this
study, combining tigecycline with ceftazidimefavibactam might di-
minish the high efficacy of ceftazidime/avibactam when used alone
[10]. Lin et al. demonstrated in a recent multicentre retrospective
study [33] that combination therapy with ceftazidime/avibactam
and tigecycline in patients infected with carbapenem-resistant
K. pneumoniage showed no statistical difference compared to
ceftazidime/avibactam monotherapy.

In conclusion, ceftazidime/avibactam and tigecycline combina-
tion treatment showed mainly antagonistic PD interactions in 15
clinical and isogenic E. coli and K. pneumoniae strains, limiting the
overall effect of this combination to the effect of tigecycline. Future
studies should investigate this combination by incorporating dy-
namic in vitro models such as hollow-fibre infection model experi-
ments, thereby allowing to test different dosing regimens in com-
bination (i.e., prolonged infusion, sequential therapy). These stud-
ies could also utilize in vivo animal models, expanding the number
and diversity of bacterial isolates tested, and including pharmaco-
metric evaluations to better understand the clinical implications of
our findings.
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Synopsis

Our previous study investigated and identified the synergy of meropenem and fosfomycin
combination therapy and concluded the need of more comprehensive studies to reveal the
clinical potential of it. In this study we first pooled the experimental in vitro data of 12 MDR
K. pneumoniae strains across two different dynamic in vitro infection models. To propose and
establish a rationale for combined clinical breakpoints for meropenem and fosfomycin against
infections caused by K. pneumoniae, we then developed a pharmacometric model which coupled
human population PK models and an in vitro data derived PD model. Finally, we performed
simulations of 9 distinct dosing regimens across a wide range of meropenem and fosfomycin
MICs, and calculated PD-target based PTAs and CFRs for representative bacterial MDR
populations. Meropenem and fosfomycin monotherapies achieved PTA >290% only for low MICs
(¢4 mg/L for meropenem, <4 mg/L for fosfomycin), while combination therapy of high-dose
combinations (meropenem 2 g + fosfomycin 8 g q8h) achieved PTA >90% for 1-log and 2-log
killing at high MICs (32 mg/L for meropenem, 512 mg/L for fosfomycin). The study reveals robust
synergy of meropenem and fosfomycin combination therapy across 12 trains expressing

different resistance genes, and across two different in vitro infection models. The findings
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provide evidence for the reintroduction of a fosfomycin clinical breakpoint in combination with
meropenem and paves the way for clinical validation of the proposed dosing regimens in

patients with severe infections caused by MDR K. pneumoniae.
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ARTICLE INFO ABSTRACT

Article history: Objectives: To quantify the antibacterial effects and pharmacodynamic interactions of meropenem and
Received 26 November 2025 fosfomycin combinations against multidrug-resistant Klebsiella pneumoniae through pharmacometric
Received in revised form analysis, and to support an evidence-based rationale for combined clinical breakpoints.
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Accepted 28 February 2026
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Methods: In vitro data from 12 clinical K. pneumoniae strains (carrying genes such as KPC, NDM, OXA-48,
VIM, CTX-M, SHV, etc.), generated in dynamic in vitro infection model experiments mimicking human
pharmacokinetics of meropenem and fosfomycin, were analysed using pharmacodynamic modelling. A

Editor: W. Couet nonlinear mixed-effects model, incorporating MICs as covariates, was developed. Simulations using
published population pharmacokinetic models evaluated nine mono and combination dosing regimens

Keywords: (intravenous [i.v.] meropenem 2 g every 8 hours; i.v. fosfomycin 6—24 g total daily dose every 6 hours,

Breakpoint every 8 hours, or continuous infusion) and calculated probability of target attainment (PTA) (for bac-

Fosfomycin teriostasis, 1-log, and 2-log killing after 24 hours) for each dosing regimen across wide meropenem and

K. pneumoniae fosfomycin MICs.

Meropenem

Results: Meropenem and fosfomycin monotherapies achieved PTA =90% only for low MICs (<4 mg/L for
meropenem, <4 mg/L for fosfomycin). In contrast, combination therapy enabled PTA >90% for bacter-
iostasis at MICs up to 32 mg/L (meropenem) and 512 mg/L (fosfomycin), and for 1-log killing at 32 mg/L
and 256 mg/L, using low-dose regimens (meropenem 2 g + fosfomycin 2 g every 8 hours). For high-dose
combinations (meropenem 2 g + fosfomycin 8 g every 8 hours), PTA >90% was achieved for 1-log and 2-
log killing at even higher MICs. In total, the model captured time—kill dynamics for all 12 strains and 9
distinct drug regimens.
Conclusions: This study demonstrates that meropenem—fosfomycin combination therapy produces
robust synergy against multidrug-resistant K. pneumoniae strains, and expands attainable clinical
breakpoints compared with monotherapy. These findings provide evidence for reintroducing a fosfo-
mycin breakpoint in combination with meropenem and support further clinical validation of the pro-
posed dosing regimens in patients with severe infections. Aneeq Farooq, Clin Microbiol Infect 2026;s:1
© 2026 The Authors. Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology
and Infectious Diseases. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).

Pharmacometrics
PK/PD
Synergy

Introduction propensity for acquiring multidrug resistance [1,2]. K. pneumoniae
harbours intrinsic fosfomycin resistance genes such as fosA, which

The global rise of extended-spectrum p-lactamase—producing may be overexpressed [3].
and carbapenemase-producing Klebsiella pneumoniae poses a Combination therapy, particularly involving B-lactams and
substantial public health threat, driven by the decreasing efficacy other drug classes, may leverage synergistic pharmacodynamic
of available antibiotics and the microorganisms well-documented (PD) interactions and restore antibacterial efficacy against

* Corresponding author. Sebastian G. Wicha, Department of Clinical Pharmacy, Institute of Pharmacy, University of Hamburg, Bundesstr 45, 20146 Hamburg, Germany.
E-mail address: sebastian.wicha@uni-hamburg.de (S.G. Wicha).

https://doi.org/10.1016/j.cmi.2026.02.024
1198-743X/© 2026 The Authors, Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and Infectious Diseases, This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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resistant pathogens [4,5]. Meropenem remains a first-line option
for extended-spectrum f-lactamase—producing infections,
whereas intravenous (i.v.) fosfomycin—although less commonly
used and typically reserved for complex cases—has demonstrated
efficacy in multidrug-resistant (MDR) infections, especially when
administered in combination [6—8]. The i.v. fosfomycin European
Committee on Antimicrobial Susceptibility Testing (EUCAST)
breakpoints for most Enterobacterales were recently removed
because of limited evidence for monotherapy. However, many
clinicians note the lack of crucial susceptibility testing criteria for
fosfomycin in combination therapy, and current Infectious Dis-
eases Society of America guidelines do not routinely recommend
i.v. fosfomycin for serious MDR Enterobacterales infections [6].
Despite reported clinical benefits in MDR infections, fosfomycin
MICs have not been clearly linked to clinical outcomes [9-12].
Several preclinical studies have reported synergistic antibacterial
effects between meropenem and fosfomycin, but the clinical
applicability of these findings remain unclear [13—16].

We used published Hollow Fibre and Open Flow in vitro data
from 12 clinically relevant K. pneumoniae isolates [15,16], and
developed a pharmacometric model framework describing mer-
openem and fosfomycin effects and their PD interactions. We then
performed simulation studies for clinically relevant dosing regi-
mens to predict the probability of target attainment (PTA) for
bacteriostatic and bactericidal endpoints of meropenem—fosfo
mycin combination therapy across a wide range of MICs. Our
analysis offers novel insights to support optimized combination
therapy and proposes evidence-based clinical breakpoints for
meropenem—fosfomycin combination therapy in K. pneumoniae.

Methods
Experimental data

In vitro data of a total of 12 clinically isolated K. pneumoniae
strains (Table 1) [15,16] were included in this study. PD data for
meropenem and fosfomycin—both as monotherapy and in com-
bination—were sourced from previously conducted dynamic
in vitro experiments designed to mimic human pharmacokinetics
(PK) across a range of low- and high-exposure regimens. These
included hollow fibre studies with four clinical, KPC-carrying
isolates from the University of Hamburg (Hamburg, Germany)
and Open Flow in vitro model experiments with eight clinical
isolates from Bristol Centre for Antimicrobial Research and

Table 1
Tested strains with identified resistance genes and determined MIC values

Evaluation, Bristol (UK) [15,16]. Additional data are provided in
Text S1, Tables S1 and S2, Figures S1 and S2.

Pharmacometric modelling

Nonlinear mixed-effects modelling was conducted on observed
bacterial counts over time using NONMEM® 7.5 (Icon Develop-
ment Solutions, USA). A pharmacometric model was constructed
de novo, and all potential PD interactions were systematically re-
evaluated. The PK of meropenem and fosfomycin in each exper-
imental system were represented by first-order elimination with
system-specific half-lives (1 hour and 1.5 hours), and the bacterial
response was modelled using the resulting programmed
concentration—time profiles, which were verified against meas-
ured concentrations in the original experiments [15,16].

The final pharmacometric model (Fig. 1) consisted of two bac-
terial compartments representing subpopulations with higher and
lower susceptibility (S and R in the model), respectively,
accounting for the biphasic killing patterns in the experimental
data. Although meropenem and fosfomycin MIC values served as
covariates on effect- and interaction-potencies, single drug effects
of meropenem and fosfomycin were described with separate
parameter sets for each subpopulation of bacteria (S and R).
Combined effects were quantified using Bliss Independence [17]
and the General Pharmacodynamic Interaction model, which
quantifies a potential PD interaction as shifts of the potency (half-
maximal effect concentration, EC50) or maximum effect (Emax)
[18]. To account for differences between the two dynamic in vitro
systems, system-specific inocula and bacterial capacities were
implemented. Details are given in Text S2 and S3, Figures S3 and
S4,

Model selection of competing PK/PD models (i.e. interaction on
Emax versus EC50) was performed after inspecting biological
plausibility of parameters, parameter uncertainty, and the Akaike-
Information-Criterion for identifying the one representing the
observed data best [19].

Simulation of combination dosing regimens

Previously published population PK models for meropenem
and fosfomycin were recoded in R (4.2.1) using mrgsolve [20—-23].
Population PK models were then coupled to the PD model devel-
oped from the in vitro experiments described above. This inte-
grated PK/PD simulation framework enabled predictions of single

Strain Resistance genes MICpem (mg/L) MICror (mg/L) In vitro system
Klebsiella pneumoniae 2977 KPC-2, CTX-M-2, SHV-12, OXA-9, TEM-1, SHV-110 32 32 Hollow Fibre*
K. pneumoniae N2859 KPC-2, SHV-1 64 4 Hollow Fibre*
K. pneumoniae N864 KPC-3, OXA-9, TEM-1, SHV-11 32 16 Hollow Fibre®
K. pneumoniae R307 KPC-2, CTX-M-2, OXA-2, 128 64 Hollow Fibre*
0XA-9, SHV-39, TEM-1

K. pneumoniae C1.184 NMD-1, FosAG 32 32 Open Flow”
K. pneumoniae C1.151 KPC-3, FosAG 64 16 Open Flow”
K. pneumoniae C1.121 FosAG 0.06 256 Open Flow”
K. pneumoniae C1.182 VIM-29, FosAG >1024 8 Open Flow”
K. pneumoniae C1.173 KPC-3, FosAG >1024 16 Open Flow”
K. pneumoniae C1.164 0XA-48, FosA5 1 1024 Open Flow”
K. pneumoniae 113321 IMP 256 512 Open Flow"
K. pneumoniae KLEB3 — 128 256 Open Flow”

MEM, meropenem; FOF, fosfomycin.
4 Farooq et al. [16].
> MacGowan et al. [15].
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Fig. 1. Schematic representation of the pharmacometric model for dynamic in vitro experiments in twelve tested K. pneumoniae. (S): compartment addressing subpopulation with
higher susceptibility; (R): compartment addressing subpopulation with lower susceptibility; kg_s: growth rate constant; kg_g: growth rate constant; Eygem_s: effect of meropenem on
S: Emen_g: effect of meropenem on R; Egor_s: effect of fosfomycin on S; Eor_g: effect of fosfomycin on R; INT MEM: synergistic PD interaction with perpetrator meropenem affecting
fosfomycin effect parameter EC50gqr 5 (1) or EC50pqe g (1); INT FOF: synergistic PD interaction with perpetrator fosfomycin affecting meropenem effect parameter Emaxygm g (1).

and combined antibacterial effects over a wide range of clinically
relevant scenarios. Simulations were conducted for a wide spec-
trum of dosing regimens: i.v. meropenem 2 g every 8 hours; and
i.v. fosfomycin total daily doses of 6—24 g, administered as every
6 hours, every 8 hours, or continuous infusion. For each regimen,
the simulated PK profiles were linked to the in vitro—derived PD
models to predict the PTA for three predefined efficacy thresholds:
bacteriostasis, 1-log killing, and a 2-log killing in bacterial burden
after 24 hours of treatment. To assess the impact across the anti-
microbial susceptibility range, simulations were performed over a
wide distribution of K. pneumoniae strains with meropenem and
fosfomycin MICs ranging from 0.125 to 1024 mg/L. The PTA
threshold for a successful therapy allowing us to derive single and
combined breakpoints was predefined as >0.90. In addition, the
cumulative fraction of response (CFR) was calculated for each
in vitro system and dosing regimen using PTA predictions across
combined MIC population distributions of carbapenemase-
producing (mostly New Delhi metallo-B-lactamase [MBL])
K. pneumoniae clinical isolates for meropenem and fosfomycin
described in the literature [24,25]. Details are provided in Text S2.

Results
Pharmacometric modelling

Table S3 shows the final model parameter estimates with
respective confidence intervals. Initial reduction of bacteria was
mainly described through effects on subpopulation (S), whereas
observed regrowth under drug exposure was mainly driven
through subpopulation (R). Three different synergistic PD inter-
actions were identified and estimated: (1) Meropenem reducing
the EC50 of fosfomycin on (S) by up to 99.99% (95% CI
95.0-99.999%), (2) Meropenem reducing the EC50 of fosfomycin
on (R) by up to 98.1% (95% CI 91.0-99.9%), and (3) fosfomycin
increasing the Emax of meropenem on (R) by up to 24.9% (95% CI
18.0—32.0%). The pharmacometric model accurately captured the
time course of bacterial concentrations (logip CFU/mL) in control
(drug-free) conditions, as well as under meropenem and fosfo-
mycin monotherapy (Fig. 2) and combination therapy (Fig. 3), with
only minor misspecifications.

Model-encoded synergies as visualized in Fig. 1 allowed us to
describe strong killing with up to 4 logy( reduction across various

of tested strains and dosing regimen. For KP2977 and KPN864, the
combination of meropenem 2 g every 8 hours and fosfomycin 8 g
every 8 hours achieved a 4 logyo reduction in bacterial counts with
sustained suppression of regrowth for up to 72 hours (Fig. 3). In
contrast, monotherapies did not prevent regrowth (Fig. 2). These
findings exemplified the model's ability to accurately predict dis-
tinct bacterial responses under both single drug and combination
treatment scenarios.

Simulation studies

Predictions derived from Monte Carlo simulations based on the
developed pharmacometric model—for PTA >0.90 at selected MIC
combinations (referred to as combined breakpoints) and CFR—are
summarized for nine different combination dosing regimens and
three different predefined PD targets in Table 2 [24,25]. These
simulations used the meropenem model of Li et al. [20] and the
fosfomycin model of Parker et al. [21]. Results for renal impairment
and for alternative fosfomycin PK models are shown in Material S1,
with the alternative models producing virtually identical results.

Fig. 4 visualizes predicted PTAs for differently susceptible
bacterial strains treated with meropenem 2 g and fosfomycin 8 g
every 8 hours in both in vitro systems and for predefined PD targets
in the shape of heatmaps. Increasing MIC values along each of the
axes allows us to identify predicted PTAs for meropenem and
fosfomycin under respective monotherapies, whereas any other
predicted PTA values are representing combination therapy. The
breakpoint of meropenem monotherapy for bacteriostasis, 1-log
killing, and 2-log killing was predicted in the Open Flow system
to be 4 mg/L, 4 mg/L, and 2 mg/L, respectively. In the Hollow Fibre
system on the other hand, a meropenem breakpoint was only
identified for bacteriostasis at 2 mg/L. For fosfomycin mono-
therapy and bacteriostasis, the breakpoint was predicted at 4 mg/L
in both in vitro systems, whereas for 1-log killing, it was 1 mg/L. For
all other PD targets, the predicted single PTA values were too low
to define single breakpoints. The predicted combined breakpoints
(MICmem | MICpor) for bacteriostasis and 1-log killing in both
in vitro systems were 1024 mg/L | 1024 mg/L and 512 mg/L | 512
mg/L, respectively. For 2-log killing, breakpoint values differed
between the two systems: in the Hollow Fibre system, the com-
bined breakpoint was 32 mg/L | 32 mg/L, whereas in the Open Flow
system it was 32 mg/L | 512 mg/L.

Please cite this article as: Farooq A et al., Meropenem and fosfomycin against Klebsiella pneumoniae: Towards a combination breakpoint using
a pharmacometric approach, Clinical Microbiology and Infection, https://doi.org/10.1016/j.cmi.2026.02.024
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Fig. 2. Stratified visual predictive checks of pharmacometric model characterizing the bacterial load in log10 cfu/mL for control, meropenem alone or fosfomycin alone scenarios
in all twelve clinical K. pneumoniae strains across both in vitro systems. Model predictions incorporate the system-specific PK profiles programmed and validated in each dynamic
in vitro experiment. Dots, observations; solid green line, median model prediction; shaded green area, 90% prediction intervals; MEM, meropenem; FOF, fosfomycin; AUC/MIC,
AUC over MIC; T/MIC, time over MIC.
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Fig. 3. Stratified visual predictive checks of pharmacometric model characterizing the bacterial load in log 10 cfu/mL for meropenem and fosfomycin combination scenarios in all
twelve clinical K. pneumoniae strains across both in vitro systems. Model predictions incorporate the system-specific PK profiles programmed and validated in each dynamic
in vitro experiment. Dots, observations; solid green line, median model prediction; shaded green area, 90% prediction intervals; MEM, meropenem; FOF, fosfomycin; AUC/MIC,
AUC over MIC; T/MIC, time over MIC.

To enable consistent comparisons of combined breakpoints lowest dosing regimen simulated (meropenem 2 g plus fosfomycin
across the range of bacterial susceptibilities and dosing regimens, 2 g every 8 hours) identified bacteriostasis in strains with 32 mg/L |
Table 2 presents the results by simplifying the MICygm dimension 512 mg/L (or higher susceptibility) as achievable. The higher PD
and fixes it at MICygm = 32 mg/L. Predicted PTA values with the targets of 1-log killing and 2-log killing were identified as
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Pharmacometric model-derived simulations of combined fosfomycin MIC breakpoints with respective probability of target attainment >0.90, and cumulative fraction of
response for meropenem/fosfomycin combination therapy in different in vitro models, dosing regimens, and pharmacodynamic endpoints

Daosing regimen

In vitro system

Combined FOF breakpoint” (mg/L)

Cumulative fraction of response”

Bacteriostasis 1-log killing 2-log killing Bacteriostasis 1-log killing 2-log killing
MEM 2 g every 8 h + Hollow Fibre 512 256 8 0.99 0.97 0.27
FOF2gevery8h Open Flow 1024 1024 64 1.00 0.99 0.87
MEM 2 g every 8 h + Hollow Fibre 1024 1024 16 1.00 0.98 0.68
FOF 4 g every 8 h Open Flow 1024 1024 128 1.00 0.99 0.90
MEM 2 g every 8 h + Hollow Fibre 1024 1024 16 1.00 0.99 0.72
FOF 5 g every 8 h Open Flow 1024 1024 1024 1.00 1.00 0.90
MEM 2 g every 8 h + Hollow Fibre 1024 1024 16 1.00 0.99 0.72
FOF 8 g every 12 h Open Flow 1024 1024 512 1.00 0.99 0.90
MEM 2 g every 8 h + Hollow Fibre 1024 1024 16 1.00 0.99 0.72
FOF 4 g every 6 h Open Flow 1024 1024 256 1.00 1.00 0.90
MEM 2 g every 8 h + Hollow Fibre 1024 1024 32 1.00 1.00 0.75
FOF 8 g bolus + 8 g cont. Open Flow 1024 1024 512 1.00 1.00 0.90
MEM 2 g every 8 h + Hollow Fibre 1024 1024 16 1.00 0.99 0.75
FOF 6 g every 8 h Open Flow 1024 1024 1024 1.00 1.00 0.90
MEM 2 g every 8 h + Hollow Fibre 1024 1024 32 1.00 0.99 0.77
FOF 8 g every 8 h Open Flow 1024 1024 512 1.00 1.00 0.91
MEM 2 g every 8 h + Hollow Fibre 1024 1024 32 1.00 1.00 0.79
FOF 8 g bolus + 16 g cont. Open Flow 1024 1024 1024 1.00 1.00 0.90

Combined breakpoints are based on a meropenem MIC of 32 mg/L. Each PTA was based on pharmacometric predictions for virtual patients with serum creatinine clearance
>60 mL/min, and calculated from 1000 simulations per MIC pair in both in vitro systems (Hollow Fibre and Open Flow) at 24 hours of therapy for three different pharma-
codynamic targets: bacteriostasis, 1-log kill, and 2-log kill. CFR, cumulative fraction of response; FOF, fosfomycin; MEM, meropenem; PTA, probability of target attainment.
2 PTA was calculated using 1000 simulations for each combination of MICyem/MICror pair with MICyem = 32 mg/L, for each in vitro system, dosing regimen, and
pharmacodynamic target.
Y CFR was calculated using PTA and combined MIC population distributions of meropenem and fosfomycin from Della Rocca et al. [24] and Erturk Sengel et al. [25].

MEM 2 g / FOF 8 g q8h o9 0s-08e [ 0-078 [ ] Mics of abserved strains
Probability of Target Attainment (PTA)
Hollow Fibre Hollow Fibre Hollow Fibre
Bacteriostasis after 24 h 1-log killing after 24 h 2-log killing after 24 h

0,89 0.85 0.88 0.83
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Fig. 4. Probability of target attainment (PTA) heatmap for meropenem 2 g (short infusion) fosfomycin 8 g (1-hour infusion) g8h, based on pharmacometric model predictions for virtual
patients with serum creatinine clearance > 60 mL/min and infected by differently susceptible bacterial strains. Each PTA was calculated from n = 1,000 simulations per MIC pair in both
in vitro systems (Hollow Fibre and Open Flow) at 24 hours of therapy for three different pharmacodynamic targets: bacteriostasis, 1-log killing, and 2-log killing. Single MIC values along the
axes represent predicted PTA under monotherapy. Single MIC values and MIC combinations in which PTA > 0.9 is predicted, are highlighted in green, facilitating the identification of single
and combined breakpoints. Tiles outlined with a border indicate MIC values of observed clinical strains present in the experimental datasets. MEM, meropenem; FOF, fosfomycin.
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achievable for strains with 32 mg/L | 256 mg/L and 32 mg/L | 8 mg/
L, respectively. For the high-dose regimen (meropenem 2 g plus
fosfomycin 8 g every 8 hours), simulations based on the Hollow
Fibre system suggested a combined breakpoint at 32 mg/L | 32 mg/
L, whereas based on the Open Flow system at 32 mg/L| 512 mg/L. A
simulated continuous-infusion regimens offered no or minor
additional benefit over intermittent dosing. We note that multiple
MIC pairs can satisfy PTA >0.90; a single representative pair is
reported for clarity.

The calculated CFRs were close to 1 for bacteriostasis and at
least 0.97 for 1-log killing, both across all simulated dosing regi-
mens—indicating target attainment across almost the entire study
population of strains. In contrast, CFRs for achieving 2-log killing
varied depending on both the dosing regimen and the in vitro
system, ranging from 0.27 to 0.79 in the Hollow Fibre system and
from 0.87 to 0.90 in the Open Flow system.

Discussion

This study developed a novel pharmacometric model describ-
ing the antibacterial effects of meropenem and fosfomycin, both as
mono and combination therapy, against clinically relevant, MDR
K. pneumoniae in two dynamic in vitro systems. Significant syn-
ergistic interactions were identified, and population PK models
were integrated to perform extensive PK/PD simulations across
clinically relevant dosing regimens, assessing bacteria with dif-
ferent susceptibilities. We predicted PTA for bacteriostasis, 1-log,
and 2-log endpoints, assessed CFR, and determined evidence-
based single and combined breakpoints for
meropenem—fosfomycin therapy. Predicted PTAs for low and high-
dose combination therapy indicate the potential of these regi-
mens, whereas monotherapies at similar doses are expected to fail.
CFRs based on PTA and MIC distributions from the literature were
high for bacteriostasis and 1-log killing, and moderate to high for
2-log killing depending on total daily doses [24,25]. These findings
may allow for the use of meropenem when combined with i.v.
fosfomycin for the treatment of carbapenemase-producing
K. pneumoniae infections with elevated meropenem MICs,
including MBL producers. This is particularly interesting, as there
are limited options available for the therapy of MBL-producing
Enterobacterales. Notably, synergy of fosfomycin-containing
combinations has also been demonstrated in a human-simulated
neutropenic murine infection model, supporting the potential
translatability of our in vitro findings [26].

Our results align with previous preclinical studies documenting
synergy between meropenem and fosfomycin, which also discuss
possible mechanistic explanations for this interaction. [13—16].
Moreover, we extended previous static modelling by integrating
dynamic PK/PD data from two complementary in vitro systems.
Our single-agent breakpoints align with EUCAST clinical standards,
which are based on bacteriostasis. In both in vitro systems, a fos-
fomycin breakpoint of 4 mg/L was identified; although EUCAST
does not provide a general Enterobacterales breakpoint for fosfo-
mycin, it sets a susceptibility threshold of S < 8 mg/Lin Escherichia
coli urinary infections. Simulations based on the Hollow Fibre
system, which provided a more conservative prediction, suggested
high PTA and CFR for combination therapy, with combined
breakpoints (e.g. MICyem = 32 mg/L | MICgor = 1024 mg|/L for 1-log
killing, MICygm = 32 mg/L | MICgor = 32 mg/L for 2-log killing) that
reflect synergy. The higher breakpoint predictions in the Open
Flow system likely reflect its lower inoculum, lower bacterial
capacity, and dilution-driven PK, which result in less regrowth
pressure than the longer and higher-density Hollow Fibre experi-
ments. These differences mean that Hollow Fibre generally pro-
vides the more conservative, and thus clinically cautionary

predictions. Importantly, our simulated high-dose regimens ach-
ieved high PTA at or above the epidemiological cut-off (128 mg/L),
ensuring the proposed combination breakpoint does not bisect the
wild-type MIC distribution for K. pneumoniae [27]. Furthermore,
our simulations indicate that favourable PD outcomes are ach-
ievable with combination therapy, even in strains exhibiting high-
level resistance to both meropenem and fosfomycin. Such com-
bined breakpoints could be implemented in practice by applying a
standardized MICygym | MICror interpretive matrix to routine
single-agent MIC results. Considering potential fosfomycin side
effects [28], this may support combination strategies using lower
fosfomycin doses in some clinical situations. In line with this, the
lowest tested regimen (meropenem 2 g + fosfomycin 2 g every
8 hours) still achieved a combined 2-log-killing breakpoint of 32
mg/L | 8 mg/L in the Hollow Fibre. On the basis of our findings,
monotherapy is likely appropriate only when the MIC of mer-
openem or fosfomycin is < 4 mg/L, whereas higher MICs would
favour the use of combination therapy, although disease severity
or deep-seated infections may further influence this decision.

A key innovation of our study is the novel insight into combined
breakpoints for meropenem and fosfomycin, which exceed single-
agent breakpoints because of proven synergy. Our use of phar-
macometric modelling and simulation, integrating real-world
human population PK and a range of robust in vitro PD data,
expands PTA predictions far beyond traditional PK/PD indices
[29,30]. In addition, drawing from two complementary in vitro
systems enhances external validity and enables cross-system
comparison over a wide MIC range. Mechanistically, our model
demonstrates that synergy arises from shifts in both EC50 and
Emax in the combinations, providing a strong scientific basis for
combination therapy.

Limitations mainly arise from reliance on in vitro data, which
cannot fully represent clinical infection settings. Although we
included 12 K. pneumoniae strains of varying susceptibilities, the
sample does not capture the full clinical diversity, and clinical
infection-site bacterial burdens remain unknown. MIC dis-
tributions for CFR calculations were literature-based and may
not fully generalize to clinical populations, and although the
model was built using experimental MICs spanning meropenem
0.06 to >1028 mg/L and fosfomycin 4—1024 mg/L, these ranges
still do not encompass all clinically observed combinations. In
addition, several MIC values used in simulations required
interpolation or extrapolation beyond the experimental range,
which should be interpreted cautiously. Although dynamic
in vitro models provide quantitative, human PK-linked time—kill
data, they still cannot replicate host immunity or disease-site
PD, and the magnitude of the observed PD interactions may
differ in vivo and in clinic.

The findings provide a rational for a fosfomycin breakpoint as a
combined breakpoint with meropenem. However, as the observed
synergy represents an in vitro finding, further confirmation in vivo
and in clinical studies is needed.
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6 Discussion

The presented publications | — IV cover three different combination therapies, including
meropenem-fosfomycin (Publication| and IV), phage pKk8-polymyxin B (Publication Il), and
ceftazidime/avibactam-tigecycline (Publication Ill), against MDR Gram-negative bacteria in
in vitro studies, as well as the application of pharmacometric modelling for identifying and
characterising their PD interactions. Meropenem, fosfomycin, ceftazidime/avibactam and
polymyxin B are approved last-resort antibiotics recommended to be used in different infectious
diseases®®’!, while phage pK8 is an investigational drug'. Resistance against each of these
antibiotics has been already reported with the overall global situation worsening. IV fosfomycin
is recommended to be used in combination with other antibiotics, but at the same time, suitable
combination partners following a rationale are not given*’. Additionally, there are currently no
breakpoints for its use in patients defined by EUCAST?%. Phage therapy is a promising option in
times of escalating AMR and sparse innovation in the field of antimicrobials, but suitable
applications for overcoming its limitations are not clear yet’®84. In vitro investigations on the
combination of ceftazidime/avibactam and tigecycline based on the FICI showed mainly
indifferent results, leaving the effectiveness of this combination unclear. Each study effectively
met the three main objectives that were initially set. Firstly, appropriate in vitro methods were
successfully developed and applied for a comprehensive quantitative evaluation of combined
effects. Secondly, suitable pharmacometric models were developed that accurately captured the
combined effects by integrating PD interactions, fully characterizing their directionality, type,
and potency. Thirdly, additional in vitro and in silico experimental data was collected, validating
the findings through HFIM experiments, by utilizing metabolomic analyses, or by performing

extensive simulations.

The presented results of the four works highlight the potential of these combination therapies,
thereby clarifying their possible applications and evaluating the rationale for expanded

investigations.
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7.1 Promising strategies for rational combination therapies

7.1.1.  Meropenem-fosfomycin combination therapy

Publication | used the integration of static time-kill assays, pharmacometric modelling and
human PK mimicking HFIM experiments to identify significant synergistic PD interactions
between meropenem and fosfomycin, particularly against K. pneumoniae strains expressing
resistance against meropenem and partially even against fosfomycin. The findings reveal that
this combination therapy significantly suppressed bacterial regrowth at clinically achievable
concentrations, even when single therapy of meropenem or fosfomycin failed to do so. By
applying the GPDI model in pharmacometric models, PD interactions in all four tested strains
could successfully be categorised into additive and synergistic, while gaining knowledge
regarding the directionality of the identified synergy. Furthermore, actual drug levels from static
time-kill assays were fed into the development of PK/PD models, consequently addressing the
degradation of instable antibiotics such as meropenem, bacteria-induced degradation and the
time-dependent effect sizes. A comparable approach, which incorporates actual concentrations
of antibiotics alongside bacteria-independent drug degradation solely due to thermodynamic
effects, was described by Wicha et al.*%. Bacteria-induced degradation rate constants were
successfully estimated to exceed total meropenem degradation to more than thrice the size of
the basal meropenem degradation without bacteria. This additional degradation can be
explained through expression of KPC-2 or KPC-3, which as a result actively hydrolysed
meropenem. When translating this into the clinical situation, one could hypothesize that similar
enzymatic degradation of carbapenems happens in the infected tissues of the patients, resulting
in lower actual exposure to the drug. In two of four strains, synergy was best described with a
substantial reduction of the ECso of fosfomycin on subpopulation Bg, driven by the concentration
of meropenem as perpetrator of the interaction. This suggests that the combination therapy
could serve as a protective measure against the emergence of resistant subpopulations. In fact,
a lower mutation frequency was proven in an in vitro study of ceftazidime/avibactam, a beta-
lactam/beta-lactamase combination similar to meropenem, and fosfomycin*. The synergy
between meropenem-fosfomycin was observed not only in static models but also in dynamic
HFIM experiments over a period of three days, which better reflects the clinical situation.
Moreover, it can be argued that in animals or humans with an intact immune system, the tested
combination therapies simulating human PK might have an even higher likelihood of
successfully reducing bacterial burden™. A study by Drusano et al. examined tedizolid, a

bacteriostatic drug, using a thigh infection model in both healthy and neutropenic mice'*. Their
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results showed that granulocytes significantly boosted the efficacy of tedizolid treatment, with
healthy animals experiencing a much greater reduction in bacterial load compared to
granulocytopenic animals. These results underline the importance of an intact immune system

in maximizing the clinical efficacy observed with combination therapies in preclinical models.

Our findings suggest that leveraging meropenem-fosfomycin combination therapy could
enhance treatment outcomes in clinical settings where monotherapy might be expected to be
insufficient. Simultaneous consideration of MIC values for meropenem and fosfomycin planned
for combined application could be a primary decision factor, as the only combination therapy
that failed in the HFIM was the one associated with the highest MIC values. The combination of
meropenem and fosfomycin might serve as an alternative to the recommended treatments for
infections caused by KPC-producers, such as meropenem/vaborbactam or
ceftazidime/avibactam®. Additionally, sufficient evidence showing the suppression of
resistance through combination therapy could encourage its use not only in severe cases but also
as astandard method to prevent resistant strains from emerging, thereby providing another tool

against the worsening AMR situation.

An important extension to these findings is provided by Publication IV, which analysed in vitro
data from twelve MDR K. pneumoniae strains across two dynamic infection model systems
(HFIM and Open Flow). Using a pharmacometric approach that included MIC values as covariates
and employed the GPDI model, synergistic interactions were quantitatively characterized.
In silico simulations with published population PK models were performed, evaluating a diverse
range of dosing regimens. Publication IV demonstrated that while monotherapy achieved
PTA 2 90% only for low MICs, meropenem-fosfomycin combination therapy enabled PTA > 90%
for bacteriostasis and 1-log killing at substantially higher MIC combinations—specifically up to
MICmer | MICror of 32 mg/L | 512 mg/L, depending on the treatment regimen and efficacy
endpoint. Based on these simulations, Publication IV proposed rational, evidence-based
combined breakpoints for meropenem-fosfomycin therapy, such as MICmer | MICror values of
32mg/L | 512 mg/L for 1-log killing, and 32 mg/L | 32 mg/L for 2-log killing, depending on the
dosing strategy and in vitro model. This approach provides a scientific rationale for reintroducing
a fosfomycin breakpoint in the context of combination therapy, guiding both susceptibility
testing and optimal dosing for severe MDR K. pneumoniae infections and addressing the gap in

clinical practice after the EUCAST removal of the standalone IV fosfomycin breakpoint.
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Considering safety, Abdallah et al. showed in their study investigating the efficacy and safety of
IV fosfomycin for the treatment of MDR Gram-negative infections that hypernatremia (23.3%)
and hypokalemia (43.3%) were the most frequently observed adverse events'. Depending on
their severity, these side effects can limit the use of IV fosfomycin. Here the rationale could be
combining fosfomycin with meropenem, subsequently reducing the need of fosfomycin dose

escalation and its side effects.

A recent retrospective observational study conducted by Oliva et al. compared fosfomycin-
containing combination regimens to those without fosfomycin for treating infections caused by
carbapeneme-resistant K. pneumoniae and A. baumannii'*'. The study, which analysed 78 critically
ill patients, showed promising results: patients receiving fosfomycin-containing regimens
experienced higher rates of clinical cure, early 3-day improvement, microbiological eradication,
and lower 7-, 14- and 30-day mortality. The combination regimens also included meropenem-
fosfomycin and meropenem/vaborbactam-fosfomycin in six patients infected by K. pneumoniae

expressing KPC.

7.1.2.  Phage-polymyxin B combination therapy

Publication Il implemented a pharmacometric modelling approach to elucidate the killing
kinetics and PD interaction dynamics of bacteriophage pK8 in combination with polymyxin B
against a polymyxin-resistant K. pneumoniae strain. Key findings demonstrate that while
polymyxin B alone was ineffective, its combination with phage pK8 resulted in notable
bactericidal effects and reduced bacterial burden, particularly at higher initial MOI. Even though
phage pK8 alone significantly reduced bacterial concentrations, it was not sufficient to prevent
regrowth beyond initial levels across all scenarios tested. The study builds upon earlier findings
highlighting the synergistic potential of phage pK8 and polymyxin B, supported by profound
metabolic changes and morphological differences observed in bacterial cells under drug
exposure'?. In their study, distinct differences in cell surface morphology and membrane
potential were observed in the resistant K. pneumoniae strain with polymyxin B, phage pK8, or
their combination. Polymyxin B alone disorganized the outer membrane without killing the cells,
while the combination caused lysis and significant metabolic perturbations. Metabolomic
analysis showed similar changes from phage pK8 and polymyxin B at 4 hours, but not at 24 h
due to resistance, indicating initial synergy driven by the phage and later resistance prevention

to pK8 or polymyxin B., indicating initial synergy and later resistance prevention After evaluating
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four biologically plausible mechanisms to describe the PD interaction and a comparison of our
in silico findings with the mechanistic discoveries made by Han et al., we can affirm agreement.
The pharmacometric model effectively captured these dynamics, identifying resensitization of
polymyxin B as the driver of the observed synergy. This work enhances our understanding of PD
interactions by moving beyond traditional checkerboard assays, instead applying time-dissolved

sampling for a precise exploration of interaction dynamics.

Although limited by its in vitro nature, this study provides a strong rationale for advancing
phage-antibiotic combination strategies to in vivo models, thereby informing potential clinical
applications against MDR pathogens. Future investigations are needed to translate these in vitro
results into clinical practice, considering crucial factors such as infection site specificity,
administration routes, and phage PK. Given phages' high specificity, strategic frameworks are
essential to ensure the appropriate phage or phage-antibiotic combination is applied accurately
to target bacterial strains. A randomised, controlled and double-blind clinical trial investigated
the efficacy and tolerability of a cocktail of phages for treating burn wound infections caused by
Pseudomonas aeruginosa™®. This study was the first clinical trial that followed good
manufacturing and good clinical practice when comparing phage therapy to standard of care, in
this case sulfadiazine silver. In conclusion, this study showed that phage therapy can effectively
reduce bacterial burden in infected wounds, despite taking longer than standard care. Initial
susceptibility of the infecting strain to applied phages was crucial for success, highlighting the
need for phage susceptibility testing instead of pure presumptive therapy. Additionally, the
phage treatment group experienced fewer serious septic complications, suggesting an extra
benefit of phage therapy. These findings encourage further research into the use of phages
alongside other phages or even combining phage cocktails with antibiotics. Looking ahead,
numerous clinical trials are actively exploring phage therapy, particularly among patients with

cystic fibrosis, offering promising insights into its future applications'.

Polymyxins are last-resort antibiotics, but their use is largely restricted because of their
unfavourable safety profile. They are linked to adverse effects such as nephrotoxicity and
neurotoxicity™®™. Different strategies have been recommended for minimizing polymyxin-
induced toxicity, including dose adjustments according to patient’s renal function estimates and
discontinuation with use of alternative antibiotic therapy. As already proposed for the

synergistic combination meropenem-fosfomycin, polymyxin therapy could be supplemented
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with phages resulting in a combination therapy with known synergistic effects, hence allowing

to potentially reduce polymyxin doses.

This work demonstrates how personalized phage therapy could be further advanced in clinical
settings. The workflow in this work involved the isolation of a clinical strain from a patient,
cultivating and amplifying phage pK8 against this specific bacterium, and conducting both mono
and combination testing. Since extensive testing with time-kill assays is not feasible for clinical
real-life situations, these could be replaced by experiments similar to traditional checkerboards.
Checkerboard assays for testing potential phage-antibiotic combinations were already
developed based on the FICI-criterion™2. This approach could help not only to cultivate effective
phages but also to test combinations known to be synergistic in in vitro experiments, following

the example of Antimicrobial Susceptibility Testing via MIC, which is usually present in hospitals.

7.1.3.  Mechanistic insights into synergistic PD interactions

Publication |, II, and IV present two promising strategies for rational combination therapies by
showcasing enhanced treatment efficacy through synergistic interactions. They show how a
broad range of in vitro assays coupled with pharmacometric modelling can serve as tools to

analyse the underlying mechanisms of PD interactions and define them quantitatively.

Pharmacometric modelling included the testing of different structural models for describing the
often observed two-phasic bacterial growth under drug exposure. Initial decline of bacterial
burden was modelled with a drug-susceptible bacterial subpopulation, while regrowth of
bacteria was mainly driven by a less susceptible or resistant subpopulation. A commonly used
structural model for describing time-kill data of antibiotics describes the second bacterial
compartment to be resistant, completely drug-insensitive and resting, with an adaptive
resistance reducing the effect of the drug on the susceptible population?. Since phenotypical
resistance to meropenem, fosfomycin, or both was already proven through MIC testing in all four
strains, the structure of the developed PK/PD models in Publication | and IV consists of two
bacterial compartments (susceptible (S) and less-susceptible (R)), with the R subpopulation
assumed to be present at the beginning of each experiment, with its size being estimated as a
model parameter (‘inoculum resistant bacteria’). On the other hand, the developed PK/PD model
in Publication Il also consists of two structural compartments, but resistance was described to
develop rapidly following an estimated rate constant (‘resistance to phages rate constant’) with

no phage-resistant subpopulation present at the beginning of the experiments. This most likely
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describes the reality of these experiments, proven by two facts: i. Eradication of bacteria under
phage pK8 exposure was so substantial, that in most of the cases no bacteria were quantifiable
andii.Han et al. proved rapid emergence of resistance in their investigation of this specific phage
against the tested K. pneumoniae strain. In published studies, phage kinetics have been
described using an in vitro measured time-delay in the lysis of bacteria after infection of
phages™, or with an estimated lysis rate constant. Following an approach similar to that of
Delattre et al.”**, in this work phage-bacterial infection-lysis kinetics were modelled with a phage
binding rate constant to phage-susceptible bacteria (Bs), resulting in infected bacteria (B)), which
undergo lysis following an estimated lysis rate constant. Both structural models of bacterial
compartments used in Publication |, I, and IV are commonly used and have been described in

the literature™ .

Furthermore, experiments conducted in both studies used clinical K. pneumoniae strains isolated
from patients. This approach allows for more clinically relevant insights and enhances the
potential for translation to in-human situations. Specifically, the four strains included in
meropenem-fosfomycin testing were resistant to meropenem, with varying fosfomycin
susceptibility. The K. pneumoniae strain included in phage pK8-polymyxin B testing showed high
resistance to polymyxin. As thoroughly explained, pathogens of this type are classified by the
WHO as the most challenging and difficult to treat®. Accordingly, both studies represent crucial
edge cases. In clinical practice, an antibiotic would not typically be administered to a patient if
the strain causing the infection was proven resistant to it. Following this idea, it is arguable that
in infections caused by pathogens classified as susceptible, with or without increased exposure
to both combination partners (EUCAST classifications: S|S, S|I, I|I), successful therapy is more

likely.

7.2 Limitations and risks in combination therapies

Publication IIl highlighted the antagonistic interactions between ceftazidime/avibactam and
tigecycline in the tested clinical and isogenic E. coli and K. pneumoniae strains. This antagonism
was observed in ten of the fifteen strains, underscoring the limitations of this combination in
effective bacterial killing. The adaptive in vitro 'dynamic’ checkerboard design, as utilized in this
study, provided a systematic approach to interaction testing, revealing that tigecycline's limited
bactericidal effect could reduce the efficacy of ceftazidime/avibactam. The time-kill assays

further confirmed these antagonistic dynamics, showing that the killing effects of the
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combination were similar to tigecycline alone. This outcome highlights the risks of using this
combination, where the action of ceftazidime/avibactam is impaired, limiting therapeutic
effectiveness against MDR pathogens. While the study provides valuable insights, it is limited by
its in vitro nature, which does not fully capture the complexities of clinical situations. In vitro
models lack the influence of an immune response and do not replicate the dynamic conditions

in patients.

However, the findings indicate that the combination of ceftazidime/avibactam and tigecycline
may not provide a clinical advantage, as antagonistic interactions could reduce treatment
efficacy and promote resistance development. Prior studies have pointed out the risks associated

with tigecycline, including increased MICs and less favourable clinical outcomes>>"#1€0.

Therefore, future studies should explore other combinatory approaches that focus on leveraging
synergistic interactions, ideally employing dynamic in vitro and in vivo models to enhance our
understanding and improve outcomes for MDR infections. Compared to the synergistic findings
in Publications I, Il, and IV, where investigated combinations demonstrated enhanced bacterial
suppression and potential clinical benefits, Publication llI's results highlight the risks and
challenges associated with antagonistic drug interactions. While synergy in the former two
studies suggested promising strategies to combat resistant pathogens, the antagonistic
dynamics observed in this study caution against certain combinations that could undermine

therapeutic success.
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7 Perspectives

Antimicrobial combination therapy is a promising approach, already showing effectiveness
against MDR Gram-negative bacteria under certain conditions. Studies suggest that tailoring
antibiotic strategies based on factors like illness severity and immune status can optimize the
use of combination therapy for high-risk patients, while monotherapy can suffice for less severe
infections”'®'. The presented research into various combination therapies highlights their
potential applications and underlying mechanisms. Some combinations, such as those involving
meropenem and fosfomycin, have demonstrated significant synergistic effects, successfully
suppressing bacterial growth in resistant strains. These findings suggest that such combinations
could serve as alternative treatments for difficult infections. Phage therapy also holds potential,
particularly when combined with antibiotics like polymyxin B. Phage therapy could play a crucial
role in future clinical applications, especially when customized to target specific bacterial strains.
However, not all combinations are beneficial. Some, like ceftazidime/avibactam and tigecycline,
have shown antagonistic interactions, highlighting the risks of reduced efficacy and increased
resistance. This underscores the importance of careful selection and further exploration to

identify effective synergies.

Future research should focus on both pre-clinical and clinical investigations. Utilizing dynamic
invitro and invivo models to test meropenem-fosfomycin and phage pK8-polymyxin B
combinations across more clinical strains of different susceptibility, simultaneously employing
pharmacometric techniques to refine their application, would be more representative for the
biological variability of pathogens found in clinics. Furthermore, gaining in vivo data could allow
for in vitro-in vivo-translation, which would be especially important in the case of phage therapy.
Pharmacometric models investigating on quadruple dynamics of host-bacterium-phage-
antibiotic would allow considering physiological factors like distribution and excretion of
phages, effects of the immune system, and possibly many more. In light of these findings,
combined MIC breakpoints for meropenem-fosfomycin, as established in this work, should be
considered by EUCAST and other international committees for potential implementation and

further clinical validation.

To ensure effective real-world applications, conducting clinical studies will be essential. In the
case of meropenem and fosfomycin, both already marketed and clinically used for decades the
presented in vitro evidence, along with the clinical trials already conducted and discussed,

indicates significant potential for this combination in future clinical studies.



98 | Perspectives

The worsening AMR situation urges specialists worldwide to come up with new drugs, new
approaches, but also new ideas on how to handle problems with already existing structures and
medicines. Ultimately, a coordinated effort in advancing research and revising clinical guidelines

is crucial to effectively tackle the challenges.
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Text S1: Methods: Bacterial strains and antimicrobial susceptibility testing

Origin of bacterial strains
Bacterial strains were analyzed at Medical and Molecular Microbiology, University of Fribourg,

Switzerland. Detailed information regarding their geographic origin and isolation is given in Tab.

S1.

Table S1 Characteristics of Klebsiella pneumoniae strains, their geographic origins, and isolation sources.

Strain Origin Isolation
K. pneumoniae 2977xpc-2 Liebefeld, Switzerland Urine

K. pneumoniae N2859pc-2 Bellinzona, Switzerland -

K. pneumoniae N864kpc-3 Lausanne, Switzerland Rectal swab
K. pneumoniae R307kpc-2 Brazil Blood culture

Antimicrobial susceptibility testing
The minimal inhibitory concentration (MIC) of meropenem was determined as triplicates using

the broth microdilution method according to the EUCAST recommendation.? Bacterial isolates
(approx. 5 x 10° cfu/mL) were inoculated in cation-adjusted Mueller-Hinton-broth Il (ca-MHB,
NutriSelect® Plus, Sigma-Aldrich, USA) using 48-well-plates that contained a series of 2-fold
dilutions of each antibiotic. The plates were incubated at 37 °C in ambient air for 24 h and were
then evaluated visually. The MIC was defined as the lowest concentration that showed no visible
growth of bacteria. The MIC of fosfomycin was determined in using the agar dilution method in
accordance EUCAST recommendation?®. For this Columbia agar plates supplemented with 2-fold
concentrations of fosfomycin and 25mg/L glucose-6-phosphate were prepared. Bacterial
inocula were set to 0.5 McFarland and then diluted to achieve the desired colony count. A
standardized inoculum of 10* cfu per spot was inoculated onto the agar plates. The plates were
then incubated for 18 to 24 h at 37 °C ambient air, after which the MIC was read as the lowest
concentration of fosfomycin that completely inhibited visible bacterial growth, neglecting small

colonies within the spot area.
Text S2: Methods: Static time-kill assays and Hollow-fibre Infection Model (HFIM)

Static time-kill assays
All four clinical K. pneumoniae isolates were tested in static time-kill assays against meropenem

and fosfomycin alone and in combination to obtain comprehensive understanding of the killing
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kinetics. Briefly, time-kill assays were performed by inoculating and pre-incubating the bacterial
isolate (approx. 10® cfu/mL) in freshly prepared cation-adjusted Mueller-Hinton-broth II (ca-
MHB, NutriSelect® Plus, Sigma-Aldrich, USA) for 2 h at 37°C ambient air. Following pre-
incubation, meropenem and/or fosfomycin were added at 2-fold serial dilutions. Studied
concentrations ranged from low levels, below the clinical breakpoints defined for both
antimicrobials by EUCAST,* to high levels, exceeding clinically achievable concentrations. All
tested scenarios including growth controls were studied over 24 h. Samples were collected at 0,
2, 4, 6, 8 and 24 h to determine the bacterial count. Regrowth was defined as the bacterial
concentration exceeding the inoculum at time zero used to initiate the culture. Each experiment
was performed with a minimum of n = 2 replicates with a final volume of 10 mLand a lower limit
of quantification of 102 cfu/mL. Additionally, samples of selected scenarios for each strain as well
as in ca-MHB without bacteria were collected at 0,4 and 24 h, and stored at -80 °C for later high-
performance liquid chromatography-mass spectrometry (LC-MS/MS) analysis to investigate
meropenem degradation in absence (non-enzymatic degradation) and presence of KPC-
expressing bacteria. Degradation rate constants were later estimated in PK/PD modelling to
enhance model accuracy by accounting for enzyme-driven changes in meropenem concentration
over time.

Experimental setup HFIM

The HFIM setup followed what was described previously,'®* with a central compartment
connected to a cellulosic hollow-fibre cartridge (catalogue no. C8008, FiberCell® Systems Inc.,
USA) via tubing, pre-programmed peristaltic pumps (ISMATEC®, ISM 4412 Reglo ICC Pump;
Masterflex® Drive MFLEX 115/230; Darmstadt, Germany) and syringe pumps (Cole-Parmer
Syringe Pump SKU 7490554). The required infusion volumes, concentrations and pump rates to
achieve the target concentration-time profiles were calculated using R. HFIM experiments were
performed by inoculating and pre-incubating the bacterial isolate (approx. 10® cfu/mL) in ca-
MHB for 2 h at 37 °C ambient air. Following pre-incubation, meropenem, mimicking 2 g q8h,
and/or fosfomycin, mimicking 8 g q8h, were administered over 72 h. Killing kinetics were
observed after collecting samples at 0, 0.75, 2, 4, 6, 8, 8.75, 24, 24.75, 28, 32, 48, 52,56 and 72 h
from the extra-capillary space of the cartridge and determination of the bacterial count.
Additionally, samples from the central compartment were collected at 0, 0.75, 4, 8, 8.75, 24, 24.75,
28, 32,32.75, 48, 48.75, 52, 56, 56.75, and 72 h, and stored at -80 °C for later LC-MS/MS analysis to

verify if target profiles were achieved.

Pharmacokinetics HFIM
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In order to streamline the experimental procedure, both antibiotics were administered as bolus
infusions while maintaining the clinically expected minimum (Cmin) and maximum (Cmax)

concentrations Tab. S2 shows target Cmin and Cmax of meropenem and fosfomycin in the HFIM.

Table S2 Overview of target minimum (Cmin) and maximum (Cmax) concentrations of meropenem (MEM) and
fosfomycin (FOF) in the Hollow-Fibre Infection Model experiments. 50t": median patients as virtual individuals
providing a benchmark for typical drug exposure within the studied population.

Dosing Hollow Fibre Experiment Cmin [mg/L] Cmax [mg/L]
MEM 2 g q8h 501" 1.1 50.9
FOF 8 g q8h 50t 84.8 388
MEM 2 g q8h 50th FOF 2 g q8h 50th Egé”szggqﬁhsso?thh

504 500 4 500 4
2 2 B _
E‘ E‘ E‘ Target profiles
-:-;i -:-;i -:-;i 50 4 Fosfomycin
'5 E E —  Meropenem
5 5 5
Q Q \ [&]

5 504 S5

24 48 72 ] 24 48 72 ) 24 48 72
Time [h] Time [h] Time [h]

Figure S7 Target concentration-time profiles for high-dose meropenem and high-dose fosfomycin dosing regimen

mimicked in dynamic Hollow-Fibre Infection Model experiments. MEM: meropenem; FOF: fosfomycin; 50t: simulated
median patient.

Text S3: Methods: Pharmacometric Modelling

Mathematical modelling of single drug effects
Single drug effects were quantified using the slope effect model or (sigmoidal) maximum effect

model (Eqg. S1, S2) describing the observed effect E as functions of its concentration ¢ and the
model parameters B (slope parameter in L/mg x h), ECso (half-effective concentration in mg/L),

Emax (maximal effect in h™") and H (Hill factor of sigmoidicity).

E(c)=p*ct (Eq. S1)
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Emax xCH

E(C) = EC50H+ cH

(Eg. S2)

Nonlinear-mixed-effects modelling was conducted on observed bacterial counts over time using
NONMEM® 7.5 (Icon Development Solutions, USA). First-order-conditional-estimation with
interaction (FOCE-I) was used to obtain maximum-likelihood estimations by minimizing the

negative log-likelihood objective function criterion -2LL.

For better comparison of models with different numbers of parameters the Akaike-Information-
Criterion AIC was calculated from -2LL with k representing the number of estimated (non-fixed)

parameters:

AIC = —2LL+2 xk (Eq. S3)

General Pharmacodynamic Interaction (GPDI) model'®3
The GPDI model is given by Eq. S4 - S11 for two drugs as interaction partners with an interaction

on the PD parameters Emax or EC50. The GPDI term is a function of the perpetrator drug
concentration, which affects a PD parameter 6 (either EC50 or Emax) of the victim drug with INT
as maximum possible fractional shift of the PD parameter 6, EC50inr as potency of the
perpetrator and Hinr representing the sigmoidicity of the interaction (Eq. S4). The fractional shift
of the victim’s PD parameter caused by the perpetrator drug allowed the directional
quantification of the PD interaction, i.e., either synergy, antagonism or additivity. Whenever -
1< INT < 0 applies to Emax based PD interactions, antagonism is described, and whenever -
1< INT < O applies to EC50 based PD interactions, synergy is described (vice versa for INT > 0). In
the case of bidirectional PD interactions, a drug could be perpetrator and victim at the same time.
Whenever synergism or antagonism were not significant (confidence interval of INT not
including 0), the interaction was described as null-interaction model by Bliss Independence with
Ea and Eg representing the effect of drug A and B (Eq. 8). Since Bliss Independence was derived
from the probabilistic approach, the probabilistic Bliss Independence term was calculated using
the single drug effects, which were normalized to the maximum drug effect possible with a

single drug, and afterwards scaled back to the effect scale (Eq. S9 - S11).
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(Eq. S4)

(Eq. S5)

(Eg. S6)

(Eq. S7)

(Eg. S8)

(Eg. S9)

(Eq. S10)

(Eq. ST1)

Instruments used were 1290 Infinity HPLC Il system (Agilent Technologies, California, USA)

equipped with a reverse-phase Accucore C18 column (Thermo Fisher, Dreieich, Germany) coupled

with a QTRAP 5500 mass spectrometer (SCIEX, Framingham, Massachusetts, USA). Firstly,

samples were diluted using ca-MHB (1:20) before further preparation. Briefly, sample

preparation was performed by mixing 50 pL of sample with 50 pL of ice-cold internal standard

ceftazidime (1 mg/L) in methanol and 200 pL of ice-cold acetonitrile. The mixtures were vortexed

for 10 s and subsequently centrifuged for 20 min at 4 °C and 17.968 x g after which 75 pL of the
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supernatant was transferred into an HPLC vial. The same procedure was used for quality controls

and calibration solutions.

The mobile phase consisted of 10 mM ammonium formate + 0.1% formic acid buffer in H,O

(component A) and acetonitrile with 0.1% formic acid (component B) running following gradient

elution protocol: Initially, 95% A and 5% B was maintained from O to 0.8 min. The proportion of

component B was then increased linearly to 20% from 0.8 to 2 min and further increased to 40%

by 3.5 min, maintaining this composition until 4.50 min. At 4.60 min, the initial conditions of 95%

A and 5% B were re-established and maintained until 6 min. Detailed information about the ion

source parameters of the instrument, method specifications, retention times and analysed

fragments are given in Tab. S3 and S4.

Table S3 lon source parameters for two distinct ESI phases in the mass spectrometer method.

Curtain Gas Collision lon Spray Temperatur Nebulizer Heater Gas
(psi) Gas Voltage e (°C) Gas (psi) (psi)
(volt)
Phase 1
40 Medium -3500 450 50 50
(0-3.5 min)
Phase 2
20 Medium 4000.0 450 50 50
(3.5-7 min)

Table S4 Fragments and parameters for each antibiotic and internal standard (IS) in the bioanalysis method.
Optimization of mass spectrometry parameters was performed by direct injection of individual standard solutions for
each analyte and IS. FOF: fosfomycin; MEM: meropenem; CAZ: ceftazidime; Coll: Collision.

Antibiotic Identifier ESI Retention Qi1[Da] Q3 Dwell  Declustering  Entrance Coll. Coll. Cell
mode time [Da] Time Potential Potential Energy Exit
[min] [msec] [V] [V] [V] Potential
[v]
FOF Quantification - 1.47 136.884 78.9 150 -80 -10 -38 -1
FOF Qualification - 1.47 136.884  81.1 150 -80 -10 -20 -9
MEM Quantification + 4.65 385109 67.9 150 96 10 85 8
MEM Qualification + 4.65 385109 TM4.1 150 96 10 35 10
CAZ Internal + 4.67 546.957 468 150 96 10 17 20

Standard




Supplementary data Publication | | 119

Concentration ranges of calibration standards and quality controls (Tab. S5) were derived from
expected target concentrations in the experiment samples. Results of the validation of this
method over a period of three consecutive days using shown quality control levels are

summarized in Tab. S6.

Table S5 Concentration ranges of meropenem and fosfomycin calibration and quality standards with @ measured
concentration on LC-MS/MS and ® resulting actual concentrations after recalculation of sample dilution step (1:20).
MEM: meropenem FOF: fosfomycin; LLOQ: lower limit of quantification; LQC: low-level quality control; MQC: mid-
level quality control; HQC: high-level quality control; ULOQ: upper limit of quantification.

Compound MEM [mg/L] FOF [mg/L]
Quality Controls
Level a b a b
1(LLOQ) 0.35 7 2.50 50 LLOQ
2 1.05 21 7.50 150 LQC
3 1.75 35 12.5 250 MQcC
4 2.10 42 15.0 300
5 2.80 56 20.0 400 HQC
6 (ULOQ) 3.50 70 25.0 500

Table S6 Accuracy and precision of meropenem (MEM) and fosfomycin (FOF) across individual validation days
(samples each level n =15) for the parallel bioanalytical determination of MEM and FOF in bacterial growth medium
(ca-MHB) using HPLC-MS/MS. All values are within the described EMA limits.

Quality Calculated MEM Calculated FOF

Accuracy  Precision Accuracy  Precision
Control concentration concentration

[%] [%cv] [%] [%cv]

Level [mg/L] [mg/L]
Day 1
LLoQ 0.38 109.5 3.2 2.39 95.4 7.2
Low 1.05 100.3 1.6 6.83 91.0 4.6
Middle 1.81 103.2 3.0 1.3 904 4.6
High 2.76 98.6 13 17.6 88.1 3.6
Day 2
LLOQ 0.39 110.9 4.0 2.45 98.0 3.9
Low 1.07 101.8 3.6 7.41 98.8 6.0
Middle 1.90 108.1 1.3 13.3 106.5 3.3

High 2.90 103.5 3.6 20.9 104.3 2.8
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Day 3

LLoQ 0.38 109.6 1.5 2.08 83.1 1.9
Low 1.01 96.5 25 6.57 87.6 2.6
Middle 1.72 98.1 3.7 1.9 95.0 6.1
High 294 105.1 4.6 20.9 104.4 5.9
All Days

LLoQ 0.385 110.0 2.9 2304 922 43
Low 1.045 99.5 2.6 6.935 925 44
Middle 1.805 103.1 27 12.16 97.3 47
High 2.867 102.4 3.2 19.79 98.9 4.1

Text S5: Results: Bioanalysis of meropenem in static time-kill assays

The observed concentrations of meropenem under specific scenarios for each tested strain,
including expected degradation in the absence of bacteria (meropenem without bacteria) and
predicted degradation based on the final pharmacometric models (meropenem with bacteria),

are presented in Fig. S2.

K. pneumoniae 2977 KPC-2 K. pneumoniae N2859 KPC-2
MEM-16 MEM-64 MEW-256 MEM-8 MEM-16 MEM-256
— 1] 400 — 400
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Figure S8 Observed concentrations of meropenem in selected scenarios per tested strain, with expected degradation

in the absence of bacteria (MEM w/o bacteria) and predicted degradation using final pharmacometric models (MEM

w/ bacteria), are shown. Dots: observations; solid line: median prediction; dashed line: expected degradation w/o

bacteria; shaded area: 90% prediction intervals; MEM: meropenem.
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Text S5: Example control stream run102.8.mod from K. pneumoniae 2977

;; 1. Based on: run102.6

;; 2. Description: PKPD Model K. pneumoniae 2977 GPDI EC50_ Synergy FOFaffectedbyMER

Bacteria-depedent-KPC_deg Comb.Err
;; X1. Author: farooq

;; 3. Label:

SPROB Modelling of TKE MER/FOF in KP 2977

SINPUT

ID ; experiment ID

TIME ;h

DV ; Incfu/mL

EVID ; event identifier

MDV ; MDV

AMT ; amount of dose in mg

CA ; concentration of Meropenem in mg/L
cB ; concentration of fosfomycin in mg/L
CMT ;1-5

FLAG_SCENARIOS ; 1-7

$DATANONMEM_MER-VAB-FOF_TKC_DATA_both PKMERK.pneumoniae-2977.csv IGNORE=@
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ACCEPT = (FLAG_SCENARIOS.EQ.1)  ;growth scenarios PD
ACCEPT = (FLAG_SCENARIOS.EQ.2) ;MER scenarios PD
ACCEPT = (FLAG_SCENARIOS.EQ.4) ;FOF scenarios PD
ACCEPT = (FLAG_SCENARIOS.EQ.5) ;MER-FOF scenarios PD

ACCEPT = (FLAG_SCENARIOS.EQ.7) ;MER_PK_LCMS PK

SSUBROUTINE ADVAN13 TOL=8

SMODEL

COMP (OBS_S)
COMP (DRUG_A)  ;A=MER
COMP (DRUG_B) ;B =FOF

COMP (OBS_R)

$SPK

;Bacterial system with bacterium-specific parameters

KG_AB_S=THETA(1) ;1/h growth constant susceptible populaiton

KG_AB_ R =THETA(2) ;1/h growth constant resistant populaiton

INOC_AB_S =10"*(THETA(3)*exp(ETA(1))) ; cfu/mL start inoculum susceptible population

INOC_AB_R =10**(THETA(4)*exp(ETA(2))) ; cfu/mL start inoculum resistant population
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BMAX = 10**THETA(5) ; cfu/mL maximal bacterial concentration

;Drug-specific parameters

;Effect model drug A

SLOPE_A S =THETA(6)

H A'S =THETA(7) ; Hill-coefficent

EMAX_A_R = THETA(8) ;1/h maximal effect
EC50_A_R=THETA(9) ; mg/L

H A R =THETA(10) ; Hill-coefficent

;MER degradation rates
KDEG = THETA(11) ; basal without bacteria from separate experiment

KPC_DEG = THETA(12) ; bacteria-dependent degradation rate constant

;Effect model drug B

EMAX_B_S=THETA(13) ; 1/h maximal effect

EC50_B_S=THETA(14); mg/L

H B S =THETA(15) ;Hill-coefficent

EMAX B R =THETA(16) ; 1/h maximal effect

EC50_B_R=THETA(17); mg/L
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H_B_R =THETA(18) ;Hill-coefficent

:Combined effects

EC50_INT_BA_R =exp(THETA(19)) - 1 ;GPDI INT-parameter log transformed

EC50_ECS50INT_BA_ R =THETA(20)

EC50_H_INT_BA_R=THETA(21)

; Initial conditions of ODE
A 0O(1)=INOC_AB_S
A 0(2)=0 ; Drug A

A 0(3)=0 ; Drug B

A_0(4) = INOC_AB_R

SDES

B_AB_S=A(l)
C_DA =A(2)
C_DB =AQ3)

B_AB_R=A(4)

;:GPDI EC50 of interaction

;GPDI Hill of interaction

CA=C_DA ;concentration solved in ODE with MER degradation

CB=C_B ;concentration as covariate from dataset drug B

Appendix
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;Power model

E_A S=SLOPE_A S*(CA**H_A S)

;Sigmoidal Emax model

E_A R=(EMAX_A R*(CA*H_A R))/((EC50_A_R*™H_A_R)+ (CA*H_A R))

E_B S=(EMAX_B_S*(CB*H_B_S))/((EC50_B_S**H_B_S)+ (CB**H_B_5))

E_ B R=(EMAX B R*(CB**H_B_R))/((EC50 B _R**H_B_R)+ (CB**H_B_R))

;Combined effects (INT EC50 A effected by B on both populations)
;GPDI term
;Interaction on resistant population

GPDI_BA R_EC50=EC50_B_R*(1+((EC50_INT_BA_ R*(CA**EC50_H_INT_BA_R))/((EC50_EC50INT
_BA_R*™EC50_H_INT_BA_R)+(CA*EC50_H_INT_BA_R))))

;Recalculation of E_B_R with GPDI term

E_ B R=(EMAX B R*(CB**H_B_R))/((GPDI_BA R_EC50**H_B_R)+(CB**H_B_R))

;Bliss Independance
E_AB_S_MAX = max(EMAX_A_ S, EMAX_B_S)

E_AB_R_MAX = max(EMAX_A_ R, EMAX_B_R)

EABS = ((EAS/EAB S MAX) + (E_ B S/E_AB.S MAX) - ((E_A S/E_AB_S MAX) *
(E_B_S/E_AB_S_MAX)))*E_AB S MAX ;Effect scaled with EMAX
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EAB R = ((ELAR/E_AB R MAX) + (E B R/E_AB R MAX) - ((E_LA_R/E_AB_R _MAX) *
(E_B_R/E_AB_R_MAX))) *E_AB_R_MAX ;Effect scaled with EMAX

;Bacterial system under drug exposure

DADT(1)=B_AB_S*KG_AB_S*(1-((B_AB_S +B_AB_R)/BMAX))-E_AB S*B _AB_S
DADT(2) = -(KDEG + KPC_DEG*LOG(A(1) + A(4))) * A(2)

DADT(3)=0

DADT(4)=B_AB_R*KG_AB R*(1-((B_AB_S+B_AB R)/BMAX))-E_AB R*B_AB R

SERROR

;PD

IF(FLAG_SCENARIOS.LE.5) THEN

IPRED = LOG(A(1) + A(4)) ; total bacterial concentration
W1=SQRT(THETA(22)**2)  ; ADDITIVE ERROR

RESV = EPS(1)

IRES = DV-IPRED
W=W1
IWRES = IRES/W

Y= IPRED+W*RESV

ENDIF

;PK

IF(FLAG_SCENARIOS.EQ.7) THEN

IPRED = A(2) ; MER concentration

W1 =SQRT(THETA(23)**2 + (THETA(24)*IPRED)**2); PROPORTIONAL AND ADDITIVE ERROR

RESV = EPS(1)
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IRES = DV-IPRED
W=W1
IWRES = IRES/W

Y= IPRED+W*RESV

ENDIF

$THETA

(0,2.43) ;1 KG_AB_S
(0,0.906) ;2 KG_AB_R
(0,6.42) ;3 INOC_AB_S
(0,1.8) ;4_INOC_AB_R
(0,9.22) ;5_BMAX

(0,1.42) ;6_SLOPE_A_S
(0,0.304);7 H A S

(0,1.7) ;8_EMAX_A R
(0,91.7) ;9 _EC50_A R
(0,20)FIX;10_ H_A R
(0,0.0242) FIX ;11_kdeg_MER
(0,0.001) ;12_KPC_deg_MER
(0, 6.06) ;13_EMAX_B_S
(0,7.28) ;14 EC50 B_S
(0,1.29);15 H B_S
(0,0.986) ;16_EMAX_B_R

(0,529) ;17_EC50_B_R

Page [127
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(0,7 FIX;18_H B R

(-20,-3.92,-0.01) ;19_EC50_INT_BA R
(0,8.7) ;20_EC50_EC50INT_BA R
(20) FIX ;21_EC50_H_INT_BA R
(0,1.33) ;22_Add.Res.Err_PD

(0,5.49) ;23 _Add.Res.Err_PK

(0,0.137) ;24 _Prop.Res.Err_PK

SOMEGA ;no IV implemented
OFIX ;IIV_INOC_AB_S

OFIX ;IIV_INOC_AB_R

SSIGMA
1FIX ;'Uppsala dialect’: Modeled as THETAS

SEST METHOD=1INTER SLOW MAXEVAL=9999 NOABORT NSIG=3 PRINT=5

SCOV PRINT=E MATRIX=R

$TABLE ID TIME DV MDV EVID IPRED C_AC_DAC_BC_DBB AB SB_AB RE_ A SE A RE B S
E B R B AB S B _AB_R SPOP RPOP IWRES BMAX FLAG_SCENARIOS ONEHEADER NOPRINT
FILE=sdtab102.8

$TABLE INOC_AB_S INOC_AB_R BMAX KG_AB_S KG_AB_R FIRSTONLY ONEHEADER NOPRINT
FILE=patab102.8
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Text S1: Mathematical modelling of single drug effects

Single drug effects were quantified using the slope effect model or (sigmoidal) maximum effect
model (Eq. S1and S2) describing the observed effect E as functions of its concentration c and the
model parameters 8 (slope parameter in L/mg x h), ECso (half-effective concentration in mg/L),

Emax (maximal effect in h) and H (Hill factor of sigmoidicity).

E(c)=px*cH (Eq. S1)
E _ EmaxxcH
(©) = Scsoms cm (Eq. 52)

Nonlinear-mixed-effects modelling was conducted on observed bacterial counts over time using
Monolix® 2023R1 (Lixsoft, France). Stochastic Approximation Estimation Maximization (SAEM)
algorithm was used to obtain maximum-likelihood estimations by minimizing the negative log-

likelihood objective function criterion (-2LL).

For better comparison of models with different numbers of parameters the Akaike-Information-
Criterion AIC was calculated from -2LL with k representing the number of estimated (non-fixed)

parameters:

AIC = —2LL+2 x k."8 (Eqg. S3)
q

Text S2: General Pharmacodynamic Interaction (GPDI) model'®

The GPDI model is given by Eq. S4-S8 for two drugs as interaction partners with an interaction
on the PD parameters Emax or EC50. The fractional shift of the victim’s PD parameter caused by
the perpetrator drug allowed the directional quantification of the PD interaction, i.e., either
synergy, antagonism or additivity. In the case of asymmetric PD interactions, a drug could be

perpetrator and victim at the same time. Since the nature of phage killing effects can not be
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described with classical pharmacodynamic parameters as EC50 or Emax, the GPDI model was
applied on binding kinetics rate constant kuins Or phage resistance development rate constant

kmut (Eq. 58).

H H
EC50 INT,AB+C INT,AB

H
INTpgxCp N AP Hp
Ca
INT,AB *CB

Emaxp X <1 +

(Eq. S4)

(Ecsog’A)HA+ clia

Emaxg X | 1+
B EcsolINT.BA , HINTAB B
INT,BA TCB

Ep = (Eq. S5)
g (Ecso!t®) P4 cl1s a

HINT,BA
INTgAXCp cliB

Hp
Emaxp X Cy

Ey= A (Eg. S6)

HINT,AB
INTpRXC ’ H
B +C A

H H A
INT,AB+C INT,AB

INT,AB B

EC50, x 1+
EC50

Hp
Emaxg X Cg
H
INTBAXCBINT'BA ) +CHB

EC50p%x | 1+
B csolINT,BA _ HINTBA B
INT,BA T¢B

for 8 € {kmut, kbind, kg} (Eg. S8)

H
GX(1+ INT XC7INT >

HINT , ~H
ECSOINT +C7INT
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Text S3: Monolix final model: Diagnostic plots and control stream

Goodness of fit plot bacteria: Observed vs Predicted

Goodness of fit plot phages: Observed vs Predicted
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Figure S9. Goodness of fit plots individual bacteria and phage predictions of final

pharmacokinetic/pharmacodynamic model.

Model control stream
DESCRIPTION:
[LONGITUDINAL]
input={KG, BMAX, INOC_B,

C_PMB,

KMUT, KBIND, BSIZE, KDECAY, KLYSIS, INOC_P,

SLOPE_PMB, H_PMB,

H_INT}

C_PMB = {use=regressor}
INOC_B = {use=regressor}

INOC_P = {use=regressor}
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PK:

EQUATION:

; retransformation of In data from dataset to normal scale for modeling
if INOC_P ==

INOC P In=0
else

INOC_P_In =exp(INOC_P)

End

INOC_B_In = exp(INOC_B)

: PMB effect model
; Interaction: E_PMB resensitization by Phages
if C_PMB ==
E_ PMB=0
elseif INOC_P ==
E_ PMB=0
else
E_PMB = SLOPE_PMB * ((INOC_P/INOC_B)*H_INT) *C_PMB~H_PMB

end

; Initials
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PHAGE_0=INOC_P_In

B S 0=INOC_B_In

BRO=0
BI10=0
; ODE

ddt_PHAGE = BSIZE*KLYSIS*B_| - (10~ (-KBIND))*PHAGE*B_S- KDECAY*PHAGE

ddt B'S = KG*B.S * (I(B_.S + B_R + B_l) / 10°"BMAX)) - (10~(-KMUT)) *B_S - (10~(-
KBIND))*B_S*PHAGE - E_PMB*B_S

ddt B_R=KG*B_R*(1-((B_S+B_R+B_I) /10°"BMAX)) + (10*(-KMUT)) *B_S - E_PMB *B_R

ddt_B_I=(10"(-KBIND))*B_S*PHAGE - KLYSIS *B_|

B=log(B_S+B R+B_I)

P = log(PHAGE)

OUTPUT:
output = {B, P}
References

1. Akaike H. A new look at the statistical model identification. IEEE Transactions on Automatic
Control 1974;19: 716—23.

2. Wicha SG, Chen C, Clewe O, et al. A general pharmacodynamic interaction model identifies
perpetrators and victims in drug interactions. Nat Commun 2017; 8: 1-11.



136 | Appendix

9.3 Supplementary data Publication IlI
International Journal of Antimicrobial Agents

Electronic Supplementary Material

Title: Evaluation of in vitro pharmacodynamic drug interactions of ceftazidime-avibactam
with tigecycline in ESBL- and carbapenemase producing Escherichia coli and

Klebsiella pneumoniae.

Authors: Aneeq Farooq', Bernhard Drotleff?, Niklas Kroemer', Mei-Ling Han?, Jian Li, Jean-

Winoc Decousser? David Schrey', Julien Buyck®, Nicolas Grégoire®, Patrice Nordmann®,

Sebastian G. Wicha"#

'Dept. of Clinical Pharmacy, Institute of Pharmacy, University of Hamburg, Hamburg, Germany

’Metabolomics Core Facility, European Molecular Biology Laboratory (EMBL), Heidelberg,
Germany

3Biomedicine Discovery Institute, Infection and Immunity Program, Department of Microbiology,
Monash University, Clayton, Victoria 3800, Australia

*Dynamic Team — EA 7380, Faculté de Santé, Université Paris-Est-Créteil Val-De-Marne, France
*Inserm U1070, University of Poitiers, Poitiers, France

®Medical and Molecular Microbiology, University of Fribourg, Fribourg, Switzerland

# Correspondence to:

Prof. Dr. Sebastian G. Wicha
sebastian.wicha@uni-hamburg.de
Tel.: +49 40 42838-3487

Dept. of Clinical Pharmacy
Institute of Pharmacy

University of Hamburg

Bundesstr. 45

20146 Hamburg



Supplementary data Publication 111 | 137

Text S1: Antimicrobial susceptibility testing and quantification of viable bacteria

Bacterial isolates (approx. 5 x 10° CFU/mL) were inoculated in freshly prepared cation-adjusted
Mueller-Hinton-broth Il (ca-MHB, NutriSelect® Plus, Sigma-Aldrich) using 48-well-plates that
contained a series of 2-fold dilutions of each antibiotic. The plates were incubated at 37° C in
ambient air for a full 24 h and were then evaluated visually. The MIC was defined as the lowest
concentration that showed no visible growth of bacteria. All experiments were performed with

fixed concentrations of avibactam (4 mg/L) according to EUCAST recommendation %*.

Text S2: Mathematical modeling of ECso and derivation of ECos, ECas, ECs

Single drug effects were quantified using the sigmoidal maximum effect model (Eg. S1)
describing the observed effect E (logioCFU/mL reduction compared to control) as function of its
concentration C and the model parameters Base (bacterial count in control), ECso (half-effective

concentration), Emax (maximum logiCFU/mL reduction) and H (Hill factor of sigmoidicity).

Emax xCH

E(C) = Base—m (Eq 51)

The mathematical modeling of the concentration-effect-relationship was performed in R using
the ‘stats’ (v. 4.2.1) package. The ‘optim’ function was called to perform parameter estimation by

minimizing the negative log-likelihood objective function criterion -LL:

bs; — pred;)?
—LL=05-Y", [(‘”G# +1Ino? (Eq. S2)

where obs; is representing the ith observation, pred; the it prediction value and o/ the residual
variability. Minimization methods used in ‘optim’ function were the Nelder and Mead (NM), the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) method, and a hybrid method that first runs NM,
using its result as the starting point for BFGS. The method that resulted in the lowest -LL was
selected for the final parameter estimation. Four different parameter estimation scenarios were

tested: 1) no fixed parameters, 2) fixing the Base to the median bacterial count of control
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experiments, 3) fixing the Base and Emax value to the median bacterial count of control
experiments and 4) Base and Emax estimated as one parameter. Initial values for the parameter
estimation were based on the experimental data of the respective antibiotic and strain. The
selection of the final model was based on the Akaike-Information-Criterion '8, inspection of the
graphical model fit and biological plausibility of parameters. Minimization methods and
scenarios are presented in Table S1. Parameters of the final model were used to calculate

ECos/ECas/ECs2 by solving the sigmoidal maximum effect model for c:

— (Eg. S3)

_ H| ECxx*Emax* ECH
Emax—ECxx*Emax

Calculated ECos/ECas/ECs; values used for dynamic checkerboard testing are presented in

Table S2.
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Table S2 Calculated ECos, ECss4 and ECs; values according to Eq. S3, for ceftazidime/avibactam and tigecycline for each

strain.
Strain CZA TGC
ECos ECa4 ECs; ECos ECa4 ECs;
[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
E. coli WT 0.045 0.101 0.191 0m 0.128 0.143
E. coli OXA-181 0.082 0.166 0.294 0.088 0.151 0.233
E. coli OXA-48 0.063 0.138 0.258 0.084 0.098 0.am
E. coli KPC-2 0.076 0.097 0.119 0.072 0.097 0.122
E. coli KPC-3 0.283 1.922 8.859 0.052 0.068 0.084
E. coli YAL_AMA 0.044 0.092 0.167 0.084 0.107 0.130
E. coli JUM_JEA 0.030 0.039 0.048 0.082 0.199 0.407
E. coli OLA_HAM 0.110 0.197 0.313 0m 0.163 0.221
K. pneumoniae WT 0.043 0.067 0.094 0.026 0.080 0.194
K. pneumoniae OXA-48 0.037 0.091 0.185 0.028 0.104 0.296
K. pneumoniae KPC-2 0.053 0.068 0.083 0.039 0.107 0.240
K. pneumoniae KPC-3 0.012 0.081 0.374 0.037 0.049 0.060
K. pneumoniae 2977 0.136 0.572 1.805 0.107 0.145 0.184
K. pneumoniae N864 0.696 1.834 3.979 0.103 0.302 0.715
K. pneumoniae R307 0.094 0.470 1.694 0.515 1.062 1.894

Abbreviations: CZA: ceftazidime/avibactam; TGC: tigecycline. Avibactam fixed to 4 mg/L.

Text S3: General Pharmacodynamic Interaction (GPDI) model '

The GPDI model is given by Eq. S4 - S10 for two drugs as interaction partners with an interaction
on the PD parameters Emax or EC50. The GPDI term is a function of the perpetrator drug
concentration, which affects a PD parameter 6 (either EC50 or Emax) of the victim drug with INT
as maximum possible fractional shift of the PD parameter 6, EC50nr as potency of the
perpetrator and Hixr representing the sigmoidicity of the interaction (Eq. S4). The fractional shift
of the victim’s PD parameter caused by the perpetrator drug allowed the directional
quantification of the PD interaction, i.e., either synergy, antagonism or additivity. Whenever -
1<INT < 0 applies to Emax based PD interactions, antagonism is described, and whenever -
1< INT < 0 applies to EC50 based PD interactions, synergy is described (vice versa for INT > 0). In
the case of bidirectional PD interactions, a drug could be perpetrator and victim at the same time.

Whenever synergism or antagonism were not significant (confidence interval of INT not
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including 0), the interaction was described as null-interaction model by Bliss Independence with
Ea and Es representing the effect of drug A and B (Eqg. 8). Since Bliss Independence was derived
from the probabilistic approach, the probabilistic Bliss Independence term was calculated using
the single drug effects, which were normalized to the maximum drug effect possible with a
single drug, and afterwards scaled back to the effect scale (Eq. S8 - S10). Confidence intervals of
estimated INT parameters were calculated in R using the ‘stats’ (v. 4.2.1) package by first deriving
standard errors from the square root of the diagonal elements of the inverse Hessian matrix,

then applying £1.96 times these errors to the parameter estimates to establish the bounds.

HINT,AB
INTpgXC , H
Emaxp X [ 1+ HAB E C
EcsoINT,AB  HINT,AB
_ INT,AB B
E, = (Eq. S4)

(ECSOZA)HA+ caa

H H
EC50 INT'BA+CB INT,AB

E, = INT,BA (Eq. 55)
g (Ecso’;B)HB+ cyB

HINT,BA
INTgpXC ! H
Emaxg X <1 + BAT A X CgB

Hp
Emaxp X Cy

INT,AB
INTppxCp N T
EC50, x | 1+—72B°"B +cha
EC50, i N B +cp INTAB
Hp
Emaxg X Cg
Eg = - s (Eq.S7)
INT,BA
INTgpxCp N T
EC505x | 1+—BA" B +clB
ECS0 v mpt+C N /BA
Ecomp = Eqx+Ep —E4 X Ep (Eg. S8)
Maxg = max (Emax.a Emaxs) (Eg. S9)
_(_Ea Eg  E4  Ep ) .
Ecomp = (MaxE + Maxgp Maxg Maxg Maxg (Eq' 510)



Supplementary data Publication 111 | 141

Text S4: Methods of PD interaction modelling of time-kill assay data

Nonlinear-mixed-effects modelling was conducted on observed bacterial counts over time in
time-kill assays for all four strains, using NONMEM® 7.5 (Icon Development Solutions, USA).
Quantitative analyses were performed using first-order-conditional-estimation with interaction
(FOCE-I) for maximum-likelihood estimations and executed through PsN 5.4 (Uppsala University,
Uppsala, Sweden). All pharmacometric models consisted of two bacterial compartments
representing subpopulations of antibiotic-susceptible bacteria (S) and less susceptible bacteria
(R), respectively. Such a two-compartment PD effect model was used to represent biphasic
bacterial killing over time because it assumed the presence of two distinct bacterial
subpopulations allowing for a more accurate depiction of how the bacteria responded
differently to the treatment. The susceptible compartment (S) captured the bacteria that were
initially killed by the antibiotic, while the less susceptible compartment (R) modelled the

subpopulation that survived and were killed more slowly despite the antibiotic presence.

Single drug effects of ceftazidime/avibactam and tigecycline were described with separate
killing rate constants for both subpopulations of bacteria (S and R). Ceftazidime/avibactam was
treated as a single drug, with avibactam set at a fixed concentration of 4 mg/Lin all experiments.
PD interaction analysis was conducted on growth control, 4 x MICcza, 4 X MICrgcand 4 x MICcza —
4 x MICrcc data as the sparse data prevented accurate estimation of parameters for

concentration-dependent effect models.

The resulting differential equations for growth kinetics of susceptible bacteria Bs and less

susceptible (here termed “resistant” for clarity) bacteria Br without drug exposure are

dBg _ _ Bs+ Br
= kg x (1 ol ) x Bs, (Eq. S12)
dBR _ BS+ BR
e = kg x (1 —BMAX) X Bg, (Eq. S13)
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B = Bg + B, (Eq. S14)

with kg growth rate constants and Buax representing maximum bacterial capacity.

PD interactions were evaluated as follows: Similarly, as in the GPDI model, a perpetrator drug

was modelled to shift the PD parameter (here: killing rate constant) of the victim drug.

Monodirectional PD interactions on the killing rate constant of ceftazidime/avibactam k§43 in

presence of tigecycline was quantified using the interaction parameter INT:

kG x (14 INT) (Eq. S15)

Monodirectional PD interactions on the killing rate constant of tigecycline k35 in presence of

ceftazidime/avibactam was calculated quantified using the interaction parameter INT:
kFSC x (1 + INT) (Eq. S16)

PD interactions were tested exclusively on the (R) subpopulation, as it is responsible for driving

regrowth behaviour at later time points.

Single drug effects were quantified as described above while combined effects were described
using Bliss Independence as null-interaction model with Ex and Es representing the effect of drug
A andB following Eq. S8 - S10. Therefore, the resulting differential equations for the

subpopulations of susceptible bacteria Bs and resistant bacteria Bz under drug exposure are

dBg B+ B
ik kg X (1 - VA:) X Bg — Ecomb,S X B, (Eq 517)
dB Bg+ B
d_::kgx(l_ﬁ)XBR_Ewmb'R X Bp. (Eq 518)

An interaction was statistically significant if the confidence intervals of INT did not overlap with

zero (p < 0.05). Model selection of competing models (i. e. PD interaction directionality TGC >
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CZA, CZA > TGC, or bidirectional) was performed after inspecting biological plausibility of
parameters, parameter uncertainty and the Akaike-Information-Criterion for identifying the one

representing the observed data best '°¢.

Text S5: Results of PD interaction modelling of time-kill assay data

Kg Kq
INT
TGC -llllllllllllllll.
: Antagonism § :
Krac_s Keza s Krec R Kcza R

Figure S10. Schematic representation of pharmacodynamic models for time-kill assays in four tested strains. (S):
compartment addressing subpopulation of susceptible bacteria; (R): compartment addressing subpopulation of
resistant bacteria; kg: growth rate constant; krec s: effect of tigecycline on susceptible bacteria; kroc r: effect of
tigecycline on resistant bacteria; kcza s: effect of ceftazidime/avibactam on susceptible bacteria; kcza r: effect of
ceftazidime/avibactam on resistant bacteria; INT TGC: antagonistic PD interaction with perpetrator tigecycline

negatively affecting ceftazidime/avibactam killing parameter {,.

A schematic representation of all PD models with implemented antagonistic interaction is given
in Fig. S1. AIC values of competing models with different directionalities of PD interactions are
presented in Table S3. Antagonism with perpetrator tigecycline shifting the killing rate constant
of ceftazidime/avibactam (k$%4 ) on the (R) population outperformed the opposite directionality

model in all four strains. Implementing the PD interaction as one interaction parameter, applied

as a bidirectional relationship, did not further improve model fit to the observed data.
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Table S3 Comparison of Akaike Information Criterion (AIC) values pharmacodynamic models with different
directionalities.

Strain Model comparison (AIC)
TGC > CZA CZA > TGC
E. coli JUM_JEA 248.58 381.10
E. coliWT 122.55 192.88
K. pneumoniae 2977 136.37 181.44
K. pneumoniae WT 115.66 131.09

Stratified visual predictive checks of final PD models are visualized in Fig.S2. The models
accurately describe single and combined effects of ceftazidime/avibactam and tigecycline over
the 30-h period across all strains. Comparison of 4 x MICrcc and 4 x MICcza — 4 x MICrgc reveals
similar effect sizes in all four strains for tigecycline alone and the combination of both

antibiotics. Although the killing rate constants for the less susceptible subpopulation S were
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likely not accurately estimated due to identifiability challenges arising from sparse data, the

early-phase killing dynamics were well captured by all models.

Bacterial concentration [log4oCFU/mL]

E. coli JUMJEA E. coli JUMJEA E. coli JUMJEA E. coli JUMJEA
Control 4xMIC CZA 4xMIC TGC 4xMIC CZA + 4xMIC TGC
10 A a -
L
8+ f
6~
41 \‘*\v—x \*’\'—.
2 -
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Figure S11 Stratified visual predictive checks of final pharmacodynamic models characterizing the bacterial
concentration in logi cfu/mL for ceftazidime/avibactam (CZA) and tigecycline (TGC) against two E. coli and two

K. pneumoniae isolates. Avibactam fixed to 4 mg/L.
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Table S4 shows the final parameter estimates of all models. Estimated shifts of k¢4 on (R) range

from - 67.1% (- 85.3 - - 28.9%) in K. pneumoniae WT to a complete reduction of - 99.99% (- 99.999
--99.9%) in E. coli WT.
Table S4 Parameter estimates for final pharmacodynamic models of ceftazidime/avibactam (CZA) and tigecycline

(TGC) against four tested K.pneumoniae. Confidence intervals (95% Cl) were calculated using the Sampling

Importance Resampling (SIR) method. (S): bacteria of susceptible compartment; (R): bacteria of resistant

compartment.
Final estimate (95% Cl)
E. coli E. coli K. pneumoniae K. pneumoniae
Parameter JUMIJEA WT 2977 WT
Bacterial system
1.76 2.05 0.83 1.85
Growth rate constant susceptible bacteria (h)
(1.39-2.08) (1.50-2.46) (0.51-1.19) (1.25-2.41)
6.69 6.50 6.74 6.24
Inoculum susceptible bacteria (S) (logio cfu/mL)
(6.53-6.83) (6.20-6.73) (6.43-7.04) (5.99-6.46)
4.54 5.92 5.55 4.05
Inoculum resistant bacteria (R) (logio cfu/mL)
(4.42-4.69) (5.62-6.16) (5.22-5.89) (3.78-4.31)
9.29 9.15 943 8.91
Maximum bacterial capacity (logio cfu/mL)
(9.10-9.49) (8.88-9.36) (8.92-9.90) (8.56-9.29)
Mono drug effect parameter
134 270 140 3.48
Killing rate constant of CZA on (S) (h”)
(88-182) (130-387) (64.8-214) (2.63-4.37)
3.91 242 1.23 181
Killing rate constant of TGC on (S) (h)
(3.22-4.61) (1.87-2.86) (0.76-1.80) (41.2-339)
2.1 2.53 1.06 2.19
Killing rate constant of CZA on (R) (h)
(1.70-2.47) (1.98-2.97) (0.71-1.47) (1.57-2.79)
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1.85 2.26 0.78 2.04
Killing rate constant of TGC on (R) (h™)
(1.47-2.20) (1.72-2.65) (0.44-1.13) (1.43-2.64)
GPDlI interaction-model parameters
Interaction-type Antagonism Antagonism Antagonism Antagonism
Interaction TGC affecting killing rate constant of -94.4 -99.9 -87.6 -67.1
CZAon (R) (%) (-99.1--70.0) (-99.999 - -99.99) (-96.9 - -55.1) (-85.3--28.9)
0.35 0.36 0.46 0.36
Additive residual variability PD (logio cfu/mL)
(0.30-0.39) (0.29-0.43) (0.36-0.56) (0.28-0.44)

Text S6: Metabolomics: Sample preparation of cell pellet samples and data processing

The methodology for sampling and preparation was adapted from the protocol described by Han
et al. '®. For cell pellet analysis samples, tubes were quenched in an ethanol/dry ice bath for 30 s,
centrifuged at 3,220 x g for 10 min to obtain cell pellets. After discarding the supernatant, cell
pellets were resuspended twice in 0.5 mL of 4 °C saline, centrifuged at 2,576 x g for 3 min, and
stored at -80 °C until analysis. For liquid chromatography-mass spectrometry (LC-MS/MS)
analysis cell pellets were resuspended in 300 pL of a cold chloroform/methanol/water extraction
solvent (1:3:0.9 v/v/v) augmented with isotope labelled amino acids (MSK-A2-1.2; Cambridge
Isotope Laboratories, MA, USA) as internal standards at a concentration of 0.5% in the final
sample for untargeted metabolomics.To permeabilize the cells and facilitate the release of
intracellular metabolites, the resuspended mixtures were subjected to a freeze-thaw cycle. This
process involved freezing the mixture in liquid nitrogen followed by thawing on ice, which was
repeated three times. Subsequently, the mixture was maintained on ice water for 15 min and
vigorously resuspended using a vortex mixer. The obtained samples as well as the extracellular
supernatant samples were then centrifuged with 300 pL of each sample at 14,000 x g and 4 °C

for 10 min. A total of 50 pL of the particle-free supernatant were then extracted via addition of
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200 pL methanol (including internal standard). Samples were thoroughly vortexed and
incubated for 20 min at -20 °C. After centrifugation for 10 min at 15,000 x g and 4 °C with a 5415R
microcentrifuge (Eppendorf, Hamburg, Germany), supernatants were transferred and dried
under a stream of nitrogen (Organomation Microvap, MA, USA). Dried samples were
reconstituted in 50 pL of 80% methanol (v:v), vortexed, and centrifuged (see conditions described
above). Ultimately, samples were transferred to silanized glass vials and directly injected into the

analytical system.

LC-MS/MS analysis was performed on a Vanquish UHPLC system coupled to an Orbitrap
Exploris 240 high-resolution mass spectrometer (Thermo Fisher Scientific, MA, USA) in negative
and positive ESI (electrospray ionization) mode. Chromatographic separation was carried out on
an Atlantis Premier BEH Z-HILIC column (Waters, MA, USA; 2.1 mm x 100 mm, 1.7 um) at a flow
rate of 0.25 mL/min. The mobile phase consisted of water:acetonitrile (9:1, v/v; mobile phase A)
and acetonitrile:water (9:1, v/v; mobile phase B), which were modified with a total buffer
concentration of 10 mM ammonium acetate, when analysing in negative mode, and 10 mM
ammonium formate, when analysing in positive mode. The aqueous portion of each mobile
phase was pH-adjusted (negative mode: pH 9.0 via addition of ammonium hydroxide; positive
mode: pH 3.0 via addition of formic acid). The following gradient (20 min total run time including
re-equilibration) was applied (time [min]/%B): 0/95, 2/95,14.5/60, 16/60, 16.5/95, 20/95. Column
temperature was maintained at 40 °C, the autosampler was set to 4 °C and sample injection
volume was 5 pL. Analytes were recorded via a full scan with a mass resolving power of 120,000
over a mass range from 60 — 900 m/z (scan time: 100 ms, RF lens: 70%). To obtain MS/MS
fragment spectra, data-dependent acquisition was carried out (resolving power: 15,000; scan
time: 22 ms; stepped collision energies [%]: 30/50/70; cycle time: 900 ms). lon source parameters

were set to the following values: spray voltage: 4100 V (positive mode) / -3500 V (negative
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mode), sheath gas: 30 psi, auxiliary gas: 5 psi, sweep gas: 0 psi, ion transfer tube temperature:

350 °C, vaporizer temperature: 300 °C.

All experimental samples were measured in a randomized manner, with cell media extracts and
cell extracts being analysed in individual sequences. Pooled quality control (QC) samples were
prepared by mixing equal aliquots from each processed sample type (individual QC sample for
cell media extracts and cell extracts). Multiple QCs were injected at the beginning of the analysis
in order to equilibrate the analytical system. A QC sample was analysed after every 5%
experimental sample to monitor instrument performance throughout the sequence. For
determination of background signals and subsequent background subtraction, an additional
processed blank sample was recorded. Data was processed using MS-DIAL 4.9 '*> and raw peak
intensity data was exported and normalized via total ion count for relative metabolite
quantification °. Level 1 feature identification was based on an in-house library for
metabolomics (EMBL-MCF 2.0, Heidelberg, Germany) using accurate mass, isotope pattern,
MS/MS fragmentation, and retention time information with a minimum matching score of 80%.
Total lon Current (TIC)-normalized data from positive and negative ion modes were merged, and
duplicate metabolite findings were removed by retaining the metabolite with the higher

absolute signal intensity.
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Figure S3. Heatmaps with response surface areas for the drug-drug interaction of ceftazidime/avibactam and
tigecycline calculated by the GPDI model. Combined effects are represented by the color gradient indicating no
effect (red) to total eradication of bacteria (green). Each line represents same effects in changing concentrations
of both antibiotics. CZA, ceftazidime/avibactam; TGC, tigecycline
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Text S1: Methods: Bacterial strains, experimental setup and data preparation
Origin of bacterial strains
Bacterial strains were analyzed at Medical and Molecular Microbiology, University of Fribourg,

Switzerland or the BCARE, UK. Detailed information regarding their geographic origin and

isolation is given in Tab. S1.

Table S2 Characteristics of Klebsiella pneumoniae strains, their geographic origins, and isolation sources.

Strain Origin Isolation Experiment
in vitro system
K. pneumoniae 2977 Liebefeld, Switzerland Urine Hollow Fibre
K. pneumoniae N2859 Bellinzona, Switzerland - Hollow Fibre
K. pneumoniae N864 Lausanne, Switzerland Rectal swab Hollow Fibre

K. pneumoniae R307 Brazil Blood culture Hollow Fibre
K. pneumoniae C1.184 Kuwait Blood culture Open flow
K. pneumoniae C1.151 France Blood culture Open flow
K. pneumoniae C1.121 United Kingdom Blood culture Open flow
K. pneumoniae C1.182 Kuwait Blood culture Open flow
K. pneumoniae C1.173 France Blood culture Open flow
K. pneumoniae C1.164 Italy Blood culture Open flow
K. pneumoniae 113321 Kuwait Blood culture Open flow
K. pneumoniae KLEB3 United Kingdom Blood culture Open flow

Antimicrobial susceptibility testing
The minimal inhibitory concentration (MIC) of meropenem and fosfomycin was determined as

triplicates using the broth microdilution and agar dilution method, respectively, according to the
EUCAST recommendation (1).

Experimental setup: Open flow system

A one compartment open flow dilutional in vitro model (Fig. S1) was used as described previously
(2) AFerMac 310 fermentation system (Electrolab, Tewkesbury, UK) in vitro pharmacokinetic (PK)
model, as previous described was used to simulate fAUC/MIC O to 500 of free (unbound)
fosfomycin for each strain. Fosfomycin alone was administered every 8 h over 48 h with a
simulated half-life of 2.5 h. Subsequently, exposure-ranging experiments with fosfomycin were
performed in the presence of meropenem simulated at free drug concentrations associated with
a range of meropenem exposures based on the strains’ meropenem MICs. For K. pneumoniae

strains with meropenem MICs of <32 mg/L, meropenem was simulated to produce half of the
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24 h fT > MIC value associated with a bacteriostatic effect. For strains with MIC 232 mg/L a dose
of 2 g 8-hourly meropenem was simulated to produce a Cmax of 100 mg/L. The half-life of
meropenem was 1h. Owing to the differences in half-life between fosfomycin (2.5h) and
meropenem (1.0 h), the model was supplemented with fosfomycin for combination experiments
throughout each dosing period via a separate dosing chamber to achieve the required
concentration—time profile. The temperature was maintained at 36.5 °C and the broth was
agitated by a rotary stirrer. Freshly prepared cation-adjusted Mueller-Hinton-broth Il (ca-MHB,
100%, ThermoFisher, Basingstoke, UK), supplemented with glucose-6-phosphate (G6P) (25 mg/L)
was used in all experiments. Nutrient agar plates (ThermoFisher, Basingstoke, UK)), again
supplemented with G6P (25 mg/L), were used to recover bacterial strains from the model.
Aliquots of 1 mL each were taken from the central compartment in dose-ranging studies at 0, 1,
2,3,4,5,6,7,12, 24 and 48 h; 100 pL was subsequently plated on nutrient agar plates using a

spiral plater (Don Whitley Scientific) for determination of total bacterial counts.

Ty

-

Drug-free media Central compartment Waste

Figure S1Schematic setup of an Open Flow Infection Model for the in vitro testing of single antibiotics or combinations
of antibiotics illustrating the key components, including central compartment, broth and waste reservoirs, peristaltic
pumps transporting broth and syringe pump for drug infusions. Constant influx of fresh and drug-free broth enables
appropriate growth conditions for bacteria over a period of two days and the manual infusion allows for mimicking
human concentration-time profiles of antibiotics.

Experimental setup: Hollow Fibre Infection Model (HFIMW)
The HFIM setup (Fig. S2) consisted of a central compartment connected to a cellulosic hollow-

fibre cartridge (catalogue no. C8008, FiberCell® Systems Inc., USA) via tubing, pre-programmed
peristaltic pumps (ISMATEC®, ISM 4412 Reglo ICC Pump; Masterflex® Drive MFLEX 115/230;
Darmstadt, Germany) and syringe pumps (Cole-Parmer Syringe Pump SKU 7490554), as
described previously (3). The required infusion volumes, concentrations and pump rates to

achieve the target concentration-time profiles were calculated using R. HFIM experiments were
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performed by inoculating and pre-incubating the bacterial isolate (approx. 10° cfu/mL) in freshly
prepared ca-MHB Il (NutriSelect® Plus, Sigma-Aldrich, USA) for 2 h at 37 °C ambient air. Following
pre-incubation, meropenem, mimicking 2 g q8h, and/or fosfomycin, mimicking 8 g q8h, were
administered over 72 h. Killing kinetics were observed after collecting samples at 0, 0.75, 2, 4, 6,
8, 8.75, 24, 24.75, 28, 32, 48, 52, 56 and 72 h from the extra-capillary space of the cartridge and

determination of the bacterial count.

Peristaltic Pump Peristaltic Pump
Influx Outflux

[ |
|

Centrar compartme™

Sampling Port
Drug Quantification

Peristaltic Pump
Circulation

Samplmg Ports H 1

[

. Quintheston k if
Synnge Pumn

Hollow-fiber carlndge ﬁ

Figure S12 Schematic setup of a Hollow Fibre Infection Model for the in vitro testing of single antibiotics or
combinations of antibiotics illustrating the key components, including central compartment, broth and waste
reservoirs, peristaltic pumps transporting broth, syringe pump for drug infusions, sampling ports, and the hollow fibre
cartridge containing bacteria entrapped in the extra capillary space. Constant influx of fresh and drug-free broth
enables optimal growth conditions for bacteria over a period of multiple days and the programmable syringe pump
allows for mimicking human concentration-time profiles of antibiotics. Created in BioRender. Farooq, A. (2025)
https://BioRender.com/e28m303.
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Table S2 Overview table summarising exposures of experimentally tested strains in both in vitro systems.

Mic Mic Crmin Crmax Cmin Crmax t1/2 /
t1/2
Strain IVM SCENARIO MEM FOF MEM MEM FOF FOF MEM [h]
FOF [h
[mg/Ll] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [h]
Hollow-
KP 2977 Mono MEM 32 32 0.951 4119 - - 3.6 3.6
Fibre
Hollow-
KP 2977 Mono FOF 32 32 - - 78.74 312.2 3.6 3.6
Fibre
Hollow-
KP 2977 Combo MEM-FOF 32 32 6.211 24.63 78.74 312.2 3.6 3.6
Fibre
Hollow-
KP N2859 Mono MEM 64 4 1.393 41.89 - - 3.6 3.6
Fibre
Hollow-
KP N2859 Mono FOF 64 4 - - 78.74 312.2 3.6 3.6
Fibre
Hollow-
KP N2859 Combo MEM-FOF 64 4 6.802 51.25 78.74 312.2 3.6 3.6
Fibre
Hollow-
KP N864 Mono MEM 32 16 0 36.08 - - 3.6 3.6
Fibre
Hollow-
KP N864 Mono FOF 32 16 - - 78.74 312.2 3.6 3.6
Fibre
Hollow-
KP N864 Combo MEM-FOF 32 16 7.239 19.945 78.74 312.2 3.6 3.6
Fibre
Hollow-
KP R307 Mono MEM 128 64 3.219 43.62 - - 3.6 3.6
Fibre
Hollow-
KP R307 Mono FOF 128 64 - - 78.74 312.2 3.6 3.6
Fibre
Hollow-
KPR307 Combo MEM-FOF 128 64 1.586 35.30 78.74 312.2 3.6 3.6
Fibre
KP C1.184 Open Flow Mono MEM 32 32 0.226 2056 - - 1 2.5
KP C1.184 Open Flow Mono FOF 32 32 - - 2015 1848 1 25
KP C1.184 Open Flow Combo MEM-FOF 32 32 0.402 102.8 2015 1248 1 25
KP C1.151 Open Flow Mono MEM 64 16 0.452 1850 - - 1 25
KP C1.151 Open Flow Mono FOF 64 16 - - 100.8 923.9 1 25
KP C1.151 Open Flow Combo MEM-FOF 64 16 0.603 154.2 100.8 624.0 1 25
KP C1.121 Open Flow Mono MEM 0.06 256 0.000 16.06 - - 1 25
KP C1.121 Open Flow Mono FOF 0.06 256 - - 968.2 8877 1 2.5
KP C1.121 Open Flow Combo MEM-FOF 0.06 256 0.000 0.096 242.0 1499 1 25
KP C1.182 Open Flow Mono FOF >1024 8 - - 50.38 462.0 1 25
KP C1.182 Open Flow Combo MEM-FOF >1024 8 0.251 64.25 50.38 312.0 1 25
KP C1.173 Open Flow Mono FOF >1024 16 - - 100.8 923.9 1 25
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KP C1.173 Open Flow Combo MEM-FOF >1024 16 0.251 64.25 100.8 624.0 1 25
KP C1.164 Open Flow Mono MEM 1 1024 0.004 124.5 - - 1 25
KP C1.164 Open Flow Mono FOF 1 1024 - - 387.0 3549 1 25
KP C1.164 Open Flow Combo MEM-FOF 1 1024 0.022 5.622 129.0 798.9 1 25
KP 113321 Open Flow Combo MEM-FOF 256 512 0.251 64.25 129.0 798.7 1 25
KP KLEB3 Open Flow Combo MEM-FOF 128 256 0.804 205.6 2420 1499 1 25

MEM, meropenem; FOF, fosfomycin ; IVM, in vitro model

Experimental data preparation
Mono and combination experimental data of 4 clinical K. pneumoniae isolates from the HFIM

and 8 clinical K. pneumoniae isolates from the open flow system were collected and transformed

into a data format readable for NONMEM® 7.5 using R (4.2.1).

Text S2: Methods: Pharmacometric modelling and simulation studies
Pharmacometric modelling — Population PK models
Previously published population PK models for meropenem and fosfomycin were recoded in R

(4.2.1) using mrgsolve and coupled to the PD model developed from the in vitro experiments
described. For meropenem, the population PK model of Li et al. was applied (4), while for
fosfomycin three different population PK models (Parker et al., Merino-Bohérquez et al., and
Pfausler et al) were applied (5-7), and later evaluated during simulation studies. Fig.S3
exemplifies resulting population PK profiles for n = 1000 Monte Carlo simulations of MEM 2 g
gq8h when applying the Li et al. model, and FOF 8 g q8h when applying the Parker et al. model.

PK MER 2 g g8h Li et al. (95% PI)

CRCL <30 mL/min CRCL 30-60 mL/min CRCL >80 mL/min

300 4

Concentration (mg/L)
N
S
g

=)
=1

0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time (hours)

PK FOF 8 g q8h Parker et al. (95% PI)

CRCL <30 mL/min CRCL 30-80 mLfmin CRCL =80 mL/min

1200

1000

800

600

400

Concentration (mg/L)

0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time (hours)



158 | Appendix

Figure S3 Simulated population pharmacokinetic profiles of meropenem and fosfomycin for three different Creatinine
Clearance (CRCL) categories. Solid lines, median predictions; shaded areas, 95% prediction intervals.

Pharmacometric modelling — Pharmacodynamic model
Quantitative analyses were performed using first-order-conditional-estimation with interaction

(FOCE-1) for maximum-likelihood estimations and executed using NONMEM® 7.5 (lcon
Development Solutions, USA) and PsN 5.3.1 (Uppsala University, Uppsala, Sweden).

The concentration—time profiles used for pharmacodynamic modelling were reconstructed
directly from the experimentally implemented dosing schedules and system-specific elimination
rates, which were designed to mimic human PK and were validated in each study through

measured antibiotic concentrations.

The pharmacometric model consisted of two bacterial compartments representing
subpopulations with higher and lower susceptibility (S and R in the model), respectively,

accounting for the biphasic killing patterns in the experimental data.

In vitro model specific (HFIM or open flow) parameter sets were used wherever biologically
plausible and respective meropenem and fosfomycin MIC values served as covariates on effect-
and interaction-EC50s. Most of the observed differences between strains were already captured
through the strain-specific MIC covariates implemented on all EC50 parameters, which provided
a mechanistic and well-supported explanation for variability in drug response. Including
additional random-effect terms, such as inter-strain variability on growth kinetics, led to
imprecise estimates and excessively wide prediction intervals, indicating overfitting given the
limited number of strains per system. To account for robust and experimentally verified
differences between the two dynamic in vitro systems, system-specific inocula and bacterial
capacities were implemented instead. HFIM and Open Flow experiments differ systematically in
starting bacterial density, achievable maximum bacterial load, and dilution characteristics, and
incorporating these system-specific parameters improved the description of bacterial growth

and regrowth across experiments.

The resulting differential equations for growth kinetics of susceptible bacteria Bs and less

susceptible bacteria Br without drug exposure are

aBs _ _Bst Br )

ax Ko X (1 BMAX)XB*, (Eq. S1)
dBgr _ _ Bs+ Br

LR = kg, % (1 —MAX) X Bp, (Eq. S2)
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B = Bg + By, (Eg. S3)
with kg growth rate constants and Buax representing maximum bacterial capacity.

Antimicrobial effects of meropenem and fosfomycin were described using the sigmoidal

maximum effect (Emax) model.

Emax xCH

E(C) = EC50H+ cH

(Eq. S4)

Combined effects were quantified using the General Pharmacodynamic Interaction (GPDI)
model (8,9). The GPDI model which quantifies a potential PD interaction as shifts of the potency
(EC50) or efficacy (Emax). The GPDI model was implemented using Bliss Independence as null-

interaction model with E4 and Es representing the effect of drug A and B:

Ecomp = Ea+Ep —Egx EB_ (Eq SS)

The GPDI model is given by Eq. S6 - S13 for two drugs as interaction partners with an interaction
on the PD parameters Emax or EC50. The GPDI term is a function of the perpetrator drug
concentration, which affects a PD parameter 6 (either EC50 or Emax) of the victim drug with INT
as maximum possible fractional shift of the PD parameter 6, EC50inr as potency of the
perpetrator and Hint representing the sigmoidicity of the interaction (Eq. S6). The fractional shift
of the victim’s PD parameter caused by the perpetrator drug allowed the directional
quantification of the PD interaction, i.e., either synergy, antagonism or additivity. Whenever -
1< INT < 0 applies to Emax based PD interactions, antagonism is described, and whenever -
1< INT < O applies to EC50 based PD interactions, synergy is described (vice versa for INT > 0). In
the case of bidirectional PD interactions, a drug could be perpetrator and victim at the same time.
Whenever synergism or antagonism were not significant (confidence interval of INT not
including 0), the interaction was described as null-interaction model by Bliss Independence with
Ea and Eg representing the effect of drug A and B (Eg. 10). Since Bliss Independence was derived
from a probabilistic approach, the Bliss Independence term was calculated using the single drug
effects, which were normalized to the maximum drug effect possible with a single drug, and
afterwards scaled back to the effect scale (Eq. S11 - S13). After comparison of all possible
interactions between both drugs and on each of the effect parameters, the interaction terms

that produced the lowest AIC were selected for the final model.
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INT xcHINT
g x (14 NTxcNT (Eq. 56)
EC50, NT+CHINT
HINT,AB
INTAgXC .
Emax x <1 + HIﬁiABB HINTAB) x C:A
EC50 o ’
E _ INT,AB B (E S7)
A — Hp Hp Hp q'
(Ecs0,2) "+ 4
HINT,BA
INTAXCp Hp
Emaxg x <1 + ECSOHINT,BA+CHINT,AB> Cp
E. = INT.BA B (E 58)
B — Hg Hp Hg q'
(ECs05B) "+ Cg
Hp
Emaxp X Cp
HINT,AB
INTARXCp Hp
EC50, X | 1+—p T +C
( ( Ecso INTAB  FINTAB A
Hp
Emaxg X Cg
Eg = g (Eq. 510)
HINT,BA
INTgAXCp Hp
EC50px| 1+ HINT,BA , HINT,BA +Cp
ECSONTEA +Cp
Maxg = max (Emax.a Emax,s) (Eq.S12)
Eg Ep Eg Ep
Ecomp = (e + =2 — - =) . Max Eq.S13
comb Maxg Maxg Maxg Maxg E ( q )

Therefore, the resulting differential equations for the subpopulations of susceptible bacteria Bs

and resistant bacteria Br under drug exposure are

dB; _ Bgt Bg L .

L — kg s x (1 e } % Bs = Ecomp, 5 X Bs (Eq. S14)
dB Bs+ B

L — kg, p X (1 - —;MA:) X Bg — Ecomp, r X Bx. (Eq. S15)

Strain-specific MIC; values were used as covariates on typical values (TV) of drug EC50s and GPDI

interaction EC50s. First MICs were normalized to median MICyeq of meropenem or fosfomycin,
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and then exponents (COV) were estimated to assess the strengths of covariate relationships for

each of the EC50 of interest:

i cov
) (Eq. S15)

EC50; = EC50ry - (e
med

Simulations studies
Aforementioned population PK models for meropenem and fosfomycin were coupled with the

developed PD model from the in vitro experiments described above in R (4.2.1), utilizing the
mrgsolve package. To robustly characterize the expected range of clinical responses across
different patient scenarios, we performed Monte Carlo simulations for each single drug and their
combination. Specifically, we executed n = 1000 Monte Carlo simulations for each invitro
system, for each defined PD target (bacteriostasis, 1-log killing, and 2-log killing), and across nine
distinct combination dosing regimens. To comprehensively cover the clinically relevant spectrum
of bacterial susceptibility, we simulated virtual bacterial strains with MICs ranging from 0.125 to
1024 mg/L for both agents. For each virtual strain and dosing regimen, the probability of target
attainment (PTA) was calculated based on the proportion of simulations achieving the
predefined PD endpoint, evaluated using the predicted bacterial load 24 h after treatment

initiation. The PTA for a given MIC was calculated as follows:

__ Number of simulations attaining PD target for MICygm, MICroF

PTAMICMEM, MICror — y (Eq. 516)

n

where n =1000 denotes the total number of Monte Carlo replicates per scenario.

To assess the therapeutic success across a clinically relevant population, the cumulative
fractional response (CFR) was determined. For this purpose, MIC distributions of 36 NDM-
producing and/or OXA-48-producing K. pneumoniae isolates were collected from the literature,
by combining data from two studies to ensure a sufficiently large and representative population
for the CFR calculation (10,11). A distribution of the selected bacterial population with relative
frequency is given in Fig. S4.

The CFR was calculated as follows:

CFR = %iL1 PTAmicypymicror i* Wi (Eq. S17)

where N is the total number of unique strains in the population, PTAmicmem, micror, i is the PTA for
the i-th strain at its specific meropenem and fosfomycin MICs, and w; is the relative frequency

of that MIC pair in the population. For assessing the combined effects, this approach is optimal,
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as it accounts for the MIC values of both antibiotics and incorporates their joint distributions,

providing a representative estimate of efficacy across real-world bacterial populations.
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Figure S4 Distribution of K. pneumoniae strains by combined meropenem and fosfomycin MIC values. Color shades
indicate the relative frequency of each MIC pair in the population and values above bars indicate the relative frequency
in percent. MEM, meropenem; FOF, fosfomycin.

Text S3: Results: Pharmacometric model

Table S3 Parameter estimates for final pharmacokinetic/pharmacodynamic model of meropenem and fosfomycin
against twelve tested K. pneumoniae. Confidence intervals (95% Cl) were calculated from standard errors. (S): bacteria
of susceptible compartment; (R): bacteria of less-susceptible compartment; MEM, meropenem, FOF, fosfomycin; COV:
covariate effect exponents.

Parameter description Final estimate (RSE%; 95% Cl)
Bacterial system parameters

Growth rate constant of S [h™] 1.19 (10.1;0.95-1.43)

Growth rate constant of R[h™] 1.11(5.2;1.00 —1.22)

Inoculum of S — Openflow [log,, cfu/mL] 5.64 (1.4;5.49 —5.79)

Inoculum of R — Openflow [log;, cfu/mL] 0.888 (14.8, 0.63 —1.15)

Inoculum of S — HFIM [logo cfu/mL] 6.78 (5.6; 6.38 —7.18)

Inoculum of R — HFIM [log;, cfu/mL] 4.22(3.0;3.76 —4.68)

Maximum bacterial capacity — Openflow [logs, cfu/mL] 8.04 (1.4;7.82—8.26)

Maximum bacterial capacity — HFIM [log1, cfu/mL] 9.96 (2.1;9.55-10.37)

Pharmacokinetic system parameters

MEM elimination rate constant — Open Flow [h™] 0.693 (-, fixed)
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MEM elimination rate constant — HFIM [h™]

FOF elimination rate constant — Open Flow [h™"]

FOF elimination rate constant — HFIM [h™"]

Single drug effect parameters
For typical strain with MICyem = 64 mg/L and MICror = 128 mg/L

Meropenem

Emax of MEM on S [h™]

EC50 of MEM on S [mg/L]

Hill coefficient of MEM on S [-]
Emax of MEM on R [h™]

EC50 of MEM on R [mg/L]

Hill coefficient of MEM on R [-]

Fosfomycin
Emax of FOFon S [h™]

EC50 of FOF on S [mg/L]
Hill coefficient of FOF on S [-]
Emax of FOF on R — Openflow [h™]
Emax of FOF on R—HFIM [h™]
EC50 of FOF on R [mg/L]
Hill coefficient of FOF R [-]

MIC covariate effects

COV Effect of MEM MIC on EC50 for R [-]

COV Effect of MEM MIC on EC50 for R [-]

COV Effect of FOF MIC on EC50 for S [-]

COV Effect of FOF MIC on EC50 for R [-]

Pharmacodynamic interaction parameters

Synergy: MEM 2 FOF: MEM affecting EC50 of FOF on S
INT: Maximume-Interaction as EC50 reduction [%]
EC50 of interaction [mg/L]

Hill coefficient of interaction [-]

Synergy: MEM = FOF: MEM affecting EC50 of FOF on R
INT: Maximum-Interaction as EC50 reduction [%]
EC50 of interaction [mg/L]

Hill coefficient of interaction [-]

Synergy: FOF 2 MEM: FOF affecting Emax of MEM on R
INT: Maximume-Interaction as Emax increase [%]
EC50 of interaction [mg/L]

Hill coefficient of interaction [-]
Residual error model

Additive residual error [log,o cfu/mL]
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0.19 (-, fixed)
0.277 (-, fixed)
0.19 (-, fixed)

3.5(5.4;3.13 - 3.87)

194 (17.8;126.32 — 261.68)
20 (-, fixed)

0.955 (6.2; 0.84 —1.07)
9.81(12.2;7.46 —12.16)

20 (-, fixed)

4.01(4.1;3.69 —4.33)

267 (14.0;193.74 — 340.26)
1.17 (11.6; 0.90 — 1.44)
0.769 (6.6; 0.67 — 0.87)
0.982 (6.4; 0.86 —1.11)

354 (11.8; 272.13 — 435.87)
20 (-, fixed)

135(2.8;1.28 —1.42)
1.07 (8.6; 0.89 —1.25)
13(2.8;1.23-1.37)
0.542 (8.7; 0.45 - 0.63)

-99.99 (2.5;-99.999 —-95.0)
0.128 (13.8; 0.09 — 0.16)
2.59 (9.3;2.12-3.06)

-98.1(3.8;-99.9 —-91.0)
0.00673 (5.8; 0.006 — 0.007)
20 (-, fixed)

0.249 (14.4; 0.18 — 0.32)
24146.1; (23.24 — 458.76)

2.74 (43.1; 0.43 - 5.05)

1.26 (1.6;1.22—1.29)
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Final NONMEM control stream model run216.3

;; 1. Based on: run216.2

;; 2. Description: Modeling of IVM/HFIM MEM/FOF in twelve KP
;; X1. Author: farooq

;; 3. Label:

$PROB Modelling of IVM MEM/FOF in twelve KP

SINPUT

1D ; experiment ID

TIME ih

DV ; InCFU/mL

EVID ; event identifier

MDV ; MDV

AMT ; amount of dose in mg
TIMEMIC_MEM ; time over Mlcin %
AUCMIC_FOF ; AUC over MIC

CMT 14

FLAG_SCENARIOS i 1-4

MIC_MEM ;mg/L

MIC_FOF ;mg/L

FLAG_IVM ; 1=Macgowan IVM, 2 = Wicha conventional HFIM

$DATA NONMEM _twelvestrains_v2.csv IGNORE=@

ACCEPT = (FLAG_SCENARIOS.EQ.1)  ;growth
ACCEPT = (FLAG_SCENARIOS.EQ.2) ;MEM
ACCEPT = (FLAG_SCENARIOS.EQ.3)  ;FOF

ACCEPT = (FLAG_SCENARIOS.EQ.4)  ;MEM-FOF

$SUBROUTINE ADVAN13 TOL=10
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$MODEL

COMP (DRUG_A)
COMP (DRUG_B)
COMP (0BS_S)

COMP (R)

$PK
;Elimination constants for MEM and FOF resulting from IVM experiments
; Remove decay of drugs in control scenarios
IF (FLAG_SCENARIOS.EQ.1.OR.FLAG_SCENARIOS.EQ.3) THEN
KE_MEM =0
ELSE
KE_MEM = THETA(1) ;derived from 1h halftime
IF(FLAG_IVM.EQ.2) KE_MEM = THETA(35) ;half-life of 3.6 h in HFIM

ENDIF

IF (FLAG_SCENARIOS.EQ.1.OR.FLAG_SCENARIOS.EQ.2) THEN
KE_FOF =0

ELSE
KE_FOF = THETA(2) ;derived from 2.5 h halftime
IF(FLAG_IVM.EQ.2) KE_FOF = THETA(36) ;half-life of 3.6 h in HFIM

ENDIF

; account for elimination in openflow system compared to HFIM

IF (FLAG_SCENARIOS.EQ.2.0R.FLAG_SCENARIOS.EQ.4.AND.FLAG_IVM.EQ.1) THEN ;case of MEM or COMBO
KE_SR_OPENFLOW = THETA(37)

ELSE
KE_SR_OPENFLOW =0

ENDIF

IF (FLAG_SCENARIOS.EQ.3.AND.FLAG_IVM.EQ.T) THEN ;case of FOF
KE_SR_OPENFLOW = THETA(38)

ELSE
KE_SR_OPENFLOW =0

ENDIF
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;KE_MEM = THETA(1) ;derived from 1h halftime

;KE_FOF = THETA(2) ;derived from 2.5 h halftime

;Bacterial system with bacterium-specific parameters

KGS = THETA(3) ; 1/h growth constant both
populations

KGR = THETA(4)

IF (FLAG_IVM.EQ.T) THEN

INOC_AB_S =10"*(THETA(5)+ ETA(6)) ; CFU/mL start inoculum susceptible population OPENFLOW
ELSE

INOC_AB_S =10"*(THETA(41) + ETA(6)) ; CFU/mL start inoculum susceptible population HFIM

ENDIF

IF (FLAG_IVM.EQ.1) THEN

INOC_AB_R=10"*(THETA(6)+ ETA(2)) ; CFU/mL start inoculum resistant population OPENFLOW
ELSE

INOC_AB_R=10"*(THETA(40) + ETA(2)) ; CFU/mL start inoculum resistant population HFIM

ENDIF

; Define the maximum bacterial capacity in CFU/mL based on the IVM system

IF (FLAG_IVM.EQ.T) THEN

BMAX =10"*THETA(7) ;IVM MacGowan
ELSE

BMAX =10"*THETA(8) ;HFIM Wicha
ENDIF

;Drug-specific parameters
;Effect model drug A
EMAX_A S =THETA(9) ; 1/h maximal effect

TVEC50_A_S = THETA(10) ; mg/L
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H A S =THETA(1) ; Hill-coefficent

EC50_A_S=TVEC50 A S*(MIC_MEM/64)**THETA(12) ;MIC_MEM as covariate

EMAX_A R=THETA(13) ; 1/h maximal effect
TV_EC50_A_R=THETA(14) ;mg/L
H A R =THETA(15) ; Hill-coefficent

EC50 A _R=TV_EC50 A R*(MIC_MEM/64)**THETA(16) *exp(ETA(1)) ;MIC_MEM as covariate

;Effect model drug B

EMAX_B_S =THETA(17) ; 1/h maximal effect
TV_EC50_B_S = THETA(18) ;mg/L
H_B_S =THETA(19) ; Hill-coefficent

EC50 B_S=TV_EC50 B_S* (MIC_FOF/128)**THETA(20) ;MIC_FOF as covariate

IF (FLAG_IVM.EQ.1) THEN

EMAX_B_R=THETA(21) *exp(ETA(4)) ; 1/h maximal effect MacGowan
ELSE

EMAX_B_R=THETA(39) *exp(ETA(4)) ; 1/h maximal effect Wicha
ENDIF

TV_EC50 B _R=THETA(22) ;mg/L

H_B_R =THETA(23) ; Hill-coefficent

EC50 B R=TV_EC50 B R*(MIC_FOF/128)**THETA(24) *exp(ETA(3)) ;MIC_FOF as covariate

;Combined effects

;EC50 Synergy MEM -> FOF on S

EC50_INT_BA S =exp(THETA(25)) - 1

EC50_ECS0INT_BA S =THETA(26) * (MIC_MEM/64) ;MIC scaling on interaction EC50

EC50_H_INT_BA_S = THETA(27)

;EC50 Synergy MEM -> FOF on R
EC50_INT_BA_R=exp(THETA(28) + ETA(5)) - 1
EC50_ECS50INT_BA_R = THETA(29) * (MIC_MEM/64) ;MIC scaling on interaction EC50

EC50_H_INT_BA R=THETA(30)
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;EMAX Synergy FOF -> MEM
EMAX_INT_AB_R = THETA(31)
EMAX_ECS50INT_AB_R = THETA(32) * (MIC_FOF/128) ;MIC scaling on interaction EC50

EMAX_H_INT_AB_R = THETA(33)

A_0(1)=0.0001 ;Initial condition of ODE MEM should be greater than zero for Control computation
A 0(2) =0.0001 ;Initial condition of ODE FOF should be greater than zero for Control computation
A _0(3) =INOC_AB_S ; Initial condition of ODE

A 0(4)=INOC_AB R ; Initial condition of ODE
$DES

C_A=A()

C B=AQ)

B_AB S=A(3)

B_AB R=A(4)

CA=CA ; concentration as covariate drug A

CB=C_B ; concentration as covariate drug B

SPOP = LOG(A(3))

RPOP = LOG(A(4))

;Slope model

;E_A_S=SLOPE_A S*(CA**H_A 5)

;E_A_ R=SLOPE_A R*(CA**H_A R)

;Sigmoidal Emax model
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E_A S=(EMAX_A S*(CA*™H_A_S))/((EC50_A_S**H_A_S)+ (CA**H_A_S))

E_A R=(EMAX_A R*(CA*H_A R))/((EC50_A R*H_A R)+ (CA*H_A R))

E_B_S=(EMAX_B_S*(CB*H_B_S))/((EC50_B_S**H_B_S) + (CB**H_B_S))

E_B_R=(EMAX_B_R*(CB**H_B_R))/((EC50_B_R**H_B_R)+ (CB**H_B_R))

;Combined effects (INT EMAX on R)

;Interaction on resistant population

;A affected by B

GPDI_AB_R_EMAX = EMAX_A R*
(1+((EMAX_INT_AB_R*(CB**EMAX_H_INT_AB_R))/((EMAX_ECS0INT_AB_R**EMAX_H_INT_AB_R)+(CB**EMAX_H_INT
_AB_R))))

E_A R=(GPDI_AB_R_EMAX*(CA**H_A R))/((EC50_A R**H_A R)+(CA*H_A R))

;Combined effects (INT EC50 on R)
;Interaction on susceptible population
;B affected by A

GPDI_BA S EC50=EC50 B S*
(1+((EC50_INT_BA_S*(CA**EC50_H_INT_BA_S))/((EC50_ECS0INT_BA_S**EC50_H_INT BA_S)+(CA**EC50_H_INT BA_
)))

E B S=(EMAX_B_S*(CB*H_B_S))/((GPDI_BA_S EC50**H_B_S)+ (CB**H_B_S))

;Interaction on resistant population
;B affected by A

GPDI_BA R EC50=EC50 B R*
(1+((EC50_INT_BA_R*(CA**EC50_H_INT_BA R))/((EC50_EC50INT _BA R*EC50_H_INT_BA_R)+(CA**EC50 H_INT BA_
R))

E_B_R=(EMAX_B_R*(CB**H_B_R))/((GPDI_BA R_EC50**H_B_R)+(CB**H_B_R))

;Bliss Independance
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E_AB_S_MAX = max(EMAX_A _S,EMAX_B_S)

E_AB_R_MAX =max(EMAX_A R, EMAX_B_R,GPDI_AB_R_EMAX);

E_AB S=((E_A_S/E_AB S MAX)+(E_B S/E_AB_S MAX)-((E_A_S/E_AB_S MAX)*(E_B_S/E_AB_S _MAX)))*
E_AB_S MAX ;Effect scaled with EMAX

E_AB R=((E_A R/E_AB_R_MAX)+(E_B_R/E_AB_R_MAX)-((E_A_R/E_AB_R_MAX)* (E_B_R/E_AB_R_MAX)))*
E AB R MAX ;Effect scaled with EMAX

;Avoiding nuMEMical errors due to very low MEM concentrations in HFIM due to KPC degradation
IF (A(1) < 1E-6) THEN

SWITCH_A=0
ELSE

SWITCH_A=1

ENDIF

IF (A(2) < TE-6) THEN
SWITCH B=0
ELSE

SWITCH B=1

ENDIF

;Bacterial system under drug exposure

DADT(1) = -KE_MEM * A(1) * SWITCH_A

DADT(2) = -KE_FOF * A(2) * SWITCH_B

DADT(3)=B_AB_S*KGS * (1-((B_AB_S +B_AB_R) /BMAX))-E_AB S*B_AB_S-KE_SR_OPENFLOW *B_AB_S

DADT(4) =B_AB_R*KGR* (1-((B_AB_S+B_AB_R)/BMAX))-E_AB R*B_AB R-KE_SR_OPENFLOW *B_AB_R

$ERROR

ODECFU = A(3) + A(4)

CFU=AQ3) +A(4)

IF(CFU.LT.T) CFU =1 ;set CFU<1to 1to comply with setting LOGCFU to zero in dataset -> dont limit kill to 1 CFU
LOG10CFU = LOG10(CFU)

IPRED = LOG(CFU) ; total bacterial concentration

W1 = SQRT(THETA(34)**2) ; ADDITIVE ERROR
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RESV = EPS(1)

IRES = DV-IPRED
W=W1
IWRES = IRES/W

Y= IPRED+W*RESV

S$THETA

(0.693) FIX ;1_KE_MEM

(0.277) FIX ;2_KE_FOF

(0,119) ;3_KGS

(0,1.11) ;4_KGR

(0.1,5.64) ;5 INOC_AB_S_OPENFLOW

(0.889) ;6_INOC_AB_R_OPENFLOW

(0, 8.04) ;7_BMAX_IVM

(0,9.96) ;8_BMAX_HFIM

(0,35);9_EMAX_A_S

(0,194) ;10_TV_EC50 A S

(20)FIX;11_ H_A_S
(-1,1.35);12_COV_MIC_MEM on_EC50 MEM R
(0,0.955) ;13_EMAX_A R
(0,9.81);14_TV_EC50 A R
(0,20)FIX;15_ H A R

(1,1.07) ;16_COV_MIC_MEM on_EC50 MEM R
(0,4.01) ;17_EMAX_B_S

(0,267) ;18_TV_EC50 B_S

(0,117);19_H B_S

(-1,1.3);20_COV_MIC_FOF on_EC50_FOF S
(0,0.769) ;21 EMAX_B_R_OPENFLOW

(0,354) ;22_TV_EC50 B R

(0,20)FIX ;23 H B R

(-1,0.542) ;24 COV_MIC_FOF_on_EC50_FOF R
(-20,-12.5) ;25_EC50_INT BA_S

(0,0.128) ;26_EC50_EC50INT BA_S

(0,2.59) ;27 EC50 H_INT BA S

Page |TN
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(-20,-3.98) ;28_EC50_INT BA R

(0,0.00673) ;29 _EC50_EC50INT_BA R

(0,20) FIX ;30_EC50 H_INT_BA R

(0,0.249) ;31_EMAX_INT_AB_R

(0,242) ;32_EMAX_EC50INT_AB_R

(0,2.74) ;33_EMAX H_INT_AB_R

(0,2.89) ;34_Add.Err.

(0.19) FIX ;35_KE_MEM_HFIM (half-life of 3.6 h calculated from Farooq et al JAC 2025)
(0.19) FIX ;36_KE_FOF_HFIM (half-life of 3.6 h calculated from Farooq et al JAC 2025)
(0) FIX ;37_KE_OPENFLOW_MEM_u_COMBO (assuming that FOF is supplemented in combo)
(0) FIX ;38_KE_OPENFLOW_FOF

(0,0.982) ;39 EMAX_B_R_HFIM

(4.22) ;40_INOC_AB_R_HFIM

(0, 6.78) ;41_INOC_AB_S_HFIM

$SOMEGA

O FIX ;IIV_EC50_A R
O FIX ;IIV_INOC_AB_R
O FIX ;IIV_EC50 B R
OFIX ;IIV_EMAX_B_R
0 FIX ;EC50_INT_BA R

OFIX ;IIV_INOC_AB_S

$SIGMA

1FIX

SEST METHOD=1INTER SLOW MAXEVAL=9999 NOABORT NSIG=2 PRINT=5

$COV PRINT=E MATRIX=R

STABLE ID TIME DV MDV EVID AMT IPRED CFU ODECFU LOG10CFU CA TIMEMIC_MEM MIC_MEM CB AUCMIC_FOF
MIC_FOFB_AB_S B_AB_R SPOP RPOP IWRES BMAX FLAG_SCENARIOS FLAG_IVM ONEHEADER NOPRINT
FILE=sdtab216.3

S$TABLE IDINOC_AB_SEC50 A REC50 B RINOC_AB_SINOC_AB_RBMAX EMAX B REC50_INT_BA RKGS KGR
FIRSTONLY ONEHEADER NOPRINT FILE=patab216.3

‘
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Hollow Fibre - Li_Parker
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Hollow Fibre - Li_Parker
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Hollow Fibre - Li_Parker
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Hollow Fibre - Li_Parker
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Open Flow - Li_Parker
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Open Flow - Li_Parker
2 gMEMqg8h/5 g FOF g8h
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Open Flow - Li_Parker
2 gMEM qg8h/8 g FOF g8h
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Open Flow - Li_Parker
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Open Flow - Li_Parker
2 g MEM q8h /8 g FOF bolus + 16 g cont.
Probability of Target Attainment (PTA)
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Hollow Fibre - Li_Merino-Bohorquez
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Hollow Fibre - Li_Merino-Bohorquez
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Hollow Fibre - Li_Merino-Bohorquez
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Hollow Fibre - Li_Merino-Bohorquez
2 g MEM q8h /8 g FOF bolus + 16 g cont.
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Open Flow - Li_Merino-Bohaorquez
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Open Flow - Li_Merino-Bohaorquez
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Open Flow - Li_Merino-Bohaorquez
2 g MEM g8h / 8 g FOF q8h
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Open Flow - Li_Merino-Bohaorquez
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Open Flow - Li_Merino-Bohaorquez
2 g MEM q8h /8 g FOF bolus + 16 g cont.
Probability of Target Attainment (PTA)
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Hollow Fibre - Li_Pfausler
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Hollow Fibre - Li_Pfausler
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Hollow Fibre - Li_Pfausler
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Hollow Fibre - Li_Pfausler
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Open Flow - Li_Pfausler
2 gMEM qg8h/8 g FOF g8h
Probability of Target Attainment (PTA)
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Open Flow - Li_Pfausler
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10 Hazardous materials

Table 1 List of the used hazardous substances in accordance with GHS including the GHS pictograms and hazard and
precautionary statements

GHS Signal Hazard Precautionary
Substance
pictogram word statements statements
225, 210, 280, 301+312,
Acetonitrile Danger 302+312+332, 303+361+353, 304+340+312,
319 305+351+338

The substance is not classified by GHS according to regulation (EC) No

Ascorbic acid
1272/2008.

261, 264, 271, 280, 302+352,

304+340, 305+351+338, 312,

Avibactam Warning 315,319, 335

&

321,362+364, 332+313,
337+313, 403+233, 405, 501

261, 272, 280, 284, 3024352,
Ceftazidime Danger 317,334

3334313

261, 272, 280, 302+352,

Ceftolozane Danger 317,334 333+313, 321, 362+364, 501,

®|®

284, 304+340, 342+311

318, 351, 202, 280, 305+351+338,

Chloramphenicol L) Warning

D
K

361fd 308+313, 405, 501

305+351+338

Ethanol “ 210, 243, 280, 305+351+338,
0@ Danger 225, 319
(absolute) 403+235
210, 280, 301+312,
% 226, 302, 314,
Formic acid (98%) “ Danger 303+361+353, 304+340+310,
<g> @ 331

The substance is not classified by GHS according to regulation (EC) No

Fosfomycin
1272/2008.
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GHS Signal Hazard Precautionary
Substance
pictogram word statements statements
Glucose-6- The substance is not classified by GHS according to regulation (EC) No
phosphate 1272/2008.

261, 272, 280, 284, 302+352,

Meropenem Danger 317,334
333+313
225, 210, 233, 280, 284, 302+352,
301+311+331 333+313
280, 302+352, 205+351+338,
Pyruvate Warning 317, 219

337+313

Tazobactam

ethar pange
&

261, 272, 280, 285, 302+353,
317,334 304+340, 333+313, 3424311,
362+364

Tigecycline @ Warning

201, 202, 261, 264, 272, 273,

315,317,318, 280, 302+352, 305+351+338,

360, 410 308+313, 310, 321, 3334313,
362+364, 391, 405, 501

Tetracycline Warning

361d, 41 201, 273, 308+313

Vaborbactam @ Warning

302 264, 270, 301+312, 330, 501
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