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Abstract 

Pseudomonas aeruginosa is a major cause of pulmonary infections, particularly in hospitals 

and patients with chronic respiratory diseases. Its intrinsic and acquired antibiotic resistance, 

along with numerous virulence factors, make it an important contributor to the global 

antimicrobial resistance (AMR) crisis. As conventional antibiotics lose effectiveness, 

antivirulence therapies that target pathogenic mechanisms rather than bacterial viability are 

promising alternatives that limit resistance development and preserve the host microbiota. 

This thesis examines elastase (LasB), a metalloprotease secreted by P. aeruginosa that disrupts 

lung barriers, modulates immune responses, and damages tissue. Using human lung epithelial 

models, we show that LasB degrades junctional proteins such as E-cadherin and Claudin-4, 

increasing epithelial permeability and vulnerability to infection. It also suppresses immune 

signaling by reducing GM-CSF, G-CSF and by altering MAPK and FGF pathways. 

Phosphonate-based LasB inhibitors reversed these effects, maintaining barrier integrity, partly 

restoring cytokine levels, and enhancing antibiotic activity. 

We further quantified lasB expression in clinical isolates and demonstrated that dual 

LasB/LecA inhibitors protect lung cells from virulence-induced damage without cytotoxicity. 

Together, these findings elucidate LasB-driven lung pathogenesis and support antivirulence 

strategies as promising adjuncts to antibiotics in combating AMR 

. 
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Zusammenfassung 

Pseudomonas aeruginosa zählt zu den häufigsten Erregern von Lungeninfektionen, 

insbesondere in Krankenhäusern und bei Patienten mit chronischen Atemwegserkrankungen. 

Ihre intrinsische und erworbene Antibiotikaresistenz sowie zahlreiche Virulenzfaktoren 

machen sie zu einem zentralen Treiber der globalen antimikrobiellen Resistenz (AMR)-Krise. 

Da konventionelle Antibiotika an Wirksamkeit verlieren, gewinnen Antivirulenz-Therapien, 

die pathogene Mechanismen statt bakterieller Lebensfähigkeit bekämpfen, an Bedeutung, da 

sie Resistenzentwicklung begrenzen und die Mikrobiota erhalten. 

Diese Arbeit untersucht die Elastase (LasB), eine von P. aeruginosa sezernierte 

Metalloprotease, die Lungenbarrieren stört, Immunreaktionen moduliert und Gewebe schädigt. 

In humanen Lungenepithelmodellen zeigen wir, dass LasB junktionale Proteine wie E-Cadherin 

und Claudin-4 abbaut, epitheliale Permeabilität erhöht und Infektanfälligkeit steigert. LasB 

unterdrückt Immunsignale durch Reduktion von GM-CSF, G-CSF und Modulation der MAPK-

/FGF-Signalwege. Phosphonatbasierte LasB-Inhibitoren kehrten diese Effekte um, erhielten 

Barriereintegrität, stellten Zytokinspiegel teilweise wieder her und verstärkten 

Antibiotikawirkung. 

Wir quantifizierten lasB-Expression in klinischen Isolaten und zeigten, dass duale LasB/LecA-

Inhibitoren Lungenepithelzellen ohne Zytotoxizität vor virulenzinduziertem Schaden schützen. 

Diese Befunde klären die LasB-vermittelte Lungenpathogenese auf und unterstützen 

Antivirulenz-Strategien als Ergänzung zu Antibiotika zur Bekämpfung von AMR. 
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1 Introduction 

1.1 Antimicrobial resistance 

Antimicrobial resistance (AMR) has evolved into a pressing global health crisis with multidrug-

resistant (MDR) bacterial pathogens causing untreatable infections that claim over 1.27 million 

lives annually worldwide.1 The development of resistance is primarily driven by genetic 

mutations and the overuse of conventional antibiotics, which accelerate the selection and spread 

of resistant strains.2 The severity of AMR development and its consequences is comparable to 

that of cancer, highlighting the urgent need for comprehensive strategies to combat this issue.3 

Additionally, AMR already imposes substantial economic and social burdens, with projections 

indicating that it could lead to up to 10 million deaths and a staggering global economic cost of 

$100 trillion by 2050.4  

Understanding the mechanisms of AMR is crucial for developing effective countermeasures. 

This involves recognizing the complex interplay between genetic factors, antibiotic misuse, and 

environmental influences. For instance, studies have shown that the misuse of antibiotics in 

agriculture and healthcare settings contributes significantly to the emergence and dissemination 

of resistant pathogens.5 Furthermore, the lack of new antibiotic discoveries exacerbates the 

problem as existing drugs become less effective against evolving resistant strains.6 

To address this growing threat, researchers are exploring innovative approaches such as 

developing novel anti-infectives, creating vaccines targeting resistant pathogens, and 

implementing combination therapies.7 Moreover, there is an increasing focus on understanding 

the evolutionary dynamics of resistance in bacteria to develop more effective strategies for 

combating AMR.8 

1.2 Mechanisms of resistance development 

Antibiotic resistance emerged almost simultaneously with the clinical introduction of 

antimicrobial therapies, with documented cases of resistance appearing as early as the 1940s 

during initial penicillin use.9 This evolutionary phenomenon persists today, driven by selective 

pressures that favor bacterial survival through diverse molecular strategies. Bacteria develop 

resistance to antibacterials through four main mechanisms. These include the utilization of 

efflux pumps, modifications of antibiotic target site, the enzymatic degradation of antibacterial 

agents, and alterations in the cell membrane's permeability (Figure 1).10 

Bacteria develop resistance mechanisms primarily through efflux pumps, which actively expel 

antimicrobial agents before they reach intracellular targets. This process is exemplified by 

multidrug-resistant Pseudomonas aeruginosa and Staphylococcus aureus.11,12 These 

transmembrane protein complexes, such as the acridine resistance complex A and B – toluene 

resistance outer membrane channel (AcrAB-TolC) system in Gram-negative bacteria, reduce 

drug accumulation and compromise therapeutic efficacy — a major hurdle in antibiotic 

development.13  

Another critical mechanism involves the modification of drug targets. Bacterial genomes 

acquire mutations that alter drug-binding sites, as seen in penicillin-binding protein (PBP) 
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mutations conferring β-lactam resistance in Streptococcus pneumoniae.14,15 Enzymatic 

alterations, including ribosomal methylases in aminoglycoside-resistant Enterobacteriaceae, 

further disrupt drug–target interactions.16 

Enzymatic degradation is another prevalent resistance strategy. Hydrolytic enzymes like β-

lactamases inactivate antibiotics by cleaving critical molecular structures. Over 2,000 variants 

of these enzymes have evolved, with extended-spectrum β-lactamases (ESBLs) rendering 

cephalosporins ineffective in pathogens like Klebsiella pneumoniae.15–18 These mechanisms are 

rooted in ancient microbial ecosystems, as evidenced by β-lactamase genes identified in 30,000-

year-old permafrost samples.  

To complement these strategies, bacteria can limit drug uptake by reducing the permeability of 

the bacterial cell membrane, preventing antibiotics from entering the cell.10 Gram-negative 

bacteria, for instance, have an outer membrane that acts as a barrier to many antibiotics, limiting 

their entry through porin channels. Changes in porin expression or mutations can further impede 

drug uptake, as seen in Enterobacteriaceae, which reduce porin numbers to resist 

carbapenems.19  

The persistence and diversification of resistance determinants underscore the urgent need for 

innovative therapeutic strategies that bypass conventional targets. Understanding these 

resistance pathways is critical for designing next-generation antimicrobials. 

 

Figure 1: Mechanisms of antimicrobial resistance (AMR) in Gram-negative bacteria. Bacteria 

resist antibiotics through efflux pumps, target-site modification, enzymatic inactivation, and reduced 

membrane permeability, each limiting drug effectiveness and contributing to persistent resistance. 

Figure was created with Biorender.com. 

1.3 Novel therapies to combat bacterial infections 

Treating bacterial infections caused by MDR pathogens has become a critical challenge in 

modern healthcare, as conventional antibiotics increasingly fail to combat these evolving 

threats.20–22 Among the most formidable culprits are the ESKAPE pathogens (Enterococcus 
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faecium, S. aureus, K. pneumoniae, Acinetobacter baumannii, P. aeruginosa, and Enterobacter 

species), which account for a disproportionate share of hospital-acquired infections and are 

linked to high mortality rates due to their pan-resistant profiles.20,23 Addressing this challenge 

necessitates a paradigm shift in how we approach bacterial infections. Here, we will delve 

deeper into some of these innovative strategies, exploring their potential, challenges, and future 

directions in combating the global threat of AMR. 

1.3.1 Antivirulence therapies 

Antivirulence therapy represents a promising alternative to traditional antibiotics by focusing 

on neutralizing bacterial pathogenicity rather than killing bacteria or inhibiting their growth.24,25 

This approach reduces selective pressure for resistance development and preserves beneficial 

microbiota, addressing two critical limitations of conventional antimicrobials.26 Key targets 

include bacterial toxins, biofilm formation, quorum sensing (QS) systems, and adhesins, which 

are essential for colonization, immune evasion, and disease progression (Figure 2).27,28 

Toxins are prime targets due to their direct role in host damage. For example, inhibitors of 

anthrax toxin receptor binding, such as soluble receptor analogs or monoclonal antibodies, 

block Bacillus anthracis lethality in animal models.29 Similarly, bezlotoxumab, an FDA-

approved antivirulence agent, targets the toxin B (TcdB) in Clostridioides difficile infections.30 

Biofilm formation is targeted by disrupting the extracellular matrix or bacterial adhesion. It 

enhances antibiotic tolerance through physical barriers and metabolic adaptations.31,32 

Myrtenol, a plant-derived compound, inhibits Acinetobacter baumannii biofilm formation by 

suppressing extracellular polysaccharide synthesis and adhesion-related genes.32 In P. 

aeruginosa, matrix-degrading enzymes or small molecules interfere with biofilm integrity, 

reducing chronic-infection persistence.31 QS is disrupted by molecules that interfere with 

bacterial signaling pathways. QS inhibitors block autoinducer molecules (e.g., N-acyl 

homoserine lactones in Gram-negative bacteria), preventing coordinated virulence-factor 

expression.33,34 Tea polyphenols suppress P. aeruginosa QS systems (las, rhl), reducing elastase 

(LasB) and pyocyanin production while weakening biofilm formation.34 Adhesins, such as 

lectins and surface proteins, are inhibited to prevent bacterial colonization. In P. aeruginosa, 

LecA mediates host-cell adhesion through carbohydrate binding, and inhibitors like galactose 

analogs block this interaction.35,36 

Despite its advantages, antivirulence therapy has limitations. Pathogens can still evolve 

resistance to these strategies, albeit at a slower rate compared to traditional antibiotics.37,38 

Additionally, antivirulence drugs may not be effective as monotherapy in immunocompromised 

patients since their activity depends on host-mediated bacterial clearance rather than direct 

virulence attenuation.27 Notably, combining antivirulence drugs with antibiotics has shown 

synergistic effects, restoring growth inhibition in antibiotic-resistant clones and even reversing 

resistance in some cases.39 However, further research is needed to elucidate resistance 

mechanisms and optimize combination regimens for clinical use. 
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Figure 2: Comparison of antibiotics and antivirulence drugs. Antibiotic therapies target essential 

bacterial functions for growth or survival, while antivirulence therapies neutralize pathogenicity factors 

such as toxins, biofilm, quorum sensing, and adhesins, thereby preserving beneficial microbiota and 

reducing resistance selection pressure. Figure was created with Biorender.com. 

1.3.2 Phage-based therapies 

Bacteriophage (phage) therapy leverages viruses that specifically infect and lyse bacterial cells, 

offering a promising alternative to traditional antibiotics.40 During a lytic infection cycle, 

phages attach to bacterial receptors, inject their genetic material, replicate within the bacterium, 

and ultimately lyse the host cell, releasing new phage particles.41,42 This self-amplifying 

mechanism makes phages potentially more efficient than antibiotics, which do not replicate 

within the host.42 For instance, a novel murine model demonstrated the efficacy of phage 

therapy against chronic P. aeruginosa lung infections, including in biofilm-associated cystic-

fibrosis (CF) environments.43 These findings underscore the potential of phage therapy for 

treating recalcitrant chronic infections. 

Phage therapy offers high specificity, targeting only pathogenic bacteria while sparing 

beneficial microbiota, and is effective against antibiotic-resistant strains, making it a promising 

alternative to traditional antibiotics.44 Nevertheless, it faces challenges such as bacterial 

resistance and immune system interactions.45 Personalized phage cocktails tailored to specific 

bacterial strains complicate regulatory approval, while bacteria can evolve resistance by altering 

surface receptors or clustered regularly interspaced short palindromic repeats – CRISPR-

associated proteins (CRISPR-Cas systems), although resistance rates are generally lower than 

with antibiotics.46,47 Additionally, phages may trigger immune responses, reducing efficacy or 

causing inflammation in immunocompromised patients.48–51 Current research focuses on 

combining phages with antibiotics or CRISPR-engineered phages to enhance efficacy and 

mitigate resistance risks.52–55 

1.3.3 CRISPR-Cas-based antimicrobials 

The CRISPR-Cas system, a naturally occurring bacterial defense mechanism, safeguards 

against foreign genetic elements by capturing and storing short sequences of invading DNA or 
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RNA. When the same genetic material is encountered again, the system identifies and degrades 

it, providing a robust immune response.56 Researchers have harnessed this system to selectively 

target and disrupt bacterial genomes, offering a groundbreaking approach to combating 

infections, particularly those caused by antibiotic-resistant pathogens.57 For instance, previous 

works have shown that introducing CRISPR sequences designed to target antibiotic resistance 

genes can lead to the elimination of recipient bacterial cells. This highlights the potential of 

engineered CRISPR systems to specifically target and neutralize pathogens by disrupting 

critical resistance or virulence genes.58 

The CRISPR-Cas system offers several advantages, including high specificity, adaptability, and 

the ability to target multiple genes simultaneously.59,60 However, challenges such as off-target 

effects, delivery mechanisms, and the evolution of CRISPR-resistant bacteria must be 

addressed to fully harness its potential.61,62 Future prospects include refining CRISPR-based 

tools for precision antimicrobial therapy, developing CRISPR-based diagnostics, and exploring 

its role in modulating bacterial communities.63,64 Continued research into CRISPR mechanisms 

and applications could revolutionize the fight against AMR and other infectious diseases, 

paving the way for more effective and targeted treatments. 

1.3.4 Antimicrobial peptides (AMPs) 

Antimicrobial peptides (AMPs) are naturally produced by a wide range of living organisms and 

are considered promising alternatives to traditional antimicrobial agents due to their broad-

spectrum activity and potential to combat AMR.65,66 These peptides are integral components of 

the innate immune system, primarily exerting their antibacterial effects by targeting bacterial 

cell membranes. They disrupt membrane permeability and structural integrity, leading to cell-

structure damage.67,68 

The therapeutic potential of AMPs is significant, as demonstrated by their ability to enhance 

the efficacy of existing antibiotics. For instance, combination therapy with the antimicrobial 

peptide DP7 has been shown to overcome resistance to vancomycin and azithromycin in 

pathogens such as S. aureus, P. aeruginosa, and E. coli. This highlights their role in addressing 

MDR infections.69 

Despite their potential, the cytotoxicity of AMPs toward host cells remains a challenge, limiting 

their widespread clinical application. This has prompted extensive research into designing 

structural analogs with optimized properties to reduce toxicity while maintaining antimicrobial 

efficacy.67,70 Efforts to refine AMPs include modifying their amino acid sequences, enhancing 

selectivity for bacterial membranes, and exploring novel delivery systems to minimize off-

target effects.71,72 

1.3.5 Antibodies and antibody-antibiotic conjugates (AACs) 

Antibodies and antibody-antibiotic conjugates (AACs) are emerging as innovative tools to 

combat bacterial infections, particularly in the face of rising antibiotic resistance. 

Obiltoxaximab, an FDA-approved monoclonal antibody (mAb), neutralizes B. anthracis toxins, 

offering a critical treatment for inhalational anthrax. Its approval under the FDA’s Animal Rule 

highlights the potential of mAbs in addressing life-threatening bacterial infections, despite risks 
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like hypersensitivity.73 AACs combine the specificity of antibodies with the potency of 

antibiotics, delivering targeted therapy to bacterial cells while minimizing off-target effects.74,75 

AACs can enhance antibiotic efficacy, especially against intracellular pathogens like 

methicillin-resistant S. aureus (MRSA), by releasing potent antibacterial components directly 

at the infection site.76 This approach not only reduces drug dosage but also addresses challenges 

such as toxicity and resistance. However, further research is needed to optimize their clinical 

application and overcome limitations like manufacturing difficulties.77,78 

1.3.6 Vaccines 

Vaccination serves as a critical strategy in addressing AMR by preventing infections and 

reducing reliance on antibiotics. Unlike antibiotics, vaccines target pathogens with high 

specificity, minimizing selective pressure on non-target microbes and lowering the risk of 

resistance emergence.79 Resistance to vaccines is exceptionally rare because they preemptively 

block pathogen colonization or eliminate infections before replication, denying opportunities 

for adaptive mutations.80 This mechanism relies on priming the immune system to rapidly 

neutralize pathogens through antibody-mediated responses or cellular immunity, thereby 

preventing symptomatic disease or reducing its severity.80 

The Haemophilus influenzae type b (Hib) conjugate vaccine exemplifies this success, 

demonstrating >95% efficacy in preventing invasive Hib disease after a primary series of 2–3 

doses.81 Similarly, pneumococcal conjugate vaccines (PCVs) have reduced invasive 

pneumococcal disease by more than 90% in children under five through direct serotype-specific 

protection and herd immunity. Post-vaccination surveillance reveals near-elimination of 

vaccine-targeted antibiotic-resistant pneumococcal strains in immunized populations.82 

In summary, vaccines are vital in reducing antibiotic use by preventing infections. Their 

targeted protection, ability to reduce transmission, and role in limiting resistant strains make 

them essential tools in global AMR prevention strategies.83,84 

1.4 Bacterial proteases as drug targets  

In the context of developing novel antivirulence therapies, bacterial proteases have emerged as 

promising drug targets due to their crucial roles in pathogen survival and virulence. Bacterial 

proteases represent a diverse and essential class of enzymes involved in maintaining cellular 

homeostasis, facilitating stress responses, and contributing to pathogenic mechanisms.85 

Pathogenic bacteria, particularly opportunistic species, exploit proteolytic enzymes as critical 

virulence factors to support host colonization, evade immune defenses, promote tissue invasion, 

and induce host damage during infection.86 Among these, bacterial matrix metalloproteases 

(MMPs) are of particular interest, as they selectively cleave a broad range of substrates, 

including cytokines, cell surface receptors, adhesion molecules, and even other proteases, 

underscoring their therapeutic potential.87 Several bacterial pathogens produce such enzymes: 

S. aureus secretes aureolysin, a metalloprotease that modulates immune responses and activates 

downstream virulence pathways, while C. perfringens expresses alpha-toxin, a phospholipase 

with serine protease-like properties that disrupt host cell membranes.88,89 Additionally, bacterial 

collagenases from Clostridium species are metalloproteases capable of degrading multiple 
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forms of collagen, contributing to tissue destruction in conditions such as gas gangrene and 

gastrointestinal diseases.90,91 

Among secreted bacterial metalloproteases, one of the most extensively studied is LasB, 

produced by P. aeruginosa. This zinc-dependent protease exhibits broad substrate specificity, 

enabling it to degrade host structural proteins and immune mediators, thereby facilitating 

infection and immune evasion.92,93 Given its central role in the virulence of P. aeruginosa, LasB 

has emerged as a particularly attractive target for the development of novel antimicrobial 

therapies. 

1.4.1 Targeting Elastase (LasB) in P. aeruginosa 

P. aeruginosa is a Gram-negative, MDR pathogen that poses a significant clinical challenge, 

particularly in hospital-acquired pneumonia (HAP), ventilator-associated pneumonia (VAP), 

immunocompromised individuals, and patients with CF.94,95 Its pathogenic success is attributed 

to an extensive range of cell-associated and secreted virulence determinants that collectively 

contribute to host invasion, immune evasion, and tissue damage.96 A hallmark of P. aeruginosa 

infections is its capacity to form dense, structured biofilms, which exhibit strong resistance to 

antibiotics and host immune mechanisms. This biofilm-mediated protection significantly 

impairs bacterial clearance and fosters persistent, chronic infections.97,98 Among the regulatory 

systems contributing to its virulence, QS plays a pivotal role. QS enables population-wide 

coordination of gene expression in response to cell density, orchestrating a wide range of 

behaviors including biofilm development, immune modulation, swarming motility, and the 

production of virulence factors.96,99,100 In addition, P. aeruginosa utilizes a suite of specialized 

secretion systems to deliver an array of toxins and degradative enzymes directly into host 

tissues, facilitating colonization and immune subversion.96,101 

Among these secreted factors, LasB is a major zinc-dependent metalloprotease exported via the 

type II secretion system (T2SS) and represents a key virulence component of P. aeruginosa.102–

104 LasB exerts broad pathogenic effects, including tissue invasion, degradation of structural 

matrix proteins, and interference with immune signaling. It facilitates immune evasion and 

promotes the establishment and maintenance of biofilms by modifying the local host 

environment.104,105 LasB is the most abundantly secreted protease by P. aeruginosa, targeting 

vital structural components such as elastin, collagen, and laminin, leading to substantial tissue 

degradation.106–108 Additionally, it impairs host defense by proteolytically degrading 

immunoglobulins IgG and IgA, as well as key cytokines including IL-6 and IL-8, thereby 

suppressing both innate and adaptive immune responses.109–112 

Studies have confirmed that LasB contributes significantly to both acute and chronic pulmonary 

infections. In acute infection models, LasB induces the activation of IL-1β through a non-

canonical, inflammasome-independent pathway, provoking a strong neutrophilic inflammatory 

response and consequent pulmonary damage.113 In chronic infections — particularly in the 

context of CF — LasB supports bacterial persistence by degrading critical immune mediators 

such as IL-6, undermining immune surveillance and promoting long-term colonization. These 

effects have been validated in murine models.114,115 Interestingly, during the course of chronic 

infection, P. aeruginosa exhibits adaptive phenotypic changes, including the downregulation 
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of lasB expression. This likely represents an evolutionary strategy to minimize immune 

detection and preserve a stable ecological niche within the host lung.115 

Given its multifaceted role in tissue destruction, immune interference, and biofilm 

development, LasB stands out as a central virulence factor and a promising target for 

therapeutic antivirulence strategies. 

1.4.2 The role of LasB in the disruption of respiratory barrier function 

The pulmonary epithelium serves as a critical barrier that initiates the lung’s response to both 

infectious and non-infectious challenges.116 It is the body’s first point of contact with inhaled 

substances and plays a vital role in protecting the lungs and maintaining normal respiratory 

function.117 This protective function relies on the integrity of tight junctions (TJs) and adherens 

junctions (AJs), which regulate paracellular transport and preserve cell–cell interactions.118 In 

chronic respiratory diseases such as chronic obstructive pulmonary disease (COPD) and CF, 

these junctional structures are frequently compromised, contributing to increased susceptibility 

to infection and inflammation.119 

P. aeruginosa is a major cause of nosocomial infections and relies on a range of secreted 

virulence factors including LasB to establish infection, compromise host barrier integrity, and 

modulate immune response (Figure 3).120,121 For systemic spread, P. aeruginosa must breach 

epithelial and endothelial barriers, a process in which LasB is critically involved. Studies have 

shown that LasB directly degrades essential junctional proteins such as VE-cadherin and 

occludin, weakening intercellular cohesion and enhancing paracellular permeability.121–123 This 

proteolytic activity disrupts not only the structural integrity of cell–cell junctions but also the 

functional barrier that prevents bacterial dissemination. In the airway epithelium, LasB 

contributes further to barrier dysfunction by targeting Claudin-1 and Claudin-4 in nasal 

epithelial cells, leading to transient disassembly of tight junctions.124 Moreover, LasB has been 

associated with the delocalization of key junctional proteins including occludin and zonula 

occludens-1 (ZO-1) in airway epithelial cells, although the exact pathways driving this 

redistribution are not yet fully understood.125 These findings collectively underscore the role of 

LasB in promoting epithelial-barrier breakdown, a critical step in the pathogenesis and systemic 

spread of P. aeruginosa. 

Despite growing evidence implicating LasB in epithelial-barrier disruption, the precise 

mechanisms by which it contributes to lung-disease progression remain insufficiently defined. 

Most current findings stem from isolated in vitro models or non-pulmonary systems, limiting 

our understanding of its role in the complex lung micro-environment. Advancing this 

knowledge is crucial for informing the development of antivirulence strategies that target LasB 

activity, with the aim of preserving epithelial integrity and preventing P. aeruginosa 

dissemination. 
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Figure 3: Role of LasB in epithelial barrier disruption and immune modulation.  LasB degrades 

essential junctional proteins, weakening intercellular cohesion and increasing paracellular permeability. 

These actions compromise both structural and functional barriers, facilitating bacterial dissemination of 

Pseudomonas aeruginosa. Additionally, LasB modulates immune response, further promoting infection 

and systemic spread. Figure was created with Biorender.com. 

1.4.3 Targeting LasB: Known inhibitors and therapeutic potential 

The high abundance of LasB in the P. aeruginosa secretome and its broad spectrum of toxic 

effects on host-tissue integrity and immune function have positioned this zinc-dependent 

metalloprotease as a promising target for antivirulence therapy.93 Most current approaches to 

inhibiting LasB focus on neutralizing its catalytic activity through interaction with the active-

site zinc ion, typically employing a zinc-binding group (ZBG) to coordinate the metal and block 

enzymatic function.104 Several distinct classes of LasB inhibitors have been developed, each 

offering unique chemical scaffolds and biological profiles. The compounds discussed below 

represent some of the most extensively studied examples to date. 

Phosphoramidons were among the first compounds identified to inhibit LasB. Originally 

isolated from Streptomyces tanashiensis and characterized as thermolysin inhibitors (with a Ki 

value of ~30 nM at physiological pH), these compounds also exhibit activity against LasB due 

to the structural and functional homology between thermolysin and LasB.126 

Thiols, particularly mercaptoacetamide derivatives, have shown significant inhibitory activity 

against LasB as well as clostridial and bacillary collagenases. These compounds have 

demonstrated in vivo efficacy in Galleria mellonella infection models and exhibit strong 

selectivity over human MMPs.127 A notable subclass — N-aryl mercaptoacetamides — has been 

reported to inhibit both metallo-β-lactamases (MBLs) and LasB, with low micromolar to 

submicromolar potency.128 

Hydroxamates are another extensively studied class of ZBGs, known for their strong chelation 

of zinc. Initially developed as derivatives of phosphoramidon, some hydroxamates have shown 
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potent LasB inhibition with nanomolar-range Ki values.104,129 More recently, a hydroxamic 

acid-based inhibitor developed by Kany et al. was found to reduce P. aeruginosa biofilm 

formation and, for the first time, decrease extracellular DNA (eDNA) release, suggesting 

broader effects on bacterial virulence mechanisms.130 

Phosphonates represent a newer class of LasB inhibitors with promising drug-like properties. 

A systematic exploration of ZBGs identified phosphonic acid derivatives exhibiting nanomolar 

inhibitory activity against LasB, alongside favorable in vitro ADMET profiles and strong in 

vivo efficacy when administered via inhalation in a murine lung infection model.109 Further 

optimization within this class yielded compounds that, in murine models of P. aeruginosa 

keratitis, enhanced the therapeutic efficacy of meropenem in combination therapy and 

modulated immune responses when administered as monotherapy.131 

While these inhibitors illustrate the diversity of chemical strategies explored for LasB 

inhibition, none have yet progressed to clinical application. Common limitations include 

suboptimal in vivo efficacy, limited stability, and insufficient selectivity.104 Nevertheless, 

ongoing efforts continue to refine these scaffolds and investigate combination strategies to 

enhance therapeutic potential. Importantly, further progress in this field depends not only on 

compound optimization but also on a deeper mechanistic understanding of the role of LasB in 

infection and host interaction. Comprehensive characterization of this target is essential to guide 

future drug discovery and translational development. 

1.5 Aims of this Thesis 

The global rise in AMR demands novel therapeutic strategies that go beyond traditional 

antibiotics.1 Antivirulence approaches — which aim to disarm bacterial pathogenicity without 

directly affecting viability — offer a promising avenue to circumvent resistance development 

while preserving host microbiota.132,133 One clinically relevant antivirulence target is LasB, a 

zinc-dependent metalloprotease secreted by P. aeruginosa, which plays a multifaceted role in 

tissue damage, immune evasion, and disease progression, especially in lung 

infections.92,93,109,130 

Although several small-molecule inhibitors have been developed to neutralize LasB activity, 

comparatively fewer studies have focused on elucidating the mechanistic impact of LasB on 

host–pathogen interactions in physiologically relevant lung models. A deeper understanding of 

the biological functions of LasB, particularly in the lung micro-environment, is critical for 

advancing therapeutic development and evaluating the translational potential of LasB-targeting 

strategies. 

This thesis aims to address this gap by employing a multidisciplinary approach to investigate 

the biological effects of LasB across a range of experimental systems. It is structured into three 

chapters, each contributing to the overarching goal of validating LasB as a therapeutic target 

and exploring tools to evaluate its inhibition. 

Chapter A focuses on dissecting the cellular and molecular mechanisms by which LasB 

disrupts the lung epithelial barrier. We established a transwell-based in vitro system using Calu-

3 (bronchial) and Arlo (alveolar) epithelial cells to model distinct anatomical regions of the 

human lung. This comparative study was designed to investigate whether LasB exerts 
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differential effects across epithelial subtypes, recognizing that epithelial tissue-specific 

responses may influence disease progression and therapeutic response. 

We assessed early-stage barrier disruption using non-invasive measurements of transepithelial 

electrical resistance (TEER) and paracellular permeability. These functional assays were 

complemented by molecular analyses of junctional-protein integrity including E-cadherin, 

using both confocal microscopy and Western blotting. Further, we investigated the immune-

modulatory effects of LasB by quantifying transcriptional changes in a range of inflammatory 

and homeostatic cytokines, including TNF, IL6, CSFs, and others. Whole-transcriptome 

analysis revealed alterations in pathways relevant to lung defense and repair, including 

mitogen-activated protein kinase (MAPK) and fibroblast growth factor (FGF) signaling, and 

highlighted potential targets such as Claudin-4, whose expression was validated at both 

transcript and protein levels. 

Chapter B expands the therapeutic evaluation of LasB by addressing its expression across 

clinical P. aeruginosa isolates. As part of a broader pharmacological study investigating the 

efficacy of newly developed LasB inhibitors, the strain used in a murine keratitis model had not 

been previously characterized for lasB expression.131 To enable this, we established a qPCR-

based assay for both relative and absolute quantification of lasB mRNA. The assay was applied 

to a panel of clinical isolates, including the keratitis strain, to determine the presence and 

variability of lasB expression. This approach not only validated the relevance of the tested strain 

for LasB-targeting interventions but also provided a standardized molecular tool to support 

future research and potential diagnostic applications in the context of strain-specific 

antivirulence strategies. 

Chapter C builds on the therapeutic potential of LasB inhibition by evaluating a novel class of 

dual-acting inhibitors that target both LasB and LecA, a lectin involved in adhesion and biofilm 

formation during P. aeruginosa infections.134 Using an A549 cell-based model, we evaluated 

the cytotoxicity and protective efficacy of three compounds — a LasB inhibitor, a LecA 

inhibitor, and a dual inhibitor — to determine whether the dual inhibitor outperforms the 

combination of the individual agents. Functional assays and fluorescence microscopy 

demonstrated that the dual inhibitor not only retained activity against LasB but also 

significantly reduced LecA-mediated effects, offering a promising approach for broader-

spectrum antivirulence therapy. 

Together, the three chapters of this thesis provide a comprehensive evaluation of LasB as a 

virulence factor — from mechanistic insights and biomarker discovery to therapeutic profiling 

and assay development. By integrating cellular models, gene and protein-level analyses, and 

pharmacological screening, this work aims to support the rational design of targeted 

interventions that could enhance treatment outcomes for P. aeruginosa lung infections in the 

era of antibiotic resistance. 
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Abstract 

Pseudomonas aeruginosa, a major cause of pulmonary infections, poses significant clinical challenges 

due to its virulence and rising antimicrobial resistance. This study highlights the role of LasB, a key 

virulence factor and elastase of P. aeruginosa, in disrupting the lung epithelial barrier. LasB cleaves 

the junctional protein E-cadherin, alters the localization of Claudin-4, and reducing levels of 

immunomodulatory cytokines including colony-stimulating factors GM-CSF and G-CSF. Using 

advanced bronchial and alveolar cell models, we demonstrate that LasB induces dose-dependent 

barrier damage in both systems. Transcriptomic analysis reveals widespread changes in gene 

expression, including upregulation of DUSP2 and FGFBP2, genes associated with stress signaling and 

immune modulation. LasB inhibitors effectively mitigate barrier disruption and partially restore 

cytokine levels. In a living bacterial infection model, LasB inhibition synergizes with antibiotic 

treatment, enhancing bacterial clearance and preserving epithelial integrity. These findings establish 

LasB as a pivotal factor in P. aeruginosa pathogenesis and underscore the therapeutic potential of 

antivirulence strategies targeting LasB as promising adjuncts to conventional antibiotics. 

Synopsis 

LasB disrupts lung epithelial junctions and activates stress and immune evasion pathways; its 

inhibition restores barrier function and boosts antibiotic efficacy. 

Keywords 

Pseudomonas aeruginosa, LasB, Antivirulence therapies, Tight junctions, Colony stimulating factors, 

DUSP2, FGFBP1. 

1. Introduction 

The escalating problem of antimicrobial resistance  (AMR) is one of the greatest challenges of global 

health, with Pseudomonas aeruginosa emerging as a major cause of antibiotic-resistant pulmonary 

infections.[1] This opportunistic pathogen poses a formidable threat due to its intrinsic virulence, 

diverse adaptation strategies, and ability to cause severe infections and high mortality even in the 

absence of antibiotic resistance.[2] Traditional antibiotics targeting bacterial viability are becoming 

increasingly ineffective against P. aeruginosa.[3] The ongoing rise in bacterial resistance, biofilm 

formation, and immune evasion mechanisms has rendered antibiotics less effective, leading to 

prolonged hospital stays, increased healthcare costs, and higher mortality rates.[4, 5] Consequently, 

there is an urgent need for resistance-agnostic therapeutic strategies that exert minimal selection 

pressure. Antivirulence strategies offer a promising alternative by disrupting bacterial pathogenic 

mechanisms rather than targeting viability, thereby reducing the risk of resistance while preserving the 

beneficial host microbiota.[6–8] 

P. aeruginosa elastase (LasB) — secreted via the type II secretion system — plays a central role in 

pathogenicity.[9] This extracellular metalloprotease, known to degrade host structural proteins like 

elastin, collagen, and laminin, thereby facilitates tissue invasion and bacterial survival.[10–12] LasB also 

targets key immune components such as human immunoglobulins A and G, as well as pro-

inflammatory cytokines like TNF, IL-1β, IFN-γ, and IL-6, exacerbating the infection severity.[13–17] 

Although the role of LasB in pathogenesis is well-studied, its precise mechanism in lung infections –  
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as well as how its inhibition might preserve the lung barrier and enhance antibiotic efficacy – remains 

poorly understood.  

The lung epithelial barrier is crucial for protection against pathogens and environmental stressors.[18] 

Bronchial and alveolar epithelial cells — presented by the human lung adenocarcinoma cell line Calu-

3 and the monoclonal human alveolar epithelial cell line Arlo, respectively — serve as physiological 

relevant in vitro models for studying lung infections.[19, 20] Calu-3 cells mimic key features of the 

bronchial epithelium in vivo, forming polarized monolayers with tight junctions —  e.g., Zonula 

Occludens-1 (ZO-1) and E-cadherin — and exhibiting transepithelial electrical resistance (TEER) 

values reaching ~300 Ω·cm² under air-liquid interface (ALI) culture conditions.[21, 22] In contrast, Arlo 

cells model the alveolar epithelium with high TEER values (up to ~3000 Ω·cm² under ALI conditions), 

which leads to improved barrier properties and mimicks the alveolar epithelium well in vivo.[23] 

Importantly, Arlo cells express genes relevant to barrier integrity and homeostasis, similar to primary 

human alveolar epithelial cells (hAEpC), offering a more physiologically relevant model for human-

specific studies.[23] Models based on human cells and tissues are promising alternatives to animal 

experiments, allowing for the isolation of essential human biological processes and making them 

accessible in vitro.[23, 24] Together, these models of bronchial and alveolar epithelial cells provide a 

platform for investigating the impact of LasB on epithelial integrity and immune modulation. 

This study aims to elucidate the biological impact of LasB on lung epithelium, focusing on its 

mechanisms of action at cellular and molecular levels. LasB disrupts junctional proteins like occludin 

and VE-cadherin, leading to increased permeability and barrier dysfunction.[10] This effect is observed 

not only in lung models but also in other epithelial systems such as the corneal epithelium, and in 

mouse models where LasB induces severe lung injury and diffuse alveolar damage.[25, 26] While LasB 

and antivirulence agents have been well studied in recent years, the need for physiologically relevant 

in vitro studies on lung cells that reflect the in vivo conditions remains high.[27–31] In particular, the 

role of LasB in immune modulation at the transcriptomic level remains to be investigated. Our research 

employs filter-based models in liquid-covered conditions (LCC) and transcriptomic analyses to 

investigate the effects of LasB on epithelial barriers, immune responses, and gene expression.  

Our findings reveal a complex interplay of cellular responses, with LasB inducing diverse changes in 

gene expression patterns, particularly in pathways related to bacterial infection, cellular processes, and 

immune modulation, including FGF and MAPK signaling. These insights deepen our understanding 

of the molecular mechanisms underlying P. aeruginosa pathogenesis and highlight critical targets for 

therapeutic intervention. The identification of consistent gene expression patterns across experimental 

conditions advances diagnostic strategies by uncovering biomarkers to track disease progression and 

assess treatment efficacy, addressing a significant gap in evaluating antivirulence therapies in vivo and 

in clinical settings.[32, 33] By integrating functional assays, protein analyses, and transcriptomic studies, 

this study lays the groundwork for developing targeted therapies that synergize with antibiotics or 

immune modulators, offering a dual strategy to enhance bacterial clearance and preserve epithelial 

integrity in clinical settings. 
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2. Results and Discussion 

2.1. LasB-Mediated Disruption of Epithelial Integrity and Immune Modulation in 

Bronchial and Alveolar Cells 

Maintaining epithelial barrier integrity is critical for preventing microbial invasion and preserving lung 

function. In P. aeruginosa infections, the virulence factor LasB plays a key role in compromising this 

barrier by targeting junctional proteins, thereby undermining host defenses.[26, 34, 35] To assess the 

impact of LasB on lung epithelial integrity, we examined LasB-mediated changes in transepithelial 

electrical resistance (TEER), paracellular permeability to fluorescein sodium (FluNa), immune 

responses, and cleavage of the tight junction protein E-cadherin in bronchial Calu-3 and alveolar Arlo 

cells (Figure 1A). These complementary readouts provide a comprehensive view of barrier dynamics 

in cell models that closely resemble in vivo lung conditions. TEER and FluNa permeability are 

inversely related metrics of epithelial integrity, where higher TEER reflects a more intact barrier, while 

increased FluNa permeability reflects junctional disruption.[36–38] 

LasB Effect on Calu-3 Cells: Disruption  

In Calu-3 cells, exposure to bacterial supernatant (sn) from the wild-type (wt) LasB-producing P. 

aeruginosa strain PAO1 induced a concentration-dependent decrease in TEER, with up to a 77.9% 

reduction observed within 1h of exposure to 40% wt PAO1 sn, resulting in near-complete barrier loss 

by 7 h (Figure 1B). This decline was accompanied by a significant increase in FluNa permeability, 

confirming the compromised barrier function (Figure 1C). In contrast, sn from the LasB-deficient 

PAO1 mutant (ΔlasB) caused only moderate TEER reductions and minimal increases in FluNa 

permeability, with signs of partial recovery over time. This suggests that the absence of LasB mitigates 

junctional damage. Furthermore, clinical isolates NH57388A muc. and RP73, which express low 

levels of lasB (Figure S1) induced only limited changes in TEER and FluNa permeability, further 

supporting the central role of LasB in epithelial barrier disruption (Figure S2). [39, 40] 

To determine the quantity of LasB required to disrupt the epithelial barrier, we treated Calu-3 cells 

with increasing concentrations of purified LasB. TEER measurements showed a clear, dose-dependent 

barrier-disrupting effect (Figure S3), with initial signs of disruption already evident at concentrations 

as low as 3 nM. Notably, the barrier disruption caused by 20% and 40% wt PAO1 sn was comparable 

to that induced by approximately 100 nM and 200 nM of purified LasB, respectively. This 

demonstrates that only a small amount of active LasB is needed to compromise barrier integrity, and 

even low levels present in clinical isolates can exert a potent disruptive effect. These findings 

underscore the clinical challenge that minimal quantities of LasB remain highly active and damaging 

to the lung epithelial barrier. 

LasB Effect on Arlo Cells: Differential Resistance  

Despite their inherently tighter barriers, Arlo cells also exhibited a concentration-dependent decline in 

TEER upon exposure to wt PAO1 sn, with reductions of up to 95.7% after 40% sn treatment, compared 

to the negative control cells (no sn) (Figure 1E). However, the extent of barrier disruption was less 

pronounced compared to Calu-3 cells, as reflected by a smaller increase in FluNa permeability (Figure 

1F). This indicates that the inherently stronger barrier properties of Arlo cells provide partial resistance 

to LasB-mediated damage. In contrast, exposure to ΔlasB PAO1 sn resulted in sustained TEER and 
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minimal changes in FluNa permeability, suggesting that the absence of LasB preserves barrier function 

and may activate recovery mechanisms. 

To confirm the non-invasive nature of the assay and rule out significant cell death during the 7 h 

exposure period, we measured lactate dehydrogenase (LDH) release. No significant differences in 

LDH levels were observed between treated and control groups in both cell types, indicating that LasB-

mediated barrier disruption occurs independently of substantial death (Figure 1D, G). Importantly, 

these findings demonstrate that LasB can exert damaging effects even at low, non-cytotoxic 

concentrations, highlighting its ability to disrupt the epithelial barrier without inducing cell death. 

 
Figure 1: Experimental workflow and epithelial barrier disruption in Calu-3 and Arlo cells. (A) Overview 

of the experimental workflow. Calu-3 and Arlo cells were cultured on Transwell inserts until stable 

transepithelial electrical resistance (TEER) was achieved, followed by treatment with 20% and 40% (v/v) 

supernatants (sn) from Pseudomonas aeruginosa PAO1 wild-type (wt) and lasB knockout (ΔlasB) strains. 

Downstream analyses included TEER measurement, permeability of fluorescein sodium (FluNa), lactate 

dehydrogenase (LDH) release, junctional protein analysis, cytokine profiling, and gene expression. (B–D) 
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Barrier function in Calu-3 cells: (B) TEER, (C) FluNa permeability (Papp), and (D) LDH release under the 

indicated conditions. (E–G) Corresponding analyses in Arlo cells: (E) TEER, (F) FluNa permeability, and (G) 

LDH release. Data represent mean ± standard deviation (n = 3 independent experiments, each sample with 2 

replicates within an experiment). Statistical analyses were performed using ordinary one-way ANOVA followed 

by Dunnett’s multiple comparisons test comparing the mean value of each group with wt PAO1 sn (****p ≤ 

0.0001; ***p ≤ 0.001; *p ≤ 0.05). 

Molecular Mechanisms of LasB-Mediated Barrier Disruption 

To elucidate the molecular mechanisms underlying LasB-induced epithelial barrier disruption, we 

investigated the cleavage of the tight junction protein E-cadherin, a critical mediator of epithelial 

integrity.[41] We observed complex, cell-type-specific responses in E-cadherin dynamics in response 

to LasB exposure. 

In Calu-3 cells, western blot analysis showed significant cleavage of E-cadherin upon exposure to wt 

PAO1 sn compared to ΔlasB PAO1 sn and no supernatant (no sn) control (Figure 2A, B). Interestingly, 

confocal laser scanning microscopy (CLSM) revealed a strong E-cadherin signal in wt PAO1 sn-

treated Calu-3 cells, contrasting with weaker signals in control conditions (Figure 2C). This apparent 

discrepancy, coupled with the absence of significant changes in E-cadherin gene expression (Figure 

S4), suggests a post-translational response, possibly involving redistribution of existing E-cadherin to 

the cell surface, reduced protein turnover, or activation of a preexisting pool of E-cadherin as a 

compensatory response to junctional disruption. Notably, different antibodies were employed for 

western blot and CLSM due to compatibility constraints. Thus, partial cleavage of E-cadherin may 

abolish detection by western blot, while the CLSM antibody could still recognize intact epitopes, 

potentially accounting for the observed discrepancy. 

In Arlo cells, western blot analysis showed only minor E-cadherin degradation following exposure to 

wt PAO1 supernatant, with no statistically significant differences between conditions (Figure 2D, E). 

While direct LasB effects appear limited, it is possible that in the presence of live bacteria, additional 

virulence mechanisms such as Type III Secretion System (T3SS) could facilitate epithelial disruption 

and enhance LasB accessibility to junctional targets. CLSM imaging showed weak E-cadherin signals 

across all conditions, with the appearance of punctate structures in wt PAO1 sn-treated cells (Figure 

2F). These dots may represent cleaved E-cadherin fragments or indicate reorganization of E-cadherin 

in response to cellular stress. The less pronounced E-cadherin cleavage in Arlo cells compared to Calu-

3 may reflect differences in E-cadherin expression, stability, or post-translational modifications, as 

well as Arlo cells’ tighter junctions and higher TEER, which could limit LasB access to junctional 

proteins.[23] Additionally, Arlo cells may activate stress responses that reorganize or protect E-

cadherin, and cell-type-specific differences in LasB susceptibility could further contribute to their 

relative resilience. 

These findings highlight the differential responses of bronchial (Calu-3) and alveolar (Arlo) epithelial 

cells to LasB-induced stress, emphasizing the importance of post-translational mechanisms in 

maintaining epithelial barrier integrity. The cell type-specific responses underscore the complexity of 

host-pathogen interactions in P. aeruginosa infections and suggest that targeted therapeutic strategies 

may need to account for these tissue-specific differences to be most effective. 
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LasB Modulates Cytokine Expression and Cleavage to Suppress Immunity and Induce Tissue 

Damage 

LasB degrades inflammatory cytokines that are essential for immune coordination during infection.[10, 42, 43] 

Our cytometric bead array (CBA) data revealed that challenging both lung cell types with wt PAO1 sn resulted 

in markedly reduced levels of IL-6 and TNF. This suggests that these cytokines may be degraded by the elastase 

(Figure 2G). LasB degradation of IL-6 is well characterized; the protease directly cleaves the cytokine, thereby 

suppressing immune signaling and epithelial repair pathways, as validated by protease-specific assays.[43, 44] 

While an earlier study suggest that P. aeruginosa elastase cleaves TNF, the specific contribution of LasB is 

unclear.[42] In our assay, TNF levels were significantly reduced in the presence of LasB, supporting the 

hypothesis that LasB contributes to its degradation during infection. Notably, cells challenged with ΔlasB PAO1 

sn exhibited higher levels of most cytokines, except IL-1β, which showed slightly reduced activation compared 

to wt PAO1 sn-treated cells (Figure 2G). This suggests that LasB selectively modulates cytokine activity by 

suppressing certain mediators while promoting IL-1β maturation.[45, 46] Furthermore, these findings indicate 

that LasB-induced barrier disruption is primarily attributed to its proteolytic activity on junctional proteins rather 

than inflammatory processes, as it occurs independently of pro-inflammatory cytokine signaling. 

Gene expression analyses revealed distinct patterns between Calu-3 and Arlo cells. Overall pro-inflammatory 

cytokine expression was significantly higher in Calu-3 cells. In these cells, wt PAO1 sn induced a stronger 

upregulation of TNF, IL1A, IL1B, and CXCL8 compared to ΔlasB PAO1 sn, even though TNF and IL6 were 

diminished at the protein level (Figure 2H). This discrepancy suggests transcriptional responses may 

compensate for LasB-associated reductions in cytokine protein abundance. The robust inflammatory response 

in Calu-3 cells aligns with their anatomical role as bronchial epithelial cells, which are evolutionarily primed to 

initiate immune signaling through cytokine/chemokine production and interaction with submucosal immune 

cells like macrophages and dendritic cells.[47, 48] This is supported by studies showing that Calu-3 cells actively 

secrete IL-6, CXCL8, and IL-10 during infection and thus, initiate inflammatory cascades.[49, 50]  

In contrast, Arlo cells showed a different cytokine expression pattern (Figure 2H). TNF expression remained 

comparable between wt PAO1 sn and ΔlasB PAO1 sn, while IL1A was more upregulated in wt PAO1 sn-treated 

cells. Conversely, CXCL8 and IL1B were more strongly upregulated in ΔlasB PAO1 sn-treated cells. These 

differences likely reflect cell line-specific properties, as different model systems can exhibit distinct immune-

related responses, making it challenging to define clinically relevant pathways. Additionally, the more restrained 

inflammatory signaling observed in Arlo cells may be due in part to the absence of immune cells, such as 

alveolar macrophages, which are known to amplify cytokine responses in vivo.[51] Our findings are consistent 

with studies highlighting the crucial role of LasB in immune evasion, allowing chronic colonization.[43, 52] By 

reducing levels of cytokines such as IL-6 and simultaneously activating others like IL-1β, LasB creates a 

balanced environment that suppresses immunity while inducing localized tissue damage, potentially facilitating 

bacterial persistence.  

To examine how LasB modulates anti-inflammatory signaling, we assessed the expression of IL4, IL13, IL37, 

and TGFB1 in both cells. Most of these cytokines showed negligible expression, with TGFB1 being the only 

one consistently expressed across all samples. However, exposure of cell to wt PAO1 sn did not alter TGFB1 

or any other tested anti-inflammatory cytokines, suggesting that its primary role is to modulate pro-

inflammatory mediators rather than directly induce an anti-inflammatory response. 

The impact of LasB extends beyond inflammatory cytokines and also includes colony-stimulating factors 

(CSFs), which are crucial for myeloid cell function.[53] Our data reveal that LasB induced a marked reduction 

in both GM-CSF (encoded by CSF2) and G-CSF (encoded by CSF3) levels in bronchial Calu-3 cells, suggesting 

that LasB may contribute to the degradation of these cytokines (Figure 2G). Notably, previous in vivo studies 

have reported reduced G-CSF levels as a consequence of LasB activity in mice, supporting our findings and 
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highlighting the relevance of this mechanism in disease models.[17] Interestingly, Calu-3 cells showed 

differential regulation of these CSFs when challenged with wt PAO1 sn versus ΔlasB PAO1 sn. CSF2 

upregulation was lower upon infection with ΔlasB PAO1 sn, while CSF3 showed higher upregulation, 

suggesting that LasB promotes GM-CSF production but inhibits G-CSF at protein levels (Figure 2H). This 

complex modulation of CSFs by LasB aligns with its established role in immune evasion and early infection 

stages, particularly its higher activity in initial colonization. Additionally, LasB is able to diminish not only 

junctional proteins, but also various host immune factors.[43, 54] These results indicate a sophisticated mechanism 

by which P. aeruginosa manipulates the response of host myeloid cells and possibly influences the function of 

neutrophils and macrophages during the early phase of infection.[54, 55] Our findings underline the multifaceted 

role of LasB in the pathogenesis of  P. aeruginosa and its potential as a therapeutic target to prevent initial 

colonization.[56] 

The contrasting protein and gene expression profiles observed in our study underscore the complexity of host-

pathogen interactions, where transcriptional responses may act to counterbalance protease activity. This dual 

mechanism provides insight into why ΔlasB strains, despite inducing stronger immune activation, exhibit 

reduced chronic colonization in vivo.[52, 57] Overall, these findings emphasize the importance of LasB as a 

therapeutic target in P. aeruginosa in early stages of infection, prompting further exploration of anti-virulence 

strategies targeting this multifaceted virulence factor. 
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Figure 2: LasB-mediated cleavage of E-cadherin and modulation of inflammatory responses in bronchial 

and alveolar epithelial cells. (A, D) Western blot analysis of E-cadherin and C-terminal fragments in (A) Calu-

3 and (D) Arlo cells treated with 20% (v/v) Pseudomonas aeruginosa wild-type (wt) PAO1 supernatant (sn), 

ΔlasB PAO1 sn, or no sn (control). (B, E) Quantification of E-cadherin cleavage relative to total E-cadherin 

levels. Data represent mean ± SD (n = 3). Statistical analyses were performed using one-way ANOVA with 

Dunnett’s multiple comparisons test (***p ≤ 0.001; ns, not significant). (C, F) Confocal microscopy of E-

cadherin (cyan) and DAPI (blue) in (C) Calu-3 and (F) Arlo cells. Scale bars: 25 µm. (G) Cytometric bead array 

(CBA) quantification of secreted inflammatory cytokines and colony-stimulating factors (CSFs) in bronchial 

Calu-3 (left) and alveolar Arlo (right) cells under healthy conditions, or following challenge with wild-type (wt) 

Pseudomona aeruginosa PAO1 supernatant (sn) or ΔlasB PAO1 sn. Data are presented as log10-transformed 

concentrations (pg/mL). (H) Gene expression profiles of key inflammatory mediators in bronchial Calu-3 (left) 

and alveolar Arlo (right) cells following exposure to wt PAO1 sn or ΔlasB PAO1 sn, displayed as log2 fold 

changes relative to healthy no sn controls. Values represent mean ± SD (n ≥ 3). 
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2.2. Inhibition of LasB-Induced Virulence: Restoring Epithelial Integrity 

To evaluate the potential of antivirulence strategies in mitigating LasB-induced barrier dysfunction, 

we tested three recently published phosphonate-based LasB inhibitors (compounds 1 – 3) (Table 

S1).[30, 58] These compounds have shown high efficacy in vivo and a favorable ADMET profile, 

highlighting their translational potential. 

In Calu-3 cells, all three compounds significantly attenuated LasB-induced decrease in TEER at 100 

µM. Compounds 1, 2, and 3 preserved TEER values at approximately 79.7%, 88.6%, and 95.4% of no 

sn control levels, respectively, compared to the drastic reduction to 14.1% observed in untreated wt 

PAO1 sn-challenged cells (Figure 3A). This protective effect was observed across all concentrations 

tested (i.e., 10 and 1 µM), with a slight dose-dependency (Figure S5). Paracellular permeability assays 

using FluNa revealed that compound-treated cells treated with wt PAO1 sn exhibited permeability 

comparable to cells treated with ΔlasB PAO1 sn, indicating effective preservation of barrier integrity 

(Figure 3B). In Arlo cells, which have tighter junctions, the protective effect was more modest. TEER 

values were maintained at 53.6% with compound 1 and 40.4% with compounds 2 and 3 when 

challenged with wt PAO1 sn, compared to the severe reduction to 8.4% seen in untreated challenged 

cells (Figure 3F). While these compounds effectively enhanced epithelial barrier function in both cell 

types, their impact was more pronounced in Calu-3 cells. This difference likely reflects Arlo cells' 

stronger baseline barrier integrity, which may limit further improvements in TEER upon treatment. 

Nonetheless, significant reductions in paracellular permeability were still observed in both cell types 

following compound treatment, indicating effective restoration of barrier function even in cells with 

stronger junctions (Figure 3B, G). Notably, Arlo cells challenged with ΔlasB PAO1 sn showed 

progressive increases in TEER over time, suggesting engagement of compensatory mechanisms to 

restore barrier function in the absence of LasB (Figure 3F). Interestingly, Arlo cells in a healthy state 

also exhibited gradual TEER increases during prolonged culture. This likely reflects ongoing tight 

junction maturation in vitro, which may be amplified under ΔlasB PAO1 sn-treated conditions. 

Together, these findings underscore the crucial role of LasB in disrupting epithelial integrity during 

infection. To ensure specificity, we tested the compounds against ΔlasB PAO1 sn and assessed their 

potential cytotoxicity (Figure S6). Neither TEER nor permeability assays revealed any off-target 

effects or cytotoxicity, confirming that the observed preservation of barrier function was due to specific 

LasB inhibition (Figure S6). LDH release measurements further validated the non-invasive nature of 

the TEER assay and the absence of cell death (Figure S7). 

Western blot analysis confirmed our previous observations, revealing more pronounced C-terminal 

fragment bands of E-cadherin in wt PAO1 sn treated Calu-3 cells compared to the negative control (no 

sn) and cells treated with ΔlasB PAO1 sn, indicative of LasB-mediated cleavage (Figure 3C). 

Treatment with each compound at 100 µM effectively inhibited this LasB-induced E-cadherin 

degradation with the resulting C-terminal fragment levels comparable to no sn and ΔlasB PAO1 sn 

controls. The quantification of E-cadherin cleavage further corroborated these findings, demonstrating 

that all compounds inhibited cleavage, with compound 3 showing the highest efficacy (Figure 3D). 

These results provide evidence that our compounds successfully mitigate LasB-induced E-cadherin 

degradation, thereby preserving epithelial barrier integrity. Arlo cells, on the other hand, did not show 

significant differences in E-cadherin cleavage upon compound treatment, which may be attributed to 

their inherently stronger barrier properties that make them less susceptible to LasB-mediated barrier 
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disruption (Figure S8). Consequently, the extent of E-cadherin cleavage in Arlo cells is limited, so the 

protective effect of the inhibitors is less pronounced and harder to detect compared to Calu-3 cells. 

CLSM analysis of Calu-3 cells provided further insights into the protective effects of our inhibitors 

against LasB-induced E-cadherin degradation. CLSM imaging revealed that all tested compounds at 

100 µM resulted in E-cadherin signal patterns more closely resembling those of healthy controls, in 

contrast to the altered distribution observed in wt PAO1 sn treated cells (Figure 3E, S9A). This 

indicates successful inhibition of LasB-mediated E-cadherin cleavage. Similarly, CLSM analysis of 

Arlo cells mirrored the findings from western blotting, as compound treatment did not produce notable 

changes in E-cadherin distribution compared to controls, consistent with the limited susceptibility of 

Arlo cells to LasB-mediated cleavage observed previously (Figure S9B). Control experiments 

confirmed that the compounds alone did not affect E-cadherin distribution in either of the cells (Figure 

S9C, D). Moreover, combination treatments with ΔlasB PAO1 sn and compounds showed no 

significant changes in E-cadherin localization, further supporting the specificity of the compounds in 

targeting LasB-mediated E-cadherin degradation (Figure S9E, F).   
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Figure 3: Pharmacological inhibition of LasB protects epithelial barrier function and prevents E-

cadherin degradation. (A) Transepithelial electrical resistance (TEER) and (B) paracellular permeability (Papp) 

to fluorescent sodium (FluNa) in Calu-3 cells under healthy conditions or following challenge with wild-type 

(wt) Pseudomonas aeruginosa PAO1 supernatant (sn), ΔlasB PAO1 sn, or wt PAO1 sn with 100 μM of LasB 

inhibitors (1–3). (C) Western blot analysis of E-cadherin cleavage in Calu-3 cells across the same treatment 

groups, showing full-length and C-terminal fragment bands alongside tubulin as a loading control. (D) Relative 

quantification of E-cadherin cleavage in Calu-3 cells. Data represent mean ± SD (n = 3). Statistical analysis was 

performed using one-way ANOVA with Dunnett’s multiple comparisons test. (****p < 0.0001; **p < 0.01; ns, 

not significant) FluNa permeability in Arlo cells under identical conditions. (E) CLSM visualization of E-

cadherin (cyan) localization in Calu-3 cells under no sn control, wt PAO1 sn, ΔlasB PAO1 sn, and wt PAO1 sn 

+ compound 3 conditions. Nuclei were counterstained with DAPI (blue). Scale bar, 25 μm. (F) TEER and (G) 

FluNa permeability in Arlo cells under identical conditions as Calu-3 cells. 
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Gene expression analysis revealed distinct, cell type-specific cytokine responses to LasB inhibitors. In 

Calu-3 cells, treatment with the inhibitors partially reversed LasB-induced transcriptional upregulation 

of several cytokines, most notably IL1B, TNF, and IL1A, with compound 1 showing the strongest 

effects (Figure 4A, left). Conversely, Arlo cells exhibited further upregulation of most inflammatory 

cytokines upon compound treatment in wt PAO1 sn challenged cells (Figure 4A, right). This 

paradoxical response in Arlo cells may reflect cell type-specific immune reprogramming in which 

inhibition of the dominant virulence activity of LasB exposes alternative pro-inflammatory signaling 

cascades. CBA analysis demonstrated significantly reduced levels of IL-6 and TNF by wt PAO1 sn, 

with partial rescue by LasB inhibitors (Figure 4B, C). Furthermore, in Calu-3 cells, evaluation of CSFs 

showed compound-mediated downregulation of CSF2 and partial CSF3 reduction at the transcriptional 

level (Figure 4A, left). While CBA revealed partial G-CSF protein rescue, GM-CSF remained 

undetectable, suggesting that transcriptional suppression may dominate over post-translational 

degradation for this CSF (Figure 4B). Importantly, treatment with compounds alone or in combination 

with ΔlasB PAO1 sn did not alter cytokine secretion in either cell type, confirming specificity of the 

observed effects (Figure S10). 

Further evaluation of cytokine levels in Calu-3 cells challenged with low-LasB-producing strains 

(NH57388A muc. and RP73) demonstrated that even minimal LasB quantities are capable of reducing 

cytokine levels (Figure 4B). This observation is consistent with LasB's proposed role in modulating 

cytokine stability. Marked cytokine reduction was observed in cells exposed to NH57388A muc. sn 

(~6 nM LasB), producing low LasB levels. In contrast, cytokine levels in cells treated with RP73 sn, 

a strain with negligible lasB expression (LasB <3 nM), were similar to those seen upon exposure to 

ΔlasB PAO1 sn (Figure 4B). These results support the notion that low-level LasB activity may be 

sufficient to alter the inflammatory milieu during infection. Further supporting this notion, experiments 

using pure LasB on Calu-3 cells revealed that concentrations ranging from 100 to 3 nM effectively 

diminished cytokines levels. Notably, G-CSF, GM-CSF, or TNF-α became undetectable, while low 

levels of IL-6 persisted following 3 nM LasB treatment. This suggests that LasB efficiently targets a 

range of cytokines, with IL-6 showing relative resistance at lower concentrations. The ability of LasB 

to reduce cytokine levels at such low concentrations underscores its potential to influence immune 

signaling during P. aeruginosa infections.[43, 54] These findings are consistent with prior reports 

implicating LasB in the disruption of host defense pathways, but they also suggest a potential limitation 

of partial inhibition strategies, as residual LasB activity may still be sufficient to impact key immune 

mediators. 

These results highlight two key challenges: LasB’s extreme proteolytic efficiency necessitates near-

complete inhibition to preserve cytokines and cell type-specific responses complicate therapeutic 

predictions. To address these complexities and identify broader mechanisms underlying LasB-

mediated immune evasion, we next interrogated the global transcriptional changes induced by 

infection and upon treatment. 
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Figure 4: LasB inhibitors differentially modulate cytokine expression and secretion in a cell type-specific 

manner. (A) Heatmaps depicting log₂ fold change in mRNA expression of inflammatory cytokines and colony 

stimulating factors (CSFs) in Calu-3 (left) and Arlo (right) cells under indicated treatment conditions. Cells 

were either healthy (no supernatant (sn)), treated with compounds alone (compounds 1–3), challenged with 

wild-type (wt) Pseudomonas aeruginosa PAO1 sn, or co-treated with wt PAO1 sn and individual compounds. 

Additional conditions included ΔlasB PAO1 sn alone and in combination with compounds. (B, C) Log₁₀ 

concentrations (pg/mL) of secreted cytokines quantified via cytometric bead array (CBA) in Calu-3 (B) and 

Arlo (C) cells under the same treatment conditions. Additional conditions in Calu-3 cells include exposure to 

NH57388A muc. and RP73 sn, representing low- and negligible-LasB-producing clinical isolates, respectively. 

Cytokine quantification was limited to detectable proteins: TNF-α, IL-6, GM-CSF, and G-CSF in Calu-3 cells; 

TNF-α and IL-6 in Arlo cells. Data represent mean values from ≥3 independent experiments. 

2.3. Transcriptomic Profiling of LasB Effects on Calu-3 Cells 

To identify LasB-affected targets and separate them from the global transcriptomic changes induced 

by P. aeruginosa in Calu-3 cells, we conducted RNA sequencing. The cells were exposed to various 

conditions differing in the presence, absence, and inhibition of LasB: wt PAO1 sn, ΔlasB PAO1 sn, 

wt PAO1 sn with compound treatment, including compound toxicity controls, and off-target controls 

(compound + ΔlasB PAO1 sn). The resulting data were processed using the RNADetector software, 

differential expression (edgeR) analysis comparing all conditions to wt PAO1 sn-treated samples.[59] 

This approach allowed us to identify expression patterns most likely dysregulated by LasB activity 

and evaluate the compound's ability to restore normal expression patterns (Figure 5A, B). 

Among the significantly affected pathways in Calu-3 cells following LasB treatment, we identified 

processes previously associated with P. aeruginosa pathomechanisms. Upregulation of lipid 
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metabolism genes Acyl-CoA synthetase long chain family member 1 and 1-Acylglycerol-3-phosphate 

O-acyltransferase 2 (ACSL1, AGPAT2) as well as cell adhesion molecules Claudin-4 and Claudin-10 

(CLDN4/10) suggests alterations in cell membrane composition and integrity, consistent with P. 

aeruginosa's known disruption of epithelial barriers.[60–63] Immune modulation was evident through 

downregulation of 2'-5'-Oligoadenylate Synthetase 2 (OAS2) and Tumor Necrosis Factor Superfamily 

Member 10 (TNFSF10) alongside upregulation of Myeloid Differentiation Primary Response 88 

(MYD88), a key adaptor in innate immune signaling.[64–66] Further analysis revealed that the 

dysregulation extends to the upregulation of dual-specificity phosphatases (DUSPs), which are 

involved in Mitogen-Activated Protein Kinase (MAPK) signaling regulation, and downregulation of 

B-Cell Lymphoma 6 (BCL6), a transcriptional repressor in immune responses.[67, 68] The altered 

expression of transcription factors and signaling molecules Transcription Factor 7 (TCF7) , Erb-B2 

Receptor Tyrosine Kinase 2 (ERBB2), and Mitogen-Activated Protein Kinase Kinase Kinase 1 

(MAP3K1) indicates broad changes in cellular signaling pathways.[69–71] Notably, upregulation of 

Vasoactive Intestinal Peptide Receptor (VIPR1) and Spire-Type Actin Nucleation Factor 2 (SPIRE2), 

involved in actin organization, suggests LasB-induced changes in cellular signaling and cytoskeletal 

remodeling.[72, 73] The modulation of growth factor-related genes such as Fibroblast Growth Factor 

Binding Protein 1 (FGFBP1), and cytoskeletal components including Actinin Alpha 4 (ACTN4) points 

to LasB's interference with normal growth, differentiation, and structural integrity of the airway 

epithelium.[74, 75] Additionally, the upregulation of Transmembrane 4 L Six Family Member 1 

(TM4SF1), involved in cell motility, and Thyroid Hormone Receptor Interactor 6 (TRIP6), a focal 

adhesion protein, further emphasizes the impact of LasB on cell–cell and cell–matrix interactions.[76, 

77] 

Collectively, these data reveal the multifaceted impact of LasB on airway epithelial cells, disrupting 

barrier integrity, immune signaling, and cellular architecture — hallmarks of P. aeruginosa 

pathogenesis (Figure 5A, B). However, they also highlight the challenge of identifying specific clinical 

markers that isolate the effects of LasB within the broader context of P. aeruginosa infections. This 

will be even more complex in in vivo settings with several cell types affected by LasB in different 

ways. 

Building upon our transcriptomic analysis of LasB effects on Calu-3 cells, we further validated our 

RNA-seq findings in a Calu-3 based in vitro system through qPCR quantification of selected 

transcripts: VIPR1, DUSP2, SPIRE2, CLDN4, CLDN10, FGFBP1, LGALS4, MYD88, TCF7, ACTN4, 

TM4SF1, TRIP6, and BCL6. This selection encompassed genes involved in diverse cellular processes, 

including signaling, cytoskeletal organization, cell adhesion, and immune response, providing a 

comprehensive view of the impact of LasB (Figure 5C). Among the validated transcripts, FGFBP1, 

VIPR1, and DUSP2 exhibited the most pronounced upregulation in response to LasB. Notably, 

FGFBP1, a secreted chaperone that enhances FGF signaling and is implicated in angiogenesis, 

inflammation, and wound healing, was markedly upregulated. This suggests a possible role in 

coordinating tissue repair and remodeling in response to P. aeruginosa-induced epithelial damage in 

the airway epithelium. We extended our validation to Arlo cells, where overall gene expression 

changes across conditions were less pronounced. Nonetheless, we observed a modest upregulation of 

DUSP2 and FGFBP1, indicating that these genes may also respond to LasB activity in this cell type 

(Figure 5D). 
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Importantly, treatment with LasB inhibitors effectively reversed the upregulation of FGFBP1, VIPR1, 

and DUSP2 in Calu-3 cells, with compound 3 showing the strongest efficacy (Figure 5C). This 

specificity of our inhibitors confirms that the observed gene expression changes are LasB-dependent 

and highlights the therapeutic potential of targeted LasB inhibition in preserving epithelial function. 

 

Figure 5: Transcriptomic analysis of LasB-specific effects on lung epithelial cells. (A) Volcano plot of 

RNA-sequencing data comparing all treatment and control conditions against the wild-type (wt) Pseudomonas 

aeruginosa PAO1 supernatant (sn)-treated Calu-3 cells. Data of the log₂ fold change is plotted against the -log₁₀ 

p-value. Upregulated genes are shown in red, downregulated genes in blue, and non-significant genes in gray. 
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(B) Heatmap showing top upregulated and downregulated genes in wt PAO1 sn-treated cells, with gene 

expression patterns across all tested conditions, including healthy (no sn), compound 1, and ΔlasB PAO1 sn ± 

compound 1. Heatmap generated with Morpheus. (C, D) Bubble heatmaps of qPCR validation in Calu-3 (C) 

and Arlo (D) cells for selected genes, including cytokines and top LasB-regulated genes. Bubble size represents 

magnitude of fold change, color indicates direction (red = upregulated, blue = downregulated). Gene expression 

is normalized to healthy controls. Data are from at least three independent experiments. 

Comparative Analysis and Insights into LasB-Mediated Barrier Disruption 

Since in vitro screening can be strongly influenced by the selected cell type, we compared our results 

in silico with all publicly available transcriptomic datasets from similar P. aeruginosa infection models 

to place our findings in a broader biological context. FastQ files from experiments with comparable 

time points and experimental conditions (controls and infected cells) were retrieved using Sequence 

Read Archive (SRA) tools from the Gene Expression Omnibus (GEO) database — specifically, 

GSE97036 (6 h, no arsenite) and the normal lung epithelial cell line (NuLi-1) from GSE199424 (8 h) 

(see Data S1 for used SRA files).[78] These datasets were processed together with the RNA sequencing 

data from our study using a common pipeline to ensure normalization across all samples (Figure S11). 

While differences in sequencing depth and library preparation can introduce variability, differential 

expression analysis revealed consistent expression patterns across models. Notably, DUSP2 was 

repeatedly upregulated in both Calu-3 and primary bronchial epithelial cells upon infection. This 

recurring pattern suggests that DUSP2, a key regulator of MAPK signaling, plays a conserved role in 

the epithelial response to P. aeruginosa, likely contributing to inflammation or stress pathway 

modulation, and is unlikely to represent a cell line–specific artifact. 

Additionally, Claudin-4 was identified as a potential target for LasB in bronchial Calu-3 cells. To 

investigate this further, we visualized junctional protein using CLSM. Imaging revealed accumulation 

or redistribution of Claudin-4 signal in Calu-3 cells treated with LasB, suggesting altered junctional 

integrity or protein localization in response to protease activity (Figure 6A). This effect was less 

apparent in Arlo cells, indicating potential cell type-specific differences or the need for adjusted 

exposure parameters such as higher LasB concentrations or prolonged incubation (Figure 6B). 

Moreover, Claudin-4 has previously been implicated as a target of LasB in nasal epithelial cells, further 

supporting its relevance as a potential proteolytic substrate in our model.[34] Importantly, this junctional 

disruption was mitigated by our LasB inhibitors, demonstrating their efficacy in preserving Calu-3 

epithelial barrier integrity (Figure 6A, S12A). This finding not only validates our transcriptomic 

analysis but also uncovers a previously unrecognized mechanism by which LasB may compromise 

bronchial airway epithelial barriers. Furthermore, all inhibitors (compounds 1 – 3) were applied to 

Calu-3 and Arlo samples under each treatment condition (no sn, ΔlasB PAO1 sn, and wt PAO1 sn) to 

not only test LasB inhibition but also their potential side effects on Claudin-4 localization (Figure S12). 

Indeed, CLSM recordings showed that every compound inhibits LasB, which resulted in the 

preservation of Claudin-4 localization in Calu-3 cells (Figure S12A). Moreover, the compounds 

themselves have no influence on the expression of the tight junction protein (Figure S12C, D), while 

also no major impact of the compounds in combination with ΔlasB PAO1 sn was observed (Figure 

S12E, F). This again underlines the specificity of the inhibitors towards reducing damages of LasB to 

proteins central for cell-cell interaction by keeping the distribution intact for multiple substrates of 

LasB. 
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Toward a More Physiologically Relevant Infection Model   

To further elucidate the role of LasB in a more physiologically relevant context, we sought to extend 

our infection model beyond the use of bacterial supernatants. By transitioning to bacterial infections, 

we aimed to capture the dynamic interactions between living P. aeruginosa and host cells, including 

the real-time production of LasB. This approach would allow us to assess the efficacy of our LasB 

inhibitors in a more complex and realistic setting, potentially uncovering additional aspects of host-

pathogen interactions and the role of LasB in virulence. 

In this context, Calu-3 cells were infected with wt or ΔlasB PAO1. A clear dose-dependent toxicity of 

wt PAO1 was observed after challenging the lung cells with a multiplicity of infection (MOI) of 3 to 

300 (Figure S13). In contrast, ΔlasB PAO1 showed no toxicity at the same MOI range. Interestingly, 

infection with ΔlasB PAO1 led to a slight increase in TEER, potentially indicating the activation of 

protective epithelial responses. This may reflect enhanced tight junction formation or an upregulated 

innate immune response in the absence of major virulence factors. Area-under-the-curve (AUC) 

calculations further emphasized the dose-dependent nature of wt PAO1-induced damage (Figure S13). 

Additionally, measurements of LDH release at MOIs of 30 and 300 corroborated the absence of 

significant cell death under these experimental conditions (Figure S14). 

We then evaluated the efficacy of our LasB inhibitor 3 (10 µM), in mitigating epithelial barrier 

disruption during P. aeruginosa PAO1 infection at an MOI of 30. This was compared to meropenem 

treatment at 11.5 ng/mL, a concentration approximately 200-fold lower than the minimum inhibitory 

concentration (MIC), which was previously determined under similar experimental conditions 

(2 ± 1 µg/mL in 0.5% LB and 99.5% HBSS). In addition, we assessed the combination of both 

compounds to examine potential synergistic effects (Figure 6C, D).  

Infection with wt PAO1 resulted in a marked reduction of TEER, with values dropping to 

approximately 20% of healthy control levels after 7 h. Treatment with compound 3 alone offered 

partial protection, preserving TEER at around 37% of the uninfected control. Meropenem alone, 

though used at sub-MIC levels and thus not fully bactericidal, was more effective in maintaining 

epithelial integrity, with TEER levels reaching approximately 77% of the uninfected control. 

Remarkably, the combination of compound 3 and meropenem demonstrated a pronounced synergistic 

effect, preserving TEER at approximately 92% of healthy control levels. This synergy likely arises 

from the complementary mechanisms of action: while meropenem reduces the bacterial load, 

compound 3 attenuates the virulence activity of LasB, thereby preserving barrier integrity and 

potentially improving antibiotic penetration. These findings highlight the therapeutic potential of 

antivirulence strategies when used in conjunction with conventional antibiotics, especially at sub-MIC 

levels (Figure 6C, D). 

Colony-forming unit (CFU) counts provided further insights into bacterial survival and growth (Figure 

6E). Treatment with compound 3 alone resulted in a slight, non-significant reduction in the number of 

CFUs compared to untreated wt PAO1-infected cells. This is consistent with its role as an antivirulence 

agent rather than a bactericidal compound. In contrast, meropenem significantly reduced bacterial 

burden, with the most pronounced reduction observed under combination treatment. These results 

reinforce the potential of pairing LasB inhibitors with conventional antibiotics to enhance bacterial 

clearance and preserve epithelial barrier function during P. aeruginosa infection. The observed 

synergy suggests that targeting virulence factors such as LasB can enhance antibiotic efficacy, offering 
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a promising approach, particularly in the context of antibiotic resistance. This strategy may be 

especially beneficial in immunocompromised patients, where antivirulence treatments alone may be 

insufficient. By disarming bacterial virulence and preserving host tissue integrity, LasB inhibitors can 

improve the efficacy of antibiotic therapy. 

While our current model does not include immune components, it still offers valuable insights into 

epithelial responses and LasB-mediated damage. Future studies involving immune cells could help to 

clarify how antivirulence strategies interact with host defense. Additionally, testing LasB inhibitors 

alongside other clinically used antibiotics, such as tobramycin or ciprofloxacin, may further elucidate 

their potential to enhance standard therapies. 

Host Response Modulation and Transcriptomic Validation by LasB Inhibition 

To assess how LasB inhibition modulates host responses during live P. aeruginosa infection, we 

evaluated a broad panel of inflammatory and transcriptomic markers in Calu-3 cells. These included 

pro-inflammatory cytokines and colony-stimulating factors as well as key transcriptomic targets 

identified in earlier analyses: DUSP2, CLDN4, FGFBP1, and VIPR1 (Figure 6F), thereby providing a 

comprehensive overview of host transcriptional responses to infection. 

Infection with wt PAO1 induced a pronounced upregulation of all measured cytokines and CSFs, 

consistent with a strong pro-inflammatory response, possibly akin to a cytokine storm. This elevation 

was noticeably attenuated in ΔlasB PAO1 infections, supporting the idea that LasB is a key driver of 

excessive inflammatory signaling. Remarkably, treatment with compound 3 during wt PAO1 infection 

substantially reversed this effect. For genes such as IL6, IL1B, and CSF3, expression levels were 

brought back to levels comparable to those seen in the ΔlasB PAO1-infected condition, indicating that 

compound 3 can mitigate LasB-driven inflammation during bacterial infections. 

Within this broader context, DUSP2 and FGFBP1 stood out as particularly responsive to LasB activity. 

In line with our RNA sequencing data (Figure E, G), these genes were strongly upregulated during wt 

PAO1 infection. However, their expression was significantly lower in ΔlasB-infected cells and, 

importantly, also upon compound 3 treatment. The consistent regulation of FGFBP1 may point to its 

involvement in epithelial repair or remodeling, while DUSP2 — a key regulator of MAPK signaling 

— likely reflects an activation of stress or inflammatory pathways. The ability of compound 3 to 

normalize the expression of both genes highlights its potential in restoring host-cell homeostasis and 

counteracting LasB-induced dysregulation. 

Together, these findings establish LasB not only as a critical virulence factor driving inflammation and 

transcriptional reprograming in host cells but also as a viable therapeutic target. The broad 

transcriptional normalization observed with compound 3 treatment reinforces the promise of 

antivirulence strategies in mitigating damage during P. aeruginosa infection. 
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Figure 6: LasB inhibition preserves epithelial integrity and modulates host responses during live 

Pseudomonas aeruginosa infection. (A–B) Confocal laser scanning microscopy (CLSM) images showing 

Claudin-4 (magenta) localization in Calu-3 (A) and Arlo (B) cells under different treatment conditions (healthy 

control, wild type (wt) PAO1 supernatant (sn), ΔlasB PAO1 sn, and wt PAO1 sn + compound 3). Nuclei were 

counterstained with DAPI (blue). Scale bar: 25 µm. (C) Transepithelial electrical resistance (TEER) 

measurements of Calu-3 monolayers infected with wt or ΔlasB PAO1 at multiplicity of infection (MOI) of 30, 

treated with meropenem (11.5 ng/mL), compound 3 (10 µM), or their combination. (D) Area under the curve 

(AUC) quantification of TEER data from panel C further emphasizing the protective effect of combined 

treatment. (E) Colony-forming unit (CFU) counts from infected Calu-3 cells under corresponding conditions. 

(F) Heatmap showing relative expression of inflammatory cytokines and colony-stimulating factors alongside 

transcriptomic markers in Calu-3 cells following infection and treatment. (G) Relative gene expression (fold 

change) of DUSP2 and FGFBP1 under the same conditions. Data represent means from n = 3 independent 

experiments. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s multiple 

comparisons test (****p < 0.0001; ***p < 0.001; **p < 0.01; ns, not significant). 
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3. Conclusions 

This study provides a comprehensive analysis of the multifaceted role of LasB in P. aeruginosa 

pathogenesis, revealing its significant impact on epithelial barrier integrity, immune modulation, and 

gene expression. Our findings demonstrate LasB-mediated cleavage of E-cadherin, disruption of 

Claudin-4 integrity, modulation of inflammatory responses, and widespread changes in gene 

expression, particularly in FGFBP1 and DUSP2. While Claudin-4 has been implicated in other 

epithelial contexts, including nasal epithelial cells, our findings newly establish its altered localization 

in bronchial airway epithelia in response to LasB activity, extending its relevance as a potential 

virulence target in the lower respiratory tract.[34] Furthermore, we demonstrate that LasB reduces the 

abundance of colony-stimulating factors GM-CSF and G-CSF, thereby providing novel insights into 

its immune-modulatory functions. These findings are in line with prior in vivo studies that observed a 

reduction in G-CSF levels as a downstream consequence of LasB activity in murine models.[17] 

However, our study extends these observations by providing direct evidence that LasB diminishes 

GM-CSF and G-CSF levels in human bronchial epithelial cells. 

The efficacy of our novel LasB inhibitors in mitigating these effects, especially when combined with 

conventional antibiotics, highlights the potential of antivirulence strategies in combating P. aeruginosa 

infections. The synergistic effect observed between LasB inhibitors and antibiotics in infection models 

with living bacteria is particularly promising, as it suggests a potential approach to enhance the efficacy 

of existing treatments while reducing the risk of antimicrobial resistance.[30] This is further supported 

by recent in vivo studies, which have shown that LasB inhibitors can reduce bacterial burden and 

improve antibiotic performance in animal models.[11, 30, 58] 

Our transcriptomic analysis has uncovered novel targets and pathways affected by LasB, contributing 

to a deeper understanding of P. aeruginosa pathogenesis. These insights may pave the way for new 

therapeutic strategies and diagnostic biomarkers for tracking disease progression and treatment 

efficacy. Given the high attrition rate in clinical development, where over 65% of drug candidates fail 

in phase II trials, rigorous preclinical studies remain essential for identifying promising candidates 

earlier in development and de-risking potential safety or efficacy issues.[79] Our multifaceted approach, 

combining functional assays, protein analyses, and transcriptomics, provides a solid foundation for 

future translational research. 

Looking ahead, further investigation into the long-term effects of LasB inhibition on P. aeruginosa 

virulence and host responses is warranted. Additionally, a deeper exploration into the potential of 

combining LasB inhibitors with other antimicrobials (like phages) or other antivirulence agents, such 

as those targeting the T3SS or bacterial adhesion and biofilm formation, could lead to more 

comprehensive treatment strategies.[31, 80] Future studies should also optimize inhibitor delivery, 

particularly for respiratory applications, and evaluate their performance in more complex and chronic 

infection models, such as those relevant to cystic fibrosis. 

This work not only advances our understanding of P. aeruginosa pathogenesis but also demonstrates 

the potential of targeting virulence factors as a promising approach to combat antibiotic-resistant 

infections. As we continue to face the growing threat of antimicrobial resistance, innovative strategies 

will be crucial in developing effective treatments for P. aeruginosa and other challenging pathogens. 
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2.1.1 Supporting Information 

Material and Methods 

Preparation of bacterial culture supernatants 

Bacterial culture supernatants were obtained from Pseudomonas aeruginosa strain PAO1 (DSM-

19880) and its lasB knockout variant after overnight growth in lysogeny broth (LB) medium. Cultures 

were incubated at 37°C with shaking at 180 rpm for approximately 18 to 19 h. Following incubation, 

the cultures were centrifuged at 5000 rpm for 10 min at 4°C. The supernatants were then filtered 

through 0.2 µm non-pyrogenic sterile filters. Aliquots were prepared for single-use and stored at -80°C 

until needed. 

Cell cultures 

Arlo cells (passage 1–20) were cultured in SAGM™ (Small Airway Epithelial Cell Growth Medium, 

Lonza) with SingleQuotsTM Supplement Pack. The complete medium was additionally supplemented 

with 1% (v/v) fetal calf serum (FCS, Sigma) and 1% (v/v) penicillin-streptomycin and cells were 

maintained according to the method described in Carius et al.[23] Cells were maintained at 37°C in a 

humidified 5% CO₂ atmosphere, with medium changes every 2–3 days. Cells were passaged every 7 

days: washed twice with PBS (Sigma), detached using 2 mL trypsin-EDTA (0.05%; Gibco) for 8 min, 

centrifuged at 300 RCF for 4 min, and resuspended in complete SAGM. Flasks were pre-coated for 1 

h at 37 °C with 2 mL of 1% (v/v) human fibronectin (1 mg/mL; Corning) and 1% (v/v) bovine collagen 

type I (3 mg/mL; Sigma) in sterile distilled water. Coating solution was removed immediately before 

seeding. 0.7 × 10⁶ cells were seeded per flask or used for experiments. 

Calu-3 cells were cultured in minimum essential media (MEM, Life Technologies) supplemented with 

10% (v/v) FCS, 1% (v/v) penicillin-streptomycin, 1% (v/v) non-essential amino acids solution (NEAA, 

Life Technologies), and 1% (v/v) sodium pyruvate. To maintain the cells, the culture medium was 

aspirated, and the cells were washed once with 13 mL phosphate-buffered saline (PBS). Subsequently, 

3.5 mL of pre-warmed Trypsin/EDTA was added to the flask, and the cells were incubated at 37°C for 

10–20 min, monitoring for detachment. Once detached, the cells were neutralized by adding 6.5 mL 

fresh medium and gently resuspended by pipetting. The cell suspension was transferred to a 15 mL 

Falcon tube and centrifuged at 1790 rpm (300 x g) for 5 min at room temperature, followed by 

aspiration of the supernatant. The cell pellet was resuspended in 5 mL fresh medium, and cell viability 

was assessed. For routine cultivation, 2.5 x 106 cells were seeded in a new T75 flask with a final 

volume of 13 mL. Cells were fed every 2-3 days and maintained in a humidified incubator at 37°C 

with 5% CO2. All reagents for both cells were prewarmed to 37 °C before use. 

Transwell preparation and Transepithelial Electrical Resistance (TEER) experiments 

To conduct Transepithelial Electrical Resistance (TEER) measurements under liquid-covered 

conditions (LCC), Calu-3 and Arlo cells were seeded separately onto 0.33 cm² permeable cell culture 

inserts (400 nm pore size; Corning, 3470) at a density of 3 x 104 and 3.3 x 104 cells per insert, 

respectively, allowing 8–10 days for cells to establish tight junctions. Apical inserts received 200 μL 

of this cell suspension, while the basolateral compartments were filled with 800 µL cell culture 

medium. To prevent evaporation, outer wells were filled with 800 µL phosphate-buffered saline (PBS), 

and two wells per plate were designated as blank controls, containing cell culture medium only.  
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Throughout the culture period, medium changes were performed every 2 to 3 days, with fresh MEM 

(for Calu-3) or SAGM (for Arlo) medium replacing the old medium in both apical and basolateral 

compartments. On day 8–10, TEER measurements were initiated. In the first step, TEER 

measurements were taken for each well in the transwell plate. Before measurement, the electrode was 

sterilized using 70% isopropanol and then equilibrated in PBS until reaching a TEER value below 20 

Ω·cm². The culture medium was then replaced with 200 µL Hanks’ balanced salt solution containing 

CaCl2 and MgCl2 (HBSS, Gibco, Thermo Fisher Scientific Inc.), and cells were incubated at 37°C for 

30–60 min. Following incubation, TEER measurements were conducted again using a suitable 

electrode system and the EVOM 2 with STX2 electrode (WPI). Next, HBSS was removed from the 

apical and basolateral. Supernatants and compounds of interest were added to the apical side to reach 

the desired concentrations in a final volume of 200 µL, and the basolateral compartments were filled 

with 800 µL HBSS. In parallel, several controls were included: blank inserts (without cells) containing 

only HBSS in both compartments to account for background resistance; a medium control, consisting 

of inserts with cells exposed to HBSS (including the equivalent DMSO concentration used for 

compound solubilization), representing the negative control; and a sn control, where cells were treated 

with wt PAO1 sn alone (without compounds), serving as the positive control for barrier disruption. 

Plates were incubated at 37°C + 5% CO2 on a plate shaker at 200 rpm. TEER was recorded at 1 h 

intervals for up to 7 h. Basolateral and apical medium samples, as well as cell samples, were collected 

post-measurement for further analysis. The blank-corrected mean values of the data were used for 

calculations, with the unit area resistance (UAR) calculated as follows: 

𝑈𝐴𝑅 [𝛺 ∗  𝑐𝑚2] =  (𝛺𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 − 𝛺𝑏𝑙𝑎𝑛𝑘) ∗ 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑟𝑒𝑎 

where the effective membrane area was 0.33 cm². The initial UAR at t=0 was set to 100%, and 

subsequent changes in transepithelial electrical resistance were calculated relative to this baseline. 

Transport experiments and Papp calculations 

The transport of fluorescein sodium (FluNa) across cellular monolayers was evaluated concurrently with TEER 

measurements, using hourly sampling. After the cells were incubated with HBSS and a TEER measurement 

was taken, the apical and basolateral compartments were aspirated, and 176 µL of FluNa (10 µg/mL in HBSS) 

was added to the apical (donor) compartment of each transwell. Additional 44 µL of specific test solutions was 

added to each well, while 800 µL of HBSS was added to the basolateral (acceptor) compartment. Immediately 

after adding these solutions, samples of 20 µL from the apical and 200 µL from the basolateral compartments 

were taken and transferred to a 96-well plate for measurement of initial concentrations. The transwell plates 

were then placed on an orbital shaker set to 150 rpm (IKA, Germany) in an incubator at 37°C in a humidified 

atmosphere with 5% CO2, and basolateral samples (200 µL) were collected every 60 min over a 7 h period. 

Each sample removal was followed by replenishing with 200 µL of HBSS. A calibration curve was prepared 

using a 1:2 dilution of FluNa, and duplicate concentrations (200 µL) were loaded into the first two rows of the 

plate. At the experiment’s conclusion, a final TEER measurement was recorded, and fluorescence was assessed 

in the 96-well plate with a CLARIOstar plate reader using excitation and emission wavelengths of 488 nm and 

530 nm, respectively. The gain was calibrated against the highest concentration in the calibration curve. The 

apparent permeability (Papp) of FluNa was subsequently calculated based on the following equation:  

𝑃𝑎𝑝𝑝  [𝑐𝑚 𝑠⁄ ]  =  
𝑑𝑄

𝑑𝑡
 [

µ𝑔

𝑠
] ×  

1

𝐴 [𝑐𝑚2] × 𝐶0 [
µ𝑔
𝑚𝐿]
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Sample collection after TEER 

At the conclusion of the TEER experiment, samples were collected from the apical and basolateral 

compartments, along with the cells, for subsequent analyses, including gene expression studies, CBA, 

E-cadherin protein quantification via western blot, and lactate dehydrogenase (LDH) assay. The 

supernatant from the apical compartment was centrifuged at 300x g for 4 min at room temperature. 

Two 60 µL aliquots of the supernatant were then transferred into separate tubes for LDH and CBA 

analyses. For gene expression studies, cells were first washed with 200 µL of cold PBS, then incubated 

with 350 µL of buffer RLT (Qiagen) at room temperature for 5 min. Cells were subsequently detached 

from the surface using a pipette tip, transferred into fresh tubes, and stored at -80°C for future RNA 

extraction. Cell lysates used for E-cadherin quantification were prepared following the method 

outlined by Aljohmani et al.[81] 

LDH quantification 

LDH release from each sample was measured relative to the healthy control using the CytoTox 96® 

Non-Radioactive Cytotoxicity Assay (Promega). All reagents were prepared as per the manufacturer’s 

instructions. A 50 µL portion of the apical samples, previously stored at -80°C, was transferred into a 

flat-bottom 96-well plate (Thermo Scientific™ Nunc™). An additional 50 µL of substrate mix was 

then added to each well. The plate was incubated for 30 min at room temperature, and protected from 

light. Following incubation, 50 µL of stop solution was added to each well, and absorbance was read 

at 490 nm using the PHERAstar instrument. 

Gene expression analysis in Calu-3 and Arlo cells 

RNA was extracted from the cells using the RNeasy Micro Kit (Qiagen) following the manufacturer’s 

instructions, with minor adjustments: centrifugation times were extended from 15 seconds to 30 

seconds, and RNA was eluted in 11 µL of RNase-free water. RNA purity and concentration (ng/µL) 

were assessed using the NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific). All RNA 

samples were then reverse transcribed to cDNA using the High-Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems™). Target genes were quantified via qPCR using the PowerUp™ SYBR™ 

Green Master Mix (Applied Biosystems™) on the StepOne Plus instrument, in accordance with the 

manufacturer’s guidelines. Data analysis was performed using the ΔΔCt method, with fold changes 

calculated relative to the healthy control. 

Quantification of lasB expression in P. aeruginosa strains 

Overnight cultures of P. aeruginosa strains PAO1, ΔlasB PAO1, PA NH 57388A muc., and PA RP73 

were grown in LB medium. Cultures were adjusted to an OD600 of 1, and cell lysates were prepared 

by adding two volumes of QIAGEN RNAprotect® Bacteria Reagent. After vortexing and resting at 

room temperature for 5 min, samples were centrifuged at 5000x g for 10 min at room temperature. 

Pellets were resuspended in 20 µL Proteinase K combined with 200 µL TE buffer (30 mM Tris-Cl, 1 

mM EDTA, pH 8.0, 15 mg/mL lysozyme), vortexed every 2 min over a 10-min period. Following this, 

700 µL of buffer RLT (QIAGEN RNeasy Plus Kit) was added, and samples were vortexed and 

centrifuged with the gDNA eliminator spin column at 14000 rpm for 2 min. The flow-through was 

combined with 700 µL of 99% ethanol for RNA extraction using the QIAGEN RNeasy Plus Kit, with 

centrifugation times extended to 2 min. RNA was eluted with RNase-free water and treated with 

Invitrogen™ DNA-free™ DNA Removal Kit to ensure complete removal of genomic DNA. 
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Concentrations were measured on a NanoDrop 2000 (Thermo Fisher Scientific), and 100 ng of RNA 

was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems™). 

For qPCR, TaqMan™ Fast Advanced Master Mix (Applied Biosystems™) was used and the absolute 

quantification was carried out as described in Kiefer, Schütz et al.[58] The qPCR was run on a 

StepOnePlus™ Real-Time PCR System, with thermal cycling conditions as specified in the TaqMan™ 

protocol. Data were analyzed using the standard curve method, and quantities of lasB in copy number 

per microliter were calculated for each strain. 

Cytometric Bead Array (CBA) 

Cytokine levels were quantified using a bead-based fluorescence-activated cell sorting (FACS) assay 

with the CBA method, utilizing Human Soluble Protein Flex Sets specific for IL-6 (558276), TNF 

(558273), G-CSF (558326), MCP-1 (558287), and IL-1β (558279), along with the Human Soluble 

Protein Master Buffer Kit (558264), all purchased from BD Biosciences. The assay followed the 

manufacturer’s protocol, with cytokines quantified against their respective standard curves. Bead 

sorting and analysis were conducted using a BD LSRFortessa™ FACS (BD Biosciences), and data 

analysis was performed with FCAP Array Version 3.0.1 (BD Biosciences). 

Quantification of E-Cadherin via Western blot 

The procedure was performed as described by Aljohmani et al. with a modification in the lysis buffer 

volume. [81] Briefly, cultured cells were lysed in 50 µL lysis buffer (20 mM Tris·HCl, 150 mM NaCl, 

1% Triton X-100, 1 mM EDTA, 1 mM Na₃VO₄, 1 mM PMSF, 10 mM 1,10-phenanthroline 

monohydrate) supplemented with 1× Complete Inhibitor (Roche Diagnostics Deutschland GmbH, 

Mannheim, Germany) and incubated at 4°C for 10 min. Cell lysates were centrifuged at 16,000 g for 

15 min at 4°C, and the supernatant was used for protein quantification via a commercial Bicinchoninic 

acid assay (BCA) kit (Thermo Fisher, Karlsruhe, Germany), following the manufacturer’s instructions. 

The subsequent steps, including SDS-PAGE, protein transfer, blocking, antibody incubation, 

chemiluminescence detection, and densitometric quantification, were performed as detailed in 

Aljohmani et al. 

Visualization of E-Cadherin and Claudin-4 via Confocal Laser Scanning Microscopy (CLSM) 

Arlo and Calu-3 cells were seeded into 24-well transwell inserts and cultured for 10 days under the 

same conditions used for the TEER experiments. After incubation, the basolateral and apical fluids 

were aspirated, and both compartments were washed three times with PBS. To fix the cells, 200 µL of 

4% paraformaldehyde (Thermo Fisher Scientific Inc., Netherlands) in PBS was added to the apical 

chambers for 15 min at room temperature. After fixation, the apical chambers were washed three times 

with PBS. For staining, the transwell inserts were transferred into a new 24-well plate, and the PBS 

was removed. Both the apical and basolateral chambers were washed twice with HBSS. To 

permeabilize the cells, a permeabilization buffer consisting of 1% BSA and 0.05% saponin in PBS 

was added to both chambers, and the cells were incubated at room temperature for 1 h on a shaker 

plate (MTS 2/4 D S1 Microplate Shaker, IKA, Germany) at 150 rpm. All staining steps were performed 

in the dark. After the permeabilization step, the buffer was aspirated, and the cells were incubated 

overnight at 4°C with 200 µL of a primary antibody mixture containing mouse anti-E-Cadherin IgG 

(1:50, BD Biosciences, USA) and rabbit anti-Claudin-4 IgG (1:100, Invitrogen, USA) in 
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permeabilization buffer. The following day, the primary antibody solution was removed, and the apical 

compartments were washed three times with permeabilization buffer, keeping the plate on the shaker 

plate at 150 rpm for 10 min per wash. Subsequently, 200 µL of secondary antibodies were added to 

the apical chambers: anti-mouse goat IgG Alexa Fluor 546 (1:500, Invitrogen, USA) and anti-rabbit 

goat IgG Alexa Fluor 488 (1:1000, Invitrogen, USA), both in permeabilization buffer, and the cells 

were incubated for 1 h at room temperature. Afterward, the cells were washed three times with 

permeabilization buffer under the same conditions as before. For the final staining step, the cells were 

incubated for 30 min at room temperature with 100 µL of 1 µg/mL DAPI (Sigma Aldrich, Switzerland) 

in PBS. After incubation, the apical chambers were washed three times with PBS under the same 

conditions. The cell-covered membranes were then mounted onto 24x50 mm microscopy slides 

(Thermo Fisher Scientific, Netherlands) using Fluorescence Mounting Medium (DAKO Schweiz AG, 

Switzerland). A cover slip (Carl Roth, Germany) was placed over the membranes, and the samples 

were wrapped in aluminum foil and left to dry overnight at room temperature. 

For imaging, a Leica TC SP8 Confocal Microscope (Leica Microsystems, Wetzlar, Germany) 

equipped with a 25x water objective (Fluotar VISIR 25x/0.95 WATER) was used. For Calu-3 cell 

imaging, the argon laser intensity was set to 30%. DAPI was excited at 405 nm with 10% laser 

intensity, and its emission was detected in the range of 410–501 nm. Alexa Fluor 488, used to detect 

Claudin-4, was excited at 488 nm with 40% laser intensity, and the emission was detected from 501 to 

561 nm. Alexa Fluor 546, used to detect E-Cadherin, was excited at 561 nm with 3% laser intensity, 

and its emission was detected from 566 to 701 nm. All signals were captured sequentially in three 

scans to minimize crosstalk, using PMT detectors for DAPI and Alexa Fluor 546 and a HyD detector 

for Alexa Fluor 488, with a gain of 800 for the PMT detectors and 100 for the HyD detector. For Arlo 

cell imaging, the argon laser intensity was also set to 30%. DAPI was excited at 405 nm with 30% 

laser intensity, and its emission was detected in the range of 410–494 nm. Alexa Fluor 488, used to 

detect Claudin-4, was excited at 488 nm with 70% laser intensity, and its emission was detected from 

494 to 564 nm. Alexa Fluor 546, used to detect E-Cadherin, was excited at 561 nm with 6% laser 

intensity, and its emission was detected from 566 to 701 nm. Signals were captured sequentially in 

three scans to minimize crosstalk, with PMT detectors for DAPI and Alexa Fluor 546 and a HyD 

detector for Alexa Fluor 488, with a gain of 800 for the PMT detectors and 100 for the HyD detector. 

Images were captured at a resolution of 2048 x 2048 with bidirectional X scanning at a scan speed of 

100 Hz. Line averaging and frame accumulation of 2 were applied, and a 3x virtual zoom was used for 

obtaining close-up pictures. Further image editing and compilation was done by using the open-source 

software ImageJ and GIMP. 

RNA Sequencing 

Calu-3 cells were exposed to various treatment conditions, including supernatants from wild-type (wt) 

P. aeruginosa (wt PAO1 sn and ΔlasB PAO1 sn), 100 µM compound 1 combined with wt PAO1 sn, 

as well as an HBSS control, an off-target control with compound 1 + ΔlasB PAO1 sn, and a compound 

toxicity control. Following a 7 h incubation, total RNA was extracted using Buffer RLT (Qiagen), and 

further purified with the Monarch® RNA Cleanup Kit (10 µg capacity, New England Biolabs). RNA 

integrity and purity were assessed, with all samples showing RNA Integrity Numbers (RIN) greater 

than 8. 
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Strand-specific mRNA sequencing was performed. mRNA libraries were prepared using the 

NEBNext® Ultra™ II Directional RNA Library Prep Kit (NEB #E7765), followed by sequencing on 

an Illumina NovaSeq 6000 platform using paired-end 50 bp reads (PE50, 2 × 50 bp), yielding 

approximately 30 million reads per sample and a total flow cell output of 800 million clusters. Raw 

FASTQ files were analyzed using a standardized pipeline deployed in a Docker container running 

RNADetector.[59] STAR was employed for alignment, and gene-level quantification was performed 

using featureCounts. Read count matrices were normalized to correct for library size and composition 

biases using the Bioconductor package edgeR. Pathway enrichment analyses were conducted using the 

Reactome pathway knowledgebase. The count matrix derived from RNAdetector was modified to only 

contain identifiers, and the matrix was analyzed using the PADOG analysis method, which includes 

disease pathways, without any additional normalization. Input matrix and data of the resulting PDF, 

R-Script and Excel report files are provided in Data S1. 

Gene expression profiles were visualized through volcano plots and heatmaps generated in Python 

(v3.x) using numpy (v2.0.2), pandas (v2.2.3), matplotlib (v3.9.4), and seaborn (v0.13.2). 

Visualizations were based on a normalized count table and the list of significantly regulated genes 

identified by RNA-detector (see lists in Data S1).  Selected genes showing significant differential 

expression influenced by LasB activity and its inhibition by compound 1 were further validated by 

quantitative PCR following the aforementioned protocol. 

Calu-3 transwell-based bacterial infection model 

Wild type PAO1 and PAO1 ΔlasB strains were cultured overnight in LB medium at 37°C with shaking 

at 180 rpm. The following day, cultures were centrifuged (5000 rpm, 4°C, 10 min), resuspended in 

fresh LB, and adjusted to an OD600 of 0.025. Cultures were then grown to an OD600 of approximately 

2, centrifuged again, and standardized to an OD600 of 1.5. A 1:10 dilution was performed to achieve 

the desired MOI of 30 for the experiment. 

Calu-3 cells were seeded in transwells and grown for 9 days as described above. On the day of the 

experiment, TEER was measured, and cells were washed with HBSS. After a 30–60 min incubation 

in HBSS at 37°C + 5% CO2, TEER was measured again. The apical compartment received 190 µL 

HBSS with 10 µL of diluted bacterial culture. For compound testing, 1 µL of compound 3 (in DMSO) 

or meropenem (in PBS) was added, maintaining a final DMSO concentration of 0.5%. The basolateral 

compartment received 800 µL HBSS. Plates were incubated at 37°C with 5% CO2, and TEER was 

measured hourly for 7 h. 

To quantify bacterial growth, 10 µL samples were collected from the apical compartment at the start 

and end of the experiment. These samples were serially diluted, plated on agar, and incubated. Colony-

forming units (CFUs) were counted the following day. 

Determination of Meropenem Minimum Inhibitory Concentration (MIC) Against Pseudomonas 

aeruginosa PAO1 

The antibacterial activity of meropenem was determined in Pseudomonas aeruginosa PAO1 (DSM 

19880). As a bacteria start OD600, we used 0.03 (optical density of the bacteria at 600 nm) in a total 

volume of 200 µL in 99.5% HBSS and 0.5% lysogeny broth (LB) medium containing meropenem pre-

dissolved in DMSO (maximal DMSO concentration: 1%). Final meropenem concentrations prepared 

from serial dilutions ranged from 0.0625 to 5 µM. The OD600 values were determined directly after 
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addition of the antibiotic and again after incubation at 37°C for 16 h and 50 rpm in 96 well plates 

(Sarstedt, Nümbrecht, Germany) using a FLUOstar Omega microplate reader (BMG labtech, 

Ortenberg, Germany). The given MIC value is a mean of two independent determinations and is 

defined as the lowest concentration of meropenem that reduced the OD600 by ≥ 95%. 

Statistical analysis and data visualization 

All graphical data are presented as mean ± standard deviation (SD). Statistical comparisons between 

experimental conditions were performed using Dunnett’s one-way ANOVA to determine significant 

differences. A p-value ≤ 0.05 was considered statistically significant, while p-values > 0.05 were 

considered non-significant. Graphs were generated using GraphPad Prism (v 9.3.1). Transcriptomic 

data were analyzed and visualized as heatmaps via Python (v3.x). 
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Figure S1: Absolute quantification of lasB expression across various Pseudomonas aeruginosa strains. 

lasB transcript levels were measured in PAO1, PA14, NH57388A muc., RP73, and ΔlasB PAO1 using a 

standard curve-based absolute quantification approach. PA14 showed the highest expression, followed by 

PAO1, while NH57388A muc. and RP73 exhibited minimal to undetectable levels. Data represent mean values 

from three independent experiments (n = 3); error bars indicate standard deviation (SD). Statistical analysis was 

performed using one-way ANOVA with Dunnett’s multiple comparisons test, comparing each strain to PAO1. 

(****p ≤ 0.0001; **p ≤ 0.01).  

 

 

 

A.                B.          C. 

 
Figure S2: Effect of Pseudomonas aeruginosa strains on epithelial barrier integrity. (A) Transepithelial 

electrical resistance (TEER) and (B) fluorescein sodium (FluNa) permeability (Papp) measured in Calu-3 cells 

over a 7-hour period following treatment with 20% (v/v) supernatants (sn) from wild-type (wt) PAO1, ΔlasB 

PAO1, NH57388A muc., and RP73 strains. (C) Lactate dehydrogenase (LDH) release assessed at 7 hours to 

evaluate cytotoxicity. Data represent mean ± standard deviation (n = 3 independent experiments). Statistical 

analysis was conducted using one-way ANOVA followed by Dunnett’s multiple comparisons test, comparing 

each condition to ΔlasB PAO1 sn (****p ≤ 0.0001; ns, not significant).  
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A.             B. 

  
Figure S3: Effect of purified LasB of Pseudomonas aeruginosa on Calu-3 epithelial barrier integrity. (A) 

Transepithelial electrical resistance (TEER) of Calu-3 monolayers following treatment with increasing 

concentrations of purified LasB protein, monitored over a 7-hour period. (B) Area under the curve (AUC) 

analysis of TEER data quantifies the dose-dependent disruption of barrier function. Data represent mean ± 

standard deviation (n = 2 independent experiments). Statistical analysis was performed using one-way ANOVA 

followed by Dunnett’s multiple comparisons test against the healthy control (****p ≤ 0.0001; *p ≤ 0.05; ns, not 

significant).  

 
 
 
 

 
Figure S4: CDH1 gene expression in Calu-3 cells exposed to Pseudomonas aeruginosa supernatants. 

Relative expression of CDH1 in Calu-3 cells following exposure to 20% (v/v) wild-type (wt) PAO1 supernatant 

(sn) or ΔlasB PAO1 sn relative to the unchallenged healthy control.  

  

0 1 2 3 4 5 6 7

0

100

200

300

400

Time [h]

T
E

E
R

 [
Ω

x
c
m

2
]

No LasB

400 nM

200 nM

100 nM

50 nM

25 nM

12.5 nM

6.25 nM

3.125 nM

N
o 

La
sB

40
0 

nM

20
0 

nM

10
0 

nM

50
 n

M

25
 n

M

12
.5

 n
M

6.
25

 n
M

3.
12

5 
nM

0

500

1000

1500

2000

2500

A
U

C
 o

f 
T

E
E

R
 [

c
m

2
x
h

]

✱✱✱✱

✱

w
t P

AO
1 

sn

Δ
la

sB
 P

AO
1 

sn

0.0

0.5

1.0

1.5

R
e

la
ti
v
e
 C

D
H

1
 e

x
p

re
s
s
io

n



Results 

57 
 

A.       B.      

          

0 1 2 3 4 5 6 7

0

500

1000

1500

2000

Time [h]
T

E
E

R
 [
Ω

×
c
m

2
]

No sn 20% wt PAO1 sn

20% wt PAO1 sn + 100 µM Cpd 1 20% wt PAO1 sn + 10 µM Cpd 1

20% wt PAO1 sn + 1 µM Cpd 1

20% ΔlasB PAO1 sn

 

0 1 2 3 4 5 6 7

0

500

1000

1500

2000

Time [h]

T
E

E
R

 [
Ω

×
c
m

2
]

No sn 20% wt PAO1 sn

20% wt PAO1 sn + 100 µM Cpd 2 20% wt PAO1 sn + 10 µM Cpd 2

20% wt PAO1 sn + 1 µM Cpd 2

20% ΔlasB PAO1 sn

0 1 2 3 4 5 6 7

0

500

1000

1500

2000

Time [h]

T
E

E
R

 [
Ω

×
c
m

2
]

No sn 20% wt PAO1 sn

20% wt PAO1 sn + 100 µM Cpd 3 20% wt PAO1 sn + 10 µM Cpd 3

20% wt PAO1 sn + 1 µM Cpd 3

20% ΔlasB PAO1 sn

 
Figure S5: Evaluation of LasB inhibitors in preserving epithelial barrier integrity. Transepithelial 

electrical resistance (TEER) of (A) Calu-3 and (B) Arlo cells over 7 hours following exposure to 20% (v/v) 

wild-type (wt) Pseudomona aeruginosa PAO1 supernatant (sn) or ΔlasB PAO1 sn, with or without treatment 

using LasB inhibitors at 1, 10, or 100 µM.. Data represent mean ± standard deviation (n = 3 independent 

experiments).  
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Figure S6: Evaluation of off-target effects and cytotoxicity of LasB inhibitors in Calu-3 and Arlo cells. 

(A) Paracellular permeability (Papp) of Calu-3 and Arlo cells following treatment with compounds alone or in 

combination with ΔlasB Pseudomonas aeruginosa PAO1 supernatant (sn). (B) Transepithelial electrical 

resistance (TEER) measurements over 7 hours in both cell lines treated with compounds and ΔlasB PAO1 sn to 

assess potential off-target effects. (C) TEER over 7 hours following treatment with compounds alone to evaluate 

cytotoxicity. Data represent mean ± standard deviation (n = 3 independent experiments). Statistical analysis was 
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performed using ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test, comparing all 

treatment groups to the healthy control (no sn); no statistically significant differences were observed.  

 
 
 

A.       B.      

          

 
Figure S7: Lactate dehydrogenase (LDH) release in Calu-3 and Arlo cells. LDH release was measured in 

(A) Calu-3 cells and (B) Arlo cells under various experimental conditions with, without Pseudomonas 

aeruginosa  PAO1 supernatant and with, without compounds.. LDH levels were quantified relative to the 

healthy control no supernatant (no sn). Data represent mean ± standard deviation (n = 3 independent 

experiments). Statistical analysis was performed using ordinary one-way ANOVA followed by Dunnett’s 

multiple comparisons test, comparing each treatment group to the healthy control. No statistically significant 

differences were observed in any experimental condition.  
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Figure S8: Quantification of E-Cadherin in Arlo cells upon challenge with Pseudomonas aeruginosa 

PAO1 supernatant, with or without inhibitor. (A) Western blot analysis of E-cadherin cleavage in Arlo cells 

under healthy conditions or following challenge with wild-type (wt) PAO1 supernatant (sn), ΔlasB sn, or wt 

PAO1 sn with 100 μM of LasB inhibitors (1–3). Full-length and C-terminal fragment bands are shown, with 

tubulin as a loading control. (B) Relative quantification of E-cadherin cleavage in Calu-3 cells under the same 

experimental conditions. Data represent mean ± standard deviation (n = 3 independent experiments). Statistical 

analysis was conducted using one-way ANOVA followed by Dunnett’s multiple comparisons test. (ns, not 

significant). 
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A.       B.      

          

         
 C.       D.        

         
 E.       F. 

    
 
Figure S9: Imaging of E-cadherin (cyan) localization in Calu-3 (left) and Arlo cells (right) under different 

treatment conditions through confocal laser scanning microscopy (CLSM). (A) Cells subjected to 20% 

(v/v) wild-type (wt) Pseudomonas aeruginosa PAO1 supernatant (sn) and visualization of the protective effect 

of the three different LasB Inhibitors at 100 µM. (B) Cytotoxicity tests using no supernatant (no sn) on cells as 

well as applying each compound at 100 µM. (C) Test for off-target side effects through exposure to 20% (v/v) 

ΔlasB sn and treatment with 100 µM of the LasB inhibitors. Nuclei were counterstained with DAPI (blue). The 

scale bar = 25 µm. 
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A.       B.      

          

 
C.           

   

 
Figure S10: Cytotoxicity, off-target effects, and cytokine profiles of LasB inhibitors. Cytometric bead array 

(CBA) quantification of TNF-α and IL-6 in (A) Calu-3 and (B) Arlo cells. (C) Expression and protein analysis 

of colony-stimulating factors under various treatment conditions. All experiments were conducted using 20% 

(v/v) wild-type (wt) Pseudomonas aeruginosa PAO1 supernatant (sn), ΔlasB PAO1 sn, inhibitors alone, or 
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inhibitors combined with ΔlasB PAO1 sn. Data represent mean ± standard deviation (n = 3 independent 

experiments).  

 
 
 
 
 

 

Figure S11: Volcano plot showing the expression of LasB-specific genes — identified in Calu-3 cells 

exposed to LasB-containing Pseudomonas aeruginosa supernatant — in NuLi-1 cells infected with P. 

aeruginosa (GSE199424, 8 h). The plot displays log₂ fold changes versus –log₁₀ adjusted p-values. Commonly 

downregulated and upregulated genes, including DUSP2, are highlighted, indicating conserved transcriptional 

responses to P. aeruginosa across epithelial cell types. 
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A.       B.      

            

         
C.                     D.        

         
E.         F.      

            

Figure S12: Visualization of Claudin-4 (magenta) localization in Calu-3 (left) and Arlo cells (right) under 

different treatment conditions through confocal laser scanning microscopy (CLSM). (A) and (B) Cells 

exposed to 20% (v/v) wild-type (wt) Pseudomonas aeruginosa PAO1 supernatant (sn), showing the effect of 

the three different LasB inhibitors at 100 μM. (C) and (D) Cytotoxicity tests using no sn on cells, as well as 

applying each compound at 100 μM. (E) and (F) Test for off-target side effects through exposure to 20% (v/v) 

ΔlasB PAO1 sn and treatment with 100 μM of LasB inhibitors. Nuclei were counterstained with DAPI (blue). 

Scale bar = 25 µm  
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B. 

 
Figure S13: Infection studies of wild-type (wt) and ΔlasB Pseudomonas aeruginosa PAO1 on Calu-3 cells. 

Transepithelial electrical resistance (TEER) of Calu-3 monolayers monitored over 7 hours following infection 

with (A) wt PAO1 and (B) ΔlasB PAO1 at varying multiplicities of infection (MOIs). Area under the curve 

(AUC) of TEER data was calculated to assess barrier disruption. Data represent mean ± standard deviation (n 

= 3 independent experiments). Statistical analysis was performed using ordinary one-way ANOVA followed by 

Dunnett’s multiple comparisons test (****p ≤ 0.0001; ns, not significant).  
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Figure S14: Lactate dehydrogenase (LDH) release in Calu-3 cells upon infection with PAO1. LDH release 

was measured in Calu-3 cells following infection with wild-type (wt) PAO1 and ΔlasB PAO1 at multiplicities 

of infection (MOI) of 30 and 300. LDH levels were quantified relative to the uninfected control. Data represent 

mean ± standard deviation (n = 3 independent experiments). Statistical analysis was performed using ordinary 

one-way ANOVA followed by Dunnett’s multiple comparisons test, comparing each group to the uninfected 

control. No statistically significant differences were observed.  
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                           Table S1: Chemical structure of selected compounds for this study. 

Compound Chemical structure 

 

 

1 

 
 

 

2 

 

 

 

3 
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Table S2: List of primers designed for the quantification of cytokine gene expression via RT-qPCR. 

Gene Primer Sequence 5’—3’ 

POLR2A 
Forward CAGCAAGGTCGTCCTCCCCTGT 

Reverse GATGCGCAATGGCTTGGTTGAA 

GUSB 
Forward CGCCCTGCCTATCTGTATTC 

Reverse TCCCCACAGGGAGTGTGTAG 

IL6 
Forward AGAGGCACTGGCAGAAAACA 

Reverse TCACCAGGCAAGTCTCCTCA 

IL1A 
Forward CAGTGCTGCTGAAGGAGATGC 

Reverse TGGATGGGCAACTGATGTGAA 

IL1B 
Forward TACCCAAAGAAGAAGATGGAA 

Reverse GAGGTGCTGATGTACCAGTTG 

CXCL8 
Forward TCAGAGACAGCAGAGCACAC 

Reverse CTTGGCAAAACTGCACCTTCA 

TNFα 
Forward TAGCCCATGTTGTAGCAAACCC 

Reverse AGGAGGTTGACCTTGGTCTG 

CSF3 
Forward GTCCCACCTTGGACACACTG 

Reverse TTCCCAGTTCTTCCATCTGCTG 

CSF2 
Forward CTGGAGCTGTACAAGCAGGG 

Reverse CACAGGAAGTTTCCGGGGTT 

IL4 
Forward CTGTGCTCCGGCAGTTCTAC 

Reverse TCACAGGACAGGAATTCAAGC 

IL13 
Forward GTCTCAGCTGGGCAGTTTTC 

Reverse GAACTGTCCCTCGCGAAAAAG 

IL37 
Forward TGGGGGTCTCTAAAGGGGAG 

Reverse CAGCTTCATCAGTTTCTCCTTCTTC 

IL1RN 
Forward TGCAAGCCTTCAGAATCTGGG 

Reverse GAGCATGAGGCTCAATGGGT 

TGFB1 
Forward GGAAATTGAGGGCTTTCGCC 

Reverse CCGGTAGTGAACCCGTTGAT 

CCL2 
Forward TCTCGCCTCCAGCATGAAAG 

Reverse GGCATTGATTGCATCTGGCT 

IRF7 
Forward CGGCTGGAAAACCAACTTCC 

Reverse GCCTGGGCCTTCTCGC 
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Table S3: List of primers designed for validation of RNA-seq data by RT-qPCR. 

Gene Primer Sequence 5’—3’ 

VIPR1 
Forward TTCTCCTCCATTCAAGGCCG 

Reverse AACTCGCTGCCTTGTCATCC 

DUSP2 
Forward TCCTGTCTACGACCAGGGTG 

Reverse CCACCATCTGGTTGTCCTCC 

SPIRE2 
Forward TCTTCTGCAAGAGAGCCGTC 

Reverse TGGCAGCTGATACCCTCTGA 

CLDN4 
Forward TATTGGGGAGGGACGGAAGT 

Reverse CCTACCCGGAACAGAGGAGA 

CLDN10 
Forward TCATACTGTCAGGGCTGTGC 

Reverse GGCTCCTGCCCATCCAATAA 

FGFBP1 
Forward CGTGTGCTCAGAACAAGGTGAA 

Reverse CACCTGAGCAGCCAGTAGG 

MYD88 
Forward CCTCTCTCCAGGTGCCCAT 

Reverse GTCTTCAGGGCAGGGACAAG 

TCF7 
Forward GCGGGACAACTACGGGAAG 

Reverse ACCGAATGCATTTCTTTTTCCTC 

ACTN4 
Forward GGGAAGCCCTGGAGAAAACA 

Reverse AGGCCCTCAATCTCCTCGAT 

TRIP6 
Forward CACCCTGGAGAAATGTGCCA 

Reverse TGGGGCAAACTTCCTGTGAA 

TM4SF1 
Forward ATGCCTCCGAAAACCACCTC 

Reverse CTGGCAGGAGCATCAGCAG 

BCL6 
Forward GCCTGAGAACCTTGACCTCC 

Reverse AGCCCGTCATGGACCTGTTA 
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2.2.1    Supporting information 

The supporting information presented here corresponds to the biological portion of Chapter 2. 
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2.3.1  Supporting information 

Supporting information presented here includes the biological portion of Chapter 3. 
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3   Final Discussion 

Pseudomonas aeruginosa is a formidable pathogen in pulmonary infections due to its 

multifaceted virulence and adaptive resistance mechanisms. This thesis explored one of its key 

virulence factors, the metalloprotease LasB, across a spectrum of molecular, cellular, and 

translational contexts, highlighting its pathogenic roles, variability in expression, and the 

therapeutic potential of antivirulence strategies targeting it. 

One of the earliest insights of this work was the significant variability in lasB expression among 

clinical isolates. Using a qPCR-based assay developed for both relative and absolute 

quantification, we established that even isolates expressing comparatively low levels of lasB 

mRNA can exert detectable biological effects. In particular, exposure to culture supernatants 

from such strains altered cytokine profiles in lung epithelial models, suggesting that low levels 

of LasB may still contribute to immune modulation, even in the absence of overt cytotoxicity. 

Through cytometric bead array (CBA) we observed changes in cytokine levels, supporting a 

biologically relevant impact of LasB at low expression levels. This underscores the value of 

precise quantification of lasB expression for assessing the virulence potential of clinical 

isolates. 

A second key finding of this work was the cell-type-specific response to LasB. Cells forming 

tighter epithelial barriers, such as alveolar Arlo cells, exhibited greater resilience, suggesting 

that tissue architecture and junctional protein density modulate susceptibility to LasB-mediated 

damage. Mechanistically, LasB was shown to disrupt epithelial integrity by cleaving junctional 

proteins such as E-cadherin, altering Claudin-4 localization, and interfering with host immune 

signaling. Interestingly, LasB appeared to exhibit a dual role in immune modulation, both 

upregulating inflammatory pathways and reducing levels of cytokines such as GM-CSF and G-

CSF, potentially through proteolytic degradation. 

Transcriptomic analysis played a critical role in expanding the understanding of the systemic 

effects of LasB. Differential gene expression profiling revealed modulations in key signaling 

pathways such as MAPK and FGF, and identified novel targets like FGFBP1 and DUSP2. 

Importantly, in silico comparison with primary bronchial epithelial cell datasets showed a 

strong overlap, suggesting that transwell-based in vitro models can yield biologically and 

translationally relevant insights. These findings further support the utility of such systems for 

mechanistic discovery and preclinical screening. 

From a therapeutic standpoint, multiple strategies were explored to counteract LasB's 

pathogenic effects. Small-molecule inhibitors of LasB were shown to preserve barrier integrity, 

restore TEER, and protect junctional proteins. These effects were potentiated when inhibitors 

were combined with conventional antibiotics, such as meropenem, in infection models. This 

synergy is particularly promising given the ongoing crisis of AMR and reinforces the concept 

of antivirulence therapies as antibiotic adjuvants rather than replacements. 

The potential of dual-target antivirulence strategies was also evaluated. Compounds designed 

to inhibit both LasB and LecA showed superior protection compared to single-target controls 

within their chemical class, underscoring the advantage of addressing multiple virulence 

mechanisms simultaneously. However, this approach is not without trade-offs. Dual inhibitors 
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may not match the potency or favorable pharmacokinetic properties of highly optimized single-

target agents — such as the dipeptidic phosphonates developed specifically for LasB inhibition 

— highlighting the need for a balanced strategy tailored to specific clinical contexts. 

Despite these promising advances, limitations remain. In many models, full inhibition of LasB 

activity is required to fully restore host cell function, particularly when protecting cytokine 

levels. Moreover, while synergy with antibiotics is encouraging, it also means that antivirulence 

agents alone may not suffice in severe infections. Finally, although several findings were 

supported by in vivo data from studies in mice, species-specific differences remain a critical 

consideration. 

Moving forward, future studies should prioritize evaluating the translational potential of LasB 

inhibitors using more physiologically complex, human-based models such as lung organoids or 

organ-on-a-chip platforms. These systems would enable more accurate modeling of host–

pathogen interactions and help reduce reliance on animal models, addressing species-specific 

limitations observed in murine studies. In parallel, co-culture models incorporating immune 

cells (e.g., macrophages or neutrophils) could offer additional insight into the 

immunomodulatory effects of LasB, particularly its influence on cytokine dynamics in a more 

physiologically relevant setting. To deepen mechanistic understanding, advanced proteomics 

approaches could be employed to directly identify and validate LasB substrates in epithelial 

and immune contexts, thereby clarifying its role in cytokine modulation and tissue disruption. 

In terms of clinical applicability, future research could explore whether long-term exposure to 

LasB inhibitors results in compensatory changes or resistance mechanisms within P. 

aeruginosa populations. Moreover, combining antivirulence agents with host-directed 

approaches — such as enhancing epithelial regeneration or modulating immune responses — 

could amplify therapeutic benefit. Complementing these avenues, the qPCR assay developed 

in this thesis provides a practical tool for rapid quantification of lasB expression in clinical 

isolates, facilitating virulence profiling and informing personalized treatment strategies. 

In conclusion, this thesis provides a comprehensive exploration of LasB as a virulence factor 

and therapeutic target, combining molecular dissection with pharmacological intervention. It 

contributes both mechanistic insights and translational tools that help pave the way for next-

generation therapies against P. aeruginosa and other difficult-to-treat pathogens in the age of 

AMR. 
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Abstract 

Clostridium perfringens is a potent pathogen associated with a range of diseases in humans and 

animals, partly due to its arsenal of secreted enzymes. Among these, collagenases are 

hypothesized to play a key role in tissue degradation, but their functional relevance remains 

undercharacterized. In this study, we evaluated culture supernatants of clinical and 

environmental C. perfringens isolates for collagenase-like activity using fluorogenic substrate 

assays and examined their cytotoxicity in vitro. We observed variable enzymatic profiles across 

strains, independent of known toxins (NetB, TpeL), and found that even low levels of activity 

corresponded to marked cytotoxicity in avian SL-29 cells. Attempts to neutralize this activity 

using small-molecule inhibitors identified one candidate (compound 7178) with moderate 

efficacy in enzymatic assays, but limited protective effects in cell-based models. These findings 

underscore the cytotoxic potential of C. perfringens secreted products, support the role of 

metalloprotease activity, and provide a foundation for developing targeted antivirulence 

strategies. 

Introduction 

Clostridium perfringens is a Gram-positive, spore-forming, anaerobic bacterium that causes a 

wide spectrum of diseases in both humans and animals.1 In humans, it is associated with 

conditions such as gas gangrene and food poisoning, while in animals, it is responsible for 

several economically significant diseases, most notably necrotic enteritis (NE) in poultry.1,2 

This poultry disease alone is estimated to cost the global agricultural industry approximately 

US$2 billion annually due to its impact on bird health, productivity, and mortality.2 

The pathogenicity of C. perfringens is largely mediated by its production of a diverse arsenal 

of toxins. Based on the presence of major toxins — including α-toxin, β-toxin, ε-toxin, ι-toxin, 

enterotoxin, toxin perfringens large (TpeL), and necrotic enteritis toxin B-like (NetB) — the 

bacterium is classified into five toxinotypes (A to E).3,4 In addition to these major toxins, C. 

perfringens secretes various extracellular enzymes, notably collagenases, which contribute to 

tissue degradation and necrosis.5 These enzymes also support its saprophytic survival during 

carcass decomposition, as collagen is the most abundant protein in animal tissues.6 Up to this 

date, a 120-kDa collagenase encoded by the colA gene has been identified and characterized in 

culture supernatants of multiple strains.5 

Necrotic enteritis is characterized by severe inflammation and necrosis of the small intestine, 

with the NetB toxin widely recognized as a key virulence factor.7–9 However, its role in disease 

onset remains uncertain. Evidence suggests that NetB may not act during the initial stages of 

infection, but rather targets deeper layers of the intestinal mucosa.10 This indicates that other 

factors likely facilitate early tissue disruption. Among these, collagenases may play a significant 

role by weakening the mucosal barrier and promoting deeper toxin penetration, thereby 

amplifying disease severity.11 

The growing demand for safe poultry products has increased pressure on poultry health 

management, especially under global restrictions on in-feed antibiotics due to concerns about 

antimicrobial resistance and drug residues.12 While low-dose antibiotics were once effective in 

controlling enteric pathogens and enhancing bird performance, their removal has coincided with 

a resurgence of C. perfringens-associated diseases like NE.12 Given that this bacterium is a 
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common inhabitant of the gut and environment, its ability to trigger disease under conditions 

of dysbiosis or stress presents a persistent challenge to poultry health and industry 

sustainability.13 

This study focuses on collagenases and the characterization of collagenolytic activity in culture 

supernatants (SNs) of various C. perfringens strains. We analyzed several clinical and 

environmental isolates with distinct virulence profiles — some producing NetB or TpeL, while 

others lacked these key toxins (Table S1). The collagenase activity of each strain was assessed 

using enzymatic assays to determine their proteolytic potential. 

In parallel, we established cell-based cytotoxicity assays, including an MTT viability assay and 

a Live/Dead staining protocol using SL-29 fibroblasts isolated from a chicken embryo, to 

evaluate the biological impact of these strains. Notably, we observed that cytotoxicity was 

significantly higher in animal-derived cells compared to human epithelial cell lines such as 

A549, suggesting a degree of host specificity in virulence mechanisms. To further assess 

potential in vivo toxicity, we employed the Galleria mellonella larvae model, although no overt 

toxic effects were observed in this system. 

Lastly, we tested a series of small-molecule inhibitors originally developed to target collagenase 

ColH from Clostridium histolyticum and the virulence metalloprotease LasB from 

Pseudomonas aeruginosa. These inhibitors were selected due to their known activity against 

bacterial metalloproteases and the high amino acid sequence similarity between ColH and 

collagenases found in C. perfringens. This allowed us to evaluate their potential cross-species 

inhibitory activity and explore new avenues for antivirulence strategies. 

Together, these experiments provide new insights into the diversity and functional significance 

of collagenases in C. perfringens, laying the groundwork for further investigations into their 

therapeutic targeting. 

Results and Discussion 

Evaluation of Collagenolytic Activity and Cytotoxicity of C. perfringens Culture 

Supernatants 

The role of collagenases among the extracellular virulence factors of C. perfringens remains 

underexplored, despite their potential contribution to tissue degradation and disease 

progression. In this study, we evaluated the SNs of 11 clinical and environmental C. perfringens 

isolates (Table S1) for their collagenase-like enzymatic activity and cytotoxic effects in vitro. 

To establish a reliable readout of enzymatic function, we first screened the SNs of three 

representative isolates for their capacity to cleave three different fluorogenic peptide substrates 

(designated A, B, and C). On average, the SNs showed 55%, 95%, and 50% substrate cleavage, 

respectively (Figure S1). Substrate B consistently yielded the strongest response, and its robust 

signal across all strains facilitated its selection for subsequent quantification. Notably, these 

SNs are derived from strains negative for known toxins such as NetB and TpeL, suggesting that 

the observed proteolytic activity was not dependent on these factors and was more likely 

attributable to collagenase-like enzymes. Although the substrates used were originally designed 

for ADAM-10 proteases, the consistent cleavage patterns across isolates support their utility as 

surrogate markers for general collagenolytic activity under these experimental conditions. 



Appendix 

144 
 

Nonetheless, the lack of collagenase specificity remains a limitation of this assay and requires 

complementary biochemical validation or genetic manipulation in future studies. 

Based on the high cleavage observed with Substrate B, we established a Fluorescence 

Resonance Energy Transfer (FRET)-based enzymatic assay using this substrate and applied it 

to all 11 isolates (Figure 1A). The results revealed substantial variability among strains, with 

isolates 18153, 9239, and 7381 showing the highest activity. On the other hand, isolates 18207, 

18220, and 18239 showed considerably lower collagenolytic activity, despite comparable SN 

concentrations. Importantly, the enzymatic activity did not correlate with the presence or 

absence of NetB or TpeL, indicating that the collagenolytic potential is an independent trait not 

linked to these toxins. This suggests that collagenase-like enzymes may serve as additional 

virulence factors, possibly enabling early host-tissue disruption and facilitating deeper toxin 

penetration. Overall, these findings highlight the presence of a broadly distributed enzymatic 

activity that may reflect collagenase or functionally related proteases. 

To determine the biological relevance of these enzymatic activities, we next assessed cytotoxic 

effects of a selection of SNs on epithelial cells. Two cell lines were selected: the human lung 

adenocarcinoma cell line A549, and the avian fibroblast-derived SL-29 cell line derived from a 

chicken embryo. Using MTT-based viability assays, we compared responses to SNs from six 

selected isolates (Figure 1B, S2). Representative data for isolates 7381 and 18239, which have 

previously shown high and low enzymatic activity, respectively, are shown in Figure 1B. 

Across all comparisons, SL-29 cells were more susceptible to cytotoxic effects than A549 cells, 

even at low SN concentrations of 2.5% v/v, indicating a greater sensitivity of avian-derived 

cells to C. perfringens virulence factors. Importantly, while A549 cells were incubated 

overnight with SNs, SL-29 cells were only exposed for 8 hours, as longer incubation resulted 

in complete loss of viability. Furthermore, the cytotoxicity exhibited a concentration-dependent 

pattern, with a clearer dose-response relationship observed in A549 cells than in SL-29 cells. 

These findings suggest not only strain-specific differences in virulence but also host-specific 

susceptibilities that may reflect species barriers or cell-type–dependent sensitivity to 

extracellular bacterial factors. 

To visually confirm these results, we conducted live/dead fluorescence staining of SL-29 cells 

exposed to SNs from isolate 7381. The microscopy images corroborated the MTT assay 

findings, demonstrating substantial cell death at concentrations as low as 1% v/v (Figure 1C). 

The green/red fluorescence signal clearly distinguished viable from damaged cells, supporting 

the quantitative findings and illustrating the acute toxicity of this isolate. 

To complement the in vitro findings, we also tested selected SNs in a model based on Galleria 

mellonella to assess potential systemic toxicity. Larvae were monitored over a period of four to 

five days post-injection with concentrated SNs. However, no significant lethality was observed 

compared to control groups. This suggests that the tested SNs lack sufficient virulence to affect 

this model system or, alternatively, that G. mellonella may not be an appropriate surrogate host 

for studying C. perfringens secreted factors in isolation. Future experiments using live bacterial 

infection or alternative animal models may provide better insights into host–pathogen 

interactions in vivo. 
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Together, these results demonstrate that C. perfringens isolates consistently secrete cytotoxic 

factors that affect avian and human epithelial cells, and that enzymatic activity — possibly due 

to collagenases — is widespread and independent of netB or tpeL expression. Further 

characterization of these enzymes is necessary to confirm their identity and define their specific 

contribution to host-cell damage. 

 
 

Figure 4: Collagenolytic activity and cytotoxic effects of Clostridium perfringens isolates. (A) 

Fluorescence Resonance Energy Transfer (FRET)-based enzymatic assay showing collagenase-like 

activity in culture supernatants (SNs) of 11 C. perfringens isolates using fluorogenic Substrate B. 

Relative fluorescence intensity is expressed as a measure of substrate cleavage over time. (B) MTT cell 

viability assay comparing cytotoxic effects of selected SNs on avian SL-29 and human A549 cells. 

Isolate 7381 (high enzymatic activity) and 18239 (low activity) are shown as representatives. Cell 

viability is expressed as a percentage relative to untreated controls. (C) Live/dead fluorescence 

microscopy of SL-29 cells upon exposure to SN from isolate 7381. Green fluorescence indicates live 

cells (calcein AM), and red fluorescence marks dead cells (EthD-1). Scale bar = 487.5 µm. Graphs were 

generated using GraphPad Prism 10. 

Evaluation of LasB/ColH Inhibitors Against C. perfringens Collagenase 

To assess the potential of small-molecule inhibitors to block collagenolytic activity in C. 

perfringens SNs, we screened a panel of compounds originally designed to inhibit either C. 

histolyticum collagenase ColH or the P. aeruginosa metalloprotease LasB.14–17 The screening 

was initially conducted using the established FRET-based enzymatic assay, which offers a 

simplified and robust platform to detect substrate cleavage. The assay employs a fluorogenic 

substrate that fluoresces upon proteolytic cleavage, enabling real-time quantification of enzyme 

activity; inhibitor efficacy is determined by a corresponding decrease in fluorescence, enabling 

direct assessment of compound efficacy. 
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Among the tested compounds, four molecules showed inhibition at 100 µM and 200 µM against 

SNs from three different C. perfringens strains (Table S2). As summarized in Table 1, 

compounds 5797 and 7178 exhibited the most pronounced inhibitory effects. Compound 5797 

displayed inhibition ranging from 34% to 42% at 100 µM, but this effect was reduced at 200 

µM across all tested strains. This inverse dose-response may be attributable to compound 

aggregation or off-target effects at higher concentrations, although further investigation is 

required to elucidate the mechanism. 

In contrast, 7178 showed a modest increase in inhibition when tested at 200 µM compared to 

100 µM, indicating a more consistent and concentration-dependent activity profile. Based on 

these findings, compound 7178 was selected for further testing in a more biologically relevant 

context using SL-29 cells. This cell-based in vitro assay allowed us to evaluate not only the 

enzymatic inhibition but also the protective effect of the compound against C. perfringens-

induced cytotoxicity. 

 
Table 1: Percent inhibition of collagenolytic activity in C. perfringens SNs by selected small-molecule 

inhibitors at 100 and 200 µM. 

Compound Concentration %Inhibition ± SD Target Strains 

HIPS5797 100 µM 41.7 ± 7.5 18207, 18359, 9239 
 

200 µM 2.0 ± 9.8 

 

HIPS6007 100 µM 14.3 ± 0.6 18207, 18359, 9239 
 

200 µM 8.3 ± 6.4 

 

HIPS6044 100 µM 18.7 ± 8.1 18207, 18359, 9239 

HIPS7178 100 µM 30.7 ± 9.1 18207, 18359, 9239 
 

200 µM 39.0 ± 5.3 

 

 

To assess the potential of compound 7178 to protect host cells from toxin-induced damage, it 

was tested in combination with C. perfringens SNs in the MTT viability assay using SL-29 

avian fibroblasts. 

In the first experiment, 7178 was applied at a concentration of 200 µM and pre-incubated for   

4 hours with two concentrations of the SN from strain 9227 (1.5% and 2.5% v/v) prior to 

addition to the cells. To maintain optimal enzyme cofactor availability during this incubation, 

the reaction mixtures also contained 50 µM ZnCl₂ and 50 µM CaCl₂, which support 

metalloprotease activity. As shown in Figure 2A, no improvement in cell viability was observed 

under either condition, despite the pre-incubation step designed to allow effective target 

engagement. 

To determine whether the lack of protective effect was specific to strain 9227 or influenced by 

compound concentration, we next evaluated compound 7178 at an elevated dose of 400 µM 

against SN derived from strain 18204 (Figure 2B). As before, two concentrations of the SN 
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(1.25% and 2.5% v/v) were tested following a 4-hour pre-incubation with the compound. 

Despite the increased inhibitor concentration and a different bacterial background, no 

significant improvement in SL-29 cell viability was detected. Importantly, compound 7178 

alone did not induce cytotoxicity at either 200 or 400 µM. Although a minor reduction in 

viability was observed at the higher dose relative to medium-only controls, this effect was not 

statistically significant and is unlikely to reflect true toxicity. 

Eventhough compound 7178 could not confer protection in a cellular context, its ability to 

reduce collagenolytic activity by 24–43% in the biochemical FRET-based assay remains a 

promising finding. The discrepancy between enzymatic inhibition and lack of cellular efficacy 

suggests that further medicinal-chemistry optimization is likely required. Factors such as cell 

permeability, metabolic stability, and target engagement in complex biological matrices may 

influence efficacy and should be addressed in follow-up studies. Nevertheless, compound 7178 

represents a potential starting point for the development of targeted collagenase inhibitors in C. 

perfringens. 

 

 

Figure 5: Effect of compound 7178 on SL-29 cell viability in the presence of Clostridium 

perfringens supernatants. (A) SL-29 cells were treated with 1.5% and 2.5% (v/v) supernatant (SN) 

from strain 9227, with or without 200 µM 7178 (pre-incubated for 4 h). (B) SL-29 cells were treated 

with 1.25% and 2.5% (v/v) SN from strain 18204, with or without 400 µM 7178 (pre-incubated for 4 h). 

Data represent mean ± SD of technical triplicates. Graphs were generated using GraphPad Prism 10. 

Conclusions 

This study explored the contribution of collagenase-like activity to the virulence of C. 

perfringens, a pathogen of major relevance to both human and animal health. We characterized 

the supernatants of 11 isolates for their enzymatic and cytotoxic potential, revealing widespread 

collagenolytic activity that varied between strains and appeared to be independent of major 

toxins such as NetB or TpeL. 
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Interestingly, all culture supernatants, including those from low-activity strains, were highly 

cytotoxic to avian SL-29 fibroblasts. This suggests that even modest levels of secreted factors 

are sufficient to compromise these cells, highlighting a pronounced host-specific vulnerability. 

The cytotoxic effects were less pronounced in human A549 epithelial cells, supporting the idea 

of selective sensitivity based on cell type or species origin. 

To evaluate potential inhibition of collagenase activity, we screened a small panel of 

compounds previously developed against C. histolyticum ColH and P. aeruginosa LasB. 

Compound 7178 showed moderate inhibitory effects in vitro using a FRET-based assay, but 

did not rescue cell viability in the SL-29 model, even at high concentrations. These findings 

suggest that while inhibition of enzymatic activity is achievable biochemically, further 

optimization will be necessary for functional cellular protection. 

Future research should focus on identifying the specific enzymes responsible for collagenolytic 

activity through proteomic analysis or targeted mutagenesis. The inhibitors evaluated here may 

serve as starting points for structure–activity relationship (SAR) studies and medicinal 

chemistry efforts to improve potency, specificity, and cellular permeability. Moreover, testing 

live bacterial infections — rather than isolated supernatants — in more representative infection 

models may provide better insight into the in vivo relevance of these virulence factors. Finally, 

understanding the broader role of collagenases in pathogenesis could inform novel anti-

virulence strategies not only in poultry health but also in human medicine, where C. perfringens 

remains an opportunistic threat. 

Experimental Section 

Preparation of Bacterial Supernatants 

A total of 11 C. perfringens isolates, provided by Animal Health Innovation (MSD), were used 

(Table S1). SNs were prepared by the supplier as follows: isolates were cultured overnight on 

Mueller-Hinton agar plates supplemented with 5% sheep blood at 40 °C. Subsequently, 10–20 

well-isolated colonies were transferred into 40 mL Brain Heart Infusion (BHI) broth and 

incubated for 24 h at 40 °C. Colony-forming units (CFU/mL) were determined for three 

representative isolates. Cultures were centrifuged at 4000 × g for 10 min at room temperature, 

and the SNs were sterile-filtered through 0.45 µm Sartorius filters. Sterility was confirmed by 

plating 100 µL of filtrate on agar and incubating at 40 °C for 24 h. Each filtrate was aliquoted 

and stored at −20 °C until shipment. For experimental use, aliquots were stored at −80 °C and 

thawed at room temperature immediately prior to analysis. 

FRET-Based Enzymatic Activity Assay of Clostridium perfringens Supernatants and 

Inhibitor Evaluation 

To evaluate collagenolytic activity in C. perfringens and assess the efficacy of collagenase-

targeting inhibitors, a FRET-based enzyme activity assay was employed using SNs. The 

enzymatic activity assay was performed using a ClarioStar microplate reader (BMG Labtech) 

at 37 °C. Fluorescence was measured at excitation/emission wavelengths of 485/530 nm. The 

fluorogenic peptide substrate was dissolved in DMSO to a 10 mM stock concentration.  

Assays were conducted in black 384-well plates (Cellstar, Greiner). BHI blanks were included 

in duplicate and diluted 1:2, mirroring the SN dilutions, to maintain consistent background 
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levels. Each SN was serially diluted 1:2 in a 96-well V-bottom plate (Greiner). From each 

dilution step, 20 µL was transferred in duplicate into the 384-well plate. Assay buffer (25 mM 

Tris, pH 7.2, 10 mM CaCl₂) was added (15 µL/well), followed by 15 µL of substrate solution 

to reach a final substrate concentration of 10 µM. Plates were immediately read in the 

microplate reader. 

To assess inhibitor efficacy, selected small-molecule compounds (developed against C. 

histolyticum ColH and P. aeruginosa LasB) were tested at final concentrations of 100 and 

200 µM. Compounds were dissolved in 99.9% DMSO and diluted in assay buffer supplemented 

with 0.075% pluronic acid. For each reaction, 5 µL of the inhibitor solution was mixed with 

15 µL substrate and added to wells containing 20 µL of SN. After 15 min incubation at 37 °C, 

fluorescence was recorded as described above. 

Raw fluorescence data were processed in Microsoft Excel and further analyzed and visualized 

using GraphPad Prism 10. These analyses enabled quantitative comparison of enzymatic 

activity across isolates and the relative inhibitory effect of test compounds. 

Cell Cultures 

SL-29 cells, a fibroblast-derived cell line derived from a chicken embryo, were maintained in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS), 10% tryptose phosphate broth (TPB), and 1% penicillin-streptomycin (Pen/Strep). Cells 

were cultured at 37 °C in a humidified incubator with 5% CO₂, and the medium was replaced 

every 2–3 days. SL-29 cells were passaged upon reaching ≥ 90% confluency using standard 

trypsinization protocols and routinely seeded at a density of 7.5 × 10⁴ cells/mL. 

Human lung epithelial A549 cells were cultured and maintained according to the methods 

described by Kaya et al., using DMEM supplemented with 10% FBS and 1% Pen/Strep under 

identical incubation conditions.18 

MTT Cell Viability Assay 

Cytotoxic effects of C. perfringens SNs on SL-29 and A549 cells were assessed using the MTT 

assay. SL-29 and A549 cells were seeded at 1 × 105 and 2.5 × 104 cells/well, respectively, in 

100 µL of complete medium into the inner wells of sterile, flat-bottom 96-well plates (Greiner), 

while outer wells were filled with phosphate-buffered saline (PBS) to minimize evaporation. 

After 24 h of incubation at 37 °C and 5% CO₂ to allow for cell attachment, monolayers were 

inspected microscopically for confluency. 

SNs from selected C. perfringens isolates were diluted in culture medium and applied to the 

cells for 8 h for SL-29 and 24 h for A549 cells, based on prior optimization. Following 

treatment, wells were washed once with PBS using a multichannel pipette. 

Subsequently, 100 µL of MTT solution (prepared from a 5 mg/mL stock in PBS) in complete 

medium was added per well and incubated for 1 h at 37 °C to allow for formazan formation. 

The supernatant was then removed, and 150 µL of lysis buffer (DMSO containing 10% SDS 

and 0.5% acetic acid) was added to dissolve the formazan crystals. 

Absorbance was measured at 550 nm with a 620 nm reference using a PHERAstar microplate 

reader (BMG Labtech). Data were analyzed using Microsoft Excel and visualized with 

GraphPad Prism 10. 
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Galleria mellonella in vivo model 

To evaluate the virulence of C. perfringens secreted factors in vivo, a survival assay was 

conducted using Galleria mellonella larvae. This model enables rapid assessment of pathogenic 

potential through survival analysis. Larvae were selected based on uniform size, bright yellow 

coloration, and active mobility to ensure consistency and viability across test groups. 

Each experimental group consisted of 10 to 15 larvae. The groups included: (1) no injection 

control, (2) a buffer control injected with sterile PBS, and (3) test groups injected with 10 µL 

C. perfringens SNs. All SNs were previously stored at –80 °C and thawed under sterile 

conditions prior to use. 

Injections were performed using 1 mL syringes fitted with 0.30 × 12 mm needles. Syringes were 

filled with 10 µL of the designated test sample and mounted onto a microinjector for consistent 

delivery. Injections were administered into the left hind proleg of each larva to standardize the 

procedure across all groups. 

Following injection, larvae were placed in sterile Petri dishes, covered, and incubated at 37 °C. 

Survival was monitored twice daily for changes in coloration (melanization) and motility. 

Larvae were recorded as dead if they showed no response to touch and exhibited complete 

darkening. At the conclusion of the observation period, survival data were documented and 

used for Kaplan–Meier survival analysis. 

Live/Dead Staining Assay for SL-29 Cells 

To assess the cytotoxic effects of C. perfringens SNs on SL-29 cells, a Live/Dead staining assay 

was performed using the Live/Dead Viability/Cytotoxicity Kit (Thermo Fisher). Cells were 

seeded into sterile 96-well F-bottom plates (Greiner) at a density of 1 × 10⁵ cells/mL in 100 µL 

per well, as previously established for the MTT assay. The plates were incubated overnight at 

37 °C with 5 % CO₂. 

On the following day, C. perfringens supernatants were thawed at room temperature and diluted 

in DMEM to final concentrations of 0 %, 2.5 %, 5 %, and 10 %. Each dilution was applied in 

triplicate (100 µL/well) to the pre-cultured cells, followed by incubation for 3 h under standard 

conditions. 

Shortly before the end of incubation, the Live/Dead staining solution was prepared under sterile 

conditions by mixing 20 µL Ethidium homodimer-1 (EthD-1, 2 mM) and 5 µL Calcein AM 

(4 mM) in 10 mL PBS. After supernatant exposure, the cells were washed twice with 100 µL 

PBS to remove residual compounds, and 100 µL of the staining solution was added to each 

well. 

Plates were incubated for 45 min at room temperature in the dark. Fluorescence imaging was 

performed using a Leica fluorescence microscope. Calcein AM, indicative of live cells, was 

excited at 485 ± 10 nm with emission at 530 ± 12.5 nm (fluorescein filter), while EthD-1, 

marking dead cells, was excited at 530 ± 12.5 nm with emission at 645 ± 20 nm (rhodamine 

filter). Image acquisition and subsequent analysis were conducted using ImageJ software. 
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Supporting Information 

 

 

Figure S1: Initial screening of fluorogenic peptide substrates to assess proteolytic activity of 

representative Clostridium perfringens isolates. Three isolates (18207, 18210, and 18239) were 

incubated with three different FRET-based peptide substrates (designated A, B, and C) to evaluate their 

peptidolytic capacity. Substrate B showed the most robust and consistent cleavage across strains and 

was selected for subsequent collagenase activity assays. Data represent mean substrate cleavage 

normalized to blank (n = 2 technical replicates). Graphs were generated using GraphPad Prism 10. 

 

 

 

Figure S2: Dose-dependent cytotoxicity of Clostridium perfringens supernatants in A549 and SL-

29 cells. Cell viability was measured using MTT assays after overnight exposure to increasing 

concentrations of bacterial supernatant (SN) from selected isolates. SL-29 cells exhibited higher 

sensitivity to SNs than A549 cells, particularly at lower concentrations. Results are shown as percent 

viability relative to untreated control (mean ± SD, n = 3). Graphs were generated using GraphPad Prism 

10.



Appendix 

154 
 

Table S1: Characteristics of C. perfringens isolates. 

ID Serotype/genes Pathology 

7381 Type A, NetB, TpeL pos Enteritis 

9227 Type A, NetB, TpeL pos Not known 

9239 Type A, NetB, TpeL pos Not known 

18152 Type A, NetB, TpeL pos Enteritis 

18153 Type A, NetB, TpeL pos Enteritis 

18204 Type A, NetB pos, TpeL neg Enteritis 

18207 Type A, NetB pos, TpeL neg Enteritis 

18210 Type A, NetB, TpeL neg Enteritis 

18220 Type A, NetB pos, TpeL neg Enteritis 

18239 Type A, NetB pos, TpeL neg Enteritis 

18259 Type A, NetB pos, TpeL neg Enteritis 

 

 

           Table S2: Chemical structures of the selected ColH/LasB inhibitors. 

Compound Structure 

HIPS5797 

 

HIPS6007 

 

HIPS6044 

 

HIPS7178 
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Abbreviations 
 

AMR Antimicrobial Resistance 

MDR Multidrug Resistance 

DNA Deoxyribonucleic Acid 

RNA Ribonucleic Acid 

QS Quorum Sensing 

MMP Matrix Metalloprotease 

LasB Pseudomonas aeruginosa Elastase B 

LecA Pseudomonas aeruginosa Lectin A 

ColH Clostridium histolyticum Collagenase H 

TpeL Toxin Perfringens Large 

NetB Necrotic Enteritis 

WHO World Health Organization 

CF Cystic Fibrosis 

COPD Chronic Obstructive Pulmonary Disease 

ZBG Zn2+-Binding Group 

HAP Hospital-Acquired Pneumonia 

VAP Ventilator-Associated Pneumonia 

T2SS Type-2 Secretion System 

IgG Immunoglobulin G 

IgA Immunoglobulin A 

IL-6 Interleukin-6 

IL-8 Interleukin-8 

IL-1β Interleukin-1 beta 

TNF Tumor Necrosis Factor 

CSF Colony-Stimulating Factor 

MAPK Mitogen-Activated Protein Kinase 

FGF Fibroblast Growth Factor 

TJs Tight Junctions 

AJs Adherens Junctions 

ZO-1 Zonula Occludens-1 

qPCR Quantitative Polymerase Chain Reaction 

mRNA Messenger RNA 
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AMP Antimicrobial Peptide 

AAC Antibody-Antibiotic Conjugate 

CRISPR-Cas Clustered Regularly Interspaced Short Palindromic Repeats and 

CRISPR-associated proteins 

PBP Penicillin Binding Protein 

ESBL Extended-Spectrum β-Lactamase 

mAb Monoclonal Antibody 

MRSA Methicillin-Resistant Staphylococcus aureus 

Hib Haemophilus Influenzae Type b 

PCV Pneumococcal Conjugate Vaccine 

MBL Metallo-β-Lactamase 

ADMET Absorption, Distribution, Metabolism, Excretion, and Toxicity 

Calu-3 Human Bronchial Epithelial Cell Line 

Arlo Human Alveolar Epithelial Cell Line 

A549 Lung Carcinoma Cell Line 

SL-29 Avian Fibroblast-Derived Cells 

FRET Fluorescence Resonance Energy Transfer 

SN Bacterial Culture Supernatant 

BHI Brain Heart Infusion 

DMSO Dimethyl Sulfoxide 

DMEM Dulbecco’s Modified Eagle Medium 

FBS Fetal Bovine Serum 

TPB Tryptose Phosphate Broth 

Pen/Strep Penicillin-Streptomycin 

PBS Phosphate-Buffered Saline 

CFU Colony-Forming Units 

SAR Structure-Activity Relationship 

FDA Food and Drug Administration 

TEER Transepithelial Electrical Resistance 

GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor 

G-CSF Granulocyte Colony-Stimulating Factor 

DUSP2 Dual Specificity Phosphatase 2 

FGFBP1 Fibroblast Growth Factor Binding Protein 1 
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