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INTRODUCTION

Bacterial infections in hospital settings, particularly within the gastro-
intestinal tract (GIT), present a significant challenge to healthcare systems
worldwide. Hospital-acquired infections (HAIs), also known as nosocomial
infections (NIs), are often linked to invasive procedures, antibiotic use, and
compromised immune systems of patients. In the GIT, various bacterial
pathogens such as Escherichia coli, Clostridium difficile, and especially
Klebsiella species can cause infections ranging from mild gastroenteritis to
severe conditions such as colitis and life-threatening sepsis . Notably, Kleb-
siella species, was currently named in the top of World Health Organisation
(WHO) superbugs list, because of its widespread resistance to third-gene-
ration antibiotics in the European Region . With approximately 10% of hospi-
talized patients worldwide affected by NIs, understanding the mechanisms of
bacterial transmission, implementing rigorous infection control strategies,
and monitoring antibiotic resistance patterns are paramount in mitigating the
impact of these infections on patient outcomes and healthcare facilities.

Klebsiella pneumoniae and Klebsiella quasipneumoniae are Gram-
negative, rod-shaped, facultative anaerobic bacteria commonly found in
hospital settings, these bacteria can be opportunistic pathogens, often colo-
nizing the human GIT and nasopharynx 3. However, these bacteria are also
regularly associated with secondary infections, including pneumonia and
urinary tract infections. Their presence in hospitals is concerning, especially
in patients with compromised immune systems or those undergoing invasive
procedures, as they can lead to severe infections with high morbidity and
mortality rates. Additionally, their growing resistance to antibiotics further
complicates treatment options, making these infections even harder to
manage.

Despite antibiotic treatment being one of the main methods in modern
medicine to combat bacterial infections, the abundant and inappropriate use
of antimicrobial agents leads to the emergence of multi-drug resistant bacteria
(MDR)*. Globally, resistance of Klebsiella bacteria to antimicrobial drugs
currently reaches up to 70%, with mortality rates ranging from 40% to 70%.
Due to this reason, the multidrug resistance of bacteria, including Klebsiella,
has become one of the main public health concerns. Recurrent infections,
increasing mortality rates, and rising treatment costs encourage the search for
new antimicrobial agents.

Bacteriocins are antibacterial peptides or small proteins synthesized by
bacterial ribosomes, capable of acting against the same or closely related
species of bacteria. These antimicrobial agents are currently being globally



investigated as a promising option for novel antibiotic-resistant bacterial
infections, offering unique advantages over traditional antibiotics. Bacte-
riocins have a narrow spectrum of bacterial inhibition and are less prone to
develop resistance compared to antibiotics. Therefore, recombinant bacte-
riocins — Kvarla and KvarM — were chosen as the investigational therapeutic
agent for treating drug resistant infections.

Understanding the potential of recombinant bacteriocins in combating
these infections could provide valuable insights into the development of
novel and effective therapeutic approaches, especially in the context of rising
antibiotic resistance.

Aim and objectives

The aim of the study was to assess the efficacy of recombinant bacter-
iocins in the treatment of infections caused by Klebsiella strain bacteria using
animal experimental models, and to determine their impact on gut microbiota.

Objectives

1. To create lower gastrointestinal tract bacterial colonization model in
mice and assess Klebsiella bacterial counts.

2. To determine the physicochemical properties of recombinant bacte-
riocin coating to enable efficient release in murine gastrointestinal
models.

3. To evaluate the efficacy of recombinant bacteriocins in treating
gastrointestinal K/ebsiella infections in murine models.

4. To assess the impact of recombinant bacteriocins on the gut
microbiota composition in murine models.

The scientific novelty and relevance of the study

To address the growing need for microbiome-sparing antimicrobial
strategies, this study investigated the therapeutic potential of bacteriocin-
based interventions against Klebsiella species, a group of clinically signi-
ficant pathogens exhibiting increasing multidrug resistance ! 3. Gastrointes-
tinal infection models were employed to assess both pathogen virulence and
treatment efficacy under conditions that reflect clinically relevant challenges.
The main novel scientific contributions of the study, including the develop-
ment of a novel infection model, characterization of pH-dependent drug
release, identification of species-specific treatment needs, and evaluation of
targeted bacteriocins with minimal impact on the gut microbiota: 1. This
study tested multiple Klebsiella species in gastrointestinal colonization
models and identified the most virulent strain capable of inducing infection.
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This led to the development of a novel model for therapeutic testing that does
not require prior antibiotic-induced dysbiosis. 2. The pH levels were measu-
red in gastrointestinal tissues and fecal samples from murine models. The
findings identified the drug coatings optimal for targeting both the small and
large intestines while avoiding degradation in the acidic stomach environ-
ment. 3. K. quasipneumoniae is often misidentified as K. pneumoniae,
leading to inappropriate treatment and therapeutic failure due to differing
drug susceptibilities. To address this gap, the study investigated the efficacy
of the recombinant bacteriocin klebicin Kvarla as a targeted intervention for
K. quasipneumoniae-associated gastrointestinal infections. 4. K. pneumoniae
is a high-priority MDR pathogen and broad-spectrum antibiotics used against
it disrupt the GI microbiota. Recombinant bacteriocins KvarM and ColA-Ia
reduced gastrointestinal K. pneumoniae colonization by 99%, supporting
their potential as effective, microbiota-sparing therapies for MDR infections.
5. Although recombinant bacteriocins offer a more targeted approach, their
impact on the GI microbiota remained unknown. In this study, the impact of
KvarM and ColA-Ia on gut microbial composition was assessed, and results
showed no significant alterations in bacterial abundance or diversity. This
suggests that these bacteriocins can be used alongside other therapies without
compromising the integrity of the gut microbiome, making them suitable
candidates for combination treatments, especially in vulnerable patient
populations.
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THE LAYOUT OF THE DISSERTATION

This thesis describes the results of three different studies: the Pilot Study
which investigates the establishment of lower gastrointestinal tract coloni-
zation using K. quasipneumoniae subs. similipneumoniae (DSM® 28212™)
and evaluates the efficacy of the recombinant bacteriocin Kvarla in inhibiting
and reducing bacterial colonization; the Colonization Study further investi-
gates the establishment of lower gastrointestinal tract colonization using
K. pneumoniae subs. pneumoniae ATCC® 12657™ and K. pneumoniae subs.
pneumoniae ATCC® 43816™,; the Therapy study evaluated the efficacy of
the recombinant bacteriocins, klebicin KvarM and chimericin ColA-Ia, in
reducing bacterial colonization of the gastrointestinal tract and assessed their
impact on the gut microbiome. The Pilot study provided a broad overview of
the colonization model and identified the most effective therapeutic inter-
vention methods. The subsequent Colonization study established a stable
model of lower gastrointestinal tract colonization using opportunistic patho-
gens, effectively simulating a bacterial infection. Finally, the Therapy study
investigated the efficacy of recombinant bacteriocins as narrow-spectrum
antimicrobials for combating bacterial colonization, demonstrating their
potential to target pathogens without causing off-target damage to the gut
microbiome. The results of Pilot study, part of Colonization study, and
Therapy study are published in open-acces peer-riewed journals Gut Patho-
gens and Frontiers in Cellular and Infection Microbiology, respectively. The
layout of the thesis is represented in Fig. 1.
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Fig. 1. The layout of the dissertation

Table 1. The summary of the study designs accordingly to the layout of the

dissertation

Group No Group name Substances




Table 1. Continued

Group No Group name Substances

Group No Group name Substances




PHD CANDIDATE’S CONTRIBUTION

The author, Indré Karaliiite, contributed to all phases of the thesis in
respect to each of the studies as presented in the layout of the dissertation.
This included study conception and design, as well as participation in all
aspects of the investigations: animal experiments, bacterial cultivation, DNA
extraction from fecal and bacterial samples, calibration curve setup, qRT-
PCR, and pH measurements of fecal and tissue samples. Performed data
analysis, generated figures and wrote the manuscripts for the publications.

15



1. LITERATURE REVIEW

1.1. The urgency of action in bacterial infection treatment

The rapid emergence and spread of antibiotic resistant bacterial species
pose a significant challenge to modern medicine, threatening the efficacy of
antibiotics and complicating the treatment of common infections. Of parti-
cular concern are HAIs caused by multidrug-resistant Gram-negative patho-
gens, which present a major burden to both patients and healthcare systems > .

In this context, there is an urgent need for alternative therapeutic stra-
tegies to combat antibiotic-resistant infections. Hence, bacteriocins, are pro-
mising candidates to potentially replace or complement traditional antibio-
tics 7, as they exhibit potent activity against certain bacteria, including multi-
drug-resistant strains, while the producer strains remain insusceptible to their
bactericidal effects.

This thesis explores the potential of recombinant bacteriocins as narrow-
spectrum antimicrobial agents, with a focus on their application in addressing
the challenges posed by antibiotic-resistant pathogens. By examining the
properties, mechanisms of action, and potential therapeutic applications of
bacteriocins, we aim to contribute to the ongoing efforts to develop novel
strategies for combating antimicrobial resistance (AMR) and improving pa-
tient outcomes in the face of this global health crisis®.

1.2. Hospital-acquired infections

HAIs — also referred to as NIs — are infections that patients acquire during
their stay in healthcare facilities, typically manifesting 48 hours or more after
admission. These infections are a significant global health concern due to
their prevalence, impact on patient outcomes, and associated economic
burden. According to the WHO, HAIs affect approximately 7% of hospita-
lized patients in high-income countries and 15% in low-income countries,
translating to millions of cases annually. The prevalence is particularly high
in intensive care units (ICUs), where invasive procedures and prolonged stays
increase susceptibility °.

Common types of HAIs include central line-associated bloodstream
infections (CLABSI), catheter-associated urinary tract infections (CAUTI),
ventilator-associated pneumonia (VAP), surgical site infections (SSI), and
gastrointestinal infections such as C. difficile colitis. These infections are
caused by a variety of pathogens, including multidrug-resistant bacteria like
Staphylococcus aureus (including MRSA), E. coli, K. pneumoniae, and
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Pseudomonas aeruginosa. The emergence of multidrug-resistant organisms
further complicates treatment and control efforts 2.

The health and economic impacts of HAIs are profound. Patients with
HAISs experience longer hospital stays, higher morbidity and mortality rates,
and increased medical costs. For instance, the European Centre for Disease
Prevention and Control (ECDC) estimated that HAIs result at least 37000
deaths annually and have an economic impact of approximately 7 billion
euros each year?. The financial burden extends beyond healthcare systems,
affecting patients’ families and communities. Moreover, HAIs contribute to
the spread of AMR, exacerbating the global crisis. Addressing HAIs requires
robust infection prevention measures, such as improved hygiene practices,
antimicrobial stewardship, and adherence to evidence-based protocols.

1.2.1. Prevalent bacteria in hospital-acquired infections

The WHO’s Global Antimicrobial Resistance and Use Surveillance
System (GLASS) has identified eight bacterial strains isolated from patients’
biological material, who exhibited clinical signs of HAIs. These pathogens
pose significant challenges in healthcare settings due to their increasing
AMR. Among these, Acinetobacter spp., particularly Acinetobacter bauma-
nnii, are notorious for their ability to survive on various surfaces for extended
periods, leading to NIs such as pneumonia and bloodstream infections (BSIs).
E. coli, a common cause of urinary tract and gastrointestinal infections, has
been among the most prevalent pathogens in AMR cases for several decades.
S. aureus, especially methicillin-resistant MRSA, is a leading cause of skin
and soft tissue infections, pneumonia, and surgical site infections. Other
significant pathogens include Streptococcus pneumoniae, known for causing
respiratory infections; Shigella spp., responsible for gastrointestinal infect-
ions in regions with poor sanitation; Neisseria gonorrhoeae, the causative
agent of gonorrhea with increasing resistance to multiple antibiotics; and
K. pneumoniae, a leading cause of pneumonia, BSIs, urinary and GIT infec-
tions in healthcare settings. Understanding the prevalence and characteristics
of these bacteria is crucial for implementing effective infection control
measures and developing targeted treatment strategies to combat the growing
threat of antimicrobial resistance in hospital environments '% !,
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Fig. 1.2.1.1. The most prevalent bacteria and their infection sites
in clinical settings

K. pneumoniae stands out as a particularly formidable pathogen among
HAIs due to its remarkable adaptability and resilience. Unlike many other
bacteria, K. pneumoniae possesses a thick polysaccharide capsule that acts as
a protective shield, enhancing its survival in harsh hospital environments and
conferring resistance to phagocytosis by immune cells. This capsule, combi-
ned with its ability to form biofilms, allows K. pneumoniae to persist on
various surfaces, including medical devices, for extended periods. Further-
more, K. pneumoniae exhibits an exceptional capacity for acquiring and
disseminating antimicrobial resistance genes, often through horizontal gene
transfer (HGT) (see Section 1.3.3), leading to the rapid emergence of
multidrug-resistant strains. The bacterium’s genomic plasticity enables it to
quickly adapt to antibiotic pressures, with some strains developing resistance
to last-resort antibiotics like carbapenems. Perhaps most alarmingly,
K. pneumoniae has given rise to hypervirulent strains that can cause severe,
invasive infections even in healthy individuals, a trait uncommon among
typical opportunistic pathogens. This combination of antibiotic resistance,
environmental persistence, and enhanced virulence makes K. pneumoniae a
uniquely challenging threat in healthcare settings, demanding urgent attention
and innovative strategies for control and treatment °- 1% 13,
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of Klebsiella pneumoniae invasive isolates resistant to carbapenems
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1.3. Klebsiella spp.

Klebsiella is a notable member of the Enterobacteriaceae family and a
significant pathogen in healthcare settings. This bacterium is primarily
known for its role in causing a variety of infections, particularly in immuno-
compromised patients. Its ability to thrive in diverse environments, including
the human GIT, soil, and water, contributes to its widespread presence and
potential for opportunistic infections. The increasing prevalence of multidrug-
resistant strains of Klebsiella has raised alarms within the medical commu-
nity, highlighting the urgent need for effective strategies to combat this resi-
lient pathogen. Therefore, K. pneumoniae carbapenemase (KPC) producing
organisms can be classified as ESKAPE organisms, which is a group con-
sisting of the six most important microorganisms resistant to antimicrobials
worldwide (Enterococcus faecium, S. aureus, KPC, Acinetobacter bauma-
nnii, P. aeruginosa, and Enterobacter spp.) 4.

1.3.1. Phylogenetic groups of Klebsiella

The classical method of Klebsiella classification is into several phyloge-
netic groups based on genetic similarities and differences. The four main
groups are Kpl, Kpll, Kplll, and KpIV. Kpl predominantly consists of
K. pneumoniae strains associated with clinical infections in humans, making
it the most clinically relevant group. Kpll primarily includes K. variicola,
which is less frequently linked to human infections, but more commonly
found in environmental samples. KplIl comprises K. quasipneumoniae and
K. quasivariicola, which have been implicated in both human and animal
infections but are less common in clinical settings. Finally, KpIV includes
K. michiganensis, a newer group that has been associated with plant infec-
tions. On the other hand, K. pneumoniae complex that is multidrug-resistant,
hypervirulent, and opportunistic groups based on the accessory genome, has
been classically and taxonomically divided into the just Kpl, Kpll, and KplII
phylogroups. Recently, it has been suggested that these phylogroups, which
are collectively known as the KPC, can be classified as separate species as
follows: K. pneumoniae (Kpl), K. quasipneumoniae (Kpll), and K. variicola
(KpIIT) °. Understanding these phylogenetic distinctions is crucial for scien-
tific studies and infection control measures aimed at managing the spread of
this pathogen, as no approved potential therapy currently exists for hyper-
virulent strains of this bacteria.
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1.3.2. Characteristiscs and pathogenicity of Kpl

K. pneumoniae (Kpl) is a bacterium known for its encapsulated, non-
motile nature and ability to ferment lactose. This facultative anaerobe posse-
sses a genome of 167989 bp with a GC content of 39.6% and 295 predicted
genes '°, Nevertheless, K. pneumoniae has high chances of transitioning from
opportunistic bacterium to a pathogenic one through a combination of viru-
lence factors and environmental conditions. Firstly, Kpl pathogenicity is
attributed to a few virulence factors. Primary virulence factor is characterized
as a thick polysaccharide capsule (CPS) of bacteria, which protects against
host immune responses, particularly protecting the bacterium from phagocy-
tosis and complement proteins !7. This factor also contributes to the ability of
forming biofilms on surfaces or attachment to host tissues, using type 1 and
type 3 fimbriae, allowing abundant colonization '8. Contribution of suppor-
ting the growth, virulence, and antibiotic resistance is also highly due to side-
rophores, which helps bacteria to feed from its environment, and lipopoly-
saccharides (LPS) in the outer membrane, which helps immune evasion.
Furthermore, environmental factors are just as important for the pathoge-
nicity of K. pneumoniae, as it can easily colonize mucosal surfaces, parti-
cularly in the GIT and the spread to other tissues in individuals with weake-
ned immune systems or those with underlying health conditions '°. Obvious-
ly, K. pneumoniae is quite capable of genetic adaptations, like additional
virulence or antibiotic resistance genes, which allows the bacteria to persist
despite the treatments 2°. This combination of traits enables K. pneumoniae to
cause severe infections, including pneumonia, urinary tract infections, and
BSIs, particularly in individuals with underlying health conditions or those
undergoing invasive procedures.

1.3.3. Characteristiscs and pathogenicity of KplI

K. quasipneumoniae (Kpll) is quite recently defined Gram-negative,
rod-shaped bacterium within the Klebsiella genus, often misidentified as
K. pneumoniae due to similar phenotypic traits?!. As per latest reviews,
K. quasipneumoniae has been classified as Kpll subs. quasipneumoniae and
KplV subs. similipneumoniae. Originally linked to opportunistic environ-
mental pathogens, both subspecies are now increasingly reported as patho-
gens associated with HAIs 22, KplI possesses virulent factors quite like Kpl,
which leads to urinary tract infections, BSIs, gastrointestinal infections, and
pneumonia. This similarity often leads to the misidentification of the primary
pathogen responsible for the disease ?*. Although K. quasipneumoniae gene-
rally exhibits higher antimicrobial susceptibility than K. pneumoniae, it can
easily acquire carbapenemase-encoding genes and harbors various resistance
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genes (like fosfomycin resistance gene, ompK36 gene, ompK37 gene etc.)
highly contributing to MDR ?*. Alarmingly, K. quasipneumoniae uses hori-
zontal gene transfer quite effectively for acquiring new antimicrobial mecha-
nisms (outer membrane vesicles (OMVs) 24, plasmid acquisition, mobile ge-
netic elements, diverse gene profiles, environmental adaptation 2°). Thus, the
increasing recognition of K. quasipneumoniae as a distinct pathogen highl-
ights its clinical significance, particularly in HAIs, necessitating improved
measures to address its virulence and tendency to multidrug — resistance.

1.3.4. Clinical significance and associated infections of KpI and
Kpll

K. pneumoniae and K. quasipneumoniae are clinically significant patho-
gens responsible for a wide range of HAIs. VAP occurs at least 48 hours after
endotracheal intubation and is caused by the microaspiration of bacteria
colonizing the oropharynx and upper airways 2°. CAUTIs are mostly caused
by bacterial colonization of urinary catheters, with one exceptional trait being
the ability to form biofilms ?7. SSIs occur when bacteria, in immunocompro-
mised, colonize surgical wounds, leading to complications such as abscesses
or wound dehiscence 2®. BSIs usually results from primary infections like
pneumonia or intra-abdominal infections after surgical or intravenous inter-
ventions %, GIT infections often result from translocation of bacteria from the
gut microbiota to sterile sites, it can lead to intra-abdominal abscesses or
secondary BSIs?!. Wound infections occur when bacteria enter through
breaks in the skin caused by surgery or trauma, leading to cellulitis, necro-
tizing fasciitis, or other soft tissue infections?’. Undoubtedly, infections
caused by MDR Klebsiella species are associated with higher morbidity and
mortality rates, with hypervirulent and carbapenem-resistant bacterial infec-
tions showing mortality rates as high as 50% 2% 26, These challenges show the
need for ongoing surveillance, strict infection control protocols, and research
into novel therapeutic approaches, like bacteriocins.

1.4. Antimicrobial resistance

AMR has emerged as one of the most significant global health challenges
of the 21% century, threatening the efficacy of modern medicine. According
to the WHO, bacterial AMR was directly responsible for 1.27 million deaths
worldwide in 2019 and contributed to an additional 4.95 million deaths,
underscoring its devastating impact on public health®. Projections from the
Global Research on Antimicrobial Resistance (GRAM) Project suggest that
AMR could directly cause over 39 million deaths between 2025 and 2050,
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with annual deaths attributable to AMR rising from 1.14 million in 2021 to
an estimated 1.91 million by 20503, This crisis is driven primarily by the
misuse and overuse of antimicrobials in humans, animals, and agriculture,
which accelerates the development of drug-resistant pathogens with progres-
sively advanced AMR mechanisms 3!.

MDR bacteria have developed more than a few mechanisms to bypass
the effects of antimicrobial agents. These mechanisms can be categorized into
four primary types. I. Limiting drug uptake reduces the permeability of the
bacterial cell membrane or modifies porin channels to restrict antibiotic entry.
For example, most K. pneumoniae and K. quasipneumoniae can alter the
expression of OmpK35 and OmpK36 porins, limiting the influx of B-lactams
and carbapenems *. II. Target modification alter the structure or expression
of the antibiotic’s target site, rendering the drug ineffective. III. Drug inacti-
vation mechanism produces the enzymes that modify or degrade antibiotic
molecules. For example, the production of B-lactamases by Klebsiella spec-
ies, which hydrolyze the B-lactam ring of penicillins, cephalosporins, and
carbapenems 32, IV. Active drug efflux actively expel antibiotics’ molecules
from the bacterial cell, reducing their overall intracellular concentration. In
K. pneumoniae, systems like AcrAB-TolC and OqxAB play crucial roles in
conferring resistance to multiple antibiotics .

1.4.1. Antimicrobial resistance mechanism in K. quasipneumoniae
and K. pneumoniae

K. quasipneumoniae and K. pneumoniae share several resistance mecha-
nisms that contribute to MDR profiles. Both Klebsiella species produce
B-lactamases, including extended-spectrum B-lactamases (ESBLs) such as
CTX-M, SHV, and TEM types, AmpC B-lactamases like DHA-1, and carba-
penemases such as NDM, IMP, KPC, and OXA-48 variants, which hydrolyze
B-lactam antibiotics and makes them ineffective !. Along with employment
of target modification strategies where mutations or structural alterations in
antibiotic target sites reduce drug efficacy. Antibiotic entry into the bacterial
cell can also be limited employing decreased permeability through porin
alterations (like OmpK35 and OmpK36 mutations). Both bacteria use active
efflux pump systems (AcrAB-TolC and OqxAB). Furthermore, one of the
more distinct characteristics is biofilm formation, which enhances AMR by
shielding bacterial cells from antibiotics and facilitating HGT of resistance
genes via plasmids 3.

Despite the similarities, K. quasipneumoniae exhibits some distinct re-
sistance mechanisms in comparison to K. pneumoniae. K. quasipneumoniae
harbors species-specific chromosomally encoded class A B-lactamases, which

23



have exceptional resistance to ampicillin but are less effective against other
B-lactams compared to the blaSHV variants typically found in K. pneumo-
niae**. Additionally, ESBL production is usually less prevalent in K. quasi-
pneumoniae, and it generally shows higher susceptibility to certain antibiotics
such as ampicillin/sulbactam and trimethoprim/sulfamethoxazole. Moreover,
plasmid-mediated resistance varies between the two species. K. quasipneu-
moniae isolates have been found to harbor unique plasmid profiles containing
genes such as blaCTX-M-2, blaKPC, and fosA *°.

1.4.2. Economic and socioeconomic challenges posed
by MDR strains

Globally MDR strains pose significant economic and socioeconomic
challenges. The World Bank estimates that AMR could result in at least US$
1 trillion additional healthcare costs by 2050 and US$ 1-3.4 trillion in annual
GDP losses by 2030 3!. Currently, AMR increases healthcare costs by US$
66 billion annually, projected to rise to US$ 159 billion by 2050 if resistance
rates follow historical trends *¢. The burden falls disproportionately on low-
and lower-middle-income countries, with the median cost of treating a
resistant infection ranging from US$ 100-30000 per hospital admission,
depending on the country’s income level *¢. Socioeconomic factors also play
a role, with studies showing a small but consistent negative association
between socioeconomic status and overall antimicrobial resistance rates*’.
The economic impact extends beyond healthcare, affecting productivity, agri-
culture, and tourism. Without effective interventions, AMR could lead to
22.2 million additional deaths by 2050, reducing the global workforce by
8 million *. These challenges underscore the urgent need for strategies on
controlling AMR, including improved access to high-quality treatments,
development of new antibiotics, and addressing socioeconomic inequality.

1.5. Bacteriocins

Bacteriocins have emerged as a promising class of novel antimicrobial
agents with potential to address the growing challenges in AMR field. Unlike
traditional antibiotics, bacteriocins often target specific bacterial strains,
reducing the risk of any following complications including undisturbed
microbiota. Their structural diversity, stability under extreme conditions, and
ability to combat multidrug-resistant pathogens make them attractive candi-
dates for therapeutic applications. Additionally, advancements in bioengi-
neering enables the further discovery and optimization of bacteriocins’
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formulations, paving the way for their integration into clinical and industrial
settings as alternatives to conventional antibiotics *.

1.5.1. Definition and general characteristics of bacteriocins

Bacteriocins are defined as proteinaceous toxins, ribosomally synthe-
sized antimicrobial peptides or proteins, produced by bacteria to inhibit the
growth of similar or closely related bacterial strains *°. These peptides have
different structures depending on bacteria strains, but typically are small,
heat-stable and prevalent in environments with high microbial competition,
like microbiota or soil 4. Their production enables bacteria to establish a
competitive advantage using several key characteristics distinguishing them
from traditional antibiotics. I. Pathway of synthesis differs from antibiotics
usual multi-enzyme complexes synthesis as bacteriocins are ribosomally
synthesized and can undergo post-translational modifications. II. Many bac-
teriocins have a narrow spectrum activity, affecting closely related bacterial
species, though chimericins can be used for broader spectrum. III. Diverse
structures ranging from linear to cyclic in small peptides or larger proteins.
IV. Mechanisms of action include pores formation in the cell membrane of
targeted bacteria leading to cell death, and some bacteriocins (microcin B17;
J25; C; H47) may have intracellular targets (RNA polymerase, aspartyl-
tRNA synthetase). V. Producer immunity helps the producing bacteria to
protect themselves from their own antimicrobial peptides, using immunity
proteins (Nisl protein, PedB), efflux systems (as-48EFGH), membrane modi-
fications (lipid profile anchoring Nisl). VI. Stability is demonstrated by many
bacteriocins under various environmental conditions, including high tempe-
ratures and a wide pH range. VII. Low toxicity to eukaryotic cells was
observed, making bacteriocins potentially safer alternatives than traditional
antibiotics *!.

1.5.2. Classification and types of bacteriocins

The classification of bacteriocins have changed a few times over the
dacades as new types have been discovered and characterized. Currently,
most widely accepted categorization is based on bacteriocin producing
organisms (Gram-positive or Gram-negative bacteria), structure, mechanisms
of action and some genetic characteristics. Gram-positive bacteriocins classi-
fication include Class I: Lantibiotics, such as nisin, lacticin or mersacidin,
which are small peptides (< 5 kDa) containing unique amino acids (lanthione
and B-methyllanthionine) and have three subclasses (Ia; Ib; Ic)*?. Class II:
Non-lantibiotic Bacteriocins, like Pediocin PA-1, Enteroci A and else, are
small (<10 kDa) heat-stable peptides without lanthionine and have five

25



subclasses (Ila, IIb, Ilc, IId, IIe) 4. Class III: Large bacteriocins, such as
lysostaphin and helveticin J, are heat-labile proteins (> 30 kDa). They are
divided into two subclasses: Class Illa (bacteriolysins), which cause cell wall
lysis, and Class IIIb (non-lytic bacteriocins), which kill cells by disrupting
metabolic processes without lysis. Class IV: Complex bacteriocins, such as
sublancin and glycocin F, contain lipid or carbohydrate moieties that contri-
bute to their antimicrobial activity. These bacteriocins exhibit unique structu-
ral features that enhance their functionality. Gram-negative bacteriocins
classification include colicins, such as A, B, E2, and E3, are large proteins
(30-80 kDa) produced by E. coli. They are protease-sensitive and heat-
sensitive bactericidal proteins that target closely related species. Colicins
typically enter bacterial cells by hijacking specific receptors like porins or
iron transport systems and disrupt essential cellular processes such as
membrane integrity or DNA replication. Colicin-like bacteriocins: S-piocins
and klebicins, share structural similarities with colicins but are produced by
other Gram-negative bacteria like Pseudomonas and Klebsiella. These
bacteriocins also rely on receptor hijacking for entry into target cells and often
exhibit species-specific activity. Microcins: microcin B17, C7, and E492, are
small peptides (< 10 kDa) produced by members of the Enterobacteriaceae
family. Microcins are highly stable under extreme conditions (like proteases
or pH variations) and act as “Trojan horse” compounds by mimicking vital
molecules to penetrate sensitive bacteria. They typically inhibit intracellular
targets like DNA gyrase or RNA polymerase. Phage-tail-like bacteriocins: R-
and F-piocins produced by P. aeruginosa, resemble the tail structures of
bacteriophages. These high-molecular-weight bacteriocins (20—100 kDa)
function by puncturing the membranes of target cells, leading to rapid cell
death3s 4447

1.5.3. Recombinant bacteriocins

Recombinant bacteriocins represent a significant advancement in the
field of antimicrobial research, providing a highly customizable approach to
producing these naturally occurring antimicrobial peptides. By using genetic
engineering and biotechnological tools (CRISPR-Cas9; Vector Systems;
Gene Fusion; etc.), recombinant production allows for broader yields, impro-
ved stability, and the ability to modify bacteriocins for specific applications.
This approach is particularly promising in addressing the global challenge of
MDR pathogens, while minimizing side and/or off-target effects. Recombi-
nant production of bacteriocins offers increased yield and scalability using
recombinant systems, such as E. coli or Corynebacterium glutamicum **. As
well as genetic engineering allows to enhance bacteriocins’ antimicrobial
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activity, stability or broaden spectrum of action *®. Recombinant platforms,
overall, allow the expression of diverse bacteriocins and uses Generally
Regarded As Safe (GRAS) organisms, including synthesis of bacteriocins
which are difficult to produce naturally due to complex post-translational
modifications **. Recombinant Bacteriocins have been explored in many
fields because of their broad applications. Firstly, and most importantly, one
of the newer applications is as novel agents for MDR pathogens, being
explored for therapeutic application of infections caused by Gram-positive
and Gram-negative bacteria. Secondly, recombinant bacteriocins have been
used in the food industry as natural preservatives to inhibit foodborne patho-
gens without altering food properties. Lastly, bacteriocins can serve as
biotechnological platforms as they enable the simultaneous production of
multiple bacteriocins from a single operon to delay resistance development
in target species .

1.5.4. Mechanisms of action of bacteriocins

Bacteriocins employ various mechanisms to exert their antimicrobial
effects, targeting various cellular components and processes in susceptible
bacteria. These mechanisms can be broadly categorized into two classes —
membrane-targeted and intracellular-targeted. Membrane-Targeted actions
include pore formation in the cytoplasmic membrane of targeted bacteria,
which leads to the dissipation of the proton motive force, causing rapid cell
death, e.g., lacticin Q forms huge toroidal pores (4.6—6.6 nm) causing leakage
of large intracellular components (proteins, ATP). Additionally, certain lanti-
biotics (e.g. nisin), can exhibit dual mechanism by binding to lipid II, which
is crucial in cell wall biosynthesis. Lastly, some bacteriocins (e.g., bacillus
subtilis GAS101) can directly disrupt the bacterial cell membrane. Intracel-
lular-targeted actions employ a bit more mechanisms starting with inhibition
of cell wall synthesis, which can include binding to lipid II or blocking the
incorporation of glucose and D-alanine in peptidoglycan precursors. As well
as, inhibition of nucleic acid and protein synthesis, targeting RNA synthesis
without affecting DNA synthesis or intracellular ATP levels. Microcin-like
bacteriocins can also inhibit essential enzymes like DNA gyrase and
topisomerase IV, converting them into toxic molecules that fragment bacte-
rial DNA (similar to quinolone antibiotics). Finaly, microcins (e.g., micro-
cin C) can employ “Trojan Horse” strategy: microcin C is processed inside
the target cell to release a toxic entity that blocks aspartyl-tRNA synthetase,
thereby inhibiting the transcription #°. The diversity in mechanisms of action
contributes significantly to the effectiveness of bacteriocins against a wide
range of bacterial species.

27



1.5.5. Klebicins and other klebsiella-specific bacteriocins

Klebicins are a diverse class of bacteriocins produced by Klebsiella
species. These proteinaceous toxins are classified based on their mechanisms
of action, including pore-forming klebicins (e.g., Klebicin B and Klebicin E),
nuclease klebicins (e.g., Klebicin A), and peptidoglycan-degrading klebicins
(e.g., ColM-like klebicins such as KvarM and KpneM). Klebicins exert their
antimicrobial effects through various mechanisms, such as forming pores in
bacterial membranes, disrupting nucleic acid synthesis using DNase or
RNase activity, or degrading peptidoglycan to compromise cell wall integrity.
They often rely on receptor-mediated entry using outer membrane proteins
like OmpC and the Ton system. The antimicrobial spectrum of klebicins
varies, with some, like Microcin E492, exhibiting broad activity against Kleb-
siella spp., E. coli, Pseudomonas spp., and Acinetobacter spp., while others,
like KvarM, target a majority of tested Klebsiella strains. KvarM is a ColM-
like bacteriocin produced by K. variicola that exhibits a broad spectrum of
antimicrobial activity against various Klebsiella species, including K. pneu-
moniae, K. quasipneumoniae, K. oxytoca, K. variicola, and K. aerogenes.
Notably, KvarM demonstrates significant efficacy against 85% of antibiotic-
resistant clinical isolates of K. pneumoniae. Its mechanism of action involves
disrupting peptidoglycan biosynthesis, which compromises bacterial cell wall
integrity and leads to cell death. In vitro studies have shown that KvarM can
reduce bacterial colony-forming units (CFU) by three to four orders of
magnitude in liquid cultures and by more than two logs in biofilm assays,
making it effective against both planktonic bacteria and biofilms. In vivo
experiments using murine models have further highlighted its potential as a
therapeutic agent. Intravenous administration of KvarM in a sepsis model
resulted in a dose-dependent reduction in bacterial burden, while oral admini-
stration using an Eudragit® coating effectively reduced gastrointestinal colon-
ization by K. pneumoniae without disrupting the gut microbiota. These
findings underscore KvarM’s promise as both a treatment for systemic
infections and a preventive measure against gut colonization by multidrug-
resistant Klebsiella strains, offering a targeted and microbiota-sparing alter-
native to conventional antibiotics %!,

Another promising klebicin — Kvarla is a colicin-like bacteriocin produ-
ced by K. variicola, demonstrating potent antimicrobial activity against
several Klebsiella species, including K. quasipneumoniae, K. oxytoca, and
K. aerogenes. This bacteriocin employs a pore-forming mechanism, disrup-
ting bacterial membrane integrity, leading to leakage of cytoplasmic contents
and cell death. Kvarla has shown remarkable efficacy in reducing bacterial
viability, achieving reductions of four to nine orders of magnitude in liquid
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culture assays and two to six logs in biofilm assays. Despite its narrow
spectrum of activity, which excludes most K. pneumoniae strains, Kvarla is
highly effective against its close relative, K. quasipneumoniae. In vivo
studies using the Galleria mellonella larvae model demonstrated Kvarla’s
ability to rescue larvae from lethal infections at doses ranging from ~0.07—
0.9 umol/kg of body weight. Furthermore, encapsulated Kvarla delivered
orally in a murine gastrointestinal infection model significantly reduced
colonization by K. quasipneumoniae, highlighting its potential for treating
multidrug-resistant infections of the gut %!,

Overall, klebicins show promise in therapeutic applications, including
treatment of multidrug-resistant infections, biofilm disruption, and targeted
therapy that minimizes microbiota disruption>°. Klebicins could help for the
development of narrow-spectrum antimicrobials, which represents a novel
approach to combat bacterial infections while minimizing collateral damage to
the host microbiome. Targeted therapies that can effectively eliminate specific
pathogens without disrupting beneficial bacterial communities are becoming
more recognized in their value. By targeting specific pathogens, narrow-
spectrum agents can preserve the diversity and function of the host micro-
biome. However, there are still some challenges in optimizing production,
delivery methods, and understanding resistance mechanisms of klebicins.

1.6. Narrow-spectrum activity of recombinant bacteriocins

The development of narrow-spectrum antimicrobials, represents a novel
approach to combat bacterial infections while minimizing collateral damage
to the host microbiome. Targeted therapies that can effectively eliminate
specific pathogens without disrupting beneficial bacterial communities are
becoming more recognised in their value. By targeting specific pathogens,
narrow-spectrum agents can preserve the diversity and function of the host
microbiome. As well as, minimizing the risk of antibiotic-associated compli-
cations, like C. difficile infections, which often result from disruption of the
gut microbiota. Most importantly, using narrow-spectrum antimicrobials help
to limit the development of resistance in non-target bacteria, potentially
slowing the spread of AMR 2.

1.7. Experimental animal models

Animal models are indispensable tools in infectious disease research,
offering critical insights into pathogenesis, immune responses, and therapeu-
tic interventions. Among these, murine (mouse) models are the most widely
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used due to their genetic similarity to humans, cost-effectiveness, ease of
handling, and the availability of genetically modified strains. Researchers can
effectivelly mimic various conditions because approximately 95% of protein-
coding genes in mice are homologous to humans. Additionally, the ability to
knock out or modify specific genes allows to study precise immune mecha-
nisms and host-pathogen interactions, as well as, inbred mouse strains
provide genetically identical individuals, reducing variability in experiments.
Murines are relatively small animals making them easy to house, and
reproduce rapidly, enabling efficient studies. Despite being widely used for
research animal models have some limitations. While mice share many
similarities with humans, some aspects of their immune responses differ,
which can limit direct translation to human biology. Nevertheless, using
different experimental methods (e.g., infection routes or anesthesia) can
affect reproducibility and comparability across studies. Most importantly,
ethical concerns and strictly adhering to the 3R principles (Replacement,
Reduction, Refinement) is critical to minimize animal use while maximizing
scientific output 3.

1.7.1. Murine models of infectious gastrointestinal tract diseases

Murine models are invaluable tools for studying infectious diseases of
the GIT, providing critical insights into disease mechanisms and potential
therapies. These models aim to replicate human gastrointestinal disease
conditions, offering researchers a platform to investigate host-pathogen
interactions, immune responses, and therapeutic interventions.

Bacterial infection models: often specific bacteria are used to induce
intestinal inflammation in mice, allowing the researchers to evaluate disease
progression and immune responses. For example, Citrobacter rodentium
infection in mice serves as a model for human enteropathogenic and entero-
hemorrhagic E. coli infections. This model has been instrumental in eluci-
dating the roles of innate and adaptive immunity in controlling enteric bacte-
rial infections >4,

Microbiota studies: gut microbiota plays a crucial role in protecting
against GIT infections. Studies using germ-free mice, mice with defined
microbial communities or specific-pathogen-free (SPF) mice have revealed
the importance of the microbiome in modulating host susceptibility to
pathogens °.

Chemically induced models: using various chemical substances, like
dextran sodium sulfate (DSS)-induced colitis or trinitrobenzene sulfonic acid
(TNBS)-induced colitis, can be used to study how pre-existing inflammation
affects susceptibility to enteric pathogens. DSS is directly toxic to colonic
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epithelial cells, mimicking acute or chronic inflammatory conditions
observed in diseases like Crohn’s disease. These models are particularly
useful for investigating the interplay between inflammation and infection in
the GIT >°.

Humanized models: these models, which usually consist of immuno-
deficient mice engrafted with human immune cells or tissues, allow for the
study of human-specific pathogens that do not naturally infect mice. Huma-
nized mice through decades have been used not only in GIT diseases as
H. pylori infection, but also for human-specific pathogens like Epstein-Barr
virus (EBV), or HIV .

Genetically modified: genetically engineered mouse models allow
researchers to dissect the roles of specific genes in GI infections. One of the
most popular models is mice deficient in Nod2 — a gene linked to Crohn’s
disease — exhibit increased susceptibility to bacterial infections. Additionally,
transgenic mice expressing human gastrin genes infected with Helicobacter
have been used to study gastric cancer development>’. Overall, murine
models provide a versatile platform for studying infectious GIT diseases by
combining bacterial infection approaches with microbiota studies, chemically
induced inflammation models, humanized systems, and genetic modifica-
tions. These models have significantly advanced understanding of disease
mechanisms and therapeutic strategies while highlighting the complex inter-
play between pathogens, host immunity, and the gut microbiome.
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2. MATERIALS AND METHODS

2.1. Ethics statement

The studies were approved by the Lithuanian Ethics Committee of
Biomedical Research on three different occasions: for pilot study Protocol
no. G2-119 and G2-184 (Supplements 1 and 2), and for the therapeutics
testing study Protocol no. G2-242 (Supplement 3). All regulated procedures
on living animals were conducted in accordance with Directive 2010/63/EU
of the European Parliament and the Council of European Union.

2.2. Study designs

2.2.1. Pilot study: lower GIT model of K. quasipneumoniae
subs. similipneumoniae (DSM® 28212™) colonization and
Kvarla therapy

Pilot study of lower GIT colonization was conducted using commercial
in Klebsiella quasipneumoniae clinical isolate DSM® 28212™ in BALB/c
mice. Study design was composed of four groups (total n = 12 mice (male n =
2; female n = 1 per group); 8—12 week-old): (PS1) Ctrl group with a natural
microbiome, without any additional procedures during the experimental
period; (PS2) Kgpn group without prior antibiotic disruption of the host
microbiota and bacterial colonization of K. quasipneumoniae (50 pL suspen-
sion 10° CFU once per day, for three days, orally); (PS3) Pen:Strep group
with antibiotic pre-treatment (n=3 days) of penicillin (2000 U/mL) and
streptomycin (2 mg/mL) (mechanism of action against Gram-negative and
Gram-positive bacteria) and bacterial colonization of K. quasipneumoniae;
(PS4) Pen:Strep:Met group with with antibiotic pre-treatment (n = 3 days) of
metronidazole (1 g/L), penicillin (2000 U/mL) and streptomycin (2 mg/mL)
(used to treat gastrointestinal and anaerobic infections) and bacterial coloni-
zation of K. quasipneumoniae. For the graphical study design, see Fig. 2.2.1.1.
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Fig. 2.2.1.1. The scheme of Klebsiella quasipneumoniae (DSM® 28212™)
Pilot Study colonization model design

For Kvarla therapy testing, the same antibiotic pre-treatment and similar
bacterial setup as previously described (Section 2.2.1) was conducted using
commercial Klebsiella quasipneumoniae clinical isolate DSM® 28212 ™ in
BALB/c mice. Study design was composed of four groups (total n = 12 mice
(male n = 2; female n = 1 per group); 8—12 week-old): (PS5) Vehicle-only
Control or VOC group received 100 pg of uncoated Kvarla after
K. quasipneumoniae colonization (50 uL suspension orally; 10° CFU); (PS6)
Abl:Ia group received 100 ug of Eudragit® S100-coated Kvarla after K.
quasipneumoniae colonization (50 pL suspension orally; 10° CFU) with
antibiotic pre-treatment (penicillin (2000 U/mL), streptomycin (2 mg/mL))
before; (PS7) Abll:la group received 100 ug of Eudragit® S100-coated
Kvarla after K. quasipneumoniae colonization (50 pL suspension orally; 10°
CFU) with antibiotic pre-treatment (penicillin (2000 U/mL), streptomycin
(2 mg/mL), metronidazole (1 g/L)) before bacterial colonization; (PS8) Hi:la
group received high dose (1000 pg) of Eudragit® S100-coated Kvarla after
K. quasipneumoniae colonization (50 pL suspension orally; 10° CFU) with
antibiotic pre-treatment (penicillin (2000 U/mL), streptomycin (2 mg/mL),
metronidazole (1 g/L)) before bacterial colonization. Groups PS6; PS7 and
PS8 were also given low-dose ampicillin therapy (500 mg/L) during bacterial
inoculation to minimize the viability of non-K. quasipneumoniae bacteria.
Fecal samples were collected at various time points for each mouse, as
detailed in Fig. 2.2.1.2.
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Fig. 2.2.1.2. The scheme of Pilot study klebicin Kvarla therapy
testing design

2.2.2. GIT model of K. pneumoniae subs. pneumoniae
(ATCC® 12657™) colonization

A new murine model of K. pneumoniae colonization, was conducted
using commercial ATCC® 12657™ isolate in C57BL/6]J strain mice. Study
design was composed of four groups (n = 8 (m = 3; f =1 per group); 8§-12
week-old): (C1) Kpnl group without antibiotic pre-treatment was given 50 pL
suspension of K. pneumoniae orally (10° CFU); (C2) Ab:Kpnl group with
antibiotic pre-treatment (penicillin (2000 U/mL), streptomycin (2 mg/mL))
before K. pneumoniae colonization (50 puL suspension orally; 10° CFU) and
low dose ampicillin therapy (500 mg/L) during and after bacterial inocula-
tion; as an additional model based on the literature >® two groups with bismuth
subsalicylate were designed (C3) Kpn:Bis group with additional bismuth
subsalicylate three days before K. pneumoniae inoculation; (C4) Bis:Bis
group with bismuth subsalicylate prior, during and after K. pneumoniae ino-
culation. Fecal samples were collected at various time points for each mouse,
as detailed in Fig. 2.2.2.1.
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K. pneumoniae (ATCC 12657)

Fig. 2.2.2.1. The scheme of Klebsiella pneumoniae (ATCC® 12657™)
Colonization study design

2.2.3. GIT model of K. pneumoniae subs. pneumoniae
(ATCC® 43816™) colonization

Subsequently, after evaluation of study described in Section 2.2.2 an
additional clinical isolate of K. pneumoniae ATCC® 43816™ was selected
for testing in similar experimental design settings using the same C57BL/6J
strain mice. The study design was comprised of four groups (n = 6 (m = 2;
f= 1 per group); 810 week-old): (C5) Kpnll group was inoculated with
50 pL suspension of K. pneumoniae (10° CFU) without using any additional
therapies; (C6) Pen:Strep group with antibiotic pre-treatment (penicillin
(2000 U/mL) and streptomycin (2 mg/mL)) in drinking water (ad libitum)
before bacterial colonization for three days, followed by low-dose ampicillin
therapy (125 pg/mL) during and after the colonization period (K. pneumoniae
50 pL suspension 10° CFU once per day, for three days, orally); (C7) Abl:Kpn
group pre-treated with singular dose of streptomycin and penicillin (2000 U)
before K. pneumoniae (10° CFU) 50 pL suspension inoculation for two
consecutive days without any further treatments; (C8) Abl:Amp group pre-
treated with high, singular dose of streptomycin and penicillin (2000 U) ad
libitum, before K. pneumoniae (10° CFU) 50 pL suspension inoculation for
two consecutive days and low dose ampicillin therapy (125 pg/mL). During
this study, fecal samples from the mice were collected on the days indicated
in Fig. 2.2.3.1.
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Fig. 2.2.3.1. The scheme of Klebsiella pneumoniae (ATCC® 43816™)
Colonization study design

2.2.4. KvarM therapy for GIT infection of K. pneumoniae subs.
pneumoniae (ATCC® 43816™)

Experimental animal study was design to evaluate the efficacy and assess
the impact on microbiome of Eudragit-coated klebicin KvarM in the experi-
mental murine model of K. pneumoniae colonization using C57BL/6J strain
and composed of six groups (n =25 (m = 3; f=2 per group); 8—10 week-old):
(M1) Vehicle Control or VC group was given Eudragit® S100 (0.125 pg/uL)
and Eudragit® L100 (0.125 pg/uL) mix after K. pneumoniae inoculation of
50 pL suspension (107 CFU) for two consecutive days; (M2) KvarM:EudS
group with Eudragit® S100 coated KvarM therapy (12.5 pg/100 pL) after
K. pneumoniae inoculation of 50 pL suspension (107 CFU) for two conse-
cutive days; (M3) KvarM:EudL group was given Eudragit® L100 coated
KvarM therapy (12.5 ng/100 pL) after K. pneumoniae inoculation of 50 uL
suspension (107 CFU) for two consecutive days; (M4) KvarM:EudSL group
had Eudragit® S100 coated KvarM and of Eudragit® L100 coated KvarM
therapies mix (2.5 pg/100 pL) after K. pneumoniae inoculation of 50 pL
suspension (107 CFU) for two consecutive days; (M5) ColA-Ia:EudSL group,
received a Colicin-A and Kvarla hybrid coated with Eudragit® S100 and
Eudragit® L100 (12.5 pg/100 pL) after K. pneumoniae inoculation of 50 uL
suspension (107 CFU) for two consecutive days, it was tested to evaluate
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whether the hybrid has the same effect against K. pneumoniae colonization
as KvarM, a bacteriocin specifically targeting KvarM; (M6) Kpn:AB group
with antibiotic (ciprofloxacin 2 mg/200 puL) therapy after K. pneumoniae
inoculation of 50 pL suspension (107 CFU) for two consecutive days. Fecal
samples were collected at various time points based on the therapy admi-
nistered. For more details, refer to Fig. 2.2.4.1.
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M1: bacteria administration through pipetting (107 CFU)
M2: bacteria administration through pipetting (107 CFU)
M3: bacteria administration through pipetting (107 CFU)
M4 bacteria administration through pipetting (107 CFU)
M35 bacteria administration through pipetting (107 CFU)
Mé: bacteria administration through pipetting (107 CFL)

K. preumonize (ATCC 43816}

Fig. 2.2.4.1. Schematic representation of the Therapeutic study design
involving klebicin KvarM and chimericin ColA-la

2.2.5. Vehicle Control study

The experimental study was designed to examine microbiome changes
in vehicle-only control groups, meaning that the substances used in previous
experiments were tested independently. The murine model was conducted
using C57BL/6J strain mice without any bacterial colonization and composed
of four groups (n = 20 (m = 3; f = 2 per group); 8-12 week-old): (VCI)
Control or Cont group with a natural microbiome, without undergoing any
procedures or therapies; (VC2) Eud group received Eudragit® S100 and
Eudragit® L100 (12.5 ug/100 pL); (VC3) KvarM:Eud group was given
KvarM coated with Eudragit® S100 and Eudragit® L100 (500 pg/100 pL);
(VC4) AB group received ciprofloxacin (2 mg/200 puL) to assess the anti-
biotic’s impact on commensal microbiome. The detailed experimental design
and fecal sampling days are shown in Fig 2.2.5.1.
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2.3. Klebicin production in plants and purification

The extraction and purification of bacteriocins were carried out by our
partners Nomads, UAB. Briefly, for their production, the klebicin-coding
gene with plant-optimized codons was cloned into a magnlCON® tobacco
mosaic virus-based vector. The resulting binary expression vector was
introduced into Agrobacterium tumefaciens. The transformed agrobacteria
were then used for transient expression of bacteriocin in plants by infiltrating
the bacterial strain into the leaves of young Nicotiana benthamiana plants
under vacuum. The bacteriocin was subsequently purified to homogeneity
from the crude plant extracts using a two-step protein chromatography pro-
cess. For further details, please refer to the published study by E. Denkov-
skiene et al. from our partners, Nomads, UAB *°.

2.4. Determination of pH of the gastrointestinal tract

Fecal samples were collected at multiple time points during the pilot
study described in Section 2.2.1 to determine GIT pH and optimize the
formulation for klebicins. The acquired samples were homogenized with
deionized water at a 1:10 ratio until a uniform mass was achieved. The pH
was measured using a Mettler Toledo pH meter (Ohio, US) equipped with an
InLab Ultra-Micro electrode. Additionally, pH measurements were taken
from intestinal samples collected from mice during laparotomy. The GIT was
divided into three sections: the stomach, duodenum, and rectum for sampling
(Fig. 2.4.1). Altogether, these measurements provided essential data for
developing an effective bacteriocin formulation with Eudragit®, designed to
withstand the pH conditions within the GIT.
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Fig. 2.4.1. GIT location where the tissue samples were collected

2.5. Coating of the klebicins

2.5.1. Eudragit® S100 coating

Initially, Eudragit® S100 was used in the pilot study as a formulation for
klebicin to prevent its premature release in the digestive tract. A 5%
Eudragit® S100 solution was prepared by dissolving 0.5 g of Eudragit® S100
(Evonik Industries, Germany) in 10 mL of Milli-Q water, followed by 30
minutes of sonication in an ultrasonic bath at 25 °C. 250 pg of klebicin was
then mixed with 200 pg of the 5% Eudragit® S100 solution and the resulting
mixture was freeze-dried at — 51 °C for 24 hours.

2.5.2. Eudragit® S100 and Eudragit® L100 coating

Following the pilot studies of pH measurements, it was decided to use
two types of bacteriocin formulations, Eudragit® S100 and Eudragit® L100.
This approach was chosen to prevent the dissolution of the Eudragit coating
in the alkaline environment of the mouse oral cavity and to avoid the
premature release of antimicrobial agents before they reach the upper and
lower digestive tract, where K. pneumoniae bacteria typically colonize. To
prepare a 5% Eudragit® L100 solution, 100 mg of Eudragit® L100 powder
(Evonik Industries, Germany) was dissolved in 2 mL of 50 mM phosphate
buffer, with 2M NaOH added until the pH reached 6—7 to ensure full disso-
lution. Similarly, a 5% Eudragit® S100 solution was created by dissolving
100 mg of Eudragit® S100 powder (Evonik Industries, Germany) in 2 mL of
50 mM phosphate buffer, with 2M NaOH added until the pH reached 8 for
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complete dissolution. Lyophilized bacteriocin samples (0.25 mg each) were
dissolved in 250 pL of distilled water, then mixed with 250 uL. of the 5%
Eudragit® L100 or Eudragit® S100 solution. The bacteriocin-Eudragit mixtu-
res were then carefully acidified with 2M HCI until the pH reached 4-5,
inducing Eudragit polymerization, as indicated by the change from a clear
solution to a white suspension. The resulting samples were lyophilized and
dissolved in distilled water prior to use.

2.6. Bacteria cultivation

2.6.1. K. quasipneumoniae cultivation

K. quasipneumoniae DSM® 28212™ was obtained from the Leibniz
Institute (DSMZ) and used in the pilot studies. The bacterial culture was
grown in LB nutrient medium (Gibco by Life Technologies, USA) supple-
mented with 100 pg/mL ampicillin to maintain selective growing. Cultures
were incubated for approximately 72 hours at 37 °C with shaking at 180 rpm
to promote optimal bacterial growth. All cultivation steps followed the supp-
lier’s guidelines to ensure the viability and integrity of the bacterial strain.

2.6.2. K. pneumoniae cultivation

K. pneumoniae subsp. pneumoniae ATCC® 12657™ and K. pneumoniae
subsp. pneumoniae ATCC® 43816 ™ strains were obtained from the Global
Bioresource Center (ATCC®). K. pneumoniae ATCC® 12657™ was used in
the GIT model of K. pneumoniae colonization study (see Section 2.2.2),
similarly K. pneumoniae ATCC® 43816™ was used in the GIT model of
K. pneumoniae colonization (see Section 2.2.3) and KvarM therapy for GIT
infection (see Section 2.2.4) studies. Both bacterial cultures were grown and
cultivated using the same methodology as K. quasipneumoniae. Bacterial
cultures were grown according to the supplier’s recommendations in LB
medium (Gibco by Life Technologies, USA), with K. pneumoniae ATCC®
12657™ cultured using 50 pg/mL ampicillin, and K. pneumoniae ATCC®
43816™ cultured with 25 pg/mL ampicillin. Cultures were incubated for
approximately 72 hours at 37 °C with shaking at 180 rpm to promote optimal
bacterial growth.
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2.7. Nucleic acid extraction and data analysis

2.7.1. Nucleic acid extraction and synthesis of cDNA

Bacterial deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)
were extracted from rectal excrement samples using the AllPrep PowerFecal
DNA/RNA Kit (Qiagen, Germany). Extraction procedures utilized up to
200 mg of fecal material. The concentration and purity of the extracted
nucleic acids were assessed using either the NanoDrop 2000 (Nanodrop
Technologies, Wilmington, DE, USA) or the Qubit 4 (Invitrogen, Carlsbad,
CA, USA), depending on the intended application, such as sequencing or real-
time quantitative PCR (qQRT-PCR). All steps followed the manufacturer's
protocol. Complementary DNA (cDNA) was subsequently synthesized using
the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scienti-
fic, Lithuania). All procedures adhered to the manufacturer’s guidelines.

2.7.2. Quantative assesments of Klebsiella spp.

The khe gene, which encodes for haemolysin, was selected as a marker
for identifying the Klebsiella genus. A standard curve was established using
DNA samples from K. quasipneumoniae DSM® 28212™ (Fig. 2.7.2.1),
K. pneumoniae ATCC® 12657™ (Fig. 2.7.2.2), and K. pneumoniae strain
ATCC®™ 43816™ to enable quantitative assessment (Fig. 2.7.2.3).
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Fig. 2.7.2.1. Standard curve of Klebsiella quasipneumoniae DSM® 28212™
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Fig. 2.7.2.2. Standard curve of Klebsiella pneumoniae ATCC® 12657™
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Fig. 2.7.2.3. Standard curve of Klebsiella pneumoniae ATCC® 43816™

qRT-PCR was performed using TagMan Universal Master Mix II with
UNG, a TagMan probe (5’-6-FAM-CGCGAACTGGAAGGGCCCG-TAM
RA-3’), and primers (Forward: 5’-GATGAAACGACCTGATTGCATTC-3’
and Reverse: 5’-CCGGGCTGTCGGGATAAG-3’) from Applied Biosys-
tems, USA, following the manufacturer’s protocol. Amplification of the khe
gene was conducted on an ABI Fast 7500 System (Life Technologies, Carls-
bad, CA, USA) using the standard protocol.
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For controls, DNA isolated from K. pneumoniae served as the positive
control, while DNA from E. coli was used as the negative control. For each
qRT-PCR reaction, we aimed to normalize all samples to approximately
60 ng of DNA per reaction, with only minimal variation, depending on the
specific procedures performed on the mice during the study. The DNA-based
standard curve was generated using K. quasipneumoniae concentrations
ranging from 10° to 10" CFU in 200 pL, with DNA extracted from bacteria
culture using the QlAamp Fast DNA Stool Mini Kit, following the protocol
for liquid samples.

2.8. 16S rRNA gene sequencing of V1-V2 hypervariable regions

To analyse the microbiome, 16S rRNA gene sequencing was conducted
on an Illumina MiSeq platform using the MiSeq Reagent kit V3 (2 x 300
cycle reagent kit) (Illumina, Inc., San Diego, USA). Amplicons targeting the
V1-V2 hypervariable region were produced following a custom library
preparation protocol, as detailed in our previous publication *°. The library
was prepared using the Platinum SuperFi PCR Master Mix kit (Invitrogen,
USA) along with barcoded forward (27F — 5-AGAGTTTGATCCTGG
CTCAG-3') and reverse (338R — 5-TGCTGCCTCCCGTAGGAGT-3') pri-
mers with dual indexes on both pairs of pimers which are incorporated during
the PCR process. Each sample was processed in two technical replicates. The
cycling conditions were as follows: initial denaturation at 98 °C for
30 seconds, followed by 34 cycles of 98 °C for 9 seconds, 50 °C for 1 minute,
and 72 °C for 20 seconds, with a final extension at 72 °C for 10 minutes and
a hold at 10 °C. PCR products were purified and normalized using the
SequalPrep Normalization Plate Kit (Invitrogen, Thermo Fisher Scientific).
All procedures followed the manufacturer's protocols and recommendations.

2.9. Bioinformatical and statistical analysis

Statistical and bioinformatic analyses were conducted using various
software platforms. Statistical evaluations were performed using the RStudio
software (2019-2022 RStudio, PBS), Friedman’s test and Kruskal-Wallis test
were utilized to compare qRT-PCR data tendencies between the studied
groups, afterwards using Mann-Whitney U test for non-parametric data
points. Results were considered statistically significant when p < 0.05.

Bioinformatic processing of microbiome data was also carried out in the
R environment, as previously described in our study . Paired-end fastq files,
after removal of barcodes and adapters, underwent quality control, denoising,
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and preparation for further analysis using the dada2 package °'. The amplicon
sequence variant (ASV) table was annotated with bacterial sequences using
the Silva database (version 138.1). Data normalization and a-diversity,
B-diversity analyses across different taxonomic levels were performed using
the DESeq2 package, with statistical significance determined by an adjusted
p-value (p.adj) < 0.05.

Differences in bacterial abundance between study groups were evaluated
by PERMANOVA statistical tests, using 9999 permutations. Bacterial alpha
diversity, representing richness and evenness of microbial species within a
specific sample group, was examined based on bacterial abundance (Simpson,
Shannon, Richness diversity indexes). Statistical differences were identified
using either the Mann-Whitney, Kruskal-Wallis, or DESeg? algorithm tests,
followed by Benjamini-Hochberg correction for multiple comparisons. The
analysis of bacterial beta diversity representing the variation in microbial
composition and structure between the groups was performed only on the
bacteria which were present in more than 10% or 25% of the samples in at
least one of the comparison groups. Kaplan-Meier curves were used for the
correlation of the survival data. Log-Rank of Mantel-Cox with 95% confi-
dence interval followed the Kaplan-Meier analysis to determine statistical
differences. For all tests, differences were considered statistically significant
when the corrected p-value (g-value of pagj) was 0.05. Principal Coordinate
Analysis (PcoA) was performed using weighted and unweighted Unifrac
distance matrices to visualize the distribution of complex data.
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3. RESULTS

3.1. Pilot study: lower GIT model of K. quasipneumoniae
(DSM® 28212™) colonization and Kvarla therapy

3.1.1. pH measurements along the GIT

To evaluate the effective coating and delivery of klebicins in the GIT,
the pH levels in feces and along various regions of the GIT tissues (post-
mortem) were measured. The pH in feces was tracked through different time
points across groups seen in Fig. 3.1.1.1. In the Ctrl group, pH levels remain
relatively stable, ranging between 6.5 and 8.1 with an average of 7.3 +0.52.
The Kqpn group showed similar pH values compared to the Ctrl group with
the average of 7.5+ 0.74 and the peak on day 11 reaching pH of 9.94. In the
Pen:Strep group, values fluctuated within a narrow range between 7.2 and 8.2
with the average of 7.7 + 0.29. Meanwhile, the Pen:Strep:Met group showed
more fluctuation with a drop in pH on Day 4 (av. 6.57 £0.26) but followed
by a recovery by Day 11 with an average of 8.11 +0.27.

PS4: Pen:Strep:Met

PS3: Pen:Strep

Group
9jeds Hd

PS2: Kgpn

PS1: Ctrl

Time points

Fig. 3.1.1.1. The fecal pH measurements through
different time points in groups

Time points correspond to sample collection days. PS1 Ctrl group: Control group with a
natural microbiome. PS2 Kqpn group: 50 uL/10° CFU Klebsiella quasipneumoniae coloni-
zation. PS3 Pen:Strep group: 2000 U/mL penicillin; 2 mg/mL streptomycin; 50 pL./10° CFU
Klebsiella quasipneumoniae suspension; 500 mg/L ampicillin therapy. PS4 Pen:Strep:Met
group: 2000 U/mL penicillin; 2 mg/mL streptomycin; 1 g/L metronidazole; 50 pL/10° CFU
Klebsiella quasipneumoniae suspension; 500 mg/L ampicillin therapy.
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The pH analysis across different sections of the GIT was performed using
tissues taken post-mortem (Fig. 3.1.1.2). The fecal samples showed the same
trends as in feces pH analysis. Within the small intestine (duodenum) the
Pen:Strep group displayed the lowest pH (av. 6.07 + 0.08), suggesting increa-
sed acidity potentially induced by antibiotic treatment. The large intestine
(rectum) showed relatively stable pH values, ranging from 6.5 to 7.7 across
all groups, with the average of 7.48 + 0.42. The stomach exhibited the most
acidic environment, with pH values between 2.34 and 4.73, with the average
of 7.69 £ 0.39, clearly seen in the Pen:Strep:Met and Kqpn groups. The signi-
ficant differences in pH measures were found between the Ctrl group and
Pen:Strep group (p = 0.004) in small intestine, as well as, between Ctrl group
and Pen:Strep:Met group (p = 0.04) in large intestine.

PS4: Pen:Strep:Met

PS3: Pen:Strep

Group
ajed>s Hd

P52: Kgpn

PS1: Ctrl

T T
5 N (2 &
[2 2 & &
& R\ G
@ “)@;&\Q/ NG ,'0(\@ 0(‘\
S S S
<& & )

N &
GIT tissue

Fig. 3.1.1.2. The pH measurements of GIT tissues post-mortem

GIT tissue scale shows the locations of biopsies within the gastrointestinal tract. PS1 Ctrl
group: Control group with a natural microbiome. PS2 Kqpn group: 50 pL./10° CFU Klebsiella
quasipneumoniae colonization. PS3 Pen:Strep group: 2000 U/mL penicillin; 2 mg/mL strep-
tomycin; 50 ulL/10° CFU Klebsiella quasipneumoniae suspension; 500 mg/L ampicillin
therapy. PS4 Pen:Strep:Met group: 2000 U/mL penicillin; 2 mg/mL streptomycin; 1 g/L
metronidazole; 50 uL/10° CFU Klebsiella quasipneumoniae suspension; 500 mg/L ampi-
cillin therapy.
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3.1.2. Colonization model of GIT with antibiotic pre-treatment

The GI tract colonization model was established in mice using K. qua-
sipneumoniae. It was, primarily, designed to reflect bacterial colonization in
the host after the disruption of natural microflora with antibiotics therapy and
to test the colonization model with and without antibiotic pre-treatment. CT
values of khe gene remained constant (undetectable) throughout the time
points in the Ctrl group and Kqgpn group, indicating no detectable bacterial
load or amplification. The use of antibiotic pre-treatment (Fig. 3.1.2.1), in
order to disrupt the host gut microbiota, showed sustained bacterial coloni-
zation from day 4 to day 8 in Pen:Strep (av. 5.26 x 108 CFU; p =2.73 x 107)
and Pen:Strep:Met (av. 5.16 x 108 CFU; p = 107°) groups. Nonetheless, the
bacterial counts remained relatively stable on day 11 showing the average of
3.12 x 108 CFU in Pen:Strep group and 4.04 x 103 CFU in Pen:Strep:Met
group, with seeing no significant difference in both groups from day 8
indicating stabilization. The data strongly suggest that colonization of mice
gut by K. quasipneumoniae can be more effectively established after the
disruption of natural gut microbiota.
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Fig. 3.1.2.1. The colonization of Klebsiella quasipneumoniae
in groups with antibiotic pre-treatment

p-values represented on the top line; whiskers represent minimum and maximum values,
middle line — median. Time points correspond to sample collection days (D4, DS, D11). Log
CFU shows Klebsiella quasipneumoniae bacterial counts. PS3 Pen:Strep group: 2000 U/mL
penicillin; 2 mg/mL streptomycin; 50 pL/10° CFU Klebsiella quasipneumoniae suspension;
500 mg/L ampicillin therapy. PS4 Pen:Strep:Met group: 2000 U/mL penicillin; 2 mg/mL
streptomycin; 1 g/L metronidazole; 50 uL/10° CFU Klebsiella quasipneumoniae suspension;
500 mg/L ampicillin therapy.
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3.1.3. Reducing K. quasipneumoniae colonization of GIT using
Kvarla

In this study, four groups of mice (Fig. 2.2.1.2) were used to evaluate the
effects of different antibiotic pre-treatments and post-therapies on bacterial
colonization. To reduce the bacterial colonization of GIT using bacteriocin,
three different combinations of recombinant klebicin Kvarla were used. VOC
group served as a control with uncoated Kvarla (100 pg) post-therapy, while
groups Abl:Ia group and AbllI:Ia group received coated Kvarla (100 pg) post-
therapy after varying pre-treatments (Fig. 3.1.3.1), and Hi:la group received
higher dose of Kvarla (1000 pg). Fecal samples were collected on days 4, 18,
and 22 to measure bacterial load using the amplification of the khe gene as a
marker. The bacterial load of K. quasipneumoniae decreased significantly in
the Abl:Ia and Abll:Ia groups. In the Abll:la group, the bacterial load
dropped from 6.3 x 107 CFU on day 18 to 3.9 x 103> CFU on Day 22 (p =
1.0 x 1072). Similarly, in the Hi:Ia group, the bacterial load decreased from
4.0 x 10" CFU on day 18 to 1.6 x 10° CFU on day 22 (p = 9.0 x 107%). No
significant changes in bacterial loads were observed in the VOC group after
administering uncoated Kvarla and in the Abl:la group after administering
post-treatments (Fig. 3.1.3.1).
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Fig. 3.1.3.1. Klebsiella quasipneumoniae colonization

in the gut after administration of klebicin Kvarla
D — days; p-values represented on the top line; whiskers represent minimum and maximum
values; middle line — median. Time points correspond to sample collection days (D4, D18,
D22). Log CFU shows Klebsiella quasipneumoniae bacterial counts. PS5 Pen:Strep group:
50 uL/10° CFU Klebsiella quasipneumoniae suspension; 100 ug uncoated Kvarla. PS6
Abl:la group: 2000 U/mL penicillin; 2 mg/mL streptomycin; 50 ul/10° CFU Klebsiella
quasipneumoniae suspension; 100 ug Budragit® S100-coated Kvarla. PS7 Abll:Ia group:
2000 U/mL penicillin; 2 mg/mL streptomycin; 1 g/l metronidazole; 50 pl/10° CFU Kleb-
siella quasipneumoniae suspension; 100 pg Eudragit® S100-coated Kvarla. PS8 Hi:la group:
2000 U/mL penicillin; 2 mg/mL streptomycin; 1 g/L metronidazole; 50 ul./10° CFU bacte-
rial suspension; 1000 ug Eudragit® S100-coated Kvarla.

3.2. GIT model of K. pneumoniae (ATCC® 12657™) colonization

3.2.1. K. pneumoniae (ATCC® 12657™) colonization

Further, we worked on the design of the model for GIT K. pneumoniae
colonization. The groups received pre-treatment with or without antibiotics,
or bismuth. Fecal samples were collected at different time points (days 4, 6,
8, 15, and 22) to measure the bacterial load. The data showed that the
Ab:Kpnl group consistently exhibited the highest bacterial loads across all
time points with the average of 8.64 x 10" CFU. The Kpnl group experienced
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a significant decline in bacterial colonization with the average of 1.21 x 10*
CFU on day 8 and 6.10 x 10! CFU on day 22 (p = 1.06 x 107), suggesting
the potential of microbiome self-clearance. The Kpn:Bis (av. 2.69 x 10° CFU)
and Bis:Bis (av. 3.33 x 10° CFU) groups showed stable and notably lower
bacterial loads, with no significant differences to them. Overall, Ab:Kpnl
group showed statistically significant in almost all time points compared to
other groups, repeating previous results as antibiotic pre-treatment greatly
increases bacterial colonization.
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Fig. 3.2.1.1. Klebsiella pneumoniae colonization model using
antibiotic pre-treatment and bismuth

D — days; p-values represented on the top line; whiskers represent minimum and maximum
values; middle line — median. Time points correspond to sample collection days (D4, D6,
D8, D22). Log CFU shows Klebsiella pneumoniae bacterial counts. C1 Kpnl group: 50 pL./10°
CFU Klebsiella pneumoniae suspension. C2 Ab:Kpnl group: 2000 U/mL penicillin; 2 mg/mL
streptomycin; 50 ul/10° CFU Klebsiella pneumoniae suspension; 500 mg/L ampicillin. C3:
Kpn:Bis group: 2 mM bismuth subsalicylate; 50 uL./10° CFU Klebsiella pneumoniae suspen-
sion. C4: Bis:Bis group: 2 mM bismuth subsalicylate; 50 ul/10° CFU Klebsiella pneumo-
niae suspension.
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3.2.2. pH measurements along the GIT of
K. pneumoniae (ATCC® 12657TM) colonization

To support the results of the pilot studies further, the pH measurements
were taken throughout this study period (Fig. 2.2.2.1) using fecal samples.
The samples showed relatively stable trends across the three study groups
with no significant shifts between days. Ab:Kpnl group showed the pH values
ranging between 5.93 and 8.28, with the avarage of 7.00 + 0.53. Kpn:Bis
group measures were ranging from 6.37 to 8.33, with the average of 7.03 +
0.39. Bis:Bis group pH values were between 6.58 and 8.60, had the average
of 7.14 £ 0.43. However, Kpnl group showed statistically significant decrease
in pH on day 15 compared to day 1, with changes from 6.25-7.00 to 7.02—
7.66 (p=3.43 x 1073).
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Fig. 3.2.2.1. The fecal pH measurements through

different time points in groups
Time points correspond to sample collection days (1, 4, 6, 8, 15, 22). C1 Kpnl group:
50 pL/10° CFU Klebsiella pneumoniae suspension. C2 Ab:Kpnl group: 2000 U/mL penici-
llin; 2 mg/mL streptomycin; 50 uL/10° CFU Klebsiella pneumoniae suspension; 500 mg/L
ampicillin. C3 Kpn:Bis group: 2 mM bismuth subsalicylate; 50 uL/10° CFU Klebsiella
pneumoniae suspension. C4 Bis:Bis group: 2 mM bismuth subsalicylate; 50 uL/10° CFU
Klebsiella pneumoniae suspension.
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3.2.3. Changes in mice microbiome during K. pneumoniae
(ATCC® 12657™) colonization

To characterize the microbiome profiles of the Kpnl, Ab:Kpnl, Kpn:Bis
and Bis:Bis groups in the K. pneumoniae (ATCC® 12657™) colonization
study, a compositional analysis of fecal samples was performed using relative
abundances of microbial taxa at the phylum, family, and genus levels. Samples
collected on days 4, 6, and 8 revealed that the fecal microbiome across all
groups was comprised of seven bacterial phyla. Among these, three phyla
consistently dominated across all groups and time points: Bacteroidota
(55.8%), Proteobacteria (21.82%), Firmicutes (21.1%), with the latter being
more abundant on day 4 but showing a slight decrease afterwards (Fig. 3.2.3.1).

Further, metrics of diversity (a-diversity, B-diversity) were analyzed in
all groups across the different time points. Bacterial diversity (o-diversity),
represented by the Shannon diversity index, show significant differences only
within the Ab:Kpnl group when comparing antibiotic pre-treatment and
bacterial colonization on day 6 to the subsequent low-dose ampicillin post-
treatment on day 8 (p = 5.26 x 107*). No significant differences in bacterial
diversity were observed in any of the other groups (Fig. 3.2.3.2).

Additionally, microbial community clusters (B-diversity) based on Bray-
Curtis, UniFrac weighted and UniFrac unweighted dissimilarity indexes
showed similar trends indicating significant sample clustering between
Ab:Knpl group and Kpnl, Kpn:Bis, Bis:Bis groups (p < 0.05), whereas group
Ab:Kpnl formed a separate cluster (Fig. 3.2.3.3).

Thereafter, analysis of differential abundance was performed to further
investigate the differences in microbiome composition between this experi-
mental study group. Abundance of bacterial families such as Enterobacte-
riaceae, Erysipelatoclotridiaceae, Desulfovibrionaceae and Atopobiaceae
were enriched, while Lactobacillaceae, Clostridiaceae, Lactobacilacea, Ery-
sipelotrichaceae, Butyricicoccaceae were depleted following experimental
days throughout study groups Kpnl, Kpn:Bis and Bis:Bis. The antibiotic-
treated group Ab:Kpnl showed distinct differences from other groups,
characterized by enrichment of Bacteroidaceae and Muribaculaceae at the
family level, as well as Bacteroides and Muribaculum at the genus level.
Thus, depletion was observed in Clostridiaceae and Enterobacteriaceae
families, alongside a reduction of Klebsiella at the genus level.
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Fig. 3.2.3.2. Shannon diversity index of mice fecal microbiome during
Klebsiella pneumoniae (ATCC® 12657™) colonization

a-diversity represented by the Shannon diversity index. Time points correspond to sample
collection days (Day 4, Day 6, Day 8); whiskers represent minimum and maximum values;
middle line — median; ns — no significant difference; *p = 5.26 x 10~ on Day 8. C1 Kpnl
group: 50 uL/10° CFU Klebsiella pneumoniae suspension. C2 Ab:Kpnl group: 2000 U/mL
penicillin; 2 mg/mL streptomycin; 50 uL/10° CFU Klebsiella pneumoniae suspension; 500 mg/L
ampicillin. C3 Kpn:Bis group: 2 mM bismuth subsalicylate; 50 uL/10° CFU Klebsiella pneu-
moniae suspension. C4 Bis:Bis group: 2 mM bismuth subsalicylate; 50 pL/10° CFU Kleb-
siella pneumoniae suspension.
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Fig. 3.2.3.3. [-diversity analysis of mice fecal microbiome during
Klebsiella pneumoniae (ATCC® 12657 ™) colonization.

B-diversity based on Bray-Curtis, UniFrac weighted and UniFrac unweighted principal coor-
dinates analysis (PcoA). C1 Kpnl group: 50 pL/10° CFU Klebsiella pneumoniae suspension.
C2 Ab:Kpnl group: 2000 U/mL penicillin; 2 mg/mL streptomycin; 50 uL./10° CFU Kleb-
siella pneumoniae suspension; 500 mg/L ampicillin. C3 Kpn:Bis group: 2mM bismuth
subsalicylate; 50 uL./10° CFU Klebsiella pneumoniae suspension. C4 Bis:Bis group: 2 mM
bismuth subsalicylate; 50 pL/10° CFU Klebsiella pneumoniae suspension.

3.3. GIT model of K. pneumoniae (ATCC® 43816™) colonization

3.3.1. K. pneumoniae (ATCC® 43816™) colonization

Following up previous GIT colonization model, we developed a new
model using different strain of K. pneumoniae (ATCC® 43816™). Four
experimental groups were pre-treated with or without antibiotics before
bacterial administration (Fig. 2.2.3.1). Fecal samples were collected at mul-
tiple time points (days 1, 2, 4 and 8) to measure bacterial load throughout the
study period. The data showed that the Abl:Amp group consistently had the
highest bacterial loads across all time points, with an average of 2.94 x 10°
on day 4 and 1.34 x 10° on day 8, though the reduction showed a consistent
trend, it did not reach statistical significance. The Kpnll group showed
relatively high colonization with 9.24 x 10° CFU on day 8, but significantly
lower bacterial colonization compared to Ab:KpnlI group (p = 6.3 x 1073),
AbL:Kpnll group (p = 4.9 x 107%), and Abl:Amp group (p < 10-°). Further-
more, the Ab:Kpnll group demonstrated intermediate bacterial loads, with
the average of 3.05 x 108 CFU on day 8, showing statistically significant
increased colonization from day 4 (p < 0.01). The Abl:KpnlI group showed
rapid increase of bacterial colonization on day 4 with the average of 3.58 x
107 CFU, but the colonisation significantly decreased on day 8 with the
average of 1.39 x 10° CFU (p = 4.2 x 1072). Overall, statistical analysis
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confirmed that antibiotic pre-treatment significantly increased bacterial
colonization at key time points (day 4 and 8), highlighting the impact of
antibiotics on gut microbiome dynamics during K. pneumoniae colonization,
but showing that low dose ampicillin post-treatment had no impact on
keeping bacterial load stable.
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Fig. 3.3.1.1. K. pneumoniae (ATCC® 43816™) colonization
of mice GIT during different time points

D — days; p-values represented on the top line; whiskers represent minimum and maximum
values; middle line — median; log CFU shows Klebsiella pneumoniae bacterial counts; time
points correspond to sample collection days (D1, D2, D4, DS). C5 Kpnll group:
50 uL/10° CFU Klebsiella pneumoniae suspension. C6 Ab:Kpnll group: 2000 U/mL peni-
cillin; 2 mg/mL streptomycin; 50 uL/10° CFU Klebsiella pneumoniae suspension; 500 mg/L
ampicillin. C7 Ab:KpnlI group: 2000 U streptomycin and penicillin mix; 50 pL/10° CFU
Klebsiella pneumoniae suspension. C8 Abl: Amp group: 2000 U streptomycin and penicillin
mix; 50 uL/10° CFU Klebsiella pneumoniae suspension; 500 mg/L ampicillin.
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3.3.2. Changes in mice microbiome during K. pneumoniae
(ATCC® 43816™) colonization

To determine the microbiome profiles of the Kpnll, Ab:Kpnll,
Ab:Kpnll, and Ab:Amp groups in the K. pneumoniae (ATCC® 43816™) GIT
colonization study, a compositional analysis of fecal samples, collected on
days 1, 4, and 8, was performed using relative abundances of microbial taxa
at the phylum, family, and genus levels. Across all groups, the microbiome
was composed of six bacterial phyla, with three phyla consistently domi-
nating at the beginning of the study: Bacteroidota (43.5%), Proteobacteria
(27.4%), Firmicutes (26.71%). However, in the Ab:Kpnll and Ab:Amp
groups, a clear redistribution in microbial composition was observed follo-
wing antibiotic pre-treatment and bacterial inoculation, with Bacteroidota
decreasing to 3.4%, and Proteobacteria increasing to 70.5%, while Firmi-
cutes remained relatively stable at 20.8%.

Additionally, diversity metrics (a-diversity, B-diversity) were analyzed
across all groups at the previously mentioned three time points. Bacterial
diversity (a-diversity), represented by the Richness index, showed significant
differences only within the Abl:Kpnll group comparing all time points (pagj =
0.043). No significant differences in bacterial diversity were observed in
other groups (Fig. 3.3.2.2).

To conclude, Kpnll, Ab:Kpnll, Abl:Kpnll, Abl: Amp were enriched with
Enterobacteriaceae family, as well as, Klebsiella at genus level comparing
time points before bacterial inoculation (day 1 and 4) versus after the bacterial
inoculation (day 8). To further check potential differences between coloni-
zation models of Kpnll, Ab:Kpnll, Abl:Kpnll and Abl:Amp groups in this
study, changes in the abundance of the Klebsiella genus were analyzed at the
last time point (day 8); however, no significant differences in bacterial counts
were observed. This indicates that any type/model of antibiotic pre-treatment
has no impact on colonization compared to the bacterial inoculation alone.
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Fig. 3.3.2.2. Richness index of mice fecal microbiome during
Klebsiella pneumoniae (ATCC® 43816™) colonization

a-diversity represented by the Richness index. Time points correspond to sample collection
days (Day 4, Day 6, Day 8); whiskers represent minimum and maximum values; middle
line — median; * pagj = 0.043 during all time points within C7 group. C5 Kpnll group:
50 pL/10° CFU Klebsiella pneumoniae suspension. C6 Ab:Kpnll group: 2000 U/mL penicil-
lin; 2 mg/mL streptomycin; 50 uL./10° CFU Klebsiella pneumoniae suspension; 500 mg/L
ampicillin. C7 Ab:KpnlI group: 2000 U streptomycin and penicillin mix; 50 pL/10° CFU
Klebsiella pneumoniae suspension. C8 Abl: Amp group: 2000 U streptomycin and penicillin
mix; 50 pL/10° CFU Klebsiella pneumoniae suspension; 500 mg/L ampicillin.
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Fig. 3.3.2.3. p-diversity analysis of mice fecal microbiome during

Klebsiella pneumoniae (ATCC® 43816™) colonization
B-diversity based on (A) Bray-Curtis; (B) UniFrac weighted; (C) UniFrac unweighted prin-
cipal coordinates analysis (PCoA). Colors correspond to sample collection days (Day 1,
Day 4, Day 8) and different groups. C5 Kpnll group: 50 pL/10° CFU Klebsiella pneumoniae
suspension. C6 Ab:Kpnll group: 2000 U/mL penicillin; 2 mg/mL streptomycin; 50 pL/10°
CFU Klebsiella pneumoniae suspension; 500 mg/L ampicillin. C7 Ab:KpnlI group: 2000 U
streptomycin and penicillin mix; 50 uL./10° CFU Klebsiella pneumoniae suspension. C8
AbI:Amp group: 2000 U streptomycin and penicillin mix; 50 pL/10° CFU Klebsiella pneu-
moniae suspension; 500 mg/L ampicillin.

3.4. KvarM therapy for GIT infection of K. pneumoniae
(ATCC® 43816™)

3.4.1. Klebicin KvarM therapy for K. pneumoniae
(ATCC® 43816™) infection

Based on the above-described results of gut colonization models, the
decision has been made to use K. pneumoniae ATCC® 43816™ strain for
evaluation of therapeutic agents, as it demonstrated a higher colonization level
without any additional interventions (9.24 x 10 CFU) compared to K. pneu-
moniae ATCC® 12657™ (1.21 x 10* CFU). Six experimental groups were
treated with various formulations of klebicin KvarM or chimericin ColA-Ia,
including ciprofloxacin, following bacterial administration (Fig. 3.2.4.1).
Fecal samples were collected at multiple time points (days 1, 2, 5, 6, 7, 8
and 9) to monitor bacterial load dynamics during the study period. The data
showed distinct trends among the groups. The VC group showed stable
bacterial loads (av. 1.85 x 10° CFU) with no significant changes over time.
The KvarM:EudS group exhibited the bacterial colonization on day 5 (av.
1.61 x 10° CFU), followed by a drop on day 6 (av. 1.48 x 10* CFU) after
KvarM coated Eudragit® S100 therapy, with similar bacterial values through
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the rest of the study period (av. 6.45 x 10° CFU). The KvarM:EudL group
showed peak bacterial colonization on day 5 (av. 1.3 x 10 CFU) with the
drop on day 6 (av. 2.8 x 10° CFU) after KvarM coated Eudragit® L100 thera-
py repeating the KvarM:EudS group trends across the 7, 8 and 9 days of the
study (av. 6.99 x 10° CFU). The KvarM:EudSL group showed substantial
bacterial colonization on day 5 (av. 2.18 x 10° CFU), followed by a clear drop
on day 6 (av. 1.27 x 10> CFU) after KvarM coated Eudragit® S100 and
Eudragit® L100 therapy. The bacterial load remained consistently low through
the rest of the study period (av. 4.24 x 10° CFU), indicating effective and
sustained reduction in colonization post-treatment. The ColA-la:EudSL
group showed the effective bacterial colonization on day 5 (av. 1.73 x 10°
CFU), following the same manner as KvarM:EudSL group reducing bacterial
colonization on day 6 (av. 1.12 x 10* CFU) after ColA-Ia coated Eudragit®
S100 and Eudragit® L100 therapy. The bacterial load remained consistently
low and stable through the remainder of the study period (av. 1.67 x 107
CFU), indicating that chimericin suppress the bacterial colonization as effec-
tive as klebicin. The Kpn:AB group followed similar trends in bacterial colo-
nization on day 5 (av. 1.70 x 107 CFU) and demonstrated reduction in bacte-
rial load following ciprofloxacin treatment on day 6 (3.94 x 107 CFU). The
reduction was maintained throughout the remainder of the study period, with
bacterial loads remaining consistently low (av. 1.9 x 10> CFU). Even though,
any of the therapies did not reach statistical significance, it showed strong
trends with the effectiveness being (day 5 compared to day 7-9) 98.43% in
KvarM:EudSL group, 99.9% in ColA-Ia:EudSL group, and 99.3% in Kpn:Ab

group.
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Fig. 3.4.1.1. Bacteriocin therapy on reducing K. pneumoniae

(ATCC® 43816™) infection

D — days; p-values represented on the top line; whiskers represent minimum and maximum
values; middle line — median; dots — samples; log CFU shows Klebsiella pneumoniae bacte-
rial counts; time points correspond to sample collection days (D1, D2, D5, D6, D7, D8, D9).
M1 VC group: vehichle control group 0.125 pg/uL Eudragit® S100; 0.125 pg/plL Eudragit®
L100; 50 uL/10” CFU Klebsiella pneumoniae suspension. M2 KvarM:EudS group: 12.5 pg/
100 pL Eudragit® S100 coated KvarM; 50 ul/10” CFU Klebsiella pneumoniae suspension.
M3 KvarM:EudL group: 12.5 pg/100 uL. Eudragit® L100 coated KvarM; 50 pL/10” CFU
Klebsiella pneumoniae suspension. M4 KvarM:EudSL: 12.5 pg/100 pL Eudragit® S100 and
Eudragit® 1100 coated KvarM; 50 pl/107 CFU Klebsiella pneumoniae suspension. M5:
ColA-Ia:EudSL group: 12.5 pg/100 uL Colicin-A and Kvarla hybrid coated Eudragit® S100
and Eudragit® L.100; 50 uL/10” CFU Klebsiella pneumoniae suspension. M6 Kpn:AB group:
2 mg/200 pL ciprofloxacin; 50 uL/107 CFU Klebsiella pneumoniae suspension.

65




3.4.2. Changes in mice microbiome during K. pneumoniae
(ATCC® 43816TM) reduction with KvarM

To determine the impact of bacteriocin KvarM and chimericin ColA-Ia
on the gut microbiome following bacterial colonization, compositional analy-
sis was conducted of fecal samples collected on days 1, 5, and 9. Relative
abundances of microbial taxa at the phylum, family, and genus levels were
compared across the VC, KvarM:EudSL, ColA-Ia:EudSL, and Kpn:Ab
groups. Across all groups, the microbiome was composed of six bacterial phy
la, with two phyla being the most pronounced throughout the whole study
period: Firmicutes (42.6%) and Proteobacteria (1.14%).

Additionally, diversity metrics (a-diversity, B-diversity) were analyzed
across all groups at the previously mentioned time points. Bacterial diversity
(a-diversity), represented by the bacterial Richness index, Shannon diversity
and Simpson diversity, showed significant differences between the Kpn:Ab
and VC, KvarM:EudSL, and ColA-Ia:EudSL groups at the last time point of
the study (pagj = 0.032) in bacterial richness analysis (Fig. 3.4.2.2). No sig-
nificant differences in bacterial diversity were observed on the day 1 and 5.

Further, the microbial community clusters (B-diversity) based on Bray-
Curtis, UniFrac weighted, and UniFrac unweighted dissimilarity indexes
showed similar trends indicating significant sample clustering between
Kpn:Ab group and VC, KvarM:EudSL, ColA-Ia:EudSL groups on the day 9
after treatment interventions (p < 0.05). All groups clustered together at the
other time points (Fig. 3.4.2.3).

Thereafter, differential abundance analysis was performed to evaluate
the presence and amount of bacteria families differences within each VC,
KvarM:EudSL, ColA-Ia:EudSL, and Kpn:Ab group before (day 5) and after
(day 9) treatment interventions. Groups VC, KvarM:EudSL, and ColA-
Ia:EudSL showed no differences in bacterial abundance between time points.
However, abundance of bacterial families, in Kpn:Ab group, such as Entero-
bacteriaceae, Prevotellaceae, Rikinelaceae and others were depleted. To
further check potential differences between impact of the treatments on gut
microbiome VC, KvarM:EudSL, ColA-Ia:EudSL, and Kpn:Ab groups were
compared on day 9. The differential abundance analysis showed clear tenden-
cys when comparing Kpn:Ab group to other groups, indicating that neither
KvarM nor ColA-Ia impacted the profile of microbiome.
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Fig. 3.4.2.2. a-diversity analysis of mice fecal microbiome during
recombinant bacteriocins therapy

a-diversity represented by the (A) bacterial richness; (B) Shannon diversity; (C) Simpson
diversity; *pagj = 0.032 between M6 group and M1, M4, M5 groups on the day 9. M1 VC
group: vehichle control group 0.125 pg/uL Eudragit® S100; 0.125 pg/uL Eudragit® L100;
50 uL/107 CFU Klebsiella pneumoniae suspension. M4 KvarM:EudSL: 12.5 pg/100 pL
Eudragit® S100 and Eudragit® L100 coated KvarM; 50 pL/10” CFU Klebsiella pneumoniae
suspension. M5: ColA-la:EudSL group: 12.5 pg/100 pL Colicin-A and Kvarla hybrid coated
Eudragit® S100 and Eudragit® L100; 50 uL/10’ CFU Klebsiella pneumoniae suspension.
M6 Kpn:AB: 2 mg/200 uL ciprofloxacin; 50 uL/10” CFU Klebsiella pneumoniae suspen-
sion.
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Fig. 3.4.2.1 (C) (New) Axis.1 [17.0%] Axis.1 [8.8%]

Day1: ® M1VCgroup # M4 KvarM:EudSL group M5 ColA-la:EudSL group M6 Kpn:AB group
Day5: @ M1VCgroup M4 KvarM:EudSL group M5 ColA-la:EudSL group ~ # M6 Kpn:AB group
Day9: @ M1VCgroup M4 KvarM:EudSL group M5 ColA-la:EudSL group ~ ® M6 Kpn:AB group
Fig. 3.4.2.3. [-diversity analysis of mice fecal microbiome
during recombinant bacteriocins therapy
B-diversity based on (A) Bray-Curtis; (B) UniFrac weighted; (C) UniFrac unweighted princi-
pal coordinates analysis (PCoA). Colors correspond to sample collection days (Day 1, Day
5, Day 9) and different groups. M1 VC group: vehichle control group 0.125 pg/ul Eudragit®
S100; 0.125 pg/uL Eudragit® L100; 50 uL/10” CFU Klebsiella pneumoniae suspension. M4
KvarM:EudSL: 12.5 pg/100 pL Eudragit® S100 and Eudragit® L100 coated KvarM; 50 pL/
10’ CFU Klebsiella pneumoniae suspension. M5: ColA-la:EudSL group: 12.5 pg/100 pL
Colicin-A and Kvarla hybrid coated Eudragit® S100 and Eudragit® 1.100; 50 pL/10” CFU
Klebsiella pneumoniae suspension. M6 Kpn:AB: 2 mg/200 L ciprofloxacin; 50 pL/10” CFU
Klebsiella pneumoniae suspension.

3.5. Changes of the commensal mice gut microbiome
under different treatments

To assess the impact of recombinant bacteriocins, Eudragit® S100 and
Eudragit® L100, and antibiotics on the commensal microbiome profiles com-
positional analysis of fecal samples collected on the first study day (before
interventions) and last study day (after interventions) was conducted. Relati-
ve abundances of microbial taxa at the phylum, family, and genus levels were
compared across the Cont, Eud, KvarM:Eud and AB groups. Across all
groups, the microbiome was composed of six bacterial phyla, with Firmicutes
(41.43%) being the most abundant.
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Moreover, diversity metrics (o-diversity, B-diversity) were analyzed
across all groups at the previously mentioned time points. Bacterial diversity
(a-diversity), represented by the bacterial Richness index, Shannon diversity
and Simpson diversity, showed significant differences between the AB and
Eud, KvarM:Eud groups (pagj = 0.048) in bacterial richness analysis (Fig.
3.5.2).

In addition, the microbial community clusters (B-diversity) based on
Bray-Curtis, UniFrac weighted, and UniFrac unweighted dissimilarity inde-
xes showed similar trends indicating significant sample clustering between
AB group and VC, KvarM:EudSL, ColA-Ia:EudSL groups on the day 4 after
treatment interventions (p < 0.05), while all the groups were clustered
together before antibiotic treatment (Fig. 3.5.3).

To further analyse the trend of only antibiotic treatment disrupting the
gut microbiome analysis of differential abundance was performed. Cont, Eud,
KvarM:Eud had no changes in bacterial abundance on family and genus
levels, while AB group showed high bacterial abundance changes on the last
day of the experiment. Abundance of bacterial families such as Anaerostipes,
Muribaculum, Incartea Sedis, Candidatus Profftella, Bacteroides and others
were enriched, while Alistipes, Prevotellacea, Desulfovibrio, Mucispirillum
and others were depleted, supporting the findings that neither recombinant
bacteriocins nor Eudragit polymers have impact on commensal microbiome.
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Fig. 3.5.2. a-diversity analysis of mice fecal microbiome
under different treatments (day 4)

a-~diversity represented by the (A) bacterial richness; (B) Shannon diversity; (C) Simpson
diversity; *pag = 0.048 between VC4 group and VC3, VC2 groups on the day 4. VC1 Cont
group: control group with natural microbiome. Shannon diversity index, showed significant
differences between the AB and Eud, KvarM:Eud groups (pagj = 0.048). VC2 Eud group:
12.5 ug/100 uL.  Eudragit® S100 and Eudragit® L100 mix. VC3 KvarM:Eud group:
500 pg/100 uL KvarM coated with Eudragit® S100 and Eudragit® L100. VC4 AB group:
2 mg/200 pL ciprofloxacin.
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Fig. 3.5.3. p-diversity analysis of mice fecal microbiome
under different treatments

B-diversity based on (A) Bray-Curtis; (B) UniFrac weighted; (C) UniFrac unweighted prin-
cipal coordinates analysis (PCoA). Colors correspond to sample collection days (Day 1,
Day 5, Day 9) and different groups. VC1 Cont group: control group with natural micro-
biome. VC2 Eud group: 12.5 ug/100 pL. Eudragit® S100 and Eudragit® L100 mix. VC3
KvarM:Eud group: 500 pg/100 pL KvarM coated with Eudragit® S100 and Eudragit® L100.
VC4 AB group: 2 mg/200 pL ciprofloxacin.
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4. DISCUSSION

4.1. Pilot study

In this Pilot study, we successfully established a lower gastrointestinal
tract (GIT) colonization model for K. quasipneumoniae (DSM® 28212™) in
mice and evaluated the efficacy of Kvarla therapy in reducing bacterial
colonization. Notably, we selected K. quasipneumoniae as primary agent due
to recent studies highlighting its potential virulence and increasing drug
resistance, despite being considered an asymptomatic carriage isolate.

The present colonization study aligns with prior research findings
indicating that antibiotic pre-treatment effectively disrupts the natural gut
microbiota, facilitating stable colonization by K. quasipneumoniae. In our
study, sustained bacterial colonization was observed in antibiotic-treated
groups (Pen:Strep and Pen:Strep:Met), with bacterial counts stabilizing by
day 8, indicating successful establishment of K. quasipneumoniae within the
altered gut environment. No bacterial colonization was detected in the control
group without antibiotic pre-treatment, as determined by k%e gene amplifica-
tion. Similar results have been reported in other K/ebsiella murine models,
where gut microbiota disruption by amoxicillin was not only required, but
also associated with enhanced of the virulence of K. variicola %,

The pilot study was designed to identify the most effective coating for-
mulation for delivering different concentrations of recombinant bacteriocin
Kvarla to the large intestine. Given the critical role of GIT pH in drug solu-
bility, stability, and mucosal absorption, pH measurements were necessary to
the formulation strategy. GIT pH is usually influenced by factors such as diet,
feeding state (fed or fasted), medications, microbiome composition, stress,
and daily fluid intake. Accordingly, our study included analysis of GIT pH
(feces and tissues) to find an optimal coating for Kvarla delivery. The results
revealed elevated rectal pH levels in K. quasipneumoniae-colonized mice
treated with antibiotics. Untreated mice group pH levels did not fluctuate as
much by comparison to other groups. These findings are consistent with prior
research by Shimizu et al., which reported significantly increased fecal and
colonic pH in antibiotic-treated mice housed under specific pathogen-free
conditions ®°. In this study, antibiotic pre-treatment groups (Pen:Strep and
Pen:Strep:Met) exhibited notable pH fluctuations in the small intestine, with
the Pen:Strep group showing the lowest average duodenal pH (6.07 & 0.08).
Taking these variations into consideration we selected a coating designed to
release the bacteriocin at pH levels higher than 5.5, ensuring targeted delivery
to the lower gastrointestinal tract.

62,63
b
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Our coleages *° demonstrated the antibacterial efficacy of Klebsiella-
derived bacteriocins, known as klebicins, in vitro using clinical Klebsiella
isolates. Among them, the recombinant pore-forming bacteriocin Kvarla was
identified as one of the most potent klebicins, exhibiting the highest activity
againts K. quasipneumoniae. Its efficacy was further validated in vivo using
the non-mammal animal model Galleria mellonella larvae model, where it
showed a significant antibacterial effect. During this study the GIT model
was established using K. quasipneumoniae after disrupting the natural gut
microbiota with antibiotic pre-treatment, which facilitated stable bacterial
colonization. Antibiotic-treated groups (Pen:Strep and Pen:Strep:Met) de-
monstrated sustained colonization, with bacterial counts stabilizing by day 11
at averages of 3.12 x 10® CFU and 4.04 x 10® CFU, respectively. Furthermo-
re, results of this pilot study demonstrated a significant reduction in bacterial
load following treatment with recombinant bacteriocin. In the Abll:Ia group,
bacterial load dropped from 6.3 x 107 CFU on day 18 to 3.9 x 10° CFU on
day 22. Similarly, in the Hi:la group, a higher dose of coated Kvarla
(1000 pg) reduced bacterial load from 4.0 x 10’ CFU on day 18 to 1.6 x 10°
CFU on day 22. In contrast, uncoated Kvarla (VOC group) and Abl:Ia formu-
lations showed no significant reductions in bacterial loads, emphasizing the
importance of coating and dosage optimization for therapeutic efficacy.
Altogether, these findings show the potential of using a pH-responsive oral
delivery system to achieve targeted release of recombinant bacteriocin Kvarla
in the lower gastrointestinal tract, resulting in a significant reduction of
K. quasipneumoniae colonization in the murine models.

4.2. Colonization study

This study aimed to investigate the colonization dynamics of K. pneu-
moniae strains (ATCC® 12657™ and ATCC® 43816™) in murine GIT under
varying conditions, including antibiotic pre-treatment and bacterial inocu-
lation. The pH measurements across experimental groups in K. pneumoniae
ATCC® 12657™ colonization model showed relatively stable trends, with no
significant shifts observed between days. It suggests that K. pneumoniae
colonization does not extensively alter GIT pH over extended periods. When
observed pH levels remained stable between different measuring points.

The khe gene analysis showed that antibiotic pre-treatment significantly
enhanced K. pneumoniae colonization at key time points during both
K. pneumoniae strains experimental models. The ATCC® 43816™ strain
achieved consistently higher bacterial loads during GIT colonization, espe-
cially in the antibiotic-treated groups. In the Abl: Amp group, bacterial loads
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peaked at 2.94 x 10° CFU on day 4 and remained relatively stable at
1.34 x 10° CFU on day 8. In contrast, the ATCC® 12657™ strain showed
lower colonization levels, with no comparable peak in bacterial load. Anti-
biotics compromise gut barrier function and promote pathogen overgrowth
by disrupting the native microbiota. In particular, K. pneumoniae coloniza-
tion combined with antibiotic treatment can alter the host microbiota and lead
to the emergence of a transient super-shedder phenotype. This phenotype is
characterized by enhanced bacterial transmission within the GIT %57, During
the current study no significant differences in Klebsiella genus differential
abundance were observed between colonization models. Indicating that
bacterial inoculation alone can achieve successful GIT colonization regard-
less of pre- and post-treatment conditions.

Microbiome profiling demonstrated distinct changes in bacterial compo-
sition across groups and time points. In the Ab:Kpnl group, antibiotic pre-
treatment led to significant enrichment of Bacteroidaceae and Muribacu-
laceae families, alongside depletion of Clostridiaceae and Enterobacteria-
ceae families (K. pneumoniae ATCC® 12657™). In the Abl:Amp group of
the second colonization model (K. pneumoniae ATCC® 43816™), Proteo-
bacteria increased significantly following antibiotic pre-treatment (70.5%),
while Bacteroidota decreased (3.4%). These findings highlight the disruptive
effect of antibiotics on commensal microbiome, helping pathogens as Kleb-
siella persist. While the study by Sequeira et al. provides significant insights
into the role of the microbiome in protecting against K. pneumoniae coloni-
zation %, Researchers demonstrated that commensal Bacteroidota in the
intestines protect against K. pneumoniae colonization through IL-36 signal-
ling, a pathway that also involves macrophages. Importantly, host-to-host
transmission of K. pneumoniae primarily occurs from its intestinal reservoir,
and CCF-producing Bacteroidota were shown to be sufficient to block this
spread. Particular bacterial families’ disruption can lead to higher GIT
colonozition. Findings by Sequeira et al. may explain why K. pneumoniae
ATCC® 43816™ exhibited higher colonization in our study.

4.3. Therapy study

This study evaluated the efficacy of bacteriocin klebicin KvarM and
chimericin ColA-Ia, narrow spectrum antimicrobial proteins produced by
bacteria, as a potential alternative to traditional antibiotics. Additionally, the
impact of these bacteriocin therapies on the gut microbiome was assessed in
comparison to ciprofloxacin treatment. The results showed promising trends
in bacteriocin-based therapies as effective alternatives to antibiotics for
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controlling K. pneumoniae infections while maintaining the commensal gut
microbiome.

The results demonstrated that both KvarM:EudSL and ColA-Ia:EudSL
therapies effectively reduced bacterial loads post-treatment, with reductions
of 98.43% and 99.9%, respectively, from peak colonization levels on day 5
to sustained low levels on days 7-9. These reductions were comparable to
ciprofloxacin (Kpn:Ab group), which achieved a 99.3% reduction. Specifi-
cally, KvarM shows a sustained and prolonged reduction in bacterial
colonization over time, suggesting a potential for longer-lasting therapeutic
effects over bacterial colonization. Complementing these findings, a study by
N. Carpena et al. explored the targeted delivery of narrow-spectrum protein
antibiotics to the lower gastrointestinal tract using a murine model of E. coli
colonization. Their findings emphasize the importance of site-specific drug
delivery in enhancing therapeutic efficacy while minimizing off-target
effects. By employing encapsulation strategies, a localized and sustained
release of protein antibiotics was achieved, leading to a significant reduction
in E. coli colonization . Together these studies show that tailored antimic-
robial therapies, such as bacteriocins and encapsulated protein antibiotics, can
be used in achieving improved efficacy and reduced side effects compared to
conventional treatments.

The delivery method using Eudragit® S100 and L100 coatings appears
critical for the success of these therapies. The dual-coating approach likely
facilitated targeted release in the GIT, enhancing the efficacy of the bacte-
riocins. Notably, the KvarM:EudSL and ColA-Ia:EudSL groups were more
effective in colonization reduction than KvarM:EudS and KvarM:EudL
targeting just small or large intestine retrospectively, supporting the hypothe-
sis that both bacteriocins are equally effective when delivered using this
method. A. Nikam et al. showed that this can be attributed to the distinct solu-
bility thresholds of Eudragit® L100 and S100, which dissolve at pH values
above 6.0 and 7.0, respectively, enabling precise drug release in specific
regions of the GIT .

The main advantage of bacteriocin therapies is their minimal impact on
the commensal gut microbiome compared to antibiotics. In this study, a-di-
versity and B-diversity analyses revealed significant disruptions in microbio-
me composition in the ciprofloxacin-treated group (Kpn:Ab) by day 9, inclu-
ding notable depletion of bacterial families such as Enterobacteriaceae,
Prevotellaceae, and Rikinelaceae. In contrast, no significant changes in
microbial diversity or abundance were observed in the KvarM:EudSL or
ColA-Ia:EudSL groups. The preservation of microbiome integrity is a critical
factor in maintaining host health and reducing the risk of secondary infections
or dysbiosis-related conditions.
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Supporting this, a study by A. Palleja et al. demonstrated that antibiotic-
induced changes to the microbiome can persist for up to six months before a-
diversity returns to baseline 7°. Moreover, Theriot et al. showed that such
microbiome disruptions increase susceptibility to life-threatening C. difficile
infections by altering the gut metabolic landscape to favor pathogen germi-
nation and growth 7!. These shifts include a decrease in protective secondary
bile acids and an increase in nutrients that promote C. difficile outgrowth.
Demonstrating antibiotic therapy often creates dysbiosis leading to opportu-
nistic infections. This highlights the major benefit of bacteriocin-based
therapies, which achieved pathogen suppression without disturbing the gut
microbiome.

4.4. Wrap-up

Overall, the study successfully established GIT colonization models for
K. quasipneumoniae and K. pneumoniae in mice, demonstrating the critical
role of antibiotic pre-treatment in facilitating stable colonization, though
during the microbiome analysis showing that virulent K. pneumoniae species
are able colonize without any additional interventions. Targeted delivery of
recombinant bacteriocin Kvarla using pH-sensitive coatings effectively
reduced bacterial colonization in GIT, emphasizing the importance of coating
and dosage optimization. As mentioned, GIT models for K. pneumoniae
strains (ATCC® 12657™ and ATCC® 43816™) revealed strain-specific
colonization dynamics, with antibiotic pre-treatment significantly enhancing
bacterial colonization and altering gut microbiota composition. Furthermore,
the study evaluated recombinant bacteriocins, KvarM and ColA-Ia, as narrow-
spectrum antimicrobials, demonstrating their efficacy in reducing GIT infec-
tion comparable to ciprofloxacin while preserving gut microbiome diversity.
Unlike ciprofloxacin, bacteriocin therapies had minimal effect on gut micro-
bial diversity, addressing concerns about dysbiosis and resistance develop-
ment. Altogether, these studies show strong potential of bacteriocins as safer
alternatives to traditional antibiotics, offering targeted efficacy with reduced
side effects and microbiome disruption. However, the limitations being small
group sizes, further studies with larger sample sizes should be appropriate to
confirm statistical significance and explore long-term outcomes.
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CONCLUSIONS

The lower gastrointestinal tract models were established using three dif-
ferent Klebsiella strains. Klebsiella quasipneumoniae (DSM® 28212™)
colonization model showed sustained colonization in antibiotic pre-
treatreted groups. Klebsiella pneumoniae (ATCC® 12657™) coloniza-
tion model showed sustained colonization in antibiotic pre-treatreted
groups. Klebsiella pneumoniae (ATCC® 43816™) colonization model
showed sustained colonization in all groups with or without antibiotic
pre-treatment.

The average pH levels of mice gastrointestinal tract were determined:
3.3 £0.92 in the stomach, pH 6.5 + 0.34 in the small intestine, and pH
7.4+ 0.42 in the large intestine. These values led to the bacteriocin
coating being formulated to release at pH levels above 5.5, ensuring
targeted delivery beyond the stomach.

In a pilot study, tested concentrations of 100 pg and 1000 pg of klebicin
Kvarla significantly reduced Klebsiella quasipneumoniae (DSM®
28212™) bacterial loads. Additionally, 2.5 ug/100 uL of klebicin KvarM
and 12.5 pg/100 pL of chimericin ColA-Ia showed the trends toward
Klebsiella pneumoniae (ATCC® 43816™) bacterial load reduction.

Recombinant bacteriocins KvarM and chimericin ColA-Ia did not signi-
ficantly disrupt the composition or diversity of the gut microbiota. The
dominance of phyla Firmicutes was maintained, with no significant
changes in relative abundance before and after treatment with klebicin
KvarM and chimericin ColA-Ia.
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SANTRAUKA

Ivadas

Hospitalinés bakterinés virSkinamosios sistemos (VS) infekcijos yra
sunki ir opi sveikatos problema visame pasaulyje, lemianti komplikacijy
rizika bei pacienty mir§tamumo didéjima gydymo jstaigose. Siai sveikatos
problemai i$spresti reikalingi milziniski ekonominiai bei Zmogiskieji iStek-
liai. Hospitalinés infekcijos (HI), dar vadinamos nozokominémis, siejamos
su atlieckamomis invazinémis, diagnostikos, gydymo procediiromis, neracio-
naliu antimikrobiniy vaisty vartojimu arba susilpnéjusiu imuniniu pacienty
atsaku. VS infekcijas lemia jvairiis patogenai: pirmuonys, virusai ir bakte-
rijos, pvz., Escherichia coli, Clostridioides difficile ar Klebsiella genties at-
stovai. | organizmg pateke patogenai sukelia skirtingo sunkumo pazeidimus —
nuo lengvo gastroenterito iki sunkiy, gyvybei grésmingy bikliy (pvz.,
sepsio) 24,

Klebsiella genties bakterijos neseniai buvo itrauktos i Pasaulio sveikatos
organizacijos (PSO) sarasa kaip vienos pavojingiausiy bakterijy, turinciy
genetinius pokycius, lemencius jy atsparuma ampicilinui ir stipréjantj atspa-
rumg treciosios kartos cefalosporinams Europoje. Net apie 10 proc. visy
hospitalizuoty pacienty pasaulyje susiduria HI, todél itin svarbu iSsiaiskinti
hospitaliniy bakterijy kamieny plitimo mechanizmus, kelius, taikyti grieztas
infekcijy kontrolés priemones, diegti antimikrobinio valdymo programas bei
nuolat stebéti atsparumo antibiotikams tendencijas tiriant patogeny genetines
mutacijas %% 12,

Klebsiella pneumoniae ir Klebsiella quasipneumoniae — tai fakultaty-
vings, anaerobings, gramneigiamosios lazdelés, daznai nustatomos ligoninése
kaip oportunistinés infekcijos, kolonizuojancios Zzmogaus VS ir nosiaryklg.
Neretai Sie patogenai sukelia pneumonijg arba Slapimo taky infekcijas. Bakte-
rijos ypac pavojingos nusilpusj imunitetg turintiems pacientams ar asmenims,
kuriems atliktos sunkios invazinés procediiros, nes sukelia infekcijas,
lemiancias komplikacijas arba padidéjusia mirtingumo tikimybe !4 21 64.72,

Antibiotikai — veiksmingiausia bakteriniy (tarp ju, ir Klebsiella genties)
infekcijy gydymo priemone. Taciau netinkamas jy vartojimas lemia bakte-
rijy, kurioms biidingas dauginis atsparumas (DA), atsiradimg bei plitima.

Klebsiella atsparumas antibiotikams kai kuriose pasaulio Salyse siekia
net iki 70 proc., o su juo susijes mir§tamumas — 40-70 proc. Si situacija
skatina ieskoti alternatyviy antimikrobiniy priemoniy. Viena alternatyva —
bakteriocinai — ribosomy sintetinami peptidai ar mazi baltymai, veikiantys
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artimas bakterijy rusis. Bakteriocinai turi siaurg veikimo spekta ri maZesne
atsparumo i$sivystymo rizikg ' 1332,

D¢l Sios priezasties tyrime pasirinkti rekombinantiniai bakteriocinai —
Kvarla ir KvarM — kaip medziagos, atspariy Klebsiella bakterijy sukeltoms
infekcijoms gydyti. Sis darbas gali prisidéti prie naujy, veiksmingy gydymo
strategijy kiirimo didéjant atsparumui antibiotikams.

Tyrimo tikslas ir uZdaviniai

Tyrimo tikslas — taikant eksperimentinius gyviny modelius, jvertinti
rekombinantiniy bakteriociny veiksminguma, gydant Klebsiella genties
bakterijy sukeltas infekcijas, ir nustatyti jy poveikj Zarnyno mikrobiotai.

UZdaviniai:

1. Sukurti Klebisiella genties padermiy apatinés virSkinimo sistemos
bakterinés kolonizacijos modelius ir jvertinti jy tinkamumag bakte-
riociny veiksmingumui nustatyti.

2. Nustatyti tinkamas rekombinantiniy bakteriociny apvalkaly savy-
bes, kurios biity efektyviai tatkomos modeliuose.

3. Ivertinti rekombinantiniy bakteriociny veiksminguma gydant Kleb-
siella bakterijy sukeltas virSkinimo sistemos infekcijas.

4. Nustatyti rekombinantiniy bakteriociny poveikij peliy zarnyno mik-
robiotai.

Darbo naujumas ir aktualumas

Atsizvelgiant | did¢jancia butinybe kurti naujas antimikrobines terapines
strategijas, iSsaugojancias zarnyno mikrobiota, Siame darbe analizuotas
bakteriociny poveikis Klebsiella genties bakterijoms — klinikinei praktikai
svarbius patogenus, pasizymincius vis didé¢janciu atsparumu antibiotikams.
Tyrime taikyti skirtingi virSkinimo sistemos infekcijos modeliai, siekiant
jvertinti bakteriociny veiksminguma esant skirtingoms eksperimentinéms
salygoms: 1. [vertintos Klebsiella bakterijy kamieny kolonizacijos virskini-
mo sistemoje galimybés. Remiantis gautais rezultatais identifikuotas tinka-
miausiais Klebsiella kamienas, lemiantis bakterijy kolonizacijg be antibiotiky
vartojimo. 2. Nustatyta, kad peliy vir§kinimo sistemos audiniuose ir iSmatose
pH didesnis kaip 5,5. Todél pasirinkti vaisty apvalkalai, kurie bakteriocinus
atpalaiduoja plonojoje ir (arba) storojoje Zarnoje, o ne riigstin¢je skrandzio
terpéje. 3. Klebsiella quasipneumoniae daznai klaidingai identifikuojama
kaip K. pneumoniae dél panasiy klinikiniy pozymiy, tai lemia netinkamai
parenkamg gydyma ir maza terapinj veiksminguma. Siekiant spresti Sig prob-
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lema, tyrime buvo vertinamas rekombinantinio bakteriocino Kvarla veiks-
mingumas. Rezultatai parodé reik§mingg zZarnyno kolonizacijos sumaz¢jima,
patvirtinantj Sio bakteriocino poveiki gydant K. quasipneumoniae infekcijas.
4. Tirtas Kvarla poveikis K. quasipneumoniae infekcijai gydyti. Patvirtinta,
kad apvalkalu padengtas bakteriocinas Kvarla (100 pg ir 1000 pg) veiksmin-
gai mazina K. quasipneumoniae kolonizacija zarnyne. 4. K. pneumoniae yra
prioritetinis DA patogenas dél vis didéjancio atsparumo treciosios kartos
cefalosporinams. Sveikatos prieziliros jstaigose patogenas daziausiai sukelia
antrines infekcijas, kurios gydomos plataus veikimo spektro antibiotikais.
Darby metu analizavome antimikrobinj bakteriociny poveiki, maZinantj
K. pneumoniae bakterijy kieki zarnyne. Nustatéme, kad KvarM, ColA-Ia ir
chimerinas lemia iki 99 proc. K. pneumoniae bakterijy kolonizacijos sumazé-
jima peliy VS, tai parodo Siy medziagy, kaip naujy gydymo priemoniy, poten-
ciala. 5. Skirtingai nuo jprasty antibiotiky, kurie suardo zarnyno mikrobiotos
pusiausvyrg ir didina oportunistiniy infekcijy rizika, rekombinantiniai bakte-
riocinai veikia tik tam tikras giminingas bakterijas. Siame tyrime parodéme,
kad KvarM ir ColA-Ia neturi reik§mingo poveikio peliy Zarnyno mikrobiotai,
tod¢l gali biti saugiai vartojami terapiniais tikslais gydant Klebsiella
infekcijas.

Medziagos ir metodai

Tyrimai atlikti vadovaujantis Europos Parlamento ir Tarybos direktyva
2010/63/ES bei patvirtinti Lietuvos bioetikos komiteto (protokolai Nr. G2-
119, G2-184 ir G2-242). Eksperimentuose naudoti BALB/c ir C57BL/6J
peliy modeliai siekiant istirti K. quasipneumoniae ir K. pneumoniae koloni-
zacijos mechanizmus bei rekombinantiniy bakteriociny (Kvarla, KvarM ir
ColA-Ia) terapinj poveiki virsSkinimo sistemos infekcijoms.

Sukurtos kelios eksperimentinés gyviny grupés, kurioms taikytos skir-
tingos antimikrobinés profilaktikos ir terapijy tyrimy planai, vertinant mazy
ir dideliy doziy bakteriociny veiksminguma. K. quasipneumoniae ir K. pneu-
moniae kolonizacija zarnyne ir mikrobiotos poky¢iai jvertinti atlikus atvirks-
tinés transkripcijos polimerazing grandining reakcija (RT-PGR) ir sekoskai-
tos tyrimus. Tyrimams naudoti peliy iSmaty méginiai. Siekiant uztikrinti
tiksly vaisto i8siskyrima, bakteriocinai buvo dengiami pH jautriais polimerais
Eudragit® S100 (tirpus, jei pH 7 ir daugiau) ir L100 (tirpus, jei pH 5,5 ir
daugiau), remiantis peliy virSkinimo sistemos pH matavimais.

Bakteriocinai sintetinami augaluose, naudojant Nicotiana benthamiana
raiSkos sistema, ir toliau gryninti chromatografijos metodu. Bakterijy kulta-
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ros augintos standartinémis salygomis lizogeninio sultinio (LB) terpéje,
pritaikant ampiciling.

Klebsiella bakterijy kiekiui nustatyti taikytas RT-PGR metodas naudo-
jant khe gena kaip biologinj Zymen]. khe genas pasirinktas vadovaujantis kity
mokslininky darbais, kurie jrodé Sio geno tinkamumg Klebsiella bakterijoms
identifikuoti. Mikrobiotos pokyciai zarnyne jvertinti atlikus naujos kartos
sekoskaitg , amplifikuojant 16S rRNR geny V1-V2 sritis. Gauti duomenys
analizuoti ,,R Project for Statistical Computing “ programings jrangos aplin-
koje naudojant dada? ir DESeq2 paketus. Nesant normalaus duomeny
pasiskirstymo, statistiné analiz¢ atlikta taikant neparametrinius metodus
(Kruskal-Wallis, Mann—Whitney), PERMANOVA analiz¢ bei Kaplan—
Meier i§gyvenamumo modelj. Rezultatai laikyti statistiSkai reikSmingais, jei
p < 0,05 arba puq < 0,05.

Rezultatai

Bandomuoju tyrimu nustatyta, kad K. quasipneumoniae kolonizuoja
peliy zarnyng tik po antibiotiky terapijos (penicilino 2000 U/ml, strepto-
micino 2 mg/ml, metronidazolo 1 mg/1), kuri sutrikdo nattiralia mikrobiota.
Kolonizacijos lygis antibiotikais paveiktose peliy grupése isliko tolygus 4—8
eksperimento dienomis (Pen:Strep grupéje vidutiniskai sieké 5,26 x 108
KSV, o Pen:Strep:Met grupéje — 5,16 x 108 KSV (p<0,001)), nors 11-3ja
dieng Siek tiek sumazéjo (atitinkamai 3,12 x 103 ir 4,04 x 108 KSV). Peliy
virSkinimo sistemos pH matmenys padéjo sékmingai parinkti Eudragit®
apvalkalus ir juos panaudoti bakteriocinams (Kvarla ir KvarM) padengti —
taip uztikrintas vaisty iSsiskyrimas plonojoje ir storojoje zarnose bei iSvengta
ju skilimo riigstin¢je skrandzio terpéje.

Rekombinantinis bakteriocinas Kvarla statistiskai reik§mingai sumazino
K. quasipneumoniae (DSM® 28212™) kiekj peliy zarnyne, kai buvo naudo-
jamos Eudragit® padengtos $io bakteriocino formos. AbIl:Ia peliy grupéje
bakterijy kiekis sumazéjo nuo 6,3 x 107 KSV (18-3j3 dieng) iki 3,9 x 10° KSV
(22-3j3 dieng) (p=0,01), o Hi:la grup¢je — nuo 4,0 x 107 iki 1,6 x 10° KSV
(p=0,009), zondo pagalba suleidus 100 pg ir 1000 pg terapines dozes. Taciau
VOC grupéje, kuriai buvo skiriamas nepadengtas Kvarla, reikSmingo bakte-
rijy kiekio sumaz¢jimo nepastebéta. Gauti rezultatai patvirtina padengto
Kvarla veiksminguma mazinant K. quasipneumoniae bakterijy kolonizacija
zarnyne.

Kurdami K. pneumoniae kolonizacijos modelius, nustatéme, kad tradici-
nés antimikrobinés priemonés (antibiotikai) turi skirtinga poveiki K. pneumo-
niae kamieny kolonizacijai. Tyrimo metu pastebéjome, kad K. pneumoniae
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kamieno (ATCC® 12657™) kolonizacija peliy zarnyne, nenaudojant antibio-
tiky greitai mazéjo — 8-gja dieng sieke 1,21 x 10* KSV, o 22-3ja dieng — tik
6,10 x 10! KSV (p=1,06 x 107%)). Tatiau antibiotikais veiktose grupése
(Ab:Kpnl) bakterijy kiekis isliko didelis — vidutiniskai 8,64 x 107 KSV viso
tyrimo metu (22-y dieny laikotarpiu). Kitos K. pneumoniae padermés
(ATCC® 43816™) tyrimai atskleidé prieSingus rezultatus: bakterijos tolygiai
kolonizavo zarnyng visose peliy grupése, neatsizvelgiant | tai, ar gyviinams
buvo skiriami antibiotikai ar ne (vidutinis kiekis 7,72 x 108 KSV). Pastebéjus
stiprias kolonizacijos ypatybes, Sis kamienas pasirinktas bakteriocino KvarM
antimikrobiniam veiksmingumui istirti. Klebicino KvarM terapija (2,5 pg/
100 pl) sumazino bakterijy kiekj nuo 2,18 x 10° iki 1,27 x 10° KSV, o
ColA-Ia (12,5 ng/100 ul) — nuo 1,73 x 10° iki 1,12 x 10° KSV. Gauti rezul-
tatai taip pat patvirtino stipry klebicino KvarM antibakterinj poveikj, ypac¢
jeigu jis buvo padengtas Eudragit® S100 ir L100 polimerais.

Kitais etapais atlikta peliy Zarnyno mikrobiotos analizé. Nustatyta, kad
klebicinas KvarM, chimerinas ColA-Ia ar naudojami polimerai (Eudragit®
S100 ir L100) neturi reikSmingo poveikio sveiky peliy mikrobiotai — bakte-
rijy jvairove ir gausa islika stabili (p > 0,05). Taciau ciprofloksacino terapija
(Kpn:Ab grupe) sukelia rySkius Zarnyno mikrobiotos pokyc€ius: sumazéja
Clostridiaceae, Enterobacteriaceae, Lactobacillaceae ir Butyricicoccaceae
Seimy gausa (pagj < 0,05), padidéjo Bacteroidaceae, Muribaculaceae, Prevo-
tellaceae ir Rikenellaceae. Alfa jvairovés analizé (Shannon indeksas) parodé
reikSmingg jvairovés sumaz¢jimg tik antibiotikais paveikty peliy grupéje
(pagj = 0,032), o jveting beta jvairove (UniFrac indeksai) pasteb&¢jome, kad
Kpn:Ab peliy grupé formuoja atskirg telkinj, skirtingg nuo VC, KvarM:
EudSL ir ColA-Ia:EudSL grupiy (p < 0,05). Tai jrodo, kad rekombinantiniai
bakteriocinai neveikia mikrobiotos struktiiros, prieSingai nei plataus veikimo
spektro antibiotikai, pvz., ciprofloksacinas.

Apibendrinant, tyrimo rezultatai patvirtina, kad rekombinantiniai bakte-
riocinai Kvarla, KvarM ir ColA-Ia veiksmingai maZina antibiotikams atspa-
riy Klebsiella kamieny kolonizacijg virSkinimo sistemoje. Gydymo metu
bakterijy kiekis sumazéja daugiau nei 99 proc. ir Sis poveikis ypac rySkus, kai
bakteriocinai yra padengti pH jautriais polimerais, kurie neleidzia jiems
atsipalaiduoti skrandyje. Skirtingai nei plataus veikimo spektro antibiotikai
(ciprofloksacinas), bakteriocinai netrikdo nattiraliosios Zarnyno mikrobiotos
(nei bendros taksonominés sudéties, nei ivairovés rodikliy). Gauti duomenys
padés praplésti jau turimas zinias apie bakteriocinus, prisidés prie naujy
terapiniy priemoniy kiirimo, jgalinanc¢iy efektyviai kovoti su patogenais ir
kartu i§saugoti Zarnyno mikrobiotos pusiausvyra.
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ISvados

Sukurti trys apatinés virSkinimo sistemos kolonizacijos modeliai naudo-
jant skirtingus Klebsiella kamienus. Klebsiella quasipneumoniae (DSM®
28212™) kolonizacija buvo stabili antibiotikais paveiktose grupése.
Klebsiella pneumoniae (ATCC® 12657™) kolonizacija iSliko stabili tik
antibiotikais paveiktoms peléms, o Klebsiella pneumoniae (ATCC®
43816™) nustatyta nekintama kolonizacija visose grupése — tiek su, tiek
be antibiotiky.

Nustatyti pelés virSkinimo sistemos vidutiniai pH rodikliai: 3,3 + 0,92
skrandyje, 6,5 + 0,34 plonojoje zarnoje ir 7,4 + 0,42 storojoje Zarnoje.
Remiantis Siais duomenimis, bakteriocinams padengti buvo parinktas ap-
valkalas, uztikrinantis veikliyjy medziagy iSsiskyrima esant pH > 5,5 —
iSvengiama irimo skrandZio terpéje ir pasiekiamos tikslinés Zarnyno
vietos.

Klebcino Kvarla 100 pg ir 1000 pg koncentracijos sumazino Klebsiella
quasipneumoniae (DSM®™ 28212™) kiekj. Infekcijos modelyje taip pat
nustatyta, kad klebicinas KvarM 2,5 pg/100 pl ir chimericinas ColA-Ia
12,5 ug/100 ul tendencingai mazina Klebsiella pneumoniae (ATCC®
43816™) bakterijy kiekj.

Rekombinantiniai bakteriocinai, klebicinas KvarM ir chimericinas
ColA-Ia, nepaveiké Zarnyno mikrobiotos sudéties ar jvairovés. Reiks-
mingy bakterijy santykinio gausumo poky¢iy pries ir po gydymo nenu-
statyta, labiausiai vyraujancios iSliko Firmicutes tipo bakterijos.
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Supplement 1
VALSTYBINE MAISTO IR VETERINARLJOS TARNYBA

LEIDIMAS
ATLIKTI BANDYMO SU GYVUNAIS PROJEKTA

2019-06- Ak Nr. G2-119
Vilnius

Vadovaujantis Lietuvos Respublikos gyviiny gerovés ir apsaugos jstatymo 16 straipsnio 4
dalimi, Mokslo ir mokymo tikslais naudojamy gyviny laikymo, prieZiiros ir naudojimo
reikalavimais, patvirtintais Valstybinés maisto ir veterinarijos tarybos direktoriaus 2012 m. spalio
31 d. jsakymu Nr. B1-866 ,.Dél Mokslo ir mokymo tikslais naudojamy gyviiny laikymo, prieZitros
ir naudojimo reikalavimy patvirtinimo®, Europos konvencija dél eksperimentiniais ir kitais mokslo
tikslais naudojamy stuburiniy gyviiny apsaugos (OL 2004 m. specialusis leidimas. 15 skynus, 4
tomas, p. 325) ir remiantis Lietuvos bandomujy gyviiny naudojimo etikos komusijos pre
Valstybinés maisto ir veterinarijos tarnybos 2019-06-04 isvada Nr. 13 _Del leidimo atlikn
bandymus su gyviinais®,

leidZiam aSiam iikio subjektui atlikti bandymo su gyviinais projekta:

duomenys apie ikio subjekta:

pavadinimas Lietuvos sveikatos moksly universiteto Biologiniy tyrimy centras,

adresas TilZés g. 18, Kaunas,

kodas Juridiniy asmeny registre 302536989,

duomenys apie bandymo su gyviinais projekta:

pavadinimas _.Augalinégje sistemoje pagaminto baltymo antimikrobinio efektyvumo

jvertinimas peliy modelyje*,

vadovas Vilma Petrikaite,

naudojami gyviinai 156 peles;

duomenys apie bandymo su gyviinais projekto atlikime viets:

pavadinimas Lictuvos sveikatos moksly universiteto Biologimiy tyrnimy centras,

adresas Tilzés g. |8, Kaunas.

Duomenys apie veterinarinius vaistus, vaistinius preparatus ar kitas medZiagas (tolau
— vaistai), kurie bus naudojami vykdant bandymo su gyv@nais projekiy®

- B - '| G -
Nr Vaisto pavadinimas Gamintojen | ¥ asstine for ma vykalant bandyms w
i A —— : Ay vomain projekig
o | EEomLaA Sigma Aldrich, USA [ it s i [ 8 et
| STREPTOMICINAS | __ V. |
4. AMPICILINAS Sigma Aldrich, LUISA ek gl 1 M il

Leidimas atlikti bandymo sp”gyviinais }m}ck!q (toliau - leidimas) galioja ki 2022 m
gruodzio 31 d.

/ 7
Direktoriaus pavaduotojas /Qiaﬁ - Vidmantas Paulauskas
)

* = Nurodomi naudojamo (-y) vaisto (-y (-ai) intojas (-ai), vaistiné (-es) forma (-0s), kiekis

Wmmgmmhm mo su gyvinais projekia vaista gyvinams
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VALSTYBINE MAISTO IR VETERINARLJOS TARNYBA

LEIDIMAS
ATLIKTI BANDYMO SU GYVUNAIS PROJEKTA

2021-05-31 Nr. G2-184
Leidimo pakeitimo data: 2021-07-
Vilnius

Vadovaujantis Lietuvos Respublikos gyviiny gerovés ir apsaugos jstatymo 16 straipsnio 4 dalimi,
Mokslo ir mokymo tikslais naudojamy gyviny laikymo, prieZitros ir naudojimo reikalavimais, patvirtintais
Valstybinés maisto ir veterinarijos tarnybos direktoriaus 2012 m. spalio 31 d. jsakymu Nr. B1-866 ,,.Dél
Mokslo ir mokymo tikslais naudojamy gyviiny laikymo, prieZitros ir naudojimo reikalavimy patvirtinimo®,
Europos konvencija dél eksperimentiniais ir kitais mokslo tikslais naudojamy stuburiniy gyviiny apsaugos (OL
2004 m. specialusis leidimas, 15 skyrius, 4 tomas, p. 325) ir remiantis Lietuvos bandomuyjy gyviiny naudojimo
etikos komisijos prie Valstybinés maisto ir veterinarijos tarnybos 2021-05-18 i§vada Nr. 6 ,,.Dél leidimo atlikti
bandymus su gyvinais®,

leidZiam aSiam (3iems) tkio subjektui (-ams) atlikti bandymo su gyviinais projekta:

duomenys apie ikio subjekta (-us):

pavadinimas Lietuvos sveikatos moksly universiteto Biologiniy tyrimy centras,

adresas: TilZés g. 18, Kaunas,

kodas Juridiniy asmeny registre 302536989;

duomenys apie bandymo su gyviinais projekta:

pavadinimas ,Rekombinantiniy baltymy aktinomikrebinio efektyvumo ir poveikio navikams
ivertinimas*,

vadovas dr. prof. Vilma Petrikaité,

naudojami gyvinai 170 peliy;

duomenys apie bandymo su gyviinais projekto atlikimo vieta:

pavadinimas Lietuvos sveikatos moksly universiteto Biologiniy tyrimy centras,

adresas: Tilzés g. 18, Kaunas.

Duomenys apie veterinarinius vaistus, vaistinius preparatus ar kitas medZiagas (toliau — vaistai),

kurie bus naudojami vykdant bandymo su gyviinais projekta*:

Eil Kiekis, reikalingas vykdant
Nr: Vaisto pavadinimas Gamintojas Vaistiné forma bandymo su gyviinais
projekts
L STEIEC;E;‘(%};Q(S:I%{AS 3151;; (Qldnch, Jungtinés Amerikos Tirpalas 10 fasuotiy po 100 ml
2. | AMPICILINAS fl‘g“‘?. Aldrich, Jungtinés Amerikos Tirpalas 10 fasuotiy po 10 ml
alstijos
SPECIALAUS Tirpalas (su iétirpintu
3. FORMULAVIMO P atliekant tiri ias veiklas baltymu) 10 mg/100 pl — terapiné doze
BAKTERIOCINAI
ZMOGAUS
VIRSKINIMO
D Rt ATCC Lastelés 10 Iasteliy linijos
LASTELIY
LINIJOS

Leidimas atlikti bandymo su gyviinais proj

01.

Direktoriaus pavaduotojas,
pavaduojantis direktoriy

*— Nurodomi naudojamo (-y) vaisto (-y)

3 (toliaj — leidipas) galioja nuo 2021-06-01 iki 2024-06-

Vidmantas Paulauskas

reikalingas vykdant bandymo su gyvinais projekta. Jei vykdant bandymo su gyviinais projekta vaistai
gyvinams nenaudojami, leidime jra$omas Zodis ,,Nenaudojama“
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LEIDIMAS
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2023-03-21 Nr. G2-242
Vilnius

Vadovaujantis Lietuvos Respublikos gyviiny gerovés ir apsaugos jstatymo 16 straipsnio 4
dalimi, Mokslo ir mokymo tikslais naudojamy gyviny laikymo, prieziliros ir naudojimo
reikalavimais, patvirtintais Valstybinés maisto ir veterinarijos tarnybos direktoriaus 2012 m.
spalio 31 d. jsakymy Nr. B1-866 ,,Dél Mokslo ir mokymo tikslais naudojamy gyviny laikymo,
priezitiros ir naudojimo reikalavimy patvirtinimo®, Europos konvencija dél eksperimentiniais ir
kitais mokslo tikslais naudojamy stuburiniy gyviiny apsaugos (OL 2004 m. specialusis leidimas,
15 skyrius, 4 tomas, p. 325) ir remiantis Lietuvos bandomyjy gyviiny naudojimo etikos komisijos
prie Valstybinés maisto ir veterinarijos tarnybos 2023-03-16 i§vada ,,Dél LSMU Biologiniy
tyrimy centro 2023-02 paraiSkos dél bandymo su gyviinais procediiry projekto ,,Bakteriociny
antimikrobinio efektyvumo ir poveikio navikams jvertinimas*:

leidziama Siam iikio subjektui (-ams) atlikti bandymo su gyviinais projekta:

duomenys apie iikio subjekta (-us):

pavadinimas Lietuvos sveikatos moksly universiteto Biologiniy tyrimy centras,

adresas: Tilzés g. 18, Kaunas,

kodas Juridiniy asmeny registre 302536989;

duomenys apie bandymo su gyvinais projekta:

pavadinimas ,,Bakteriociny antimikrobinio efektyvumo ir poveikio navikams jvertinimas®,

vadovas Indré Karali@ité,

naudojami gyviinai: 256 pelés (genetiskai pakeisti gyviinai),

duomenys apie bandymo su gyviinais projekto atlikimo vieta:

pavadinimas Lietuvos sveikatos moksly universiteto Biologiniy tyrimy centras,

adresas: Tilzés g. 18, Kaunas.

Duomenys apie veterinarinius vaistus, vaistinius preparatus ar kitas medziagas (toliau —
vaistai), kurie bus naudojami vykdant bandymo su gyviinais projekta™:

Eil. | Vaisto pavadinimas Gamintojas Vaistiné forma Kiekis, reikalingas vykdant

Nr. bandymo su gyviinais projekta

1. |PENICILINAS IR Sigma Aldrich, USA  |Tirpalas 12 pak. po 100 ml
STREPTOMICINAS

2. |AMPICILINAS Sigma Aldrich, USA  |Tirpalas 10 pak. po 10 ml

3. |SPECIALAUS Pagamintas atliekant |Tirpalas 10 mg/100 pl — terapiné doze,
FORMULAVIMO tiriamasias veiklas (su istirpintu bendras kiekis priklausys nuo
BAKTERIOCINAI baltymu) tyrimo rezultaty

4. |CEFUROKSIMAS Sigma Aldrich, USA  |Milteliai 3 pak.

5. |MEROPENEMAS Sigma Aldrich, USA  |Milteliai 3 pak.

6. |CEFTRIAKSONAS Sigma Aldrich, USA  |Milteliai 3 pak.

7. |CEFTAZIDIMAS Sigma Aldrich, USA  |Milteliai 3 pak.

8. |CIPROFLOKSACINAS (Sigma Aldrich, USA  |Milteliai 4 pak.

Leidimas atlikti bandymo su gyviinais projekta (toliau — leidimas) galioja nuo 2023-04-06
iki 2026-04-03.

Direktoriaus pavaduotoja,
atliekanti direktoriaus funkcijas Audroné Mikalauskiené
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Siuo paZzyméjimu patvirtinama, kad nurodytas asmuo isk
MOKSLO IR MOKYMO TIKSLAIS NAUDOJAMU GY
NAUDOJIMO REIKALAVIMAIL 2021-01-07/2021-03-04,
Veterinarijos akademijoje (LSMU VA), Tilzés g. 18, K

This certificate is to verify that the person named above, has succes.
CARE AND USAGE REQUIREMENTS FOR ANIMALS USED
PURPOSES held from January 7" — March 4", 2021 in Lithuanian
Academy, Tilzés 18, Kaunas, Lithuania. 1

Mokymo programos trukme 80 val. (3 kreditai). Mokymy bidas:
grupése, individualios uzduoties atlikimas, projekto parengimas ir eg

The training program consisted of 80 hours (3 ECTS credits) of lec
presentation of an individual task and project and final passed the

Kurso mokymo programa suderinta su Valstybine maisto ir v
B6-(1.9)-2625, amau_]mla 2017-03-28, rastas Nr. B6-(1.9)- 8508
Europos Parlamento ir Tarybos dircktyva 2010/63 ES. Mol
atitinkamai apmokytas atlikti bet kuria i§ funkcijy, nurodyty

The course program was approved by The State Food and Veterin
of 16 October 2013 and updated 28 th of March, 2017, official lettel i
quirements of the directive 2010/63/EU of the European Parliamen am\f

Participant of this training course is adequately educated and trained to
in Article 23 (a, b, ¢, d) of the Directive 2010/63 EU. \
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