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3. Introduction

3.1 Antimicrobial resistance

Antimicrobial resistance (AMR) has emerged as one of the most pressing public health threats of the
twenty onecentury (Hansson & Brenthel, 2022). AMR has now become one of the most critical global
health threats ("Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis",
2022a). AMR refers to the ability of microbes to survive exposure to antimicrobial drugs, making
infections increasingly difficult to treat. Moreover, AMR jeopardizes many achievements of modern
medicine. Medical procedures such as surgery, cancer chemotherapy, and cesarean sections are
becoming more hazardous due to the heightened risk of untreatable MDR infections ("Global burden
of bacterial antimicrobial resistance in 2019: a systematic analysis", 2022a). The battle between
humans and microbes, particularly bacteria, has been ongoing for centuries ("Global burden of
bacterial antimicrobial resistance in 2019: a systematic analysis", 2022a). The discovery of penicillin,
the world's first antibiotic, by Alexander Fleming in the 1920s and its first clinical use in the 1940s
marked a revolutionary breakthrough in the fight against bacterial infections (Hansson & Brenthel,
2022). In the following decades, up until the 1980s, numerous new and diverse antibiotics were
developed. However, the excessive and improper use of antibiotics in humans, animals, and
agriculture, along with the rapid spread of resistance genes among microbes, has led to the emergence
of multidrug-resistant (MDR) pathogens (Asghar et al., 2024). Antibiotics, once hailed as miracle drugs,
are rapidly losing their efficacy, leading to prolonged illness, higher medical costs, and increased
mortality (Hansson & Brenthel, 2022). The World Health Organization (WHO) has declared AMR a
"global health and development threat" and a major challenge in achieving the Sustainable
Development Goals (SDGs) (Hansson & Brenthel, 2022; Sati et al., 2025). This research explores the
causes, consequences, and possible solutions to AMR, underlining the urgent need for coordinated
global action. This, combined with a decline in the development of new antibiotics in recent decades,
has resulted in an era where an increasing number of people die each year due to MDR infections. In
2019 alone, bacterial AMR was responsible for approximately 1.27 million deaths worldwide and
contributed to 4.95 million deaths ("Global burden of bacterial antimicrobial resistance in 2019: a
systematic analysis", 2022a; Sati et al., 2025). If no effective action is taken, annual deaths due to AMR
are projected to rise to 10 million by 2050, with an estimated additional $1 trillion in healthcare costs,
alongside significant losses in global gross domestic product (https://amr-
review.org/sites/default/files/160518_Final%20paper_with%20cover.pdf; Lesho & Laguio-Vila, 2019).
The WHO has highlighted an urgent crisis in antibiotic research, development, and accessibility (Sati et

al., 2025). In response to the escalating threat of AMR, the WHO released an updated list in 2024 of
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antibiotic-resistant "bacterial priority pathogens" identifying bacteria that pose the greatest risk to
human health (Sati et al., 2025). This list aims to guide future research and development efforts, as
well as strategies to mitigate the growing AMR crisis. To combat AMR effectively, it is crucial to better
understand the pathogenic behavior of these bacteria, which can help identify new antibiotic targets
or optimize existing treatments. Notably, the Gram-negative bacteria order, which includes the
Enterobacteriaceae family such as Klebsiella pneumoniae (Kp) (Sati et al., 2025). Kp has been
categorized in the highest priority class due to its significant role in antibiotic resistance (Sati et al.,

2025).

3.2 Klebsiella pneumoniae

Klebsiella pneumoniae (K. pneumoniae; Kp) is a Gram-negative bacterium that is widely distributed in
nature, commonly found in soil and water (Li & Huang, 2017). It is a well-recognized pathogen
responsible for severe infections, such as urinary tract infections and pneumonia, which can progress
to life-threatening bloodstream infections (Li & Huang, 2017). Kp as an opportunistic pathogen, Kp
primarily affects individuals who are already ill or immunocompromised. In humans, it can colonize
mucosal surfaces such as the nasopharynx and the gastrointestinal tract, a crucial step in infection
development. The bacterium possesses a range of virulence factors, including lipopolysaccharides
(LPS), a polysaccharide capsule, siderophores, and fimbriae. LPS shields the bacteria from humoral
immune defenses, while the polysaccharide capsule helps evade both innate and adaptive immune
responses. Siderophores facilitate iron acquisition, and fimbriae enable bacterial adherence to surface
(Paczosa & Mecsas, 2016).

In recent years, the emergence of hypervirulent and MDR strains of Kp has become a growing concern
(Bassetti, Righi, Carnelutti, Graziano, & Russo, 2018; Russo & Marr, 2019). Hypervirulent strains exhibit
enhanced virulence factors, such as improved adhesion to host cells (Riwu, Effendi, Rantam, Khairullah,
& Widodo, 2022; Schroll, Barken, Krogfelt, & Struve, 2010), increased capsular polysaccharide
production (Cheng et al, 2010; Liu et al, 2017), and hypermucoviscosity
(https://www.ecdc.europa.eu/en/publications-data/antimicrobial-resistance-surveillance-europe-
2023-2021-data). According to the European Center for Disease Prevention and Control, nearly 40% of
all K. pneumoniae isolates tested in 2021 were resistant to at least one antimicrobial group, with many
strains displaying resistance to two or more antimicrobial groups, significantly limiting treatment
options  (https://www.ecdc.europa.eu/en/publications-data/antimicrobial-resistance-surveillance-
europe-2023-2021-data). Several antibiotics, including fluoroquinolones, carbapenems,
aminoglycosides, and cephalosporins, are commonly used to treat Kp infections ("HygienemaRnahmen

bei Infektionen oder Besiedlung mit multiresistenten gramnegativen Stdabchen. Empfehlung der
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Kommission flir Kranken-haushygiene und Infektionspravention (KRINKO) beim Robert Koch-Institut
(RKN", 2012). However, many of these antibiotics have lost their effectiveness due to the rise of MDR
Klebsiella strains. Consequently, last-resort antibiotics such as ceftazidime-avibactam, tigecycline, and
polymyxins are now required for treatment. Alarmingly, resistance to these last-resort antibiotics is
also emerging, underscoring the urgent need for new and innovative treatment strategies (Ayoub
Moubareck, 2020; Michalopoulos & Falagas, 2008).

Earlier attempts for producing vaccine against K. pneumoniae have been made using bacterial
components such as capsular polysaccharide (CPS), LPS however toxicity associated with LPS, and
diversification of CPS rendered these molecules as evitable vaccine candidates (Cryz, Mortimer,
Mansfield, & Germanier, 1986). In order to combat AMR, it is important to understand the mechanisms
behind it and there is a lot of challenge in treating bacterial infection resulting from AMR (Moo et al.,

2020).

3.3 Challenges in treating bacterial infections

Bacterial infections were one of the leading causes of death and increased morbidity, before the first
antibiotic penicillin was discovered in 1928 ("Global mortality associated with 33 bacterial pathogens
in 2019: a systematic analysis for the Global Burden of Disease Study 2019", 2022b). The
commercialization of the B-lactam inhibitor marked the breakthrough of a new chapter of modern
medicine: the golden era of antibiotics ("Global mortality associated with 33 bacterial pathogens in
2019: a systematic analysis for the Global Burden of Disease Study 2019", 2022b). Pioneering drugs
such as vancomycin, tetracycline or streptomycin were discovered, which also had an impact on other
disciplines, i.e., in surgery, where highly complicated and longer lasting operations could now be
carried out (Brown & Wright, 2016). However, shortly after each newly approved drug, antimicrobial
resistant pathogens were isolated. In the early days of antibiotic use, resistant infections did occur, but
a steady flow of new antibiotics provided alternative treatments
(https://www.who.int/news/item/14-06-2024-who-releases-report-on-state-of-development-of-
antibacterials). Once resistance to a specific antibiotic became a significant issue, it was possible to
simply switch to other treatments (Uddin et al., 2021). However, antibiotics stopped being developed.
The most recent discovery of a new antibiotic class that reached the market was in 1987 (Briissow,
2024). Since then, innovation in the field has stagnated, with only a few novel antibiotic classes
currently in the drug pipeline (Maglangit, Yu, & Deng, 2021; Silver, 2011; Theuretzbacher, 2011). The
consequences are being felt worldwide, as an increasing number of bacterial infections are becoming
difficult to treat once again. Of particular concern is the lack of antibiotics effective against Gram-

negative bacteria. The tools to develop resistance are ubiquitous, but the extensive and unwary use of
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antibiotics within the last decades leads to the probability that we will be facing an antibiotic resistance
crisis (https://iris.who.int/bitstream/handle/10665/376776/9789240093461-
eng.pdf?sequence=1%20(accessed%20May%2021). The WHO published an updated list in 2024 of
antibiotic-resistant "bacterial priority pathogens", listing bacteria that pose the greatest threat to
human health due to AMR (https://iris.who.int/bitstream/handle/10665/376776/9789240093461-
eng.pdf?sequence=1%20(accessed%20May%2021). The WHO mentioned the annual death 7.7 million
and 1.27 of that caused by antibiotic resistance and on the next 2050 should be around 10 million
(https://iris.who.int/bitstream/handle/10665/376776/9789240093461-
eng.pdf?sequence=1%20(accessed%20May%2021).

To combat AMR, it is important to understand the mechanisms behind it. There are two different
classes of resistance: i) intrinsic resistance, which relies on the structure and functions of bacteria and
ii) acquired resistance, which has developed over time (Blair, Webber, Baylay, Ogbolu, & Piddock,
2015). An example for intrinsic resistance is the one against vancomycin. This antibiotic is only active
against gram- positive bacteria and cannot affect gram-negative (Blair et al., 2015). Acquired resistance
can be classified into three main modes of action: i) The minimization of intracellular concentration of
the antibiotic, ii) the modification of the target structure, or iii) the inactivation of the antibiotic (Li &
Nikaido, 2009). To minimize intracellular antibiotic concentrations, efflux pumps actively transport
undesired compounds outside the pathogen (Li & Nikaido, 2009). An overexpression of either
substrate specific or wide range pumps (e.g., multidrug resistance efflux pumps), due to mutations in
the regulator network result in AMR (Li & Nikaido, 2009). These mutations can also be passed between
bacteria via plasmid transfer
(https://www.sciencedirect.com/science/article/abs/pii/B978044464052900011X). In addition to
efflux pumps, poor penetration of the antibiotic through the outer membrane in gram-negative
bacteria can be manipulated by a downregulation of porin expression (Blair et al., 2015; Uddin et al.,
2021). Therefore, it is important to establish gram-negative bacterial membrane models to screen new
antibiotics in a high content manner (Richter et al., 2017). However, even if the antibiotic is able to
penetrate through the cell wall, the target structure can change either via genetic mutation or
modification (Blair et al., 2015). Alternatively, enzymes can alter or degrade the compound, resulting
in a loss of efficacy (Blair et al., 2015). Besides the development of antimicrobial resistance, bacteria
can also escape antibiotic treatment by invading human cells or by the formation of a biofilm. In the
latter, individual cells adapt to a multicellular lifestyle by first attaching to a surface and then forming
an extracellular polymeric substance, altogether mediated by quorum sensing signaling
(https://www.sciencedirect.com/science/article/abs/pii/B978044464052900011X). Due to the matrix
barrier and low metabolic activity within the biofilm, higher doses of antibiotics need to be

administered in order to successfully eliminate the pathogens (Pelgrift & Friedman, 2013).
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Unfortunately, higher doses often do not cure patients as these drugs often poorly penetrate the
biofilm. They can even promote the development of resistance, in addition to increased risk of side
effects (Moo et al., 2020).

In general, AMR progresses when the antibiotic is not sufficiently effective and is not able to eliminate
the pathogen until complete eradication. This may be due to the use of broad- spectrum antibiotics or
the implementation of an incorrect antibiotic therapy, mainly with unspecific therapeutics that can
favour the progress and spread of resistance (Rao, 1998). Moreover, compliance problems, when the
therapeutic is not administered regularly can provoke the development of AMR (Rao, 1998). To the
end, this will lead to lower drug concentrations on the side of infection, resulting in non-effective
eradication of naturally resistant pathogens, which can then spread though the human body,
unhindered (Rao, 1998).

Generally, besides education and stricter hygiene regulations, there are two ways to prevent the
spread and development of AMR: First, the design of new antimicrobial drugs with alternative modes
of action and higher efficacy, and second the improvement of well-established compounds (Rao,
1998). Unfortunately, the number of newly approved antimicrobial drugs has decreased within the last
decades and huge pharmaceutical companies are interested in their research and development (Rao,
1998; Taylor, Stapleton, & Paul Luzio, 2002). This leaves the second alternative, to improve and
repurpose known antibiotics. Nanotechnology, for example, bares great potential to be used as a tool
to combat resistance as therapeutics, vaccines or diagnostic tools (Allaker & Ren, 2008; Huh & Kwon,
2011). So-called nonantibiotics, antibiotics encapsulated into nanoparticles or liposomes or
extracellular vesicles (EVs), can take advantage by simultaneously acting on multiple mechanisms
(Herrmann, Wood, & Fuhrmann, 2021; Pelgrift & Friedman, 2013). This gave me the idea for the
second part of this project as EVs nanocarrier for drug delivery. Briefly, they have a natural
composition, biocompatibility and low toxicity, natural targeting, tissue specificity, Stealth Properties,
Protection of Cargo, Engineerability, Surface modification allows for enhanced targeting, first step
towards personalized medicine (Allaker & Ren, 2008; Herrmann et al., 2021; Pelgrift & Friedman,
2013) EVs offer a highly promising nanocarrier platform due to their natural biocompatibility, targeting

ability, and versatility in drug delivery (Herrmann et al., 2021).

3.4 The host immune response against the pathogen and
macrophage response

The human immune system comprises both innate and adaptive branches (Rivera, Siracusa, Yap, &

Gause, 2016). Innate immunity serves as the body's initial defense mechanism against pathogens and

environmental insults (Kawai & Akira, 2010; Rivera et al., 2016). In addition to chemically and physically
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protective surfaces, such as mucosa, and humoral proteins, the complement system, it includes a
cellular component (Kawai & Akira, 2010; Rivera et al., 2016). Cells of the innate immune system
originate from a universal progenitor cell, the hematopoietic stem cell (HSC) (Ratajczak & Kucia, 2022).
The HSC is produced in the bone marrow and migrates between the bone marrow, blood, and
peripheral tissues (Mazo, Massberg, & Andrian, 2011). It gives rise to the hematopoietic tree, which is
divided into myeloid and lymphoid branches. While the lymphoid axis of the hematopoietic tree
generates lymphocytes (B-cells, T-cells), the myeloid axis produces granulocytes (neutrophils,
eosinophils, basophils) and monocytes, all of which are effector cells of innate immunity (Mazo et al.,
2011; Ratajczak & Kucia, 2022). Circulating monocytes in the blood form the pool from which resident
macrophages are partially recruited (Mazo et al., 2011; Ratajczak & Kucia, 2022). Upon entering the
tissue, monocytes adopt a characteristic morphology and differentiate into macrophages (Mazo et al.,
2011; Ratajczak & Kucia, 2022). Macrophages, populating the various organs of the body in their
manifold subtypes, serve as sentinels of the immune system. Their diversity manifests in subtypes such
as Kupffer cells in the liver or alveolar macrophages in the lung, to name only two. Like many tissue
cells, cells from the immune system are equipped with invariable surface and intracellular receptors
that detect patterns common to pathogens (pathogen associated molecular patterns, PAMPs) or to
sterile threats (danger associated molecular patterns, DAMPs). The most prominent PAMP receptor
type is the germ-line encoded Toll like receptor (TLR) family. Thirteen mammalian TLR genes have been
identified so far, 10 of which are functionally expressed in humans (Kawai & Akira, 2010). They
recognize different PAMPs, such as lipopolysaccharide (LPS) from gram-negative bacteria (via TLR4),
peptidoglycan from gram- positive bacteria (via TLR2), the bacterial motility protein flagellin (via TLR5),
nucleic acids of bacterial or viral origin, such as unmethylated CpG motifs (via TLR9), double-stranded
RNA (via TLR3) and single-stranded RNA (via TLR7) (Kawai & Akira, 2010). All TLRs share a cytoplasmic
Toll/interleukin-1 receptor (TIR) domain, a transmembrane domain and leucine rich repeat motifs
(LRRs) on the extracellular side (Kawai & Akira, 2010). These LRRs are responsible for PAMP detection.
Upon PAMP binding, TLRs dimerize, bringing their cytoplasmic TIR domains into close spatial proximity
(Kawai & Akira, 2010). This process creates the binding sites necessary for adapter molecule binding.
Association of myeloid differentiation primary response protein 88 (MyD88) or TIR-domain-containing
adapter-inducing interferon-g (TRIF) to the dimerized TIR domains triggers a signaling cascade,
involving mitogen activated protein kinases (MAPK), nuclear factor kappa B (NFkB) and interferon
regulatory factors (IRF), which eventually leads to the activation of pro-inflammatory genes that
establish an unspecific immune reaction against the detected threat (Kawai & Akira, 2010).
Macrophages participate in the induction and maintenance of the adaptive immune response and
require its stimuli for subtype manifestation. The initiation of an adaptive immune response

necessitates the presentation of antigen to the memory and effector cells of the immune system. The
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cells that ingest, process and present antigen are the antigen presenting cells (APCs), which are mostly
mononuclear phagocytes. They sample antigen and present antigen fragments on their type Il MHC
surface molecules. Upon activation by antigen encounter, macrophages mount a local and unspecific
immune response. Secretion of lipid mediators such as leukotrienes and prostaglandins induce an
inflammatory state. The release of cytokines like TNFa, IL1B, IL8 and CCL2 promotes further
recruitment of leukocytes, such as neutrophils and additional monocytes, to the affected tissue.
Resident dendritic cells take up antigen material at the site of an infection and migrate to the T cell
zones of proximal lymphoid organs via lymphatic vessels and activate CD4+ T helper cells equipped
with a compatible T cell receptor. By this match, T cells pass a positive selection process and are
clonally expanded, a process that makes them available in great numbers to fight the source of the
antigen they were selected for. A portion of these T cells leaves the lymph node and enters the blood
stream. At the site of infection, T cells cross the endothelial barrier by a selectin- and integrin-mediated
process. Activated CD4+ T helper cells can develop into CD4+ Type 1 (TH1) or Type 2 (TH2) helper cells,
depending on the microenvironment they encounter in the tissue. At the inflamed site, these T helper
cells mediate further activation and maintenance of other immune cells, such as macrophages. TH1
cells produce IFNy, while TH2 cells produce IL4, IL5 and IL13. These cytokines reinforce the respective
T cell activation status while inhibiting the opposite one. Furthermore, these cytokines shape the
macrophage activation status by paracrine stimulation. Macrophages play a crucial role in the immune
system, communicating with other immune cells through various mechanisms. These cells utilize
cytokines, chemokines, and extracellular vesicles to interact with other components of the immune
system, orchestrating a coordinated response against pathogens (Chiodoni et al., 2019).
Macrophages, as part of the innate immune system, can both release and receive extracellular vesicles
(EVs), influencing the function of other immune cells. For instance, macrophage-derived EVs can
modulate the activity of dendritic cells, natural killer cells, and T cells, thereby shaping the overall
immune response (Wang, Sun, Dastgheyb, & Li, 2022). The host immune response against the
pathogen is controlled by multiple regulatory mechanisms, where intercellular communication
between infected and uninfected cells is accomplished by cell-cell interactions and long-distance
communication (Raposo & Stoorvogel, 2013). One such mechanism of intercellular communication is
via extracellular vesicles (EVs) (van Niel, D'Angelo, & Raposo, 2018) .

EVs have been shown to carry various host-derived immunostimulatory molecules and pathogen-
associated components, which can significantly impact immune regulation (Bauer, Heeg, Wagner, &
Lipford, 1999; Diichler et al., 2019; Kim, Lim, An, & Choi, 2020; van Niel et al., 2018). EVs from different
sources have been found to contain cytokines like IL-1B and TNF-a, as well as antigen-presenting
machinery such as MHC class || molecules and costimulatory molecules like CD40 and CD86 (Abhange

et al., 2021; Armstrong & Wildman, 2018; Bjgrge, Kim, Mano, Kalionis, & Chrzanowski, 2017; Buzas,
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Gyorgy, Nagy, Falus, & Gay, 2014; Chang, Cerione, & Antonyak, 2021). For instance, EVs from Petasites
japonicus induced the maturation of dendritic cells by increasing the expression of surface molecules
including MHC-I, MHC-II, CD80, and CD86, while also promoting the production of cytokines like TNF-
o (Chiabotto, Gai, Deregibus, & Camussi, 2019; Colombo, Raposo, & Théry, 2014; Hung & Leonard,
2016; Wiklander, Brennan, Lotvall, Breakefield, & El Andaloussi, 2019; Yafiez-Mo et al., 2015). Similarly,
EVs from Filifactor alocis induced the expression of various cytokines and chemokines, including IL-1B,
TNF-a, and CCL5 in human monocytic cells (Sutaria, Badawi, Phelps, & Schmittgen, 2017a; Théry et al.,
2018). In addition to host-derived molecules, EVs can also carry pathogen-associated components such
as bacterial lipoproteins, autolysins, and other proteins (Shah, Patel, & Freedman, 2018; Tkach et al.,
2017). These bacterial molecules can contribute to the immunostimulatory effects of EVs. For example,
bacterial DNA and CpG oligonucleotides have been shown to induce cytokine production and

upregulate costimulatory molecules on antigen-presenting cells (Fitzner et al., 2011).

3.5 Extracellular vesicles (EVs)

EVs are nano-sized particles with a phospholipid bilayer released from mammalian cells (Ahmed,
Kuniyan, Jawed, & Chen, 2023; Colombo et al., 2014). There are several subtypes of EVs, which,
depending on their biogenesis, are characterized in three main classes: i) exosomes, ii) microvesicles
or iii) apoptotic bodies. EVs originate from multivesicular endosomes within the cell, microvesicles
from budding of the cell membrane and apoptotic bodies are formed during the apoptosis of a cell
(Caruso & Poon, 2018; Colombo et al., 2014). According to the “International Society for Extracellular
Vesicles” stated in their positional paper “Minimal information for studies of extracellular vesicles 2018
(MISEV2018) (Théry et al., 2018): a position statement of the International Society for Extracellular
Vesicles and update of the MISEV2014 guidelines”, the generic term “extracellular vesicles (EVs)”
should be used for all particles which are released from cells consisting of a lipid bilayer and unable to
replicate (Théry et al. 2018) (Théry et al., 2018). EVs are released by all different kinds of healthy or
pathological cells, such as intestinal epithelial cells, fibroblasts, immune cells, tumor cells or neuronal
cells. EVs can be isolated from various fluids, such as saliva, blood, breast milk or urine (Armstrong
& Wildman, 2018). EVs consist of a phospholipid bilayer originating from the plasma membrane of the
secreting cell (Thery, Zitvogel, and Amigorena 2002). EVs with a diameter between 30 and 150 nm (on
average 100 nm) on the other hand originate from endosomes and are released from the cell when
the endosome fuses with the plasma membrane (Armstrong & Wildman, 2018; El Andaloussi, Mager,
Breakefield, & Wood, 2013; Yafiez-M¢ et al., 2015). Similar to their origin, vesicles can be decorated
with membrane proteins or particular receptors and are able to carry enzymes, proteins or nucleic

acid, controlled by and specific to their producer (El Andaloussi et al., 2013; Yainez-M¢ et al., 2015).
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Tetraspanins, such as CD9, CD63 and CD 81 for instance, are typically and ubiquitously associated with
EVs (Colombo et al., 2014; Welsh et al., 2024).

Another breakthrough in EVs research was the discovery of the role of EVs in the immune response,
proved by the finding that B lymphocytes secrete vesicles carrying molecules modulating the immune
response in the recipient cell (Xie et al., 2019) . Two years later it was shown that dendritic cells release
antigen-presenting exosomes carrying immune agents with an anti-tumor effect in mice (Morelli et al.,
2004; Tkach et al., 2017). After studying the physiological and pathological function of EVs, the use of

EVs for diagnostics and clinical treatment has attracted attention to the scientific community.

3.6 Biogenesis of EVs

The biogenesis of EVs is complex, with multiple pathways that can lead to the generation of EVs. The
difference in the biogenesis between ectosomes (like microvesicles or apoptotic bodies) and exosomes
is already described above (Théry et al., 2018). The first step in the generation of exosomes is the
denovo formation of an early endosome through inward budding of the plasma membrane (Théry et
al., 2018). When early endosomes mature into late endosomes, they accumulate intraluminal vesicles
(ILVs) which are formed by inward budding of the limiting endosomal membrane (Colombo et al., 2014;
Théry et al., 2018; Zhang, Liu, Liu, & Tang, 2019). These ILVs in the lumen of an MVE are the future
exosomes. CD63, LAMP1/2, and other molecules associated with late endosomes could be identified
as signals that allow the MVE to fuse with the plasma membrane (Hurley, 2008; Théry et al., 2018). It
is important to note that the exosomal membrane is primarily of endosomal origin and due to the
“reverse budding” of the ILVs from the MVE membrane, cytosolic proteins can be found inside the
exosomes and the extracellular domain of transmembrane receptors is orientated towards the lumen
of the MVE (Raposo & Stoorvogel, 2013; Théry et al., 2018). This machinery consists of about 30
proteins that assemble into 5 complexes (ESCRT-O, -I, -II, -lll, and Vsp4) with associated proteins.
ESCRT-0 recognizes and sorts ubiquitinylated cargo, ESCRT-I and -Il promote inward budding of the
endosomal membrane, ESCRT-III binds to ESCRT-II necessary to “cut off” the forming vesicle from the
membrane, releasing an ILV into the MVE and finally Vps4 plays an important role in the disassembly
of the ESCRT machinery and re- cycling. Other proteins associated with the ESCRT machinery like Alix
and TSG101 can also be found in exosome preparations (Théry et al., 2018; Welsh et al., 2024).
However, ESCRT-depleted mammalian cells are also able to produce MVEs indicating that there is also
an ESCRT-independent mechanism of exosome biogenesis (Colombo et al., 2014; Hurley, 2008; Zhang
et al., 2019). One mechanism includes complex lipids such as ceramide, which can form lipid rafts into
membranes facilitating inward budding of the ILVs (Colombo et al., 2014; Hurley, 2008). In the same

manner, cholesterol is also able to increase the release of exosomes (Colombo et al., 2014).
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Tetraspanins contribute to the biogenesis of exosomes as well: The common exosomal marker CD63
(a tetraspanin) seems to be involved in the formation of small ILVs and the regulation of the size of
these ILVs (Colombo et al., 2014). Intracellular vesicle transport is achieved through the interaction
between the cytoskeleton and Rab GTPases (Hurley, 2008). RAB11 for example, which was first
reported, modulates the exosome pathway and contributes to exosome secretion (Zhang et al., 2019).
The final step, the fusion of the MVE with the plasma membrane, is carried out by SNARE proteins and
the synaptotagmin family (Colombo et al., 2014; Hurley, 2008). Most cells seem to need a stimulus
inducing the release of exosomes: It was shown that the rise of the intracellular calcium concentration

triggers the secretion of exosomes (Colombo et al., 2014; Welsh et al., 2024).
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Figure 1: Biogenesis and molecular mechanism of EVs generation and release. EVs are lipid bilayer-enclosed nanoparticles secreted by cells,
carrying a complex molecular cargo reflective of their cell of origin and physiological state. Their composition can be broadly categorized
into: Lipids; Membrane lipids: Cholesterol, sphingomyelin, phosphatidylserine, and ceramides (contribute to stability and rigidity). Lipid rafts:
Enriched in signaling molecules (e.g., tetraspanins). Proteins; Transmembrane/Adhesion Proteins: Tetraspanins (CD9, CD63, CD81) — EV
markers. Integrins — Determine organotropism (e.g., metastasis targeting). Cytosolic Proteins: Heat shock proteins (HSP70, HSP90). Rab
GTPases — Involved in EV biogenesis. Antigen-presenting molecules (MHC-I/Il) — Critical for immune modulation. Nucleic Acids; mRNA,
miRNA, IncRNA — Can modulate recipient cell gene expression. DNA fragments — May reflect genomic alterations (e.g., tumor-derived EVs).
Other Components; Metabolites (e.g., ATP, lipids for signaling). Enzymes (e.g., matrix metalloproteinases in tumor EVs). Exosomes (30—-150
nm): Form via inward budding of endosomal membranes, creating multivesicular bodies (MVBs) that fuse with the plasma membrane for
release. Microvesicles generated by outward budding and fission of the plasma membrane. Modified from: Cocucci, E., Racchetti, G., and

Meldolesi, J. (2009). Shedding microvesicles: artefacts no more. Trends in cell biology, 19(2), 43-51 (Cocucci, Racchetti, & Meldolesi, 2009).
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3.7 Uptake of EVs into recipient cells

After being released from the cells, EVs taken by recipient cells to convey effects based on their cargos
(van Niel et al., 2018). Transfer of information to the recipient cell can either take place already upon
binding, e.g. through antigen-presentation (Tkach et al., 2017), or require the uptake of the vesicle and
the delivery of its soluble cargo to the lumen of the cell. The initial step of binding to the cell-surface
can rely on different interactions (Mulcahy, Pink, & Carter, 2014). For instance, it can be based on the
interaction of integrins on the vesicles that bind to their cellular counterparts (Morelli et al., 2004),
phosphatidylserine exposed on the surface of EVs that can be specifically recognized (Miyanishi et al.,
2007) or through mutual interactions with extracellular matrix components (Purushothaman et al.,
2016).

After binding to the membrane, EVs can fuse with the cell membrane or be taken up by endocytosis
(Mulcahy et al., 2014). Two mechanisms allow EVs to trigger signaling when reaching the target cell:
Either via direct interaction, binding with their transmembrane proteins to surface receptors of a cell
and activating a downstream signaling cascade, or via membrane fusion with the plasma membrane
of the target cell respectively internalization followed by the release of their cargo into the cytosol of
the cell. Both mechanisms allow the EVs to modify protein expression in target cells. However, while
some examples of direct fusion with the cell membrane have been described (Parolini et al., 2009), EVs
are mainly taken up by various endocytotic pathways, as indicated by the near abolishment of vesicle-
uptake by decreasing temperature to halt energy dependent processes (Mulcahy et al., 2014). Uptake
can take place by clathrin coated pits (Tian et al., 2014) or independent from clathrin through
interactions with cholesterol-rich lipid-rafts (Svensson et al., 2013) and by phagocytosis (Du Feng et
al., 2010) or macropinocytosis (Fitzner et al., 2011). Once taken up into endosomes, EVs can fuse with
the endosomal membrane to set free their cargo into the cytosol (Joshi, Beer, Giepmans, & Zuhorn,

2020).

3.8 Physiological functions of EVs

The first discovered function of EVs was a “garbage disposal system” of cells to get rid of unnecessary
proteins (e.g., when reticulocytes mature into erythrocytes, they release transferrin receptors in small
vesicles. It is now unquestioned, that EVs play a crucial role in cell-to-cell communication (Colombo et
al., 2014). The role of EVs in the adaptive and innate immune system was firstly reported in 1996 when
it could be shown that B-lymphocytes secrete antigen-presenting vesicles (Colombo et al., 2014).
Exosomes secreted by antigen-presenting cells (APCs) carry MHC-II (major histocompatibility complex
II) on their surface, allowing them to present peptide-antigens to specific T lymphocytes and activate

them (Armstrong & Wildman, 2018). Also, large EVs released from dendritic cells (DCs) can efficiently
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induce the activation of CD4+ T cells and promote a T helper 1 response in vitro (Tkach et al., 2017).
Exosomes released from macrophages infected with Mycobacterium tuberculosis carry mycobacterial
antigens that could induce an antibacterial immune response in mice, underlining their role in the
immune system (Bhatnagar, Shinagawa, Castellino, & Schorey, 2007). On the other hand, exosomes
can promote viral infections by carrying and disseminating viral components or by using the vesicle
biogenesis for their own survival (Saad, Badierah, Redwan, & El-Fakharany, 2021). It was postulated
that seminal exosomes promote sperm maturation when they pass the male reproductive tract
(Sullivan, Saez, Girouard, & Frenette, 2005). miRNA in breast milk exosomes for example seems to have
an immune-related function, increasing the number of regulatory T cells in the blood and contributing
to immune tolerance (Zhou et al., 2012). Needless to say, that EVs not only contribute to the normal
physiology but also participate in the pathophysiology of multiple diseases.

In the diseased state EVs can have both beneficial and detrimental effects. In infections, EVs released
by neutrophilic granulocytes have demonstrated antibacterial and antifungal effects (Shopova et al.,
2020; Timar et al., 2013). Moreover EVs can act as decoy-particles for bacterial virulence factors such
as the pore-forming toxin of S. aureus (Keller et al., 2020). On the other hand, the packaging of proteins
and nucleic acids into EVs has also been highjacked by viruses and EVs derived from infected cells can
infect recipient cells (Kulkarni & Prasad, 2017; Wang, Fang, Zhao, Wang, & Xiao, 2018).

Taken together the discovery of EVs and their physiological roles has been the foundation of an ever-
expanding field of science that aims at dissecting the intricate workings of EVs in the human body and

harnessing them in new therapeutic approaches.

3.9 EVsin biomedical applications

EVs are currently evaluated in many therapeutic and diagnostic applications and there are more clinical
trials that focus among other aims on the use of EVs as biomarkers and therapeutics (ClinicalTrials.gov
was searched for “exosome or (extracellular vesicle)”). In EV-based diagnostics, researchers utilize the
specific effects diseases can have on the composition of EVs and their easy availability from all bodily
fluids. EVs are being developed as biomarkers for, among others, the detection and monitoring of
various cancers such as lung cancer (Sandfeld-Paulsen et al., 2016), prostate cancer (@verbye et al.,
2015) or breast cancer (Jia et al., 2017), Parkinson’s disease (Niu et al., 2020) and liver diseases (Cho
et al., 2017). To this end, liquid biopsies containing EVs carrying the relevant information have been
obtained from blood (Jia et al., 2017), synovial fluid (Kolhe et al., 2017), urine (Kolhe et al., 2017;
Nilsson et al., 2009) and saliva (Sharma, Gillespie, Palanisamy, & Gimzewski, 2011). The latter three
can be obtained without any invasive procedures, thus minimizing risks and unpleasantness for the

patient. For therapeutic use, EVs exhibit some general advantages that prompted researchers to
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further evaluate them. Their intrinsic pharmacological activity, the selective enrichment of active
cargoes, their ability to cross biological barriers and transfer sensitive cargoes over long distances and
their good safety profile (Bjgrge et al., 2017; Saleh et al., 2019; Schulz et al., 2018) all contribute to the
potential of EVs in therapeutic applications. In therapeutic approaches, EVs can either act as the
therapeutic agent or be utilized as drug delivery vehicles. The main fields of therapeutic application of
native mammalian EVs are tissue regeneration and wound healing (Bjgrge et al., 2017; Wiklander et
al.,, 2019), where especially EVs derived from mesenchymal stem cells have shown broad activity
(Borger et al., 2017; Romanelli et al., 2019). Another source for EVs with regenerative activity is cardio
sphere-derived cells, whose EVs improve the healing of myocardial injuries (Gallet et al., 2017).

One more important application aimed at the native activity of EVs and especially EVs, is vaccination

(Emerson et al., 2022) and this will be the first aim of my project.

3.10 EVs as drug delivery vehicles

In the context of this work, the applicability of EVs as drug delivery vehicles is of special concern, as in
the second aim of this project mainly aimed at developing a method for the efficient EVs loading with
FDA approved drug to facilitate EV- based drug delivery (Vader, Mol, Pasterkamp, & Schiffelers, 2016;
Wang, Yin, Lian, & Wang, 2024). The first step to successful drug delivery using nanoparticles is the
encapsulation of drugs. Here the endogenous loading of EVs with therapeutically active compounds
by the parent cells and the exogenous encapsulation of drugs after EV-isolation can be differentiated.
Endogenous loading is carried out either naturally by the parent cells themselves or by genetic
engineering. Loading through genetic engineering has been achieved, by the overexpression of the
cargo-molecules of choice, as exemplified by Mizrak et al., who produced EVs loaded with enzymes
and the corresponding mRNA that once transferred to target cells made them susceptible to treatment
with 5-fluorocytosin (Elsharkasy et al., 2020; Mizrak et al., 2013; Vader et al., 2016). Overexpression
however can lead to overall changes in gene-expression that might also influence EV- production and
—components (Rayamajhi, Nguyen, Marasini, & Aryal, 2019; Sutaria et al., 2017a). Thus, more specific
methods to target cargoes to EVs have been developed. Cells have been engineered to express fusion-
proteins consisting of an EV-enriched membrane protein and an RNA-binding domain that selectively
binds the cargo-RNA resulting in effective RNA-enrichment into EVs (Sutaria et al., 2017b). It has also
been discovered that certain RNA-sequences can convey loading into EVs by the cellular machinery
(Bolukbasi et al., 2012; Villarroya-Beltri et al., 2013), which could be utilized to encapsulate therapeutic
RNAs. Drugs can also be encapsulated into EVs by adding them to the growth-medium of their parent
cells. This way, gentamicin loaded OMVs (Kadurugamuwa & Beveridge, 1998) and mammalian EVs

loaded with paclitaxel have been obtained (Pascucci et al., 2014). For exogenous encapsulation after
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EV-isolation, the approach depends on the structure of the prospective cargo. Hydrophobic drugs are
easily encapsulated, as they embed themselves into the phospholipid bilayer, as demonstrated for
hydrophobic porphyrins and curcumin (Fuhrmann, Serio, Mazo, Nair, & Stevens, 2015; Sun et al.,
2010). Encapsulation into the EV-membrane increased the bioavailability of curcumin in vivo and
protected mice from septic shock induced by LPS-injection (Sun et al., 2010).

While the lipid membrane of EVs helps them protect sensitive molecules in their lumen, it also forms
a natural barrier for the encapsulation of hydrophilic drugs. Multiple techniques have been evaluated
for the encapsulation of hydrophilic molecules in EVs. Haney et al. compared sonication, freeze-thaw
cycles, saponin incubation and incubation at RT for the loading of mammalian EVs with the enzyme
catalase (Haney et al., 2015). They found that sonication, extrusion and saponin-treatment led to the
highest encapsulation of active enzyme. However, sonication and extrusion, as well as freeze-thaw
cycles, also affected the size and shape of EVs of the vesicles and might affect their therapeutic
efficiency (Haney et al., 2015). Nonetheless, both EVs loaded by saponin-incubation and sonication
showed antioxidant and neuroprotective effects in mice. Saponin incubation was also evaluated for
the encapsulation of hydrophilic porphyrins into EVs by Fuhrmann et al., who tested it alongside
hypotonic dialysis, extrusion and electroporation (Fuhrmann et al., 2015). They found that both dialysis
and saponin- incubation led to significant improved loading efficacy, however dialysis compromised
the ability of EVs to transfer their cargo into cells. Electroporation, which was not effective for the
hydrophilic model-porphyrin, significantly enhanced loading with a porphyrin of intermediate
hydrophilicity (Fuhrmann et al., 2015). Indeed, electroporation seems to be a suitable method for small
molecules such as doxorubicin (Tian et al., 2018), for larger and more complex molecules however,
encapsulation by electroporation has been associated with problems, regarding OMV-stability
(Johnsen et al., 2016) and the precipitation of RNA-cargos (Kooijmans et al., 2013). Nevertheless,
electroporation remains a popular method for exogenous drug-loading of EVs (Sutaria et al., 2017a).
An alternative to encapsulating cargos in the lumen of EVs is anchoring them on their surface (Didiot
et al., 2016; O'Loughlin et al., 2017; Stremersch et al., 2016). Successful examples of EV-based drug
delivery include the abovementioned catalase-loaded EVs to convey neuroprotection in Parkinson-
models (Haney et al., 2015), the loading of EVs with a photosensitizer by incubation of their parent
cells leading to loaded vesicles that significantly outperformed liposomes in drug delivery to tumor
organoids (Millard et al., 2018) and the delivery of siRNA to the brain of mice using EVs engineered

with brain specific viral protein on their surface (Alvarez-Erviti et al., 2011).
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3.11 EVs as smart vaccine platform and carriers for drug delivery
against bacterial infection

This project focus on EVs as smart vaccine platform and carriers for drug delivery against the bacterial
infection based on the above advantage of EVs from the previous research. The host immune response
against pathogens is tightly regulated through intercellular communication, mediated by direct cell-
cell interactions and long-distance signaling via EVs. We hypothesize that EVs released from infected
cells serve as critical vaccine for immune modulation, carrying host-derived immunostimulatory
molecules (e.g., cytokines [IL-1B, TNF-a], antigen-presenting machinery [MHC-II], and costimulatory
molecules [CD40]) and pathogen-associated molecular patterns (PAMPs) (e.g., LPS). By shuttling this
dual cargo, infected-cell-derived EVs may orchestrate immune responses in recipient cells through two
putative mechanisms activation of naive immune cells (e.g., dendritic cells, T cells) via antigen
presentation and costimulatory signals and amplification or suppression of inflammation (e.g., via
cytokine transfer), depending on the pathogenic context (Figure 2). This hypothesis positions EVs as
dual-edged mediators of infection facilitating both pathogen clearance and immune evasion and
suggests their therapeutic potential as a novel vaccine against bacterial infection. Based on that | got
the idea to study the efficacy and the activity of EVs derived from macrophage cells infected with Kp

on immune system regulation and protection against the lethal dose of Kp (figure 3).

'

Figure 2: The host immune response against the pathogen. The host immune response against the pathogen is controlled by multiple
regulatory mechanisms, where intercellular communication between infected and uninfected cells is accomplished by cell-cell interactions
and long-distance communication via EVs. These EVs produced from infected cells might be carried Host-derived immunostimulatory
molecules (e.g., cytokines like IL-1B, TNF-a, antigen presenting machinery MHC-II, costimulatory molecules CD40), in addition to, carrying
antigens or bacterial molecules (e.g., LPS, lipoproteins, bacterial nucleic acids), resulting in immune regulation (Bauer et al., 1999; Duchler et

al., 2019; Kim et al., 2020; van Niel et al., 2018).
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Figure 3: EVs vaccination platform. EVs are isolated from macrophage infected with Kp (EVy,) carried both host molecules and pathogen

molecules. Mice vaccinated with EV, via IM injection and then challenge with lethal dose of Kp.

EVs as a nanocarrier have a lot of advantages over so called classical drug delivery (liposome and lipid
nanoparticles) (figure 4). EVs have a natural composition, biocompatibility and low toxicity. EVs are
naturally secreted by cells, making them highly biocompatible and less immunogenic compared to
synthetic nanoparticles (e.g., liposomes or polymeric nanoparticles), reduce risk of adverse immune
reactions, improving safety for therapeutic use. EVs display surface proteins (tetraspanins, integrins,
etc.) that facilitate homing to specific tissues or cells, enhancing targeted drug delivery, reduce side
effects and improve the therapeutic outcomes overall. EVs can cross biological barriers (e.g., blood-
brain barriers) more efficiently than synthetic carriers. Stealth Properties, EVs evade phagocytosis by
macrophages due to their endogenous "self" markers, prolonging circulation time. Protection of cargo,
EVs shield therapeutic loaded (drugs, nucleic acids, proteins) from enzymatic degradation and
clearance by the immune system. Improve stability and half-life of encapsulated drugs in circulation.
Hybrid EVs (combined with synthetic materials) can further improve functionality. Personalized
medicine, EVs represent a transformative platform for precision medicine, leveraging their native
biological properties for patient-specific diagnostics and therapies. EVs derived from a patient’s own
cells (stem/immune cells) minimize immunogenicity while enabling tailored regenerative and
immunomodulatory therapies (figure 5). Engineered Drug Delivery — EVs can be loaded with patient-
specific drug (chemoagents, siRNA, mRNA) and surface-modified for precision targeting, enhancing

efficacy while reducing off-target effects.
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Figure 4: Principle of EVs nano-carrier. EVs
can combat antimicrobial resistance on a
multi-dimensional level, by 1) natural
composition, 2) biocompatibility and low
toxicity. EVs are naturally secreted by cells,
making them highly biocompatible and less
immunogenic compared to synthetic
nanoparticles (e.g., liposomes or polymeric
nanoparticles), reduced risk of adverse
immune reactions, improving safety for
therapeutic use. 3) natural targeting, 4)
tissue specificity, EVs display surface
proteins (tetraspanins, integrins, etc.) that
facilitate homing to specific tissues or cells,
enhancing targeted drug delivery. Can cross

biological barriers (e.g., blood-brain barrier)

more efficiently than synthetic carriers. 5) Stealth Properties, EVs evade phagocytosis by macrophages due to their endogenous "self"

markers, prolonging circulation time. 6) Protection of Cargo, EVs shield therapeutic payloads (drugs, nucleic acids, proteins) from enzymatic

degradation and clearance by the immune system. Improve stability and half-life of encapsulated drugs in circulation. 7) Engineerability,

Surface modification allows for enhanced targeting (e.g., adding ligands like RGD peptides for tumor targeting). Hybrid EVs (combined with

synthetic materials) can further improve functionality. 8) personalized medicine, EVs represent a transformative platform for precision

medicine, leveraging their native biological properties for patient-specific diagnostics and therapies. EVs derived from a patient’s own cells

(stem/immune cells) minimize immunogenicity while enabling tailored regenerative and immunomodulatory therapies (figure 6). Engineered

Drug Delivery — EVs can be loaded with patient-specific payloads (chemoagents, siRNA, mRNA) and surface-modified for precision targeting,

enhancing efficacy while reducing off-target effects.
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Figure 5: Principle of personalized medicine through using EVs. EVs isolated from the patient sample/culture, then loaded with the drug of

choice and give it to back to the patient that might be reduce the side effects, immune activation and improve the therapeutic outcomes

overall.
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Based on the previous advantage of EVs as smart carriers for drug delivery (figure 4), this increased my
motivation to use EVs as a nanocarrier and gave me the idea to loaded meropenem antibiotic in EVs
derived from macrophage cell as a new approach against bacterial infection and to improve repurpose
known antibiotics. In addition to, | want to see if those EVs are useful as carriers, because a lot of a
new drugs that have been developed and approved by FDA, many of them suffer from low water

solubility which is a big problem to bring them into the cell and to their site of action (figure 6).

]
@°e Drug
D
00./,-,1;\0 Drug carrier (EVs)
geisy EVsloaded drug system
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’ Site of action

EVs Biomimetic Nanocarrier Platform

Figure 6: EVs carrier for drug delivery platform. EVs are useful as carriers, because a lot of a new drugs that have been developed and

approved by FDA, many of them suffer from low water solubility which is a big problem to bring them into the cell and to their site of action.
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4. Aims

This research aims to position EVs as a versatile platform for vaccination and drug delivery. By studying
their role in Kp infections, the findings could contribute to innovative therapeutic approaches, offering
a groundbreaking strategy for preventing and treating MDR bacterial infections.

Macrophage-derived EVs function dually as (1) a protective, cell-free vaccine that primes immunity
against Kp and (2) a biocompatible, low-immunogenicity delivery platform for enhancing antibiotic
efficacy against intracellular pathogens. Our findings demonstrate that macrophage-derived EVs elicit
protective immune responses against Kp infection, highlighting their potential as a novel EVs-based
vaccination strategy against systemic bacterial challenges. By leveraging the immunomodulatory
properties of EVs which shuttle host-derived immunostimulatory molecules and pathogen antigens |
propose that EVs based platforms can precisely modulate host immunity to enhance pathogen
clearance. Furthermore, EVs represent a safe and effective drug delivery system for combating
bacterial infections, particularly those caused by MDR pathogens. Their biocompatibility, low toxicity,
and ability to bypass traditional resistance mechanisms position them as a promising therapeutic
alternative in the post-antibiotic era.

This study underscores the dual utility of EVs as both prophylactic vaccines and targeted antimicrobial

delivery vehicles, offering a scalable solution to the growing threat of MDR infections.
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5. Material

5.1 Instruments and equipment

Table: 5.1 list of instruments and equipment

Instrument

Company

Brookfield DV-III ultra viscometer (RV model)

Brookfield engineering Co., USA

Centrifuge Heraeus

Fresco L7

Thermo Fisher scientific, Waltham, USA.

CO2 Incubator HERAcell 240i

Thermo Fisher scientific, Waltham, USA.

DispenserMultipette® plus

Eppendorf, Hamburg, Germany.

FACS Guava easyCyte™

Merck MilliporeTM, Billerica, USA.

Homogenizer

Mechanika Precyzyina-MPW-309, Poland

Incubated/refrigerated stackable Shaker MaxQ
600

Thermo Fisher scientific, Schwerte,
Germany.

Laboratory shaker See-Saw rocker SSL4

Stuart ®, Marseille, France.

Laboratory roller mixer SRT6D

Stuart ®, Marseille, France.

Microscope AXIO Vert.Al

Zeiss, Oberkochen, Germany.

Microscope PrimoVert

Zeiss, Oberkochen, Germany.

Microwave Inverter

SHARP, Hamburg, Germany.

Malvern Zetasizer Nano ZS

Malvern Instruments GmbH,
Herrenberg, Germany

NanoDrop 2000c

Thermo Fisher Scientific, Waltham, USA.
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nFCM

NanoFCM Co., Ltd, Nottingham, UK

Pipette (0.1 - 1000 pl)

Gilson, Middleton, USA.

Plate reader Tecan Infinite M200 PRO

Thermo Fisher scientific, Waltham, USA.

7300 Real Time PCR System

Life Technologies (Carlsbad, USA)

Real-Time PCR System QuantStudio3

Thermo Fisher Scientific, Waltham, USA.

Thermomixer (1.5 ml, 2 ml) Thermomixer
Comfort

Eppendorf, Hamburg, Germany.

UV-Visible spectrophotometer

Shimadzu, Japan

Ultrasonic bath (Sonicator)

Pandelin, Berlin, Germany

Vacuum pump AC 04

VACUUBRAND GMBH + CO KG
Wertheim, Germany.

VortexGenie2

Scientific industries, New York, USA.

Vortex IKA® S3

Agilent Technologies, Santa Clara, USA.

5.2 Consumables and plasticware

Table 5.2: list of consumables and plasticware

Name

Company

CELLSTAR® Cell culture plate 6-well plate, 12-well
plate, 24-well plate, 96-well plate

Greiner Bio-One GmbH,
Frickenhausen, Germany.

Cell culture dish

Greiner Bio-One GmbH,
Frickenhausen, Germany.

15 - 50 ml tube

SARSTEDT AG & Co. Niimbrecht,
Germany.
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0.5, 1.5, 2 ml reation tubes

Greiner (Frickenhausen,
Germany)

T Cell culture flask

(T25; T75; T175)

SARSTEDT AG & Co, Nimbrecht,
Germany.

Cuvette polystyrene

SARSTEDT AG & Co, Niimbrecht,
Germany.

Nylon Membranes Positively
charged (11417240001)

Roche Diagnostics, Indianapolis,
USA.

Petri dish 10cm, 15 cm

SARSTEDT AG & Co, NiUmbrecht,
Germany.

10, 20, 100, 200, 1000 pl Pipet
tips

Gilson

Tips for PIPETMAN® Tips (5 ml - 50 ml)

Gilson, Middelton, USA.

96- well plates gPCR

Life Technologies™, Darmstadt,
Germany.

5.3 Analytical chemicals, reagents and kits

Table 5.3: list of analytical chemicals, reagents and kits

Name

Company

Anhydrous Lanolin

Pharco Pharmaceutical Co. Alexandria, Egypt

Benzalkonium Chloride

El-Nasr Pharm. Chem. Co., Cairo Egypt

B-mercaptoethanol

Carl Roth GmbH & Co. KG

Bovine serum albumin

New England Biolabs

Chloramphenicol

Carl Roth GmbH & Co. KG, Karlsruhe, Germany.

Chlorobutanol

El-Nasr Pharm. Chem. Co., Cairo Egypt
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Chloroform

Carl Roth GmbH & Co. KG, Karlsruhe, Germany.

Disodium Edetate (EDTA)

Pharco Pharmaceutical Co. Alexandria, Egypt

Dissolution test apparatus, SR 11, 6
flasks

Hanson Research Co., USA

Doubl ebeam-
spectrophotometer, UV-1601

Shimadzu Co., Japan

Na HPO,

El-Nasr Pharm. Chem. Co., Cairo Egypt

Digital sensitive electric balance

ESJ-200-4 Taiwan

Dimethyl sulfoxide DMSO

Carl Roth GmbH & Co. KG, Karlsruhe, Germany.

ELISA kits, TNF-a

Cloud-Clone Corp., CCC, USA)

ELISA kits, interleukin-

IL-1B

Cloud-Clone Corp., CCC, USA)

Ethanol

Carl Roth GmbH & Co. KG

Ethylene Diamine Tetra- Acetic Acid (EDTA)

Carl Roth GmbH & Co. KG Karlsruhe, Germany.

Fetal Bovine Serum (FBS)

Biochrom GmbH, Berlin, Germany.

fetal calf serum (FCS)

Capricorn Scientific GmbH (Ebsdorfergrund,
Germany).

Glycerol Carl Roth GmbH & Co. KG, Karlsruhe, Germany.

GlycoBlue™ Invitrogen Thermo Fisher Scientific, Carlsbad,
USA.

Isopropanol Carl Roth GmbH & Co. KG, Karlsruhe, Germany.

LB Agar Carl Roth GmbH & Co. KG, Karlsruhe, Germany.
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LB Broth

Carl Roth GmbH & Co. KG, Karlsruhe, Germany.

LDH Cytotoxicity Detection Kit

Roche, Mannheim, Germany

Liquid Nitrogen

Linde, Diisseldorf, Germany.

MacConkey agar

Carl Roth GmbH & Co. KG, Karlsruhe, Germany.

MACSplex EV kit human

Miltenyi Biotec B.V. & Co. KG, Bergisch
Gladbach, Germany

Meropenem

Thermo-fisher, UK

N3H2PO4'H20

Pharco Pharmaceutical Co. Alexandria, Egypt

pH meter Ama digital

Ama Co., Germany

Phosphate buffer saline (PBS)

Capricorn Scientific GmbH (Ebsdorfergrund,
Germany).

Phorbol-12-myristat-13- acetate Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany).
(PMA)

Powder milk Carl Roth GmbH & Co. KG

Polymyxin B Merck Millipore (Billerica, USA).

Rat IgM ELISA Kit

MyBioSource, Inc., San Diego, USA

RPMI-1640

Life Technologies (Darmstadt, Germany).

Saponin

Carl Roth GmbH & Co. KG

Sodium chloride

El-Nasr Pharm. Chem. Co., Cairo Egypt

THP-1

American Type Culture Collection (Rockville,
MD, USA)

Thermostatically controlled water
bath

Gallen Kamp Co.,Germany
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TRIzol™ Reagent

InvitrogenTM, Carlsbad, California, United States.

Tetraethymethylenediami ne (TEMED)

Carl Roth GmbH & Co. KG, Karlsruhe, Germany.

(TRIS)

Tri  (hydroxymethyl)  aminomethane

Carl Roth GmbH & Co. KG, Karlsruhe, German.

TRIS hydrochloride

Carl Roth GmbH & Co. KG, Karlsruhe, Germany.

Ultra-Pure water

Biochrom GmbH, Berlin, Germany.

USP 3

Ultrasonic water bath, Julabo.

Julabo Laborate Chink GMBH-D-7633 Sell Bach,
Germany

Vacuum oven drier, SPT-200

Zeamil Horyzont Co., Poland

Vibrational sieve shaker, RX-86-1

Cole Parmer Instrument Co., USA

5.4 Primers List

Table 5.4: list of primers

gene Sequence Application
(5'-3")

CXCLS (IL-8) Fw:ACTGAGAGTGATTGAGAGTGGA gPCR
rv:AACCCTCTGCACCCAGTTTTC

RPS18 Fw:GCGGCGGAAAATAGCCTTTG gPCR
rv:GATCACACGTTCCACCTCATC

5.5 Bacterial strains

Table 5.5: list of bacterial strains

Klebsiella pneumoniae (Kp; #700721/MGH78578)
and other two clinical isolate strain of Kp.

Pseudomonas aeruginosa

legionella pneumophila corby

(Berlin, Germany)
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5.6 Mice strain

Table 5.6: list of mice strain

‘ BALB/C mice Egypt

5.7 Softwares

Table 5.7: list of softwares

FlowJov 7.6.5 TreeStar (Ashland, USA)

GraphPad Prism GraphPad Software (San Diego, USA)

5.8 External service

Proteomic core facility (Marburg, Germany)
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6. Method

6.1 Cell culture

The human monocytic cell line THP-1 obtained from the American Type Culture Collection (Rockville,
MD, USA) and cultured in RPMI-1640 medium supplemented with 10% fetal calf serum (FCS) in a
humidified incubator set at 37°C with 5% CO2, maintaining a cell density of 2 x 10° to 1 x 10° cells per
ml. The cells were routinely subcultured to sustain the appropriate density and were discarded upon
surpassing the 20th passage. THP-1 cells, at a density of 3 x 107 cells per 15 cm dish, were differentiated
into macrophage-like cells using 20 nM phorbol 12-myristate 13-acetate (PMA) for 24 hours. For all
infection experiments, the differentiated THP-1 cells were infected with Kp at a multiplicity of infection

(MOI) of 10 for 6 hours, as described in the bacterial strain and infection protocol.

6.2 Bacterial strain and infection
Klebsiella pneumoniae (Kp; #700721/MGH78578), other two clinical isolates of Kp, pseudomonas

aeruginosa and legionella pneumophila corby were obtained from American Type Culture Collection

(Rockville, MD, USA).

The bacterial strain was streaked onto MacConkey agar and incubated overnight at 37°C in a 5% CO,
atmosphere. For the purpose of infection, a single colony was selected and inoculated into 2 mL of LB
medium, followed by overnight incubation at 37°C with agitation at 160 rpm. The subsequent day, the
overnight culture was diluted into 10 mL of fresh LB medium and cultivated for approximately 1 hour
to achieve an optical density at 600 nm (ODsoo) of 2.0. The bacteria were then harvested by
centrifugation at 4,500 x g for 10 minutes at room temperature, washed once in PBS, and resuspended

in PBS for optical density adjustment prior to infection.

THP-1 monocytes (ATCC TIB-202) were differentiated into macrophage-like cells through treatment
with 20 nM phorbol 12-myristate 13-acetate (PMA) for a duration of 24 hours. Prior to infection, the
PMA-containing medium was removed, and the cells were washed once with PBS, followed by

incubation in fresh RPMI-1640 medium without additives. The macrophages were subsequently
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infected with K. pneumoniae at a multiplicity of infection (MOI) of 10 for 30 minutes at 37°C in a
humidified incubator with 5% CO,. Following this initial infection period, extracellular bacteria were
eliminated by discarding the supernatant and washing the cells once with PBS. The cells were then
incubated in RPMI medium containing 30 pug/mL polymyxin B for 1 hour to eradicate any remaining
extracellular bacteria. After the polymyxin B treatment, the cells were washed again with PBS and
incubated in fresh RPMI medium (without additives) for an additional 4.5 hours, resulting in a total
infection time of 6 hours. At this time point, cell culture supernatants were collected for extracellular
vesicles (EVs) isolation and lactate dehydrogenase (LDH) cytotoxicity assay. Concurrently, cells were

lysed in TRI Reagent for RNA extraction.

6.3 Infection plus MEM-EVs treatment

Bacteria (Kp, pseudomonas aeruginosa) were streaked on MacConkey agar or charcoal plate (legionella
pneumophila corby) and incubated overnight (Kp, pseudomonas aeruginosa) or 3 days (legionella
pneumophila corby) at 37°C in 5% CO,. For infection, a single colony was picked and inoculated into
2 mL of LB medium, followed by overnight incubation at 37°C with shaking at 160 rpm. On the next
day, the overnight culture was diluted into 10 mL fresh LB medium and grown for approximately 1 h to
reach an optical density at 600 nm (ODeoo) of 2.0. Bacteria were harvested by centrifugation at
4,500 x g for 10 min at room temperature, washed once in PBS, and resuspended in PBS for OD

adjustment prior to infection.

THP-1 monocytes (ATCC TIB-202) were differentiated into macrophage-like cells by treatment with
20 nM phorbol 12-myristate 13-acetate (PMA) for 24 h. Before infection, PMA-containing medium was
removed, and cells were washed once with PBS and then incubated in fresh, additive-free RPMI-1640
medium. Macrophages were infected at a multiplicity of infection (MOI) of 1 for 30 min at 37°Cin a
humidified 5% CO, incubator. After this initial infection period, discarding the supernatant and washing
the cells once with PBS. Cells were then incubated in RPMI medium containing 0.1 ug/mL MEM pure

or MEM-EVs formulations for 24 h. At this time point, cell culture supernatants were collected for LDH
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cytotoxicity assay and extracellular bacterial survival rete determination. In parallel, cells were lysed in

1% fresh saponin reagent for intracellular bacterial survival rete determination

6.4 Extracellular vesicle isolation

Extracellular vesicles (EVs) were isolated from Kp-infected macrophages and resting controls using
differential ultracentrifugation. Cell culture supernatants were initially centrifuged at 300 xg for 15
minutes at 4°C to remove large cells, cell debris, and unbroken cells. The pellet was discarded, and the
supernatant was centrifuged again at 4500 xg for 15 minutes at 4°C to eliminate smaller debris and
larger EVs, such as apoptotic bodies and microvesicles, which are typically larger than EVs. The resulting
supernatant was sterile filtered using a 0.2 um filter and subjected to ultracentrifugation at 30,000 rpm
for 1 hour at 4°C to isolate small EVs. The supernatant was discarded, and the pellet was resuspended

in PBS and stored at -20°C or -80°C for subsequent applications or experiments.

6.5 Generation and isolation of bEV,

Bacterial extracellular vesicle (bEVk,) was generated from Klebsiella pneumoniae cultured in Luria-
Bertani (LB) medium until reaching the late exponential phase at 37 °C with agitation (37°C, 160 rpm).
The culture supernatants were clarified through sequential centrifugation (3x at 4,800 x g, 20 min, 4 °C)
and subsequently sterile filtered using 0.2 um filters. Vesicles were concentrated via ultrafiltration
employing 100 kDa cut-off filters (Merck Millipore) and further purified by size exclusion
chromatography (gEVoriginal/70 nm Gen 2 columns, IZON Science). Fractions 7-12 were collected and
pooled. The concentration and size distribution of particles were assessed using nano-flow cytometry
(NanoAnalyzer, NanoFCM Co., Ltd), and sterility was verified by plating on blood agar. The vesicles were

stored at -80 °C and utilized for stimulation assays at varying EV:cell ratios (10:1, 100:1, 1000:1).

6.6 Pre-stimulation & infection of macrophages

Differentiated THP-1 cells were pre-stimulated with purified extracellular vesicles (EVs) at a
concentration of 1000 EVs per cell, derived from resting THP-1 cells (EVcontrol), as well as with EVi, from
K. pneumoniae-infected THP-1 cells (1000 EVs per cell) and bEV, at varying doses (10, 100, 1000 EVs

per cell) for 24 hours. Following pre-stimulation, the macrophages were infected with K. pneumoniae
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at a multiplicity of infection (MOI) of 10 for 6 hours. Post-infection, the macrophages were subjected
to RNA isolation and quantitative PCR (gqPCR) analysis. The resulting supernatant was utilized for
assessing bacterial replication by plating on MacConkey agar and for evaluating cytotoxicity through
lactate dehydrogenase (LDH) analysis. For bacterial replication assessment, the supernatant was

serially diluted, plated on MacConkey agar plates, and incubated at 37°C overnight.

6.7 Colony forming unit assay (CFU)

To analyze bacterial replication in THP-1 cells, cells were pre-stimulated with EVcontrol, EVkp, Or bEVK, OF
left untreated and subsequently infected with Kp. To quantify the bacterial load, cells after 2 h of
infection with Kp, just withdraw 50ul from the infection culture using serial dilution and plating on
MacConkey agar plates. After overnight incubation at 37°C, Kp colonies were counted, and the bacterial

load was calculated.

6.8 nFCM

All vesicle samples prepared were quantified, and their size distribution was determined using nano-
flow cytometry. A NanoAnalyzer (NanoFCM Co., Ltd, Nottingham, UK) equipped with a 488 nm laser
was employed. Instrument calibration and particle concentration were conducted using 200 nm
polystyrene beads (2.08 x 10%® particles/ml), while monodisperse silica beads of four specified
diameters (68 nm, 91 nm, 113 nm, and 155 nm) served as size reference standards. Freshly filtered (0.1
pum) TE buffer (pH 7.4, Lonza, Basel, Switzerland) was utilized as a background and subtracted from all
measurements. Data acquisition was performed for one minute at a sample pressure of 1.0 kPa, and

the data were analyzed using NanoFCM software (NF Profession V2.0).

6.9 Transmission electron microscopy (TEM)

Electron microscopy was conducted by Thomas Heimerl at the Center for Synthetic Microbiology

(SYNMIKRO), Philipps-University Marburg, Marburg, Germany.
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6.10 EVs marker protein profile characterization

The surface marker profile of extracellular vesicles (EVs) was examined utilizing the MACSplex EV kit
human (Miltenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany), in accordance with the
manufacturer's protocol. Initially, EV samples were concentrated through ultracentrifugation (1 h,
100,000 x g, 4 °C). The resulting pellets were resuspended in assay buffer and briefly vortexed. During
the capture phase, 15 pL of MACSPlex capture beads—each population coated with a specific antibody
and encoded with a unique fluorescent signature—were introduced to each well and incubated with
the EV samples overnight on a plate shaker (450 rpm, room temperature, shielded from light). The
subsequent day, wells were washed with 500 puL of assay buffer. A control tube containing 500 uL of
assay buffer and 50 pL of capture beads was prepared concurrently. Following centrifugation (3,000 x
g, 5 min, RT), the supernatant was discarded, and 135 L of assay buffer along with 15 pL of MACSPlex
detection reagent (anti-CD9, anti-CD63, and anti-CD81) were added to each well. Samples were
incubated for 1 hour at room temperature on a shaker (450 rpm, protected from light). Subsequently,
500 pL of assay buffer were added to each well, followed by centrifugation (3,000 x g, 5 min). The
supernatant was discarded, and 500 plL of fresh assay buffer were added again for a 15-minute
incubation at room temperature, protected from light. After a final centrifugation step (3,000 x g, 5
min), the supernatant was reduced to 150 pL, and samples were resuspended by gentle pipetting.
Fluorescence data were acquired using a FACSymphony Al cell analyzer (BD Biosciences), and data

were analyzed using FlowJo Software (BD version 6).

6.11 LDH

LDH release assay was performed according to the manufacturer’s instructions using Pierce™ LDH
Cytotoxicity Detection Kit obtained from Roche (Mannheim, Germany). Fifty uL of the supernatant is
pipetted in technical duplicates into a cell culture plate (ELISA plate), and two medium (RPMI) wells
serve as blank controls. Fifty uL of the reaction buffer (1.25 uL reagent 1 + 56.25 pL reagent 2) is
pipetted into each well and incubated for 30 minutes in the dark at room temperature. The absorbance

was measured using a microplate reader infinite F200Pro (Tecan, Mannedorf, Switzerland).
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6.12 RNA isolation with TRIZOL

RNA was isolated to analyze RNA expression by quantitative real-time PCR (qRT-PCR). The cell
supernatant was removed and washed with PBS, and then 500 pl of TRI reagent reagent was added to
the cell. After 2 min of incubation, the lysed cells were transferred to a 1.5 ml reagent tube. 200 ul of
chloroform was added to the lysate and vigorously mixed. The mixture was centrifuged at 15000 xg for
15 min at 4 °C to separate the aqueous and the organic phase. The RNA containing agueous phase was
transferred to a new tube, and RNA precipitation was achieved by adding 250 pl isopropanol to the
aqueous phase. Additionally, 1 ul of GlycoBlue™ was added to precipitated RNA. The precipitation of
the RNA was performed at -20 °C either for 1 h or overnight. Afterwards, the samples were centrifuged
at 15000 xg for 30 min at 4 °C, and the supernatant was removed. After the ethanol was removed, the
pellets were air-dried. 12 pl of ultrapure water was added to each pellet, and the sample was incubated

at 65 °C for 5 min while shaking. The RNA concentration was deterimned by Nanodrop.

6.13 cDNA synthesis

Total RNA was transcribed into cDNA via the high-capacity reverse transcription kit. 2 pl 10x RT buffer,
2 ul 10x random primers, 0.8 pul 100 mM dNTPs, 1 pl 50 U/ul multiscribe reverse transcriptase and 1 ug
RNA sample were assembled together with ultrapure water in a final reaction volume of 20 ul. The

reverse transcriptase reaction was performed according to the following program (Table 3).

Table 3: Thermocycler program

Cycle step Temperature (°C) Time (min)
Annealing 25 10
Elongation 37 120
Deactivation 85 5

Hold 8

The cDNA was then diluted to a final concentration of 10 ng/ul and used for PCR reactions.
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6.14 Quantitative Real-Time PCR

gPCR was performed using a QuantStudio 3 (Thermo Fisher Scientific) with Luna Universal qPCR
Mastermix (New England Biolabs) and specific primer pairs. 22T method was used and x-fold
induction was calculated. Results were normalized to corresponding control samples. 10 pl 2x Luna
Universal gPCR Mastermix, 0.4 ul of forward primer, 0.4 ul reverse primer, 1.5 pl cDNA and 7.7 ul of
ultrapure water was used for each reaction. The reaction mix was pipetted into a 96-well plate and

processed on gPCR device. The program is described in the following table (Table 4).

Table 4: QRT-PCR program

Cycle step Temperature (°C) Time (s)
Denaturation 95 20

40 cycles Denaturation 95 15
Primer 60 20

binding/elongation

End of the cycles 60 60
Melting curve 60-95 0.0 5 °C/s gradually
95 15

6.15 Bacterial growth kinetics

Klebsiella pneumoniae (Kp) was cultured overnight on MacConkey agar plates at 37°C and subsequently
used to inoculate Luria-Bertani (LB) medium to an initial optical density at 600 nm (ODeoo) of 0.0005.
For the analysis of growth kinetics, 100 pL of each bacterial suspension was transferred into individual
wells of a 96-well plate. The cultures were supplemented with either EVcontrol OF EVip at a ratio of 1000
extracellular vesicles (EVs) per bacterium, along with varying concentrations of bEV, (10x, 100x, and

1000x). Bacterial growth was monitored under continuous shaking at 37°C, with ODgoo measurements
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recorded every 30 minutes using an Infinite F200Pro (Tecan, Mannedorf, Switzerland). All biological
experiments were conducted with a minimum of three independent cultures; each measured in

technical triplicates.

6.16 LPS measurement

To quantify the amount of bacterial endotoxin in samples, Limulus Amebocyte Lysate (LAL) assay was
performed according to the manufacturer’s instructions using Quanti-iTTM endotoxin detection assay

kit (Life Technologies Corporation | 29851 Willow Creek Road | Eugene, Oregon 97402 USA).

6.17 In vivo immunization and challenge model

All in vivo experiments were conducted using male BALB/c mice aged 6-8 weeks, with ethical approval
obtained from the research ethics committee at the Faculty of Pharmacy, Al-Azhar University, Assuit,
Egypt (Approval number: AZ-AS/PH-REC/14/2025). The mice were intramuscularly immunized with
extracellular vesicles (EVs) derived from K. pneumoniae-infected macrophages (EV), at a dosage of
5.7 ul containing 1.5 x 10" EVs per dose, or with phosphate-buffered saline (PBS) as a control. These
immunizations were administered on days 0, 7, 14, and 28. To initially assess biocompatibility (n = 15
per group), liver and kidney enzyme levels, along with serum IgM & IgG concentrations, were
measured. To evaluate the prophylactic efficacy of EVk,, @ murine pneumonia model was established.
After two days of last vaccination (day 28), following the completion of the four-dose immunization
schedule, mice were exposed to K. pneumoniae via intranasal instillation (1 x 108 CFU in 50 pL PBS; 25
uL per nare), allowing passive aspiration into the lungs. Each group comprised 18 mice: 10 were
monitored for survival and clinical scoring, while 8 were sacrificed for endpoint analyses, which
included measuring serum IgM, assessing bacterial load in the lungs and blood, conducting histological
evaluations, and profiling cytokines in blood and lung tissue. All procedures adhered to institutional

and national guidelines for animal care and use.

6.18 In vivo biocompatibility of EVp

BALB/c mice were intramuscularly immunized with EVg, or phosphate-buffered saline (PBS) as

described in section in vivo immunization and challenge model. Blood samples were collected for
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serum biochemical analysis to assess hepatic and renal function. Alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels were quantified using colorimetric assay kits (ALT/GPT and
AST/GOT; Spectrum, MDSS GmbH, Hannover, Germany). Blood urea nitrogen was measured using a
colorimetric Urea Assay Kit (Abcam, Germany), and serum creatinine levels were determined using a

colorimetric Creatinine Assay Kit (Biodiagnostic, Giza, Egypt).

6.19 IgM ELISA

Serum samples were collected from experimental animals at each vaccination time point and following
infection. Immunoglobulin M (IgM) levels were measured using a commercially available ELISA kit
according to the manufacturer’s instructions (Rat IgM ELISA Kit, Catalog #MBS7612738; MyBioSource,

Inc., San Diego, USA).

6.20 Clinical score and survival after mice challenge with K.
pheumoniae

Following a four-week immunization period with EV,, mice were intranasally challenged with 1 x 108
CFU of Kp to evaluate survival and clinical outcomes. A Kaplan-Meier survival curve was constructed,
and statistical significance was determined using the log-rank (Mantel-Cox) test. Mice were observed
at least twice daily for clinical signs, including activity and behaviours (e.g., movement), body condition
(e.g., weight loss, fur condition, dehydration), and respiratory distress (e.g., normal breathing, mild or
severe dyspnea). Each category was assessed on a 3-point scale: 0 = normal, 1 = mild symptoms, and

2 = severe symptoms.

6.21 CFU determination in blood & lung tissue

After 2 days of infection, mice were euthanized (n=3), and blood was collected via cardiac puncture
into heparinized tubes. Lungs were aseptically harvested, weighed, and homogenized in 1 mL PBS.
Serial dilutions of blood and lung homogenates were plated on MacConkey agar plates, and CFUs were
counted after 24 hours of incubation at 37°C on CO2 incubator. Samples were diluted and plated with

three technical replicates.

44



6.22 Invivo immune responses analysis

Following infection, blood and lung tissue samples were collected from experimental animals to assess
levels of tumor necrosis factor-alpha (TNF-a) and interleukin-1 beta (IL-1B). Cytokine concentrations
were determined using ELISA kits, according to the manufacturer’s instructions (Cloud-Clone Corp.,
CCC, USA). Separate assays were performed for each cytokine using blood serum and lung tissue

homogenates.

6.23 Histological evaluation

The lung, liver and kidney of each mice were dissected. Muscle tissue samples were prepared,
sectioned, and fixed in 10% neutral buffered formalin. Subsequently, a routine processing step was
employed to embed the tissues in paraffin wax. For histopathological examination, the paraffin-
embedded blocks were sectioned into 5 um thick slices and stained with hematoxylin and eosin (H&E).
A semi-quantitative scoring system, with some modifications, is frequently utilized to assess
histopathological lesions in lung tissue. The scoring system described by Karakisi (Karakisi SO, Hemsinli
D, Tumkaya L, Ergene S, Mercantepe T, Yilmaz A. Resveratrol against lung injury in an
ischemia/reperfusion model of abdominal aortic rupture. Turk gogus kalp damar cerrahisi dergisi.
2021;29(3):330-338) employs a four-grade scale (0-3) that evaluates parameters such as infiltration of
inflammatory cells, thickness of the alveolar septum, epithelial degeneration, and accumulation of
alveolar debris. In this system, a score of 0 indicates none, 1 indicates less than 25%, 2 indicates 25-

50%, and 3 indicates more than 50%.

6.24 Determination of the maximum absorbance (Amax) of
Meropenem (MEM) for Calibration curve

Accurately weighed 20 mg of MEM was dissolved in a minimum amount of DMSO (5 ml) and the
volume was completed to 100 ml with PBS, phosphate buffer (pH 7.4) to give a stock solution of
concentration (200 pg/ml with 5% DMSO). From this stock solution, 10 ml was transferred to 50 ml
volumetric flask and the volume completed to the mark to 50 ml (1:5) to give a stock solution of

concentration 40 pg/ml with 1% DMSO. The absorption spectrum of the prepared MEM stock solutions
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was scanned in the ultraviolet region (200-400 nm) using UV-Visible spectrophotometer (UV- 1601,
Shimadzu, Japan). The blank solution was 1ml DMSO + 19 ml PBS (1:20) (as | used 5 ml DMSO into 100
ml PBS). From the previously prepared stock solutions (40 pg/ml), appropriate volumes were diluted
to 10 ml with the release medium (PBS (pH 7.4)) to obtain a concentration range of (4 -40 pug/ml). The
absorbance of each solution was measured spectrophotometrically at Amax 297 nm with a suitable
blank, (DMSO:PBS) (1:20) was used as the blank. Each experiment was carried out in triplicate and the

absorbance was plotted against the concentration to construct the standard calibration curve.

6.25 MEM-EVs Loading using sonication + simple incubation method

Due to its hydrophilic nature and small molecular size, MEM is challenging to encapsulate within EVs
through passive diffusion using the simple incubation method. Consequently, active loading methods,
such as sonication, are required to enhance encapsulation efficiency. Thereby it was generated through
using both sonication method plus simple incubation method. The sonication method (20% amplitude,
6 cycles of 30 s on/off for three minutes with a two-minute cooling period between each cycle) employs
ultrasonic waves to create temporary pores in the EV membrane via cavitation, allowing Meropenem
to enter the EVs, thereby achieving higher loading efficiency. The simple incubation method (1h at room
temperature) facilitates membrane recovery, allowing EVs to reseal and restore near-native membrane
integrity, reduces structural damage by minimizing irreversible aggregation caused by sonication, and

enhances drug retention by entrapping Meropenem within resealed EVs, thus preventing leakage.

MEM-EVs formulation was prepared by simple mixing of the MEM solution (dissolved in DMSO) with
the EVs dispersion in PBS, while keeping the final solvent concentration of DMSO lower than 10% (v/v).
MEM stock solution 800 pg/ml, mixing 1ml from this stock solution into 1ml from EVs solution (1:1),
thereby the final stock solution is 400 pg/ml. The total volume 50ml so the total amount of MEM in the
MEM-EVs formulation 20 mg (= 50*400 pg = 20,000 pg= 20 mg) & 1 % DMSO. After mixing the
Meropenem solution with EVs, the mixture was sonicated using Ultrasonic water bath, Julabo, USP 3,
with the following settings: 6 cycles of 30 s on/off for three minutes with a two-minute cooling period

between each cycle. After sonication, MEM-EVs solution was incubated at 37 °C for 1 h to allow for
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recovery of the EVs membrane. After centrifugation at a low speed of 15,000 xg, 4°C for 15 minutes,
the unbound drug was removed in the supernatant. The MEM-EVs mixture was passed through a 0.22
pum syringe filter for sterilization and stored at -80°C until use. The absorption of the resultant
supernatant was measured by a UV-visible spectrophotometer instrument at the wavelength of 297
nm to measure the unentrapped drug. Of note, DMSO:PBS (1:20) was used as the blank. Finally, the

encapsulation efficiency of the prepared MEM-EVs was calculated using the following equations:

conc.= ABS * PC * Dilution factor if available = pg/ml

total drug conc.—total unentrapped
*
total drug conc.

encapsulation ef ficiency (%) = 100

6.26 Dynamic light scattering (DLS) measurements

The size distribution of the MEM-EVs was determined by DLS using a Malvern Zetasizer Nano ZS
(Malvern Instruments GmbH, Herrenberg, Germany). Each run lasted for 100 s and the time between
each run was 60 s with equilibrating time of 180 s. The attenuator was fixed at level 9 to avoid auto-
attenuation and hence the fluctuation of readings. The result was calculated from the average of three

independent measurements.

6.27 pH determination
The pH of MEM-EVs samples were detected by using digital pH meter Ama Digital (Ama Co., Germany).

The pH was measured by bringing the probe of the pH meter in contact with the samples.

6.28 In vitro release study

Dialysis diffusion membrane is one of the most widely used systems for the in vitro release studies
(figure 15). To evaluate the release behavior of MEM from the MEM-EVs, 2 ml of the MEM-EVs system
with final concentration of 0.4 mg/ml, was sealed in dialysis membrane tubing MWCO 12-14 kDa and
incubated in 50 ml PBS. Release was carried out at 37°C and 50 rpm in a shaking water bath. Samples
were withdrawn from the release medium at predetermined time intervals (every 30 minutes for 6h),
the amounts of withdrawn liquid were replaced with the same volume of fresh PBS. Released amount

of MEM were measured by UV-vis spectroscopy at 297 nm. The mean percentage of MEM released
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across the membrane was plotted as a function of time. The presented results were calculated from
the average of three independent experiments and expressed as means + SD. The absorbance of each
sample was measured at least 3 times at wavelength 297 nm to calculate the concentration of

meropenem.

6.29 MEM-EVs lyophilization

MEM-EVs samples were lyophilized using a Edwards Modulyo freeze-dryer and Edwards high vacuum
pump; Edwards High Vacuum, Crawley, UK, using 30 mg Trehalose as cryoprotectant. Samples were
frozen at -55 °C for 2 h, then primary drying was performed at -20 °C and 53 mbar . Final drying was
carried out at 20 °C and 53 mbar. Samples were stoppered under nitrogen. Samples were stored at 4
and 28°C for stability studies. MEM-EVs were characterized by measuring their size, PDI, and surface
potential via DSL or nFCM methods. Samples were redisposed in the same volume using PBS and
further characterized for the change in their size PDI and Zeta potential. The redispersibility index was

estimated by applying the following equation:
Redispersability Index= Size after redispersion/initial size

In addition to the obtained MEM-EVs powder calibrated to calculate the loading capacity or actual drug
concentration. To determine the loading capacity, the obtained powder was weight, followed by
measuring the absorption using UV spectrophotometer to detect the actual amount according to

calibration curve equation.
conc.= ABS * PC * Dilution factor if available = pg/ml

amount = ABS * PC * Dilution factor *» volume /1000 = mg

_ _ amount
loading capacity = —— *100 = %
initial amount

6.30 MEM-EVs topical ointment

In a sterile beaker, melt the yellow soft paraffin and anhydrous lanolin using a water bath maintained

at 60°C. Subsequently, dissolve chlorobutanol in a small portion of the melted base. Once the base has
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cooled to approximately 40°C, incorporate the MEM-EVs powder using geometric dilution under sterile
conditions to avoid degradation of MEM-EVs. Mix thoroughly to ensure uniform distribution of MEM-
EVs. Perform sterile filtration by passing the mixture through a 0.22-micron sterile filter before it
solidifies. For sterile packaging, fill the sterile ointment tubes under aseptic conditions. The prepared
MEM-EVs ointment were visually examined for their clarity, fluidity, homogeneity and phase
separation. The prepared MEM-EVs ointment were visually examined for their clarity. Visual inspection
for color, particulate matter, and clarity (for solutions) at 4°C and 28°C, over 0, 7 and 15 days. The list

of ingredients used to prepare the topical ointment table 5.

ingredient concentration function
Meropenem (400 pg /gram) Active pharmaceutical
(8 mg /20 gram) ingredient (antibiotic)
Anhydrous lanolin 20% Emollient and base
(200 mg/gram) component
Chlorobutanol 0.5% Preservative
5 (mg/gram)
Yellow soft paraffin To 100 % Ointment base

Table 5 list of MEM-EVs ingredients

6.31 Rheological characterization

The viscosity of the prepared ointment was measured with Brook-field DV-III ultra viscometer (RV

model) using T-bar spindle (No. 40, speed 40) at 0.5-5 rpm and 25 °C.

6.32 Invitro release study of MEM-EVs topical ointment:

7,5 grams of each formulation containing 3000 pg or 3 mg pure drug or equivalent amount of
modified MEM was placed on a semi permeable cellulosic cellophane membrane (cut off
range = 14kDa) previously soaked in PBS for 24 hrs. The loaded membrane with the sample
ointment was stretched over one end of an open glass tube (6.5 cm? area). The membrane
was clipped tightly over the tube end by means of a cotton thread and the top of the tube was
covered with aluminum foil (donor compartment). The tube was then suspended so that the
membrane was 1 cm just below the surface of 150 ml PBS at 32 + 0.1 °C contained in 250 ml
beaker (receptor compartment) and shaked in a thermostatically controlled PBS bath kept at

50 rpm. Every 30 minutes 2 ml aliquots of the receptor medium were withdrawn and
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immediately replaced by an equal volume of fresh PBS. Samples were analyzed
spectrophotometrically at 297 nm. The mean percentage of MEM released across the

membrane was plotted as a function of time.

6.33 MEM-EVs nasal spray

In a clean, sterile beaker, dissolve disodium hydrogen phosphate (Na,HPO,), sodium dihydrogen
phosphate monohydrate (NaH,P0O4-H,0), and sodium chloride in purified water under continuous
stirring. Adjust the pH to a range of 6.5-7.5, which is optimal for nasal mucosa, by adding small amounts
of Na;HPO, or NaH,PO, as necessary. 125 mg from the lyophilized 1 g powder stock of MEM-EVs,
equivalent to 8 mg gradually add while stirring to ensure complete dissolution to the previously
prepared buffer solution. Maintain gentle stirring to prevent foam formation and ensure uniform
mixing. added benzalkonium chloride solution (0.01%) as a preservative and disodium edetate (EDTA)
(0.01% w/v (100 pg/mL)) to enhance stability. Adjust the final volume to 20 mL with purified water. Stir
for 10—15 minutes to ensure complete dissolution. Pass the solution through a 0.22-micron sterile filter
to remove particulate matter and ensure sterility. Fill sterile nasal spray bottles with the filtered solution
under aseptic conditions. Seal the bottles with nasal spray pumps. The list of ingredients used to

prepare MEM-EVs nasal spray table 6.

Ingredient Concentration function
Exo-Meropenem (400 pg /ml) (8 mg /20 ml) Antibiotic

40 pg per spray
Na;HPO, 0.01% pH adjustment
NaH,P0O4-H,0 0.01% pH adjustment
Sodium chloride 0.9% Tonicity adjuster
Disodium Edetate (EDTA) 0.01% w/v (100 ug/mL) Antioxidant
Benzalkonium Chloride 0.01% Preservative
d.d. H20 To 20 ml solvent

Table 6: MEM-EVs nasal spray ingredients.

6.34 Drug content of MEM-EVs

The drug content for all MEM-EVs formulations (liquid, nasal spray and powder) were determined using
a UV-Visible spectrophotometer (UV-1601, Shimadzu) at a wavelength of 297 nm. The drug

concentration was calculated using the following equation:
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Conc. = ABS. x P.C x d.f,

where P.C represents the procedural constant and d.f denotes the dilution factor.

6.35 % of residual drug (loading capacity)

To evaluate liquid, nasal, and powder formulations, the percentage of residual drug (loading capacity)
is measured at temperatures of 28+2°C and 4+2°C at various time intervals: 0, 7, and 15 days. For MEM-
EVs liquid, nasal & powder formulations, 1 ml is sampled at each time point, and the absorbance is
measured using UV spectroscopy at a maximum wavelength of 297 nm. Subsequently, the amount and

drug loading capacity are calculated as follows:

amount = ABS * PC * Dilution factor * volume(20)/1000 = mg

loadi it AMOURL 100 =
oading capacity = * =
g cap Y initial amount 0

6.36 Extracellular bacterial survival rate

To assess extracellular bacterial survival after 24 hours of infection, the supernatant from cultured
samples was collected and subjected to serial dilutions (ranging from 107" to 1078) in sterile PBS.
Dilutions were plated on MacConkey agar, and CFUs were calculated following incubation at 37°C for

24 hours.

6.37 Intracellular bacterial survival rate

To evaluate intracellular bacterial survival, the supernatant from infected cells was discarded after a
24-hour infection period. The cells were gently washed three times with sterile PBS to remove
extracellular bacteria. Subsequently, 500 uL of fresh PBS containing 50 pL of 1% saponin (prepared in
sterile PBS) was added per well to lyse the host cells. The mixture was incubated for 5 minutes at 37°C
to ensure complete lysis. Following lysis, 100 pL of the lysate was collected and serially diluted (107" to
1078) in sterile PBS. A 50 pL of each dilution was plated onto MacConkey agar and incubated at 37°C
under 5% CO, for approximately 24 hours. CFUs were enumerated to quantify the surviving intracellular

bacteria.
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6.38 Uptake study

Quantification of released MEM within macrophages was conducted. Following infection, cells were
incubated with our MEM-EVs-loaded system, and the release of MEM was quantified by measuring the
absorbance according to the previously established calibration curve equation. Macrophages were
infected with Kp for 30 minutes, after which MEM-EVs formulations (liquid, nasal spray, and powder)
and pure MEM at varying concentrations (50, 100, 200, 400 ug/ml) were applied. At time points of 2,
4, 6,12, and 24 hours, the supernatant and cellular fractions were collected and filtered using a 0.2 um
syringe filter to eliminate any bacterial contamination. The ABS was measured using UV at a wavelength

of 297 nm to determine MEM concentration according to direct method or indirect method.

6.39 Indirect method

The supernatant was collected, filtered using a 0.2 um syringe filter, and subsequently analyzed by UV
spectroscopy at 297 nm. The blank sample consisted of culture media. This represents the unentrapped
drug; therefore, the calculation for determining the percentage of entrapped, accumulated, or uptake

concentration is as follows:

conc. (ug/ml) = ABS * PC * Dilution factor (if available)

6.40 Direct method

The supernatant was discarded, and cells were washed to eliminate extracellular MEM. added an
appropriate lysis buffer (1% Saponin) to lyse the macrophages and release intracellular content,
including MEM. Centrifuge the lysate at 10,000 x g for 10 minutes to remove cellular debris. Collect the
supernatant, which contains the released MEM. Filter the supernatant using a 0.2 um syringe filter and
analyze it by UV spectroscopy at 297 nm. Use the control of untreated, non-infected, lysed THP-1 in
PBS, and lysis buffer (0.1% Triton X-100 without meropenem) as a blank to calibrate the

spectrophotometer.
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6.41 Bacterial activity

The bacterial culture was incubated with the MEM-EVs formulation, and the number of surviving
bacteria was determined by plating on MacConkey agar plates for colony-forming units (CFU).
Additionally, the disc diffusion method was employed to measure the diameter of the inhibition zone,

and growth kinetics were assessed using a TECAN instrument.

CFU plate agar, to evaluate bacterial growth characteristics and antimicrobial effects, we performed a
standardized CFU enumeration assay. Fresh cultures of Kp and Pa. were initially streaked onto
MacConkey agar plates and incubated overnight at 37°C. Following incubation, a single isolated colony
from each strain was inoculated into LB broth and grown aerobically at 37°C with shaking (160 rpm) for
16-18 hours. Bacterial density was then determined by measuring optical density at 600 nm (OD600),
where an OD600 of 1.0 corresponded to approximately 2 x 10A8 CFU/mL. For the assay, cultures were
diluted to an OD600 of 0.0005 in fresh medium. Test compounds (MEM-EVs or MEM pure at 0.1 ug/mL)
were uniformly applied to MacConkey agar plates and allowed to dry for 5 minutes at room
temperature. Subsequently, 50 pL aliquots of the diluted bacterial suspension were spotted onto the
prepared agar plates in technical triplicate. Plates were incubated overnight at 37°C in a 5% CO,
atmosphere, after which viable colonies were enumerated to determine CFU counts. For disc diffusion
method, 50 pL of bacteria at OD 0.0005 applied onto the MacConkey agar plate. The disc was prepared
manually by blue pipette and added into MEM-EVs formulation or MEM pure 0.1 pg/ml. Conduct
technical triplicates and calculate the CFU. For Growth kinetic curve, as described in section Bacterial

growth kinetics.

6.42 1C50%

Fresh cultures of Kp and Pa. were initially streaked onto MacConkey agar plates and incubated
overnight at 37°C. Following incubation, a single isolated colony from each strain was inoculated into
LB broth and grown aerobically at 37°C with shaking (160 rpm) for 16-18 hours. Bacterial density was
then determined by measuring optical density at 600 nm (OD600), where an OD600 of 1.0

corresponded to approximately 2 x 108 CFU/mL. For the assay, cultures were diluted to an OD600 of
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0.0005 in fresh medium. Serial dilution of MEM-EVs formulation (liquid, nasal & powder) and MEM
pure were prepared. For growth kinetic analysis, 100 pyL of each bacterial suspension with different
antibiotic concentration was transferred into individual wells of a 96-well plate. Use LB medium as a
blank control and fill all remaining wells with 150 pL of water. Bacterial growth was monitored under
continuous shaking at 37°C, and ODsoo readings were recorded every 30 minutes using an infinite
F200Pro (Tecan, Mannedorf, Switzerland). All biological experiments were performed with at least

three independent cultures, each measured in technical triplicates.

6.43 MEM-EVs in vivo efficacy studies (mice model)

This study examines the efficacy and activity of MEM-EVs within an in vivo mice model to evaluate their
protective capabilities against bacterial infection. Additionally, it assesses the biocompatibility and
safety of MEM-EVs in relation to liver and kidney enzymes, as well as their effects on various organs,
including the liver, kidneys, and lungs. Furthermore, the research investigates the safety of MEM-EVs
when applied topically as an ointment on ocular and dermal surfaces, specifically evaluating potential
irritation or erythema resulting from direct application to the eyes and skin. All in vivo experiments
were conducted using male BALB/c mice aged 6-8 weeks, with ethical approval obtained from the
research ethics committee at the Faculty of Pharmacy, Al-Azhar University, Assuit, Egypt (Approval

number: AZ-AS/PH-REC/74/2024, validity of approval: 10/12/2024 to 09/12/2025).

6.44 The Skin & ocular Irritation Study

The Draize test was conducted for the skin and ocular irritation investigation. Dorsal test was trimmed
at three distinct spots and preserved for 24 h before the experiment to see if the damage caused any
irritation. The mice were shaved and evaluated for symptoms of irritation 24 h before the experiment.
They were randomly distributed into three groups of three animals each. Group | served as a control
(no formulation was used), whereas groups Il and Ill applied MEM-EVs on shaved skin and MEM-EVs
on shaved skin around eye with eye application (dose: 0.5 g daily applied under occlusive patch) (figure

18). The amount of erythema or redness was determined by ocular observation after various time
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intervals (every 24-hr applied and record for 5 days). The erythema scores given are 4, 3, 2, 1, and 0 for

developed red, light red, dark pink, light pink, and no change in colour, respectively.

6.45 In vivo challenge plus treatment model

Male BALB/c mice were challenged via intranasal, dermal or ocular instillation of Kp (1 x 108 CFU in
50 uL PBS) for 2 hours. For intranasal, 25 L per nare. For skin infection, remove hair from dorsal skin
using electric clippers/depilatory cream followed by skin disruption though minor abrasion with sterile
sandpaper (avoid bleeding), then apply 50 uL bacterial suspension directly to skin and cover with
occlusive dressing for 2 hours. For ocular infection, apply 10 plL into the cornea and cover with occlusive
dressing for 2 hours. After 2 hours of challenge treated with MEM-EVs (liquid via IM & IV injection,
power via IM & IV injection, nasal through a direct application into the nare as the infection before)
and MEM pure (IV & IM injection) 200 mg/kg/day for either 3 or 7 days. For the topical treatment direct
apply MEM-EVs into the skin and eye under occlusive patch 200 mg/kg/day for 3 days.10 mice per
group were monitored for survival and clinical scoring, while 6 mice per group were sacrificed for
endpoint analyses, including bacterial burden in lung and blood, histological evaluation, liver and
kidney enzymes assessment (ALT, AST, Urea & creatinine). All procedures were conducted in accordance

with institutional and national guidelines for animal care and use.

Mice were intranasally, skin and ocular challenged with 1 x 108 CFU of Kp to assess survival and clinical
outcomes. A Kaplan-Meier survival curve was generated, and statistical significance was analyzed using
the log-rank (Mantel-Cox) test. Mice were monitored at least twice daily for clinical signs, including (i)
activity and behavior (e.g.,, movement), (ii) body condition (e.g., weight loss, fur condition,
dehydration), and (iii) respiratory distress (e.g., normal breathing, mild or severe dyspnea). Each

category was scored on a 3-point scale: 0 = normal, 1 = mild symptoms, and 2 = severe symptoms.

6.46 Ethical Statement

All in vivo experiments were conducted using male BALB/c mice aged 6-8 weeks, with ethical approval
obtained from the research ethics committee at the Faculty of Pharmacy, Al-Azhar University, Assuit,

Egypt (Approval number: AZ-AS/PH-REC/74/2024, validity of approval: 10/12/2024 to 09/12/2025)).
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All procedures complied with national and international regulations for the care and use of laboratory

animals.

6.47 Statistical analysis

Data are presented as mean * standard error of the mean (SEM) from at least three biologically
independent experiments. Statistical analyses were performed using GraphPad Prism version 10.4.1
(GraphPad Software, La Jolla, USA). Ordinary one-way ANOVA, two-way ANOVA, and the non-
parametric Mann-Whitney test (for unpaired samples) were used as appropriate and are indicated in
the figure legend. Survival curves were visualized using Kaplan-Meier plots, and differences between
groups were assessed using the log-rank (Mantel-Cox) test. P-values < 0.05 were considered statistically

significant. Unless otherwise indicated, comparisons were made against the corresponding control

group (*).
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7. Result

7.1 Macrophage response to Kp

To evaluate the immunomodulatory potential of EVs released by macrophages in response to Kp
infection, a first step, the suitable in vitro infection model was assessed through viability and
inflammatory response of macrophages to Kp infection. Macrophages were exposed to Kp at a
multiplicity of infection (MOI) of 10 for a period of 6 hours, or they were left untreated to serve as
controls for the assessment of in vitro biocompatability and the inflammatory response. The lactate
dehydrogenase (LDH) assay was utilized to quantify in vitro cytotoxicity. Following 6 hours of infection,
no significant cytotoxicity was observed in the infected macrophages (Figure 23A). Quantitative PCR
(gPCR) was performed to evaluate the inflammatory response by analyzing CXCL8 expression relative
to RPS18 and untreated control cells. There was a significant increase in CXCL8 expression compared
to the uninfected controls (Figure 23B), indicating a pronounced inflammatory response in the absence
of cytotoxicity after the 6-hour infection period. This suggests that the macrophages remain viable and
actively secrete proinflammatory mediators, rendering them a suitable source for EVs isolation

following infection.
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Figure 23: Characterization of macrophage response after Kp infection. (A) Cytotoxicity was determined using LDH assay. (B)
gPCR was performed for CXCL8 expression relative to RPS18 and untreated control cells. Statistics: one-way ANOVA (A),
unpaired t-test (B), *** p<0.001; ns = not significant, TL = total lysis, Kp = Klebsiella pneumoniae; data are shown as mean
+SEM, n=3.
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7.2 Characterization of macrophage-derived EVs

Following these initial tests, EVs were isolated from cell culture supernatants by differential
ultracentrifugation and characterized using nFCM, TEM, and surface marker profiling was performed
using the MACSPlex EV kit to validate the structural integrity and composition of the isolated particles
which are essential for downstream application and analysis. In addition, the presence of endotoxin

was quantified by Limulus amebocyte lysayte (LAL) assay to evaluate host-pathogen vesicle population.

A significantly greater number of particles was observed in EV samples obtained from infected
macrophages (EVk,) compared to those from non-infected controls (EVcontro) (Figure 24A). The size
distribution of EVs was consistent across both groups (Figure 24B). The median particle size was 100
nm, with no significant difference between the groups (Figure 24C). As gram-negative bacteria,
including Kp, are well known to release EVs as part of their normal physiology as well as during host-
pathogen interactions?!?, EV, could contain a mixed population of EVs of host-derived EVs and bacterial
vesicles (bEVs). Therefore, the presence of endotoxin was quantified by LAL assay. While EVcontrol
contained no detectable endotoxin, EVk, showed significant LPS levels (Figure 24D), supporting a mixed
host-pathogen vesicle population. TEM imaging confirmed the presence of 100 nm, round, membrane-
bound vesicles exhibiting the characteristic morphology of EVs (Figure 24E), thereby verifying that the

isolated particles were indeed EVs, which is essential for subsequent applications and analyses.
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Figure 24: Characterization of macrophage-derived EVs. Macrophages were infected with Kp (MOI 10) for 6 h or control, EVs
were isolated via ultracentrifugation from the sterile-filtered supernatant. (A-C) Isolated EVs were analyzed via nano-flow
cytometry for their count (A), size distribution (B) and median size (C). (D) Endotoxin concentration in EV preparations (EVcontrol
vs EV,) were analyzed by LAL assay and are depicted as EU/mL. (E) EVs were visualized via transmission electron microscopy
after negative staining with uranyl acetate. Representative result. Scale bar is 100 nm. Statistics: unpaired t-test (A+C+D); *
p<0.05; *** p<0.001; ns = not significant, data are shown as mean +SEM, n=3.
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7.3 EV surface marker profiling

To better understand the molecular makeup and possible immunological role of the EVs, an analysis of
their surface markers was carried out. The focus was on determining if Kp infection influenced the
expression of immune-related surface proteins on EVs, which might facilitate subsequent interactions
with host immune cells. The MACSPlex EV Kit was employed for the surface marker profiling of EVs.
EVk, demonstrated by a significant increase in the surface expression of tetraspanins (CD9, CD63, and
CD81), adhesion molecules (CD29, CD31, and CD105) and the co-stimulatory markers (CD40, and MHC
class Il molecules) (Figure 25A+B). Other surface proteins that were detected but remained unchanged
are listed in (Figure 25A+B). MHC Il present foreign peptides to CD4* T cell (T helper cell), T helper cells
take this information to activate other immune cells as B-cell to produce antibodies and macrophage
to control the infection3>179171172 Thereby the detection of MHC Il, a promising element in the antigen
presentation pathway, indicates that EVx, might influence adaptive immune responses by presenting

bacterial antigens to CD4* T cells.
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Figure 25: surface proteins of released EVs. (A+B) Isolated EVs from Kp-infected and control macrophages were analyzed for
their surface protein expression using flow cytometry and the MACSPlex EV kit. Data is presented after blank subtraction.
Statistics: two-way ANOVA (A+C); * p<0.05, ** p<0.01, *** p<0.001, p<0.0001; data are shown as mean +SEM, n=3.
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The surface marker profiling indicated that EVk, demonstrates an elevated expression of
immunologically molecules, adhesion markers and components of the antigen-presenting machinery.
The presence of MHC Il implies that EVk, may contribute to adaptive immunity by potentially presenting
bacterial antigens to CD4* T cells. Consequently, proteomic profiling of EVk, was performed to gain

insights into the proteins transported in the EVs as a cargo.

7.4 Proteomic profiling of EVi,

To further characterize the protein cargo of EVs, label-free quantitative proteomics were performed.
Classical EV components such as tetraspanins, Tsg101, flotillin-1, and Alix were detected in both EVcontrol
and EVi,. Importantly, 99 of the top 100 EV-associated proteins listed in Vesiclepedia were identified,
supporting high purity and enrichment of EVs2%, Comparative analysis revealed 816 proteins
significantly upregulated and 642 downregulated in EVi, relative to EVcontrol (Fig. 25A). Many of the
differentially expressed host proteins were linked to immune-relevant pathways, including extracellular
matrix degradation, inflammatory signaling and response to bacterial stimuli (Fig. 25B). Consistent with
the LAL assay, proteomics also confirmed the presence of bacterial proteins within EVg, preparations
(Fig. 25C), which were enriched in functional categories such as chaperone-mediated protein folding,
biofilm formation, and cell wall organization (Fig. 25D). These findings strongly support the hypothesis

that EVy, represent a hybrid population of both host- and pathogen-derived vesicles.
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Figure 25: Proteomics of macrophage-derived EVs. (A) Volcano plot summarizing the differential expression of proteins
detected in EVi, versus EVeontrol 0N the imputed log2 intensity versus -log10 p-values. (B) Pathway enrichment of significantly

regulated macrophage proteins found in (A). (C) Top 20 expressed proteins in EVk, samples. (D) Pathway enrichment of K.
pneumoniae proteins presented in (C).

This hybrid vesicle population may thus serve as a naturally derived immunogenic platform for vaccine

development.

7.5 Macrophage response to Kp infection after EV pre-stimulation

To explore the potential effect of EVs from Kp-infected macrophages on naive macrophage on the level
of safety, inflammatory response and the effect on bacterial replication, macrophages were pre-

stimulated with either EVk, or EVcontrol for a period of 24 hours followed by a 6-hour infection with Kp

at MOI 10.

The LDH assay was used to assess cytotoxicity, and no notable cytotoxic effects were detected under
any conditions, whether with EV pre-stimulation or pre-stimulation plus infection, when compared to

uninfected and non-stimulated control macrophages (Figure 26). These results suggest that EVip,
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derived from infected macrophages, do not have a significant cytotoxic on naive macrophage after pre-

stimulation alone or pre-stimulation plus infection.
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Figure 26: Macrophage response to K. pneumoniae infection after EV pre-stimulation: LDH assay. Macrophages were pre-
stimulated for 24 h with EVk, coming from infected macrophage with K. pneumoniae or EVcontrol cOming from non-infected
macrophage or not pre-stimulated for control. Following the pre-incubation, cells were infected with K. pneumoniae for 6 h
at MOI 10. Cytotoxicity was determined by LDH assay. Statistics: two-way ANOVA; ns = not significant; data are shown as mean
+SEM, n=3.

The evaluation of pro-inflammatory responses involved measuring the expression of CXCLS.
Macrophages that were pre-stimulated with EVy, showed a notable rise in CXCL8 levels, in pre-
stimulation or pre-stimulation plus infection, compared to both EVcntro and non-stimulated
macrophage controls (Figure 27A). This indicates that the upregulation of CXCL8 might be influenced
by elements within EVk, or by bacterial vesicles (bEVs) because both host and bacterial EVs were
isolated. The subsequent inquiry pertains to whether the host EVs or the bEVs within the EVy,
preparation induce CXCL8 expression. To address this question, macrophages were pre-stimulated with
either EV, (1,000 EVs per cell) or varying concentrations of Kp-derived bacterial vesicles (Kp-bEVs; 10,
100, or 1,000 bEVs per cell) for a period of 24 hours, followed by a 6-hour infection. Macrophages that
were pre-stimulated with EVk, showed a notable rise in CXCL8 levels, in pre-stimulation or pre-
stimulation plus infection, compared to both EVontrorand non-stimulated macrophage controls (Figure

27B). In addition, Kp-bEVs showed a significant increase in CXCL8 levels but it was dose dependant, as
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increasing the Kp-bEVs dose resulted in increasing CXCL8 levels (Figure 27B). Ultimately, EVk, lead to a

notable CXCL8 expression compared to Kp-bEVs.
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Figure 27: Macrophage response to K. pneumoniae infection after EV pre-stimulation: Pro-inflammatory responses.
Macrophages were pre-stimulated for 24 h with EVy, coming from infected macrophage with K. pneumoniae or EVcontrol COMing
from non-infected macrophage or not pre-stimulated (-) for control. Following the pre-incubation, cells were infected with K.
pneumoniae for 6 h at MOI 10. (A) Pro-inflammatory activation was determined by qPCR for CXCL8 gene expression.
Macrophages were pre-stimulated for 24 hours with EV, (extracellular vesicles derived from K. pneumoniae-infected
macrophages), with EVeontrol (from non-infected macrophages), K. pneumoniae bEVs at different doses (10, 100, or 1000 per
macrophage) or left unstimulated as a control. Cells were then infected with K. pneumoniae for 6 hours at an MOI of 10.
(B)CXCL8 expression was determined by gPCR. Statistics: two-way ANOVA (A, B); * p<0.05, ** p<0.01, **** p<0.001,
***p<0.0001; data are shown as mean +SEM, n=3.

To assess if EVk, have an effect on the bacterial replication during the infection, CFUs were determined
from the culture supernatants of macrophages that had been infected with Kp for 2h after 24 h pre-
stimulation with EVy,. The bacterial replication was reduced in macrophages that had been pre-
stimulated with EV,, in contrast to those stimulated with EVcontrol OF the infected controls that were not
stimulated (Figure 28A). Since EVk, and bEVs were co-isolated, the specific contribution of each EV
population to bacterial replication inhibition remained unresolved. To address this, the next step was
to investigate whether pre-stimulation with EVg, or bEVs independently influences bacterial growth,
thereby distinguishing their individual effects on infection dynamics. Macrophages were pre-stimulated
with either EVk, or varying doses of Kp-bEVs (10-1,000 bEVs per cell) for 24 hours followed by 6 h
infection. The bacterial replication was reduced in macrophages that had been pre-stimulated with
EVip, in contrast to those stimulated with EVeontrol Or the infected controls that were not stimulated
(Figure 28B). In addition, the bacterial replication was reduced in macrophages that had been pre-

stimulated with Kp-bEVs in a dose-dependent manner (Figure 28B). Both treatments resulted in
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reduced bacterial replication, but the impact of Kp-bEVs was significantly weaker than that of EVy,
(Figure 28B). This indicates that EVy, have a more potent inhibitory effect on the replication of EVy, in

the context of macrophage infection. Therefore, the next question was whether EV, directly inhibits

Kp growth.
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Figure 28: Macrophage response to K. pneumoniae infection after EV pre-stimulation: Bacterial replication CFU. (A)
Macrophages were pre-stimulated for 24 h with EVy, coming from infected macrophage with K. pneumoniae or EVcontrol cOMing
from non-infected macrophage or not pre-stimulated for control. Following the pre-incubation, cells were infected with K.
pneumoniae for 6 h at MOI 10. Kp replication was determined by CFU assay after 2 h of infection. (B) Macrophages were pre-
stimulated with EVkp, EVcontrol, Or Kp-bEVs at different doses (10, 100, or 1000 per macrophage) or left unstimulated as a control.
Cells were then infected with Kp for 6 hours at an MOI of 10. Bacterial replication in pre-stimulated cells was determined by
CFU assay. (C) Growth kinetics of K. pneumoniae in liquid culture after addition of EVs coming from control macrophages
(EVcontrot) or K. pneumoniae infected macrophages (EVi,). Vesicles were added in different concentrations (10, 100, 1000 per
bacterium). Growth kinetics were determined under continuous shaking using a plate reader and measuring OD600 every 30
min. Statistics: one-way ANOVA (A+B); ** p<0.01, p<0.0001; data are shown as mean +SEM, n=3.

7.6 Growth kinetics curve

To determine if there is a direct impact from EV, on the bacteria during the infection, Kp was incubated
with either EVi, or EVeontrol in vitro, and the growth patterns were observed. The results showed no
significant differences in bacterial growth from EVcontrol and EVi, (Figure 28C), indicating that the
observed inhibition in the bacterial replication during infection was not due to a direct antimicrobial
action of the EVs. Instead, it appears to be related to the modulation of macrophage function by the
EVks, potentially through mechanisms such as enhanced macrophage activation, improved antigen
presentation, or competitive inhibition, which might include interference with bacterial adhesion or
invasion. Overall, these results indicate that EV, boost the pro-inflammatory response and decrease
bacterial load in macrophages during infection, most likely through immune modulation rather than

direct antibacterial effects.
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The findings demonstrate that EV, significantly enhances the antibacterial capacity of naive
macrophages by potentiating pro-inflammatory responses as evidenced by elevated CXCL8 expression
and reducing bacterial replication, without exerting direct cytotoxic effects. While both EVg, and Kp-
bEVs induced CXCL8 expression and inhibited bacterial growth, EVg, exhibited a more pronounced
effect, suggesting a dominant role in macrophage immune modulation. Critically, the absence of direct
antimicrobial activity in EV, (as shown by unaltered bacterial growth kinetics in vitro) implies that its
protective effects are mediated through host cell reprogramming, potentially via enhanced innate
immune activation or antigen presentation. These results position EVk, as a promising
immunomodulatory agent capable of priming macrophages for improved pathogen control. To validate
its therapeutic potential, the next critical step was to evaluate whether EVg, vaccination confers
protective immunity against Kp infection in vivo. Therefore, a murine model was employed to evaluate
the capacity of EVy, to activate the immune system, induce antibody production, and inhibit bacterial
replication and infection. Additionally, the safety of EVk, was assessed in relation to liver and kidney

enzymes, as well as its effects on various organs, including the liver, kidney, and lung.

7.7 In vivo biocompatibility and safety of EV, in mice

To evaluate the in vivo biocompatibility and safety of EVy, in an in vivo model, BALB/c mice were
vaccinated via intramuscular (IM) injection on weeks 0, 1, 2, and 4 (Figure 29A) with EV,. At each of
these timepoints, serum samples were taken to assess liver and kidney function by measuring ALT, AST,
urea, and creatinine levels. The results showed no significant changes in the liver and kidney enzymes
in all studies after EVk, administration, with values remaining similar to those in PBS-injected control
mice (Figure 29B-E). These results indicate that EVk, do not have any adverse effects on hepatic or renal

function and can serve as a safe and non-toxic vaccine platform.
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Figure 29: Biocompatibility of EVy, treatment in BALB/c mice. Mice were administered with EV, IM at week 0, 1, 2, and 4.
PBS injection was used as control. Liver and kidney function were assessed. (A) Schematic illustration of experimental
workflow. (B-D) Biochemical analysis of mice sera at day 0, 7, 14 and 28. ALT (B), AST (C), urea (D) and creatinine (E) were
measured. Statistics: two-way ANOVA (B-E); ns = not significant, ALT = alanine transaminase, AST = aspartate transaminase;
data are shown as mean +SEM, n=3 mice per group.

7.8 Antibody production induced by EVk, in mice

To test the ability of EVy, to produce antibodies, BALB/c mice were vaccinated via IM injection on weeks
0, 1, 2, and 4 (Figure 29A) with EVg,. Serum samples were collected at each of these time points to
assess antibody production. IgM and IgG levels were analysed to assess the humoral immune response.
A significant strong increase in IgM and IgG after each vaccination dose, indicating successful B cell
activation and maturation (Figure 30B+C). These findings collectively show that EV, induce a strong
IgM and 1gG response, act as a self-adjuvant vaccine platform, driving humoral immunity without

exogenous adjuvants.
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Figure 30: Antibody production induced by EV, in mice. Mice were administered with EV, intramuscularly at day 0, 7, 14,
and 28. PBS injection was used as control. IgM and 1gG induction were assessed. (A) Schematic illustration of experimental
workflow. (B) IgM concentration and (C) IgG concentration in mice sera were measured at day 0, 7, 14 and 28. Statistics: two-
way ANOVA (B); ****p<0.0001; IgM = immunoglobulin M, IgG = immunoglobulin G; data are shown as mean +SEM, n=3 mice
per group.

Having established EV,'s immunomodulatory and antibacterial properties in vitro, alongside its in vivo
biocompatibility and capacity to induce IgM and IgG production, next, its efficacy as a prophylactic

agent against live Kp challenge was evaluated.. This study aims to define the protective potential and

immune correlates of EV,-mediated defense in a murine infection model.

7.9 EVg, vaccination protects mice against K. pneumoniae challenge

To determine if EVk, could function as a protective, self-adjuvanting vaccine platform, a murine
challenge model was developed. The protective effectiveness of IM EV, vaccination was assessed in
BALB/c mice challenge with a lethal dose of Kp. The mice vaccinated with EVk, had only a slight but
statistically significant increase in ALT, AST, urea, and creatinine levels after the Kp challenge, compared

to uninfected PBS-treated controls. Thereby EV, prevent liver and kidney dysfunction. However, these
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levels were significantly lower than those in the PBS +Kp group, which showed a severe and significant
rise in all four parameters, indicating serious liver and kidney damage, confirming the Kp pathogenicity
(figure 31A-D). On the level of antibody production, the vaccinated mice with EVk, showed a strong IgM
and IgG production compared to control group and Kp infection in PBS-treated mice resulted in a
significant rise in IgM and IgG levels, but the highest IgM and IgG induction were observed in EVy-
vaccinated group (figure 31E+F). EV, vaccination elicits a dual protective effect, enhancing IgM and
IgG-mediated bacterial clearance while preventing infection-induced organ injury. This dual
functionality positions EV, as a promising strategy to combat Kp infection by simultaneously improving

pathogen control and reducing immunopathology.
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Figure 31: EVy, protect mice from lethal K. pneumoniae challenge. Vaccinated (EVg,) mice and PBS controls were infected
with a lethal dose of K. pneumoniae intranasally. Mice were vaccinated with EV, intramuscularly at day 0, 7, 14, and 28. PBS
injection was used as control. Followed by challenge with a lethal dose of Kp intranasally. Liver and kidney function as well as
IgM induction were assessed. (A+B) Liver (ALT (A), AST (B)) and kidney (urea (C), creatinine (D) function as well as IgM (E) and
1gG (F) induction were measured in mice sera at day five after infection. Statistics: one-way ANOVA (A-F); *p<0.05, **p<0.01,
**%¥p<0.001, ****p<0.0001; ALT = alanine transaminase, AST = aspartate transaminase, IgM = immunoglobulin M, 1gG =
immunoglobulin G; data are shown as mean +SEM, n=3 mice per group.

68



Analysis of bacterial replication or count demonstrated a notable decrease in CFU counts in both lung

and blood samples of mice vaccinated with EVx, compared to those that were not vaccinated (Figure

32A+B), suggesting successful bacterial elimination and vaccine effectiveness. Cytokine analysis on the

first day after infection revealed that the vaccinated group showed a significant increase in the cytokine

level but on the second day cytokine levels declined and were controlled compared to unvaccinated

group that showed a sharp, and sustained increase in the cytokine level in blood and lung tissues of

TNF-a and IL-1B (Figure 32C-F). EVk, vaccination induced an early but more regulated cytokine response

post-challenge, contrasting with the sustained inflammation in unvaccinated mice. This kinetic profile

suggests that EVk, prime adaptive and innate immunity for rapid pathogen clearance, minimizing

PAMP-driven NF-kB/inflammasome overactivation and associated tissue damage.
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Figure 32: EV, protect mice from lethal K. pneumoniae challenge. Vaccinated (EVk,) mice and PBS controls were infected
with a lethal dose of K. pneumoniae intranasally. (A+B) Bacterial load was determined by CFU assay. K. pneumoniae in blood
(A) and lung tissue (B) samples are shown. (C-F) Inflammatory response was determined by TNF-a (C+D) & IL1-B (E+F)
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measurement in blood and lung tissue samples. Statistics: unpaired t-test (A-B) or two-way ANOVA (C-F); *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001; data are shown as mean +SEM, n=3 mice per group.

The results indicate that EVk, vaccination not only initiates but also boosts the humoral immune
response when encountering a pathogen. EVg, seem to contain immunogenic antigens that can trigger
the production of IgM, 1gG and facilitate early B cell activation. This dual effect comprising (a) immune
stimulation, as shown by increased IgM and cytokine responses, and (b) protection, demonstrated by
maintained organ function and decreased bacterial load, emphasizes the potential of EVy, as a self-

adjuvanting vaccine platform.

Clinical scores were determined by evaluating activity levels, body condition, and respiratory distress.
Mice vaccinated with EV, exhibited only mild symptoms, maintaining normal activity, good body
condition, and experiencing slight dyspnea (Figure 33A). Conversely, unvaccinated infected mice
showed significant clinical decline, characterized by inactivity, substantial weight loss, dehydration, and
severe dyspnea. These findings highlight the clinical advantage of EVy, in reducing disease severity.
Survival analysis further validated the vaccine's protective efficacy, with EVg,-vaccinated mice achieving
a 90% survival rate, whereas all unvaccinated infected control mice died from infection within six days
(Figure 33B). This notable disparity emphasizes EVk,'s capacity to provide strong protection against

lethal Kp infection.
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Figure 33: survival rate and clinical score of EVy, immunized mice. Vaccinated (EVy,) mice and PBS controls were infected
with a lethal dose of Kp intranasally. (A) Mice were monitored for their clinical score based on their activity, body condition
and respiratory distress. Scores were given for the activity: normal movement (=0), mild movement (=1) or no movement (=2).
For the body condition: normal weight with smooth fur and no signs of dehydration (=0), normal weight with slightly ruffled
fur and no dehydration (=1), or weight less, ruffled hair with dehydration (=2). Respiratory distress: normal breathing (=0),
mild dyspnea (=1), or severe dyspnea (=2). (B) Survival of the mice is shown over the course of 7 days is shown as Kaplan-
Meyer plot. Statistics: two-way ANOVA (A) or log-rank (Mantel-Cox) test (B); ***p<0.001, ****p<0.0001; ns = not significant;
data are shown as mean +SEM, n=7 mice per group.

Based on the previous data suggest that EVy, vaccination provides robust protection against Kp
infection by improving bacterial elimination, preserving organ functionality, modulating inflammatory
responses, and significantly increasing survival rates. Consequently, EVk, stands out as a promising self-

adjuvanting vaccine platform for tackling Gram-negative bacterial infections.

This research project aimed to administer host-derived extracellular vesicles to mice as a promising
vaccine candidate and drug delivery system for protection against Kp infection. Previous data suggest

that EVk, vaccination represents a promising, self-adjuvanting vaccine platform against multidrug-
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resistant gram-negative infections, combining immunogenicity, safety, and protective efficacy.
Consequently, the next step involves evaluating the utility of EVs as a drug delivery system, as many
newly developed drugs suffer from low water solubility, which poses a significant challenge for cellular
uptake and delivery to their site of action. Due to their unique properties, EVs have emerged as
promising nanocarriers in various biomedical applications. These small membrane-bound structures,
are naturally released by cells and play crucial roles in intercellular communication. Their lipid bilayer
structure allows for encapsulating bioactive molecules such as proteins, nucleic acids, and lipids,
making them ideal candidates for drug delivery. Generally, besides education and stricter hygiene
regulations, there are two ways to prevent the spread and development of AMR: First, the design of
new antimicrobial drugs with alternative modes of action and higher efficacy, and second the
improvement of well-established compounds. Unfortunately, the number of newly approved
antimicrobial drugs has decreased within the last decades and fewer pharmaceutical companies are
interested in their research and development. This leaves the second alternative, to improve the
delivery of FDA-approved drugs. Meropenem (MEM), a broad-spectrum carbapenem antibiotic,
functions by targeting penicillin-binding proteins (PBPs) to inhibit peptidoglycan synthesis, effectively
eradicating both Gram-positive and Gram-negative bacteria. As one of the last-resort antibiotics for
treating severe and resistant infections, MEM plays a critical role in managing infections within hospital
and intensive care unit settings. Therefore, the second part of this project to develop an innovative
nanovesicle-based drug delivery system using EVs loaded with MEM to improve the treatment of

intracellular bacterial infections.

7.10 Calibration curve of MEM

To ensure accurate and reproducible quantification of the MEM in EVs delivery platform, a calibration
curve was established using UV spectrophotometer enabling precise determination of MEM loading,
release kinetics, and encapsulation efficiency in MEM-EVs platform. The UV absorption spectra of

different MEM solutions showed that the drug has a maximum absorbance at wavelength (Amax) of 297
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nm in PBS, pH 7.4. The calibration curves of MEM in PBS, pH 7.4 was performed at Amax 297 nm (figure

34).
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figure 34: MEM calibration curve.

7.11 Encapsulation efficiency (EE)

EE is a critical metric in evaluating the performance of a drug delivery platform, as it quantifies the
system's ability to successfully incorporate the active pharmaceutical ingredient (API) during
formulation. High EE ensures optimal drug loading, minimizes APl loss, and directly impacts the
therapeutic efficacy, cost-effectiveness, and scalability of the delivery system. EE was determined to
assess the formulation’s reproducibility and potential for controlled release. The results demonstrated
an encapsulation efficiency of approximately 77.5%, indicating that a substantial proportion of the
loaded MEM was successfully incorporated into the EVs. This high encapsulation efficiency suggests
that the chosen loading method was effective in facilitating MEM uptake into the EVs. This efficiency
supports the potential of EVs as effective carriers for MEM delivery in subsequent experimental or

therapeutic applications.
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7.12 MEM-EVs characterization

To confirm the successful loading of MEM into EVs while preserving their structural integrity, a
comprehensive characterization of MEM-EVs in comparison to EVs-pure using DLS, nFCM, and TEM

were assessed.

To assess the hydrodynamic size distribution and colloidal stability of EVs after MEM loading, we
performed DLS measurements on both MEM-EVs and unmodified EVs (EVs-pure). The results
demonstrated that the MEM-loaded EVs exhibited an average hydrodynamic diameter of 259.6 nm
with a PDI of 0.228, indicating a moderately uniform size distribution. Pure (unloaded) EVs had a slightly
smaller average size of 230.9 nm and a PDI of 0.205 (figure 35), reflecting a narrow and homogeneous
population (figure 35). At the end, our measurements showed no significant differences in the average
particle size (Z-average, nm) or polydispersity index (PDI) between MEM-EVs and EVs-pure. The
comparable PDI values further indicate that MEM loading did not induce aggregation or heterogeneity
in the EV population. These findings suggest that the encapsulation process maintains the

physicochemical stability of EVs, supporting their suitability for downstream applications.
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Figure 35: DLS characterization of MEM-EVs and EVs-pure. (A) Quantification of Z-average diameter (nm) and (B)
polydispersity index (PDI). Statistics: unpaired t-test (A+B); ns = not significant, data are shown as mean +SEM, n=3.
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The nFCM measurements revealed no significant differences in either particle size distribution or
quantity between MEM-EVs and EVs-pure (Figure 36). These results suggest that the loading process
did not alter the physical properties of the EVs, indicating that MEM encapsulation was achieved

without inducing vesicle aggregation, fragmentation, or loss of EV integrity.
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Figure 36: Characterization of MEM-loaded EVs by nano-Flow Cytometry (hFCM). (A) median size (nm) for MEM-EVs and

EVs-pure. (B) Quantification of particle (EVs/mL). Statistics: unpaired t-test (A+B); ns = not significant, data are shown as
mean +SEM, n=3.

To evaluate the morphological integrity of EVs after MEM loading, we performed TEM imaging on both
MEM-EVs and EVs-pure. Representative micrographs revealed well-defined vesicular structures
characteristic of EVs in both groups (Figure 37). No significant differences in particle morphology, size,
or structural integrity were observed between MEM-EVs and EVs-pure, indicating that the MEM loading
process did not induce detectable ultrastructural alterations. These findings suggest that MEM

encapsulation preserves the native architecture of EVs, supporting their suitability for downstream

functional applications.
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EVs pure MEM-EVs

Figure 37. TEM analysis of MEM-EVs and EVs-pure. Representative TEM images of (A) EVs-pure and (B) MEM-EVs. Scale bars:
100 nm.

Collectively, these data demonstrate that MEM encapsulation preserves the native physicochemical
properties of EVs, including size, monodispersity, and ultrastructure. The absence of significant
alterations in these parameters suggests that the loading process is non-disruptive and that MEM-EVs

retain the biophysical characteristics critical for their biological function and stability.

7.13 In Vitro Drug Release Profile of MEM-EVs loaded system

To evaluate the release kinetics of MEM from the EV-based delivery system and MEM pure, we
performed an in vitro drug release assay using a dialysis membrane over 7.5 hours under physiological
conditions (PBS, pH 7.4, 37°C). The MEM-EVs demonstrated a controlled, sustained release profile,
while free MEM showed rapid, near-complete release within the first 2 hours. MEM-EVs provided an
initial burst release of 26.97% at 0.5h, and gradual increase to 85.40% by 6h followed by plateau phase
maintained from 6h to 7.5h (85.32-85.86%) (figure 38). In contrast, MEM pure exhibited rapid release
of 54.03% at 0.5h, near-complete release (85.40%) by 2h & stable plateau (85.39-86.10%) from 2h
onward (figure 39). Comparative analysis of MEM release profiles revealed distinct kinetic patterns
between EV-encapsulated and free drug formulations. While MEM pure demonstrated rapid release

with more than 50% delivered within 30 minutes and plateau by 2 hours, MEM-EVs exhibited
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significantly prolonged release kinetics. Based on that, the EV-based system showed an initial burst
release of 26.9% at 0.5h, followed by gradual release reaching maximum 85.40 % at 6h. This sustained
release profile suggests two potential drug reservoirs within MEM-EVs: (1) surface-associated MEM
accounting for the initial burst, and (2) core-encapsulated MEM responsible for the prolonged release
phase. In contrast, free MEM's rapid release pattern indicates unhindered diffusion through the dialysis
membrane. The similar final release percentages (85-86%) confirm complete MEM pure availability
from both formulations, while the distinct kinetic profiles highlight EVs' ability to modulate drug release
timing. The delayed release from MEM-EVs suggests that EVs membrane acts as a diffusion barrier,
potential for reduced dosing frequency in therapeutic applications, protection of MEM from premature
degradation and possibility of targeted delivery to tissues with prolonged exposure requirements. At
the end, MEM-EVs have an initial burst release followed by sustained release suggests that controlled
delivery mechanism phase plus burst release phase. The controlled delivery mechanism phase via
sustained release profile indicates that EVs act as effective carriers for MEM, preventing rapid drug
clearance and enabling prolonged therapeutic availability and burst release phase via the initial burst
may facilitate immediate drug action, while the extended release supports long-term efficacy a
desirable trait for therapeutic applications. EVs-mediated retention through the gradual release
suggests MEM is retained within EVs rather than freely diffusing, highlighting the role of EVs

membranes in modulating drug kinetics.

77



In vitro release study

o 100- MEM-EVs
(%]

o]

[

°© 80
o

2

T 60
o

2

S 40
2

£

o 204
K]

R 0-

05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8
time [h]

Figure 38: in vitro release profiles of MEM-EVs. Cumulative release (%) over 7.5 hours showing sustained release from
MEM-EVs. Data are shown as mean +SEM, n=3.
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Figure 39. in vitro release profiles of MEM pure. Cumulative release (%) over 7.5 hours. Data are shown as mean +SEM,
n=3.

7.14 Lyophilization Stability and Drug Recovery of MEM-EVs

Lyophilization was employed to enhance the long-term stability of the MEM-EVs formulation by
removing water under reduced pressure, thereby preventing physicochemical degradation (e.g.,

aggregation, hydrolysis, or drug leakage). This process ensures the formulation’s shelf-life extension
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while maintaining its structural integrity and drug encapsulation efficiency upon reconstitution.
Quantitative analysis revealed that 80% of the initial MEM (64 mg from 80 mg) was retained post-
lyophilization, with a final concentration of 64 mg MEM per 1 gram of lyophilized powder. This high
recovery rate confirms the compatibility of the EVs-based delivery system with the lyophilization
process and suggests minimal drug degradation or loss during freeze-drying. The lyophilization of
MEM-EVs significantly extends their shelf life by reducing degradation, while also offering practical
advantages such as lightweight storage, ease of transport (eliminating liquid weight burdens), and
flexible reconstitution (requiring only the addition of water). This process enables the development of
multiple dosage forms, including injectable powders, topical ointments, and nasal sprays, broadening
therapeutic applications. The successful lyophilization of MEM-EVs thus not only enhances their
stability but also facilitates their formulation into diverse delivery systems, addressing unmet medical

needs in antimicrobial resistance and infection control.

7.15 MEM-EVs topical ointment

Physicochemical characterization of the prepared ointment is essential to ensure its quality, stability,
and therapeutic performance. The pH, viscosity, spreadability, drug content uniformity, and rheological
properties were evaluated to confirm optimal skin compatibility, ease of application (spreadability,
viscosity). These tests align with pharmacopeial standards and are critical for formulation optimization,
patient compliance, and regulatory approval. The prepared MEM-EVs ointment were visually
examined. The results showed that all the formulae were smooth, uniform and no lumps or phase
separation was detected (table 15). The pH of MEM-EVs ointment was measured to evaluate potential
alterations in the vesicle microenvironment following MEM loading. The pH range 6.5 to 7.2 (table 15),
confirming that the encapsulation process did not disrupt the intrinsic acid-base balance of the EVs.
This stability is critical for ensuring consistent EVs behaviour in biological systems, where pH influences
cellular internalization and cargo release mechanisms. The Rheological properties of the prepared
MEM-EVs was investigated through measuring the viscosity using Brook-field DV-III ultra viscometer

(RV model) using T-bar spindle (No. 40, speed 40) at 0.5-5 rpm and 25 °C. MEM-EVs ointment
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demonstrated a viscosity of 6348 cP, confirming its semisolid rheological behaviour suitable for topical
application. This value ensures adequate adhesion to the skin while retaining spreadability, aligning
with the desired performance characteristics of dermatological formulations. The high viscosity further

supports the potential for controlled drug release, enhancing therapeutic efficacy (table 15).

Parameters Ointment stability
Viscosity Viscous (cP 6348)
Texture Smooth

Immediate skin feel Oily

pH 6,8

Physical apperance (color) White to pale yellow

Table 15. Physicochemical properties of MEM-EVs ointment.

To evaluate the release kinetics of MEM from the MEM-EVs ointment, an in vitro drug release assay
using a dialysis membrane over 11 hours under physiological conditions (PBS, pH 7.4, 37°C) was
assessed. The MEM-EVs demonstrated a controlled, sustained release profile (figure 41), an initial burst
release of 14 % at 0.5h, gradual increase to 83% by 11h and plateau phase maintained from 9h to 11h
(83 %). The MEM-EVs ointment exhibited optimal sustained release characteristics, with 14 % initial
release ensuring rapid therapeutic availability, followed by gradual release reaching 83 % by 9 hours.
This profile combines the benefits of immediate drug action with prolonged delivery - a crucial

advantage for topical formulations requiring sustained antimicrobial activity.
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In vitro release study
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Figure 41. In vitro release profile of MEM from EV-loaded topical ointment. Cumulative drug release (%) Data are shown as
mean +SEM, n=3.

7.16 MEM-EVs nasal spray

The developed MEM-EVs nasal spray formulation was visually inspected for organoleptic properties.
The formulation appeared as a colorless and clear solution with a uniform/homogeneous texture and
no visible particles or aggregates. The consistency was thin, suitable for nasal administration. No

noticeable odor was detected, indicating good patient acceptability.

The pH of MEM-EVs nasal spray was measured to evaluate potential alterations in the vesicle
microenvironment following MEM loading. The pH range 6.5 to 7.5 confirming that the encapsulation
process did not disrupt the intrinsic acid-base balance of the EVs (table 16). This stability is critical for
ensuring consistent EV behaviour in biological systems, where pH influences cellular internalization and

cargo release mechanisms.

Parameters Ointment stability
pH 6,8
Physical apperance (color) Clear, colorless

Table 16. Physicochemical properties of MEM-EVs ointment
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To evaluate the release kinetics of MEM from the MEM-EVs nasal spray, an in vitro drug release assay
using a dialysis membrane over 10 hours under physiological conditions (PBS, pH 7.4, 37°C) was
deteremined. The MEM-EVs demonstrated a controlled, sustained release profile initial burst release
of 20 % at 0.5h and gradual increase to 86 % by 10h followed by plateau phase maintained from 9h to
8.5h (86 %) (figure 41). The MEM-EVs nasal exhibited optimal sustained release characteristics, with 20
% initial release ensuring rapid therapeutic availability, followed by gradual release reaching 86 % by

8.5 hours. This profile combines the benefits of immediate drug action with prolonged delivery.
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Figure 41. In vitro release profile of MEM from MEM-EVs nasal spray. Cumulative drug release Data are shown as mean
+SEM, n=3.

7.17 Stability study

The stability of MEM-loaded EVs in three formulations, liquid, nasal spray, and powder were assessed
by measuring the % residual drug content at 4°C (refrigeration) and 28°C (room temperature) over 0,
7, and 15 days (figure 42). MEM-EVs powder demonstrated excellent stability, retaining more than 95%
drug loading at both temperatures, confirming that solid-state storage prevents MEM degradation.
MEM-EVs liquid & nasal spray at 4°C, both formulations maintained more than 90% drug content for
15 days, and at 28°C, a significant loss of the drug was observed after 7 days and 15 days, indicating

thermal instability in liquid and nasal formulations. These findings highlight that Iyophilization
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significantly enhances MEM-EVs stability, making the powder formulation ideal for long-term storage,

while liquid/nasal forms require refrigeration to maintain efficacy.
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Figure 42. % Residual Drug Content in MEM-EVs Formulations at 4°C and 28°C. MEM-EVs powder demonstrated excellent
stability at 4°C and 28°C. MEM-EVs liquid & nasal spray stable at 4°C, and unstable at 28°C.

The MEM-EVs ointment demonstrated excellent physicochemical stability across all tested storage
conditions (4°C and 28°C for 15 days), with no observable changes in viscosity, texture, skin adhesion,
pH, or color (table 18). Due to technical limitations in direct MEM quantification (complicated
extraction process and MEM degradation during the extraction), thereby stability assessed via in vitro
drug release studied. The diffusion membrane assay revealed consistent release profiles at both
temperatures over 15 days implying no loss of drug potency during storage, unaltered EV-ointment

interactions affecting drug release, reliable therapeutic performance post-storage (figure 43).

Parameters Ointment stability
0 7 15
28+2°c 4+2°c 28+2°c 4+2°c 28+2°c 4+2°c
Viscosity Viscous Viscous Viscous Viscous Viscous Viscous
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Texture Smooth Smooth Smooth Smooth Smooth Smooth
Immediate Oily Oily Oily Oily Oily Oily
skin feels

pH 6,8 6,8 6,8 6,8 6,8 6,8
Physical White to White to White to White to White to White to
appearance pale pale pale pale pale pale
(color) yellow yellow yellow yellow yellow yellow

Table 18. Physicochemical parameters of MEM-EVs ointment at 4°C and 28°C, at 0-, 7- & 15-days storage.

Ointment stability
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Figure 43. in vitro release profile of MEM-EVs ointment at 4°C and 28°C, at 0-, 7- & 15-days storage.

7.18 MEM-EVs in vitro efficacy studies (infected macrophage model)

MEM-EVs were characterized in terms of their physicochemical properties, including size, morphology,
and loading efficiency, as well as their in vitro release kinetics, which demonstrated sustained drug
release and stability under physiological conditions. Notably, the lyophilization of MEM-EVs resulted in
a powder formulation with over 80% drug retention, effectively addressing storage challenges
pertinent to clinical translation. These foundational studies confirmed the pharmaceutical feasibility of

the MEM-EVs system, thereby laying the groundwork for the current investigation into its biological
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efficacy. MEM-EVs applied to an infected macrophage model to quantify cellular uptake kinetics of
MEM-EVs compared to MEM pure, cytotoxicity profiles in host cells, and inhibition of both intracellular

and extracellular bacterial replication.

7.19 In Vitro Cytotoxicity Assessment of MEM-EVs Formulations

To evaluate the safety profile of MEM-EVs formulations, cytotoxicity assessed in Kp-infected
macrophages utilizing LDH release assays. MEM-EVs are non-toxic across all formulations, which is
critical for translational applications. MEM-EVs not only preserved macrophage viability but also
mitigated infection-driven damage, consistent with their proposed role as dual-function carriers (drug
delivery and pathogen clearance). In conclusion, MEM-EVs offer the advantage of protecting
macrophages from infection-induced lysis. This observation suggests that the macrophages remain
viable and functionally active, rendering them a suitable for other downstream analysis (bacterial

replication (intracellular and ectracellular) and uptake studies).

In vitro Cytotoxicity assay: LDH
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Figure 44: Cytotoxicity of MEM-EVs in Kp-infected macrophages. Macrophages were infected with Kp MO/ 1 for 30 min and
subsequently treated with MEM-EVs (liquid, nasal spray, or powder) and pure MEM (pharmaceutical grade) at a concentration
of 0.1 pg/ml for 24 h. LDH assay after 24 h treatment. Statistics: one-way ANOVA; **** p<0.0001; ns = not significant; data
are shown as mean +SEM, n=3.
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7.20 Antibacterial Efficacy of MEM-EVs Against Intracellular and
Extracellular Bacterial Replication

MEM-EVs applied to an infected macrophage model to determine the efficacy and the activity of this
platform to inhibit intracellular and extracellular bacterial replication. MEM-EVs formulations (liquid,
nasal spray and powder) and MEM pure exhibited a significantly greater reduction in intracellular and
extracellular Kp CFUs compared to the untreated control group (figure 45 A+B). Furthermore, all dosage
forms of MEM-EVs (liquid, nasal spray and powder) demonstrated significantly greater inhibition
compared to the pure drug provided by the company (figure 45 A+B). No significant differences in
efficacy were observed among the MEM-EVs formulations (liquid/nasal/powder), indicating consistent

performance across delivery platforms (figure 45 A+B).

In addition, we evaluated the therapeutic efficacy of MEM-EVs on two additional clinical isolates from
Kp and P.a. For clinical isolate 1 of Kp, the data indicated a similar level of intracellular survival rate:
MEM-EVs formulations (liquid, nasal spray, powder) and MEM pure exhibited a significantly greater
reduction in intracellular Kp colony-forming units (CFUs) compared to the untreated control group
(figure 45 C+D). Furthermore, all dosage forms of MEM-EVs (liquid, nasal spray, or powder)
demonstrated significantly greater inhibition compared to the pure drug provided by the company.
Regarding the extracellular survival rate, MEM-EVs formulations (liquid, nasal spray, powder) and MEM
pure also exhibited a significantly greater reduction in Kp CFUs compared to the untreated control
group (figure 45 C+D). However, all dosage forms of MEM-EVs (liquid, nasal spray, or powder) did not
demonstrate significantly greater inhibition compared to the pure drug provided by the company
(figure 45 C+D). The results for clinical isolate 2 of Kp were similar to those for clinical isolate 1 (figure
45 E+F). In the case of Pa., all MEM-EVs formulations (liquid, nasal spray and powder) and MEM pure
exhibited a significantly greater reduction in both intracellular and extracellular P.a. CFUs compared to
the untreated control group (figure 45 G+H). Furthermore, all dosage forms of MEM-EVs (liquid, nasal
spray and powder) demonstrated significantly greater inhibition compared to the pure drug provided

by the company. No significant differences in efficacy were observed among the MEM-EVs formulations
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(liquid, nasal spray and powder), indicating consistent performance across delivery platforms (figure 45
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Figure 45. Antibacterial Efficacy of MEM-EVs Against Intracellular and Extracellular Kp & P.a survival in macrophages.
Macrophages were infected with Kp (MOI = 1 for 30 min) and subsequently treated with MEM-EVs (liquid, nasal spray, or
lyophilized powder) and pure MEM (pharmaceutical grade) at a concentration of 0.1 pg/ml for 24 hours. Intracellular &
extracellular CFUs assay were determined after after 24 h of infection. (A+B) Intracellular & extracellular Kp, (C+D ) Intracellular
& extracellular Kp clinical isolate 1, (E+F ) Intracellular & extracellular Kp clinical isolate 2, (G+H ) Intracellular & extracellular
P.a. Statistics: one-way ANOVA (A-H); * p<0.05; ** p<0.01;**** p<0.0001; ns = not significant,; data are shown as mean *SEM,
n=3.

Our findings indicate that MEM-EVs substantially enhance the antibacterial efficacy of MEM against
both intracellular and extracellular Kp and P.a. infections. The key advancements of this study include
superior intracellular penetration and bacterial clearance; MEM-EVs achieved a reduction in
intracellular bacterial survival, surpassing the performance of pure MEM. This confirms that EVs-
mediated delivery effectively addresses the challenge of intracellular bacterial evasion, a critical
limitation of conventional carbapenem therapy. MEM-EVs demonstrated potent extracellular
bactericidal effects, with liquid, nasal spray, and powder formulations completely eradicating

detectable Kp colonies, suggesting improved drug bioavailability at infection sites. MEM-EVs exhibited
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comparable efficacy, underscoring their adaptability for diverse clinical applications. The stability of the
lyophilized powder further supports its suitability for long-term storage and distribution. Prior
cytotoxicity studies confirmed that MEM-EVs are non-toxic to host cells, even at effective bactericidal
concentrations. This positions MEM-EVs as a safe and targeted alternative to conventional MEM
delivery. These data confirm the observations that EVs accumulate MEM more effectively than the pure
drug in human cells. The increased intracellular accumulation of MEM via EVs may exert significant
bactericidal effects on intracellular bacteria present within infected phagocytes. Therefore, the

subsequent uptake study will confirm this observation.

7.21 Quantification of MEM-EVs Uptake in Infected Macrophages

While our data demonstrates that MEM-EVs enhance intracellular antibacterial efficacy compared to
pure MEM, direct quantification of MEM uptake in infected macrophages is critical to validate the
mechanism underlying this observation. Confirming the extent of MEM-EVs internalization were
correlated intracellular MEM accumulation with bacterial clearance, strengthening the evidence that
EVs improve MEM delivery to phagocytosed bacteria. Based on the uptake kinetics and distribution of
MEM-EVs within infected host cells, providing insights into their targeted action. Support the
hypothesis that EVs-mediated transport overcomes the limitations of free MEM diffusion, explaining

the superior bactericidal effects observed.

The results indicated a concentration-dependent intracellular accumulation across all formulations,
with higher MEM concentrations (200-400 pg/mL) leading to increased cellular uptake (Figure 46).
MEM pure exhibited rapid but transient accumulation, with significantly higher intracellular levels at 2
hours compared to 24 hours (Figure 46A). MEM-EVs formulations (liquid, nasal spray and powder)
demonstrated progressive accumulation, with higher levels at 24 hours than at 2 hours (Figure 46B-D,
F). In the case of pure EVs, no MEM was detected, as they are unloaded (Figure 46E). These findings
illustrate that EVs encapsulation fundamentally alters MEM pharmacokinetics, transforming it from a
drug with rapid clearance to one with prolonged intracellular retention. The sustained accumulation

pattern of MEM-EVs, particularly the powder formulation, suggests their potential for maintaining
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therapeutic concentrations during extended dosing intervals. Based on these data, EVs encapsulation
prevents the rapid efflux and degradation observed with MEM pure, all three MEM-EVs formulations
exhibit superior retention compared to the pure drug, the powder formulation may be particularly
suitable for prolonged therapy, dose-dependent uptake supports the potential for clinical dose
optimization. These data confirm prior observations that the EVs drug delivery system enhances
intracellular drug accumulation compared to the pure drug, thereby increasing the bactericidal effects

on intracellular gram-negative bacteria present within infected phagocytes.
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Figure 46. Comparative uptake kinetics of MEM formulations in macrophages.Macrophages were infected with Kp (MOI =1
for 30 min) and subsequently treated with MEM-EVs (liquid, nasal spray, or powder) and pure MEM (pharmaceutical grade)
at a concentration of 50, 100, 200 & 400 pg/ml. Supernatant and cellular fractions were collected at 2, 4, 6, 12, and 24 h, and
MEM concentrations were quantified via UV absorbance (Amax = 297 nm) using a pre-established calibration curve. (A) MEM
pure, (B) MEM-EVs liquid, (C) MEM-EVs nasal spray, (D) MEM-EVs powder, (E) EVs pure, (F) MEM-EVs formulations vs MEM
pure. Statistics: two-way ANOVA (F); p<0.0001; data are shown as mean +SEM, n=3.

7.22 Direct Antibacterial Assay of MEM-EVs

To comprehensively establish the therapeutic potential of MEM-EVs, it is essential to evaluate their

direct antibacterial activity against Kp and P.a. using growth kinetics, CFU assays, disc diffusion, and ICso
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determination. These experiments will confirm direct bactericidal mechanisms. Growth curves and CFU
assays will quantify whether MEM-EVs inhibit bacterial proliferation more effectively than free MEM,
independent of host cell interactions. Compare bioactivity across Formulations via disc diffusion tests
will assess if MEM-EVs formulations (liquid, spray, powder) exhibit consistent antimicrobial potency,
supporting their clinical adaptability. Determine concentration and dependent Efficacy through I1C50
measurements will define the minimal effective dose of MEM-EVs, optimizing dosing strategies while
minimizing potential cytotoxicity. Validate enhanced drug bioavailability, If MEM-EVs show superior
inhibition in cell-free systems, this would further support their improved drug delivery and stability
over conventional MEM. Thereby three complementary assays CFU enumeration on MacConkey agar,
disc diffusion (zone of inhibition measurements) and growth kinetic curve were studied on Kp and on

two additional clinical isolates from Kp and P.a.

7.23 CFU plate agar

All tested formulations, including MEM-EVs in liquid, nasal spray, and powder forms, as well as MEM
pure, exhibited significant antibacterial activity against Ko when compared to untreated controls, EVs
pure, and the nasal base free (Figure 47A). No statistically significant differences were observed
between any MEM-EVs formulation and free MEM in terms of CFU reduction (Figure 47A). For clinical
isolate 1 (Figure 47B), clinical isolate 2 (Figure 47C) of Kp, and P.a. (Figure 47D), the data indicated a
similar level of activity as previously mentioned for Kp. All MEM-EVs formulations achieved
comparable reductions at equivalent MEM concentrations, with no significant differences observed
between the liquid, nasal spray, and powder formulations. This confirms that the encapsulation
process and lyophilization preserve MEM's antibacterial properties. While MEM-EVs demonstrated
equivalent efficacy to pure MEM against Kp, their advantages in intracellular delivery and sustained

release profile position them as superior therapeutic candidates for bacterial infections.
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Figure 47. Antibacterial activity of MEM-EVs and MEM pure using direct agar plating. MEM-EVs or MEM pure formulation
(0.1 ug/mL) were spread on MacConkey agar and dried, followed by Kp suspension was plated over treated areas, plates were
incubated at 37°C/5% CO, overnight, representative plates showing Kp colony formation in: (A) Kp, (B) Kp clinical isolate 1, (C)
Kp clinical isolate 2, (D) P.a. Statistics: one-way ANOVA (A-D); p<0.0001; ns = not significant,; data are shown as mean +SEM,
n=3.

7.24 Disc diffusion method

The disc diffusion assay shown a significant antibacterial efficacy of all MEM formulations against Kp
and Pa. All formulations tested, as well as MEM pure, exhibited substantial inhibition zones on the Kp
plate when compared to untreated controls, EVs pure, and the nasal base free (Figure 48A). No
statistically significant differences were observed between any MEM-EVs formulation and MEM pure
in terms of the diameter of the inhibition zone, which was approximately 5.5 cm (Figure 48A). For Kp

clinical isolate 1 (Figure 48D), Kp clinical isolate 2 (Figure 48B), and P.a. (Figure 48C), the data indicated
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a similar level of activity as seen for Kp, with different diameters of the inhibition zone: clinical isolate
1 around 2.7 cm, clinical isolate 2 around 2.3 cm, and Pa. around 4.6 cm. MEM-EVs formulations
achieved comparable reductions at equivalent MEM concentrations, with no significant differences
observed between the liquid, nasal spray, and powder formulations. These results confirm that EVs

encapsulation does not impair MEM’s diffusion or antibacterial activity.
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Figure 48: Disc diffusion assay of MEM formulations. Kp suspension was plated on MacConkey agar, followed by MEM-EVs
or MEM pure formulation (0.1 pg/mL) were incubate on the disc zone on MacConkey agar, plates were incubated at 37°C/5%
CO; overnight, representative plates showing diameter inhibition zone: (A) Kp, (B) Kp clinical isolate 2, (C) Pa., (D) Kp clinical
isolate 2, Statistics: one-way ANOVA (A-D); p<0.0001; ns = not significant,; data are shown as mean +SEM, n=3.

7.25 Growth kinetic curve

The growth kinetic curve shown a significant antibacterial efficacy of MEM formulations against Kp

including MEM-EVs in liquid, nasal spray, and powder forms, as well as MEM pure compared to
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untreated controls, EVs pure, and the nasal base free (Figure 49). No statistically significant differences
were observed between any MEM-EVs formulation and MEM pure in terms of the inhibition (Figure

49).

Kp + MPM-EVs 0,1 pg/ml Growth curve

= Kp untreated
e MEM-EVs liquid

— MEM-EVs nasal

— MEM-EVs powder

== MEM pure

= EVs pure unloaded

ODggo

= nasal base free unloaded

== ===}
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Figure 49: growth kinetics curve of Kp. Kp grown in liquid culture treated with MEM-EVs or MEM pure formulation (0.1
pg/mL). Growth kinetics were determined under continuous shaking using a plate reader and measuring OD600 every 30 min.
data are shown as mean +SEM, n=2-3.

7.26 Half maximal inhibitory concentration (IC 50%)

The ICsq, refers to the concentration of a drug required to inhibit a biological function by 50%. It is
commonly employed to evaluate drug efficacy and potency. The IC50 is analogous to the growth kinetic
curve, as Kp grows in liquid culture treated with varying concentrations of MEM-EVs or pure MEM to
determine the ICso. Growth kinetics were assessed under continuous shaking using a plate reader, with
OD600 measurements taken every 30 minutes. The data are presented as a growth curve and
subsequently converted into an ICso diagram. As illustrated, the ICso of the MEM pure is 0.01 pg/ml,
which is lower (indicating greater potency) than that of MEM-EVs (liquid, nasal spray and powder) at
0.02 pg/ml (Figure 50). MEM-EVs exhibit moderately delayed but sustained bactericidal activity, IC 50%
analysis revealed that MEM-EVs had a slightly higher 1Cso (0.02 pg/mL) compared to MEM pure (0.01
pg/mL), indicating a slightly reduced initial potency. This difference likely reflects the gradual release
of the drug from EVs, delaying peak MEM availability and partially retaining MEM within EVs lumens

during early exposure.
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Figure 50: Comparative 1C50% of MEM-EVs & MEM pure. Kp grow in liquid culture treated with different concentration of
MEM-EVs or MEM pure. Growth kinetics were determined under continuous shaking using a plate reader and measuring
0D600 every 30 min.

Our comprehensive evaluation of the direct antibacterial activity of MEM-EVs and MEM pure indicates
that all MEM-EVs formulations (liquid, nasal spray and powder) exhibit efficacy equivalent to that of
MEM pure in standard antimicrobial assays. Key findings include equivalent direct antibacterial activity,
MEM-EVs formulations demonstrated comparable bactericidal effects to MEM pure in CFU plate agar,
disc diffusion assays, and growth kinetic curves. Formulation stability confirmed the lyophilization
process preserved the full antibacterial potency of the powder formulation, while the nasal spray and
liquid formulations maintained identical activity profiles. Although MEM-EVs exhibit equivalent direct
antibacterial activity to MEM pure in standard assays, they demonstrate superiority in intracellular
delivery via greater bacterial clearance in macrophages, sustained release kinetics through prolonged
therapeutic concentrations, and host-cell protection. These attributes position MEM-EVs as enhanced
therapeutic candidates, particularly for intracellular infections that evade conventional antibiotic
therapy. ICso analysis demonstrated MEM-EVs required twice the concentration of pure MEM (0.02 vs
0.01 pg/mL) for equivalent initial bacterial inhibition, reflecting their controlled-release design. This
kinetic profile arises from gradual diffusion through EVs membranes, and partial drug retention within

EVs lumens. While this delays peak activity, it enables sustained therapeutic concentrations that prove
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advantageous in intracellular infection models. Notably, all MEM-EVs formulations

(liguid/nasal/powder) showed identical ICso values, confirming process consistency.

7.27 Exvivo evaluation of MEM-EVs in Kp-Infected PCLS

Our in vitro investigations have demonstrated the superior intracellular antibacterial efficacy and
biocompatibility of MEM-EVs within macrophage models. However, translating these findings to
complex physiological systems necessitates evaluation within tissue-relevant environments. Precision-
cut lung slices (PCLS) provide an ex vivo platform for such assessments. In this study, we utilized Kp-
GFP-infected PCLS to evaluate ex vivo cytotoxicity (via LDH release), bacterial replication dynamics
(through CFU counts), and spatial drug distribution (using immunofluorescence). This model serves to
bridge our in vitro findings with future in vivo testing by incorporating tissue-level complexity while

maintaining experimental precision.

7.28 Ex vivo biocompatibility of MEM-EVs formulations in PCLS

MEM-EVs formulations, including liquid, nasal spray, and powder, as well as MEM pure, exhibited
excellent ex vivo biocompatibility in PCLS, with no significant cytotoxicity observed (Figure 51). Notably,
both EVs pure and unloaded nasal bases demonstrated safety profiles identical to untreated controls,
thereby confirming the intrinsic biocompatibility of all components of the delivery system. These
findings are consistent with our in vitro macrophage data (refer to the in vitro cytotoxicity assessment

of MEM-EVs formulations, Figure 44) and support further therapeutic development.
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Figure 51: Ex vivo cytocompatibility in PCLS. PCLS infected with Kp-GFP (100 CFU/well for 30 min) and subsequently treated
with MEM-EVs (liquid, nasal spray, or powder) and MEM pure at a concentration of 0.1 pg/ml for 6 hours for LDH assay.
Comparison of treatments in infected vs. uninfected cells. Statistics: one-way ANOVA; ns = not significant; data are shown as
mean +SEM, n=3.

7.29 Immunofluorescence Analysis of MEM-EVs Efficacy in PCLS

To evaluate the efficacy of the MEM-EVs in eradicating bacterial replication on PCLS by tracking viable
Kp via GFP, DAPI (blue) staining confirmed nuclear integrity across all groups, alveolar type 2 (AT2) cells
(red), and GFP indicated the presence of bacteria. Immunofluorescence analysis of Kp-GFP-infected
PCLS demonstrated complete eradication of fluorescent bacteria in both MEM-EVs and MEM pure
treated groups, with no detectable GFP signal remaining after 6 hours of treatment, in contrast to
untreated controls, which exhibited an intense GFP signal, indicating robust Kp-GFP proliferation
throughout the lung tissue (Figure 52). While this qualitative assessment indicated equivalent endpoint
efficacy between the formulations, subsequent quantitative CFU analysis revealed that MEM-EVs

achieved significantly greater bacterial reduction, as detailed in the subsequent section.
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Figure 52: Immunofluorescence analysis of Kp-GFP infected PCLS.PCLS infected with Kp-GFP (100 CFU/well for 30 min) and
subsequently treated with MEM-EVs (liquid, nasal spray, or powder) and MEM pure at a concentration of 0.1 ug/ml for 6 hours
for IF analysis.

7.30 Antibacterial Efficacy of MEM-EVs in PCLS Infection Model

Quantitative analysis of bacterial replication in Kp-GFP-infected PCLS demonstrated that MEM-EVs,
administered in liquid, nasal spray, and powder forms, achieved significantly greater clearance of Kp-
GFP compared to the pure form (Figure 53). In contrast, control formulations, which were treated with
either EVs pure or an unloaded nasal base, exhibited intensive GFP signaling, confirming the Kp
infection and proliferation. The enhanced efficacy of MEM-EVs than MEM pure is likely attributable to
improved tissue penetration facilitated by EVs-mediated delivery, sustained drug release that maintains
therapeutic concentrations, and targeted accumulation within infected alveoli. MEM-EVs formulations

displayed equivalent potency, indicating that lyophilization effectively preserves drug activity. Key
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implications of these findings include validation that EVs delivery enhances MEM efficacy in complex
tissue environments, demonstration of formulation consistency across different administration routes,

and support for transitioning to in vivo efficacy studies.
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Figure 53: Antibacterial efficacy in PCLS. PCLS infected with Kp-GFP (OD 100 CFU/well for 30 min) and subsequently treated
with MEM-EVs (liquid, nasal spray, or powder) and MEM pure (pharmaceutical grade) at a concentration of 0.1 pug/ml for 6
hours. Kp CFUs assay was determined after after 6 h of infection Statistics: one-way ANOVA (A-H); p<0.0001; data are shown
as mean +SEM, n=3.

Based on PCLS data, no detectable cytotoxicity was observed from MEM-EVs formulations,
underscoring their biocompatibility and safety for applications. Furthermore, these formulations
significantly suppressed bacterial replication compared to MEM pure, highlighting the enhanced
antimicrobial efficacy attributable to the EVs drug delivery system and support for transitioning to in

vivo efficacy studies.

7.31 Invivo evaluation of MEM-EVs therapeutic efficacy and safety

Building upon the ex vivo PCLS studies, which demonstrated the superior efficacy and biocompatibility
of MEM-EVs thereby a conducted comprehensive assessment using a Kp-infected murine model. This

study serves as the foundation for current investigation into the in vivo efficacy of MEM-EVs.
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Specifically, MEM-EVs were evaluate within an infected murine model to assess their protective
capacity against bacterial infection. Additionally, the biocompatibility and safety of MEM-EVs were
examined by analyzing their effects on liver and kidney enzymes, as well as on various organs, including
the liver, kidney, and lung. Furthermore, the safety of MEM-EVs when applied topically as an ointment

on the eye and skin were assessed to investigate the potential irritation or erythema.

7.32 Ocular and Dermal Safety Evaluation of MEM-EVs Topical
Ointment

The MEM-EVs topical ointment exhibited ocular and dermal tolerability in a murine model. Daily
application for 5 days provoked no detectable irritation. Draize scores remained at 0 for both
conjunctival redness and corneal opacity, with complete absence of discharge or inflammation (Figure
54). Similarly, dermal applications showed no erythema, edema, or lesions (score: 0-4), with histology
confirming intact epidermal and dermal structures. These findings suggest that MEM-EVs ointment is

markedly safe for topical application.
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Figure 54: Biocompatibility of MEM-EVs topical ointment on skin and ocular. Prior to the experiment, mice were shaved and
observed for any signs of irritation 24 hours in advance. The subjects were randomly assigned into three groups, each
comprising three animals. Group | functioned as the control group, receiving no formulation, while Groups Il and Ill were
treated with MEM-EVs applied to shaved skin and ocular regions, respectively. The MEM-EVs ointment, at a 0.5 g daily applied
under occlusive patch, was administered to the murine skin and eyes over a period of five days. Erythema, or redness, was
evaluated through ocular observation at various intervals. (A) Schematic illustration of experimental workflow. (B) skin and
ocular heatmap biocompatibility. The erythema scores were assigned as follows: 4 for developed red, 3 for light red, 2 for
dark pink, 1 for light pink, and 0 for no change in color. The accompanying heatmap on the right depicts the safety profile of
MEM-EVs ointment on both skin and eye. n=3 per group.
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7.33 Evaluation of Hepatic and Renal Safety Profiles of MEM-EVs
Formulations in Murine Models

To assess the systemic safety of MEM-EVs formulations (liquid IV injection, nasal spray, and
reconstituted powder IV injection) and MEM pure, hepatic and renal function were evaluated in BALB/c
mice after formulations administration. BALB/c mice were administrated 200 mg/kg/day via IV
injection or nasal application with MEM-EVs formulations and MEM pure. After 24h of administration,
serum samples were taken to assess liver and kidney function by measuring ALT, AST, urea, and
creatinine levels. The results showed no significant changes in the liver and kidney enzymes in all
studies after MEM-EVs and MEM pure administration, with values remaining similar to those in PBS-
injected control mice (Figure 55A-E). These results indicate that MEM-EVs have not any adverse effects

on hepatic or renal function and serve as a safe & non-toxic platform.
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Figure 55: Biocompatibility of MEM-EVs treatment in BALB/c mice. Mice were administered with MEM-EVs formulations
(liquid 1V, nasal spray, and reconstituted powder IV) and pure MEM IV at 200 mg/kg/day. PBS injection was used as control.
Liver and kidney function were assessed after 24h of administration. (A) Schematic illustration of experimental workflow, (B-
E) Biochemical analysis of mice sera ALT (A), AST (B), urea (C) and creatinine (D) were measured. Statistics: one-way ANOVA

(B-E); ns = not significant, ALT = alanine transaminase, AST = aspartate transaminase; data are shown as mean +SEM, n=3 mice
per group.
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7.34 In vivo protection of MEM-EVs against lethal Kp infection

A murine model was infected with Kp via the intranasal route, followed by treatment with MEM-EVs
formulations (liquid, nasal spray and reconstituted powder) and MEM pure intramuscular or
intravenous administration at a dosage of 200 mg/kg/day for either 3 or 7 days. The objective was to

evaluate clinical scores, survival rates, bacterial load and liver and kidney function after Kp challenge.

Clinical scores were determined by evaluating activity levels, body condition, and respiratory distress
after 3 or 7 days of treatment via IV administration. Mice treated with MEM-EVs formulations for 3 days
exhibited normal conditions, maintaining normal activity, good body condition, no dehydration, and
normal respiration except 10% shown slightly ruffled hair and mild dyspnea (Figure 56A). In contrast,
those treated with MEM pure exhibited normal conditions, maintaining normal activity, good body
condition, no dehydration, but 30% with mild dyspnea, mild dehydration and slightly ruffled hair and
20% with sever dyspnea, sever ruffled hair and sever dehydrations (Figure 56A). Compared to these
groups, the control infected untreated mice showed significant clinical decline, characterized by
inactivity, substantial weight loss, dehydration, and severe dyspnea. Mice administered with MEM-EVs
formulations for a duration of 7 days demonstrated normal physiological conditions, characterized by
regular activity levels, satisfactory body condition, absence of dehydration, and normal respiratory
function. These clinical observations were comparable to those of the PBS non-infected untreated
group (Figure 57A). Conversely, subjects treated with MEM pure exhibited normal conditions,
maintaining regular activity and good body condition, with no signs of dehydration. However, 10% of
these animals displayed mild dyspnea, mild dehydration, and slightly ruffled hair, while another 10%
exhibited severe dyspnea, severely ruffled hair, and severe dehydration (Figure 57A). In contrast to
these groups, the control group of infected, untreated mice succumbed entirely within six days post-
infection. Also, the same data was shown via IM administration for 3- and 7-days treatments (figure 58-
59). These findings underscore the clinical advantage of MEM-EVs formulations in reducing disease
severity. Therapeutic Advantages of MEM-EVs were exhibited normal respiration and activity within

three days, in contrast to persistent symptoms observed in MEM-treated mice. No severe adverse
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effects were noted, even with extended dosing over seven days. EVs facilitate targeted drug delivery to
infected lung tissues, thereby minimizing systemic toxicity. The sustained release from EVs maintains
therapeutic MEM levels for a longer duration compared to the free drug. The near-complete restoration
of normal physiological parameters in MEM-EVs-treated mice after seven days suggests superior
bioavailability and sustained drug release, whereas MEM pure showed limited efficacy, with a subset
of mice developing severe complications. Survival analysis further corroborated the protective efficacy
of MEM-EVs. Mice treated with MEM-EVs via IM or IV injection exhibited a 100% survival rate over a
10-day infection period (with 3 days of treatment) and over a 20-day infection period (with 7 days of
treatment) (Figure 56B, 57B IV administration) (Figure 58B, 59B IM administration). In contrast, mice
treated with MEM pure via IV injection demonstrated a 70% survival rate after 3 days of treatment and
an 80% survival rate after 7 days of treatment, for IM injection, the survival rates were 60% after 3 days
of treatment and 70% after 7 days of treatment. All infected, untreated control mice succumbed to the

Kp infection within six days.

Survival analysis indicated that all MEM-EVs formulations conferred complete protection (100%
survival) against lethal Kp infection, significantly surpassing the efficacy of MEM pure, irrespective of
the administration route or treatment duration. In contrast, MEM pure exhibited dose-dependent
efficacy, resulting in 60-80% survival. MEM-EVs achieved complete survival with only three days of
therapy, provided equivalent protection via both IV and IM routes, and showed no late-onset mortality
over a 20-day observation period. MEM-EVs formulations demonstrated comparable efficacy,
indicating flexibility in the route of administration. This robust protection, particularly the complete
survival rate compared to the 40% failure rate of MEM pure therapy, underscores the translational
potential of MEM-EVs formulations for severe Gram-negative pneumonia. Based on these findings,
MEM-EVs offer a distinct therapeutic advantage over standard care, support the development of both
injectable and nasal formulations, and suggest potential for improved clinical outcomes in pneumonia

treatment.
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Analysis of bacterial replication indicated a significant reduction in CFU counts in both pulmonary and
blood samples of mice treated with MEM-EVs formulations (liquid, nasal spray and powder) and MEM
pure, in comparison to untreated controls after 2 and 9 days of infection which completely dead after
6 days of infection (Figure 56 C+D, 57C+D IV administration) (Figure 58C+D, 59C+D IM administration).
MEM-EVs formulations (liquid, nasal spray, reconstituted powder) demonstrated 100% clearance of Kp
from lungs and blood by day 9 (7 days post-treatment). In contrast, MEM pure exhibited residual
infection (102-103 CFU/g in lungs) at the same endpoint. This enhanced clearance is attributed to MEM-
EVs facilitating rapid and potent bacterial clearance in vivo, EVs-mediated targeting of infection sites,

sustained drug release maintaining therapeutic levels, and protection against bacterial persistence.
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Figure 56: in vivo protection of MEM-EVs against lethal Kp infection (3days treatment IV). Male BALB/c mice (6-8 weeks old;
were challenged via intranasal instillation of Kp (1 x 108 CFU in 50 uL PBS), allowing for passive aspiration into the lungs for 2
hours. After infection treated with MEM-EVs formulations (liquid (IV injection), nasal spray and powder (after reconstituting
with water for IV injection)) and MEM pure (via IV injection) 200 mg/kg/day for 3 days. PBS injection was used as control. (A)
Schematic illustration of experimental workflow, (B) Mice were monitored for their clinical score based on their activity, body
condition and respiratory distress after 3 days of infection. Scores were given for the activity: normal movement (=0), mild
movement (=1) or no movement (=2). For the body condition: normal weight with smooth fur and no signs of dehydration
(=0), normal weight with slightly ruffled fur and no dehydration (=1), or weight less, ruffled hair with dehydration (=2).
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Respiratory distress: normal breathing (=0), mild dyspnea (=1), or severe dyspnea (=2). (C) Survival of the mice is shown over
the course of 10 days after infection is shown as Kaplan-Meyer plot. (D, E) Bacterial load was determined by CFU assay after
2 of infection. Kp in blood (C) and lung tissue (D) samples are shown. Statistics: two-way ANOVA (B) or log-rank (Mantel-Cox)
test (C), one-way Anova (C, D); **p<0.01; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; ns = not significant; data are shown
as mean +SEM, n=3 mice per group.
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Figure 57: in vivo protection of MEM-EVs against lethal Kp infection (7 days treatment IV). Male BALB/c mice (6-8 weeks old;
were challenged via intranasal instillation of Kp (1 x 108 CFU in 50 pL PBS), allowing for passive aspiration into the lungs for 2
hours. after 2h of infection treated with MEM-EVs formulations (liquid (IV injection), nasal spray and powder (after
reconstituting with water for IV injection)) and MEM pure (via IV injection) 200 mg/kg/day for 7 days. PBS injection was used
as control. (A) Schematic illustration of experimental workflow, (B) Mice were monitored for their clinical score based on their
activity, body condition and respiratory distress 3 days after 7 days of treatment (10 days after infection). Scores were given
for the activity: normal movement (=0), mild movement (=1) or no movement (=2). For the body condition: normal weight
with smooth fur and no signs of dehydration (=0), normal weight with slightly ruffled fur and no dehydration (=1), or weight
less, ruffled hair with dehydration (=2). Respiratory distress: normal breathing (=0), mild dyspnea (=1), or severe dyspnea (=2).
(C) Survival of the mice is shown over the course of 20 days after infection is shown as Kaplan-Meyer plot. (D, E) Bacterial load
was determined by CFU assay after 2 of infection. Kp in lung tissue (D) and blood (E) samples are shown. Statistics: two-way
ANOVA (B) or log-rank (Mantel-Cox) test (C), one-way Anova (D, E); **p<0.01; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001;
ns = not significant; data are shown as mean +SEM, n=3 mice per group.
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Figure 58: in vivo protection of MEM-EVs against lethal Kp infection (3days treatment IM). Male BALB/c mice (6-8 weeks
old; were challenged via intranasal instillation of Kp (1 x 108 CFU in 50 pL PBS), allowing for passive aspiration into the lungs
for 2 hours. after 2h of infection treated with MEM-EVs formulations (liquid (IM injection), nasal spray and powder (after
reconstituting with water for IM injection)) and MEM pure (via IM injection) 200 mg/kg/day for 3 days. PBS injection was used
as control. (A) Schematic illustration of experimental workflow, (B) Mice were monitored for their clinical score based on their
activity, body condition and respiratory distress after 3 days of infection. Scores were given for the activity: normal movement
(=0), mild movement (=1) or no movement (=2). For the body condition: normal weight with smooth fur and no signs of
dehydration (=0), normal weight with slightly ruffled fur and no dehydration (=1), or weight less, ruffled hair with dehydration
(=2). Respiratory distress: normal breathing (=0), mild dyspnea (=1), or severe dyspnea (=2). (C) Survival of the mice is shown
over the course of 10 days after infection is shown as Kaplan-Meyer plot. (D, E) Bacterial load was determined by CFU assay
after 2 of infection. Kp in lung tissue (D) and blood (E) samples are shown. Statistics: two-way ANOVA (B) or log-rank (Mantel-

Cox) test (C), one-way Anova (D, E); *¥*p<0.01; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; ns = not significant; data are
shown as mean +SEM, n=3 mice per group.
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Figure 59: in vivo protection of MEM-EVs against lethal Kp infection (7 days treatment IM). Male BALB/c mice (6-8 weeks
old; were challenged via intranasal instillation of Kp (1 x 108 CFU in 50 uL PBS), allowing for passive aspiration into the lungs
for 2 hours. after 2h of infection treated with MEM-EVs formulations (liquid (IM injection), nasal spray and powder (after
reconstituting with water for IM injection)) and MEM pure (via IM injection) 200 mg/kg/day for 7 days. PBS injection was used
as control. (A) Schematic illustration of experimental workflow, (B) Mice were monitored for their clinical score based on their
activity, body condition and respiratory distress 3 days after 7 days of treatment (10 days after infection). Scores were given
for the activity: normal movement (=0), mild movement (=1) or no movement (=2). For the body condition: normal weight
with smooth fur and no signs of dehydration (=0), normal weight with slightly ruffled fur and no dehydration (=1), or weight
less, ruffled hair with dehydration (=2). Respiratory distress: normal breathing (=0), mild dyspnea (=1), or severe dyspnea (=2).
(C) Survival of the mice is shown over the course of 20 days after infection is shown as Kaplan-Meyer plot. (D, E) Bacterial load
was determined by CFU assay after 2 of infection. Kp in lung tissue (D) and blood (E) samples are shown. Statistics: two-way
ANOVA (B) or log-rank (Mantel-Cox) test (C), one-way Anova (D, E); **p<0.01; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001;
ns = not significant; data are shown as mean +SEM, n=3 mice per group.

In vivo biocompatibility and safety were assessed following Kp challenge through biochemical analysis
of liver and kidney enzymes after 2 and 9 days of infection (figure 60+61). Mice treated with MEM-EVs
formulations (liquid, nasal spray and powder) exhibited only a slight, statistically significant increase in
ALT, AST, urea, and creatinine levels post-Kp challenge, compared to uninfected PBS-untreated controls
after 2 days of infection. A comprehensive safety assessment demonstrated superior biocompatibility
of MEM-EVs formulations relative to MEM pure. Administration of MEM pure resulted in statistically
significant elevations in liver enzymes (ALT, AST) and renal markers (creatinine, urea) compared to

controls after 2 days of infection, whereas all MEM-EVs formulations maintained biochemical
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parameters within normal physiological ranges but slightly elevated compared to control. However,
these levels were significantly lower than those in the PBS + Kp group, which exhibited a severe and
significant rise in all four parameters, indicating serious liver and kidney damage, thereby confirming
Kp pathogenicity (Figure 60) after 2 days of infection. After 9 days of infection (after 7 days of
treatment), all MEM-EVs formulations maintained biochemical parameters within normal physiological
ranges identical to the control uninfected untreated, but MEM pure treated mice showed reduced liver
enzymes (ALT, AST) and renal markers (creatinine, urea) yet remained higher than control and MEM-
EVs formulations (figure 61). For the PBS + Kp group completely dead after 6 days of infection. These
findings suggest that EVs encapsulation mitigates MEM-associated hepatorenal stress; nasal and IV
delivery routes are equally safe; and the lyophilized powder retains optimal safety characteristics. The
differential toxicity profile likely reflects EVs-mediated sustained release, preventing peak drug
concentrations. Consequently, EVs enhanced MEM delivery and prevented liver and kidney

dysfunction.
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Figure 60: Biocompatibility of MEM-EVs in BALB/c mice after Kp challenge. Male BALB/c mice (6-8 weeks old; were
challenged via intranasal instillation of Kp (1 x 108 CFU in 50 uL PBS), allowing for passive aspiration into the lungs for 2 hours.
after 2h of infection treated with MEM-EVs formulations (liquid (via IV injection), nasal spray and powder (after reconstituting
with water for IV injection)) and MEM pure (via IV injection) 200 mg/kg/ day dose200 mg/kg/day for 7 days. PBS injection
was used as control. Biochemical analysis of mice sera after 2 of infection. (A-D) Biochemical analysis of mice sera at day 0, 7,
14 and 28. ALT (A), AST (B), urea (C) and creatinine (D) were measured. Statistics: one-way ANOVA (A-D); **p<0.01; *p<0.05,

**p<0.01, ***p<0.001, ****p<0.0001; ns = not significant, ALT = alanine transaminase, AST = aspartate transaminase; data
are shown as mean +SEM, n=3 mice per group.
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Figure 61: Biocompatibility of MEM-EVs in BALB/c mice after Kp challenge. Male BALB/c mice (6-8 weeks old; were
challenged via intranasal instillation of Kp (1 x 108 CFU in 50 uL PBS), allowing for passive aspiration into the lungs for 2 hours.
after 2h of infection treated with MEM-EVs formulations (liquid (via IM or IV injection), nasal spray and powder (after
reconstituting with water for IM or IV injection)) and MEM pure (via IM or IV injection) 200 mg/kg/day for 7 days. PBS injection
was used as control. Biochemical analysis of mice sera after 9 days of infection. (A-D) Biochemical analysis of mice sera at day
0, 7, 14 and 28. ALT (A), AST (B), urea (C) and creatinine (D) were measured. Statistics: one-way ANOVA (A-D); **p<0.01;
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; ns = not significant, ALT = alanine transaminase, AST = aspartate
transaminase; data are shown as mean +SEM, n=3 mice per group.

Based on comprehensive investigation reveals that MEM-EVs formulations (liquid, nasal spray and
reconstituted powder) demonstrated superior therapeutic efficacy and safety compared to MEM pure
in a murine model of lethal Kp. Key findings include enhanced clinical outcomes, with 100% survival

observed in the MEM-EVs group compared to 60% in the MEM pure group, alongside a rapid resolution
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of clinical symptoms, such as normal activity and absence of respiratory distress. Furthermore,
complete bacterial eradication from the lungs and blood was achieved, with MEM-EVs effecting a
greater reduction in CFU than MEM pure. The EVs-mediated targeting facilitated high drug
concentrations at infection sites, and sustained release kinetics maintained therapeutic levels. The
safety profile was exceptional, with no hepatorenal toxicity observed, as indicated by ALT, AST,
creatinine, and urea levels comparable to healthy controls. MEM-EVs exhibited superior
biocompatibility compared to MEM pure, which induced mild hepatic and kidney stress. These results
position MEM-EVs as a next-generation therapeutic platform for severe Gram-negative infections,
addressing critical limitations of current carbapenem therapy, such as overcoming intracellular
bacterial evasion, preventing organ toxicity in vulnerable patients, and enabling flexible administration

(injectable/nasal/topical).

7.35 MEM-EVs Topical Ointment Confers Significant Protection
Against Lethal Cutaneous Kp Infection

In @ murine model of severe cutaneous Kp infection, the application of MEM-EVs topical ointment
exhibited significant therapeutic efficacy. The group treated with MEM-EVs ointment achieved a 90%
survival rate (n=10) over a 10-day observation period, in contrast to the untreated control group, which
experienced 100% mortality by day 10 post-infection (Figure 62B). Complete protection was attained
with a 200mg/kg/day of MEM-EVs. Clinical observations indicated that treated mice exhibited
resolution of local erythema and edema within 48 hours, a reduction in systemic spread as evidenced
by negative blood cultures at 72 hours, and a return to normal grooming behavior by day 3 (Figure
62C+D). Conversely, control mice developed progressive necrotizing lesions (Figure 62E G1-G4) and
bacteremia within 72 hours, as confirmed by blood cultures. These findings underscore the potential
of MEM-EVs ointment as a topical therapeutic agent for multidrug-resistant Gram-negative skin

infections.

Histological analysis of the negative control group revealed the presence of both epidermal and dermal

layers of the skin. The epidermis consisted of stratified squamous keratinized epithelium, with a normal
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distribution of hair follicles and sebaceous glands. The dermal layer appeared normal. In contrast,
histopathological examination of the PBS + Kp group demonstrated sloughing and desquamation of the
epithelial layer, accompanied by a severe inflammatory response and degeneration of sebaceous
glands. Conversely, Kp + MEM-EVs topical ointment group exhibited a significant reduction in all
inflammatory features compared to the PBS + Kp group, characterized by mild infiltration of

inflammatory cells, a regular dermal layer, and newly formed hair follicles.
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Figure 62: in vivo protection of MEM-EVs against against Lethal Cutaneous Kp Infection. Male BALB/c mice (6-8 weeks old;
were challenged via skin infection of Kp (1 x 108 CFU in 50 uL PBS), for 2 hours. after 2h of infection treated with MEM-EVs
topical ointment 200 mg/kg/day. PBS injection was used as control. Mice were monitored for their survival rate. (A) Schematic
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illustration of experimental workflow, Mice were monitored for their clinical score, bacterial count and tissue histology after
3 days of infection. Survival of the mice is shown over the course of 10 days after infection. (B)Survival of the mice is shown
over the course of 10 days is shown as Kaplan-Meyer plot. (C) bacterial count, (D) clinical score, (E) tissue histopathology;
Photomicrograph of skin from examined groups showing: G1 (PBS) group Normal epidermal and dermal layer (black square)
and intact sebaceous gland (yellow arrow). G2 (PBS + Kp) group showing destruction of epidermal layer (black square) with
significant infiltration of polymorphonuclear inflammatory cells (blue arrow), associated with degeneration of sebaceous
gland (yellow arrow). G3 (Kp + MEM-EVs topical ointment) group intact epidermal layer (black square) mild inflammatory cells
infiltration (blue arrow), regular collagen bundles (red arrow) and intact sebaceous gland (yellow arrow). G4 (PBS) group
Normal epidermal and dermal layer (black square) and intact sebaceous gland (yellow arrow). Statistics: log-rank (Mantel-
Cox) test (B) or t-test unpaired (C); ****p<0.0001; data are shown as mean +SEM, n=10 mice per group.

7.36 MEM-EVs Topical Ointment Confers Complete Protection
Against Lethal Ocular Kp Infection

In a murine model of severe cutaneous Kp infection, the application of MEM-EVs topical ointment
demonstrated significant therapeutic efficacy. The group treated with MEM-EVs ointment achieved a
100% survival rate (n=10) over a 10-day observation period, while the infected untreated group also
exhibited a 100% survival rate over the same period (Figure 63B). Clinical observations indicated that
treated mice showed resolution of ocular inflammation within 48 hours, a normal blink reflex by day 3,
clear corneas with no signs of ulceration, and a return to normal grooming behavior by day 3 without
systemic spread as evidenced by negative blood cultures at 72 hours of infection (Figure 63C-D).
Conversely, control mice developed progressive keratitis with corneal opacification and bacteremia
within 72 hours, as confirmed by blood cultures. Histopathological examination of the PBS group
revealed a normal corneal structure characterized by a normal corneal epithelium, with the basement
membrane immediately deep to the epithelium and a normal stromal structure (Figure 63E). In
contrast, significant histopathological alterations were observed in the corneal structure of the PBS +
Kp group, including degeneration of the corneal epithelium and dispersion of the stroma. The Kp +
MEM-EVs ointment group showed moderate improvement in histopathological changes, characterized
by some cell necrosis of the epithelial layer and dispersion of the stroma. These findings underscore
the potential of MEM-EVs ointment as a topical therapeutic agent for multidrug-resistant Gram-

negative skin infections.
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Figure 63: in vivo protection of MEM-EVs against lethal Kp infection (ocular infection). Male BALB/c mice (6-8 weeks old;
were challenged via ocular instillation of Kp (1 x 108 CFU in 50 pL PBS) for 2 hours. after 2h of infection treated with MEM-EVs
formulation (topical ointment) 200 mg/kg/day for 3 days. PBS injection was used as control. (A) Schematic illustration of
experimental workflow, Mice were monitored for their clinical score, bacterial count and tissue histology after 3 of infection.
Survival of the mice is shown over the course of 10 days after infection. (B)Survival of the mice is shown over the course of
10 days is shown as Kaplan-Meyer plot. (C) bacterial count, (D) clinical score, (E) tissue histopathology; Histopathological
examination of cornea showing: (G1) (PBS) revealed normal structure of cornea characterized by normal corneal epithelium,
the basement membrane is immediately deep to the epithelium (black arrow) and normal stromal structure (yellow arrow).
(G2) (PBS + Kp) degeneration of corneal epithelium (black arrow), and dispersion of the stroma (yellow arrow). (G3) (Kp +
MEM-EVs ointment) moderate improvement of histopathological changes characterized by some cell necrosis of epithelial
layer (black arrow) and mild dispersion of the stroma (yellow arrow). (G4) (PBS) normal structure of cornea characterized by
normal corneal epithelium, the basement membrane is immediately deep to the epithelium (black arrow) and normal stromal
structure (yellow arrow). Statistics: log-rank (Mantel-Cox) test (B) or one-way ANOVA (A); **p<0.01; data are shown as mean
+SEM, n=10 mice per group.
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8. Discussion

Gram-negative bacterial infections represent an escalating global health crisis, particularly
multidrug-resistant and hypervirulent Kp strains ("Global burden of bacterial antimicrobial
resistance in 2019: a systematic analysis", 2022a; Hansson & Brenthel, 2022). The absence of
approved vaccines, combined with the escalating threat of antimicrobial resistance (AMR), has
created a critical public health crisis (Plotkin, 2017). AMR already accounts for 1.27 million of
the 7.7 million annual deaths attributed to bacterial infections ("Global burden of bacterial
antimicrobial resistance in 2019: a systematic analysis", 2022a). Current projections suggest
AMR-related mortality could reach 10 million deaths annually by 2050 without immediate
intervention, underscoring the urgent need for novel therapeutic solutions ("Global burden of
bacterial antimicrobial resistance in 2019: a systematic analysis", 2022a).

Host immune responses against gram-negative infection are orchestrated through
intercellular communication mechanisms involving EVs (van Niel et al., 2018). These nanoscale
membrane particles (30-150 nm), secreted by virtually all cell types, serve as key mediators of
cellular crosstalk. Gram-negative bacteria like Kp naturally release bacterial EVs (bEVs) as part
of their physiology and host-pathogen interactions (Colombo et al., 2014; Tkach & Théry,
2016). Consequently, macrophage-derived EVs (EVkp) likely comprise a heterogeneous
population of both host-derived EVs and bEVs capable of modulating humoral and cellular
immunity - a property that positions them as promising candidates for innovative therapeutic
approaches. This investigation examines the dual therapeutic potential of infection-derived
EVs as a novel biocompatible vaccine platform against bacterial infections, and as a safe,

effective drug delivery system for combating bacterial pathogens.
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8.1 EVs vaccination platform

To characterize the immunomodulatory properties of macrophage-derived EVs during Kp
infection, first established an appropriate infection model by evaluating macrophage viability
and inflammatory responses. The absence of cytotoxicity coupled with strong inflammatory
responses suggests that isolated EVs will bear infection specific molecular signatures while
maintaining biological activity. These results validate the experimental approach for obtaining
functional EVs from infected macrophages, setting the stage for subsequent characterization
of EVs-mediated immunomodulation. The findings carry several important implications
including the preserved viability ensures that isolated EVs will reflect authentic infection,
induced modifications rather than death-associated artifacts, the active inflammatory state
suggests EVs may carry immunologically relevant cargo, and the model is physiologically
relevant for studying host-pathogen interactions.

Following initial characterization of macrophage responses, EVs were isolated from culture
supernatants using differential ultracentrifugation and performed comprehensive multimodal
characterization. The analytical pipeline incorporated nFCM, transmission TEM, and surface
marker profiling using MACSPlex EV kits to validate EV structural integrity and composition -
critical parameters ensuring reliability for downstream applications. nFCM demonstrated
significantly higher particle counts in EVs from infected macrophages (EVkp) versus uninfected
controls (EVcontrol), suggesting infection stimulates vesiculation. Both EVs populations showed
similar size profiles with a median diameter of 100 nm, confirming infection doesn't alter
fundamental EVs biogenesis mechanisms. TEM imaging unequivocally confirmed the presence
of canonical 100 nm, spherical, membrane-bound vesicles, authenticating the isolation
protocol. These results carry several important implications as the increased EVs yield during

infection suggests active vesicle-mediated communication in host-pathogen interactions, the
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conserved size distribution indicates maintenance of normal EVs biogenesis pathways despite
infection and the morphological confirmation ensures isolated particles meet strict EVs
criteria.

Given Kp known EVs secretion during host-pathogen interactions, EVk, would contain both
host-derived EVs and bacterial EVs (bEVs). The LAL assay confirmed this, revealing significant
endotoxin levels in EVkp (absent in EVeontrol), demonstrating a mixed population of EVs of host-
derived EVs and bEVs. LPS detection provides concrete evidence of bEV incorporation,
creating a unique hybrid vesicle population. The presence of bacterial components in EV, is
particularly significant because It confirms physiological relevance of EVi, infection model,
suggests potential for dual targeting of host and pathogen pathways, may explain enhanced
immunomodulatory potential and provides natural membrane composition advantages for
drug delivery from EVcontrol. This rigorous characterization establishes EVk, as a biologically
complex but well-defined nanoparticle population, setting a strong foundation for subsequent
therapeutic applications. The hybrid host-pathogen nature of these vesicles may offer unique
advantages for both vaccine development and targeted antimicrobial delivery.

To elucidate the immunological properties of infection-derived EVs, surface marker profiling
was conducted comprehensively using the MACSPlex EVs Kit. This analysis revealed significant
alterations in the molecular composition of EVk, compared to EVcontrol, particularly in proteins
critical for immune cell interactions. Key findings demonstrated that EVg, exhibited enhanced
tetraspanin expression (CD9, CD63, CD81) suggesting increased vesicle stability and cellular
uptake potential, upregulated adhesion molecules (CD29, CD31, CD105) indicating greater
capacity for target cell binding and elevated immune activation markers (CD40, MHC class Il)
pointing to direct immunomodulatory functions. The presence of MHC class Il molecules is

particularly noteworthy, as these molecules serve as central components of antigen
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presentation pathways, enable direct activation of CD4* T helper cells, may facilitate crosstalk
between innate and adaptive immunity and potentially allow EVs-mediated presentation of
bacterial antigens. These surface protein modifications suggest EVk, may function as natural
immune signal amplifiers during infection, vehicles for targeted antigen delivery and bridges
connecting innate and adaptive immune responses. The combined presence of tetraspanins,
adhesion molecules, and MHC Il creates a unique immunological signature that may explain
the observed protective effects in our infection models. These results significantly advance
our understanding of how infection-modified EVs can participate in host-pathogen
interactions and immune regulation. This surface marker profile positions EVkp as biologically
active nanoparticles capable of stimulating antigen-specific immune responses, modulating
both humoral and cellular immunity and potentially serving as self-adjuvanting vaccine
platforms.

To further characterize the protein cargo of EVs, label-free quantitative proteomics were
performed. In-depth proteomic characterization of EVs cargo provides critical insights into the
molecular composition and potential biological functions of infection-derived EVs. Label-free
guantitative proteomics revealed detection of canonical EVs markers (tetraspanins, Tsg101,
flotillin-1, Alix) in both EVcontroi and EVk, and identification of 99/100 top EVs-associated
proteins from Vesiclepedia, confirming rigorous isolation and enrichment. Significant
regulation of 1,458 proteins (816 upregulated, 642 downregulated) in EVkp vs EVcontrol.
Upregulated host proteins are predominantly associated with extracellular matrix
reorganization, inflammatory signaling cascades and bacterial response pathways. Proteomic
confirmation of Kp-derived proteins in EVk,. Functional enrichment analysis revealed bacterial
proteins involved in chaperone-mediated protein folding, biofilm matrix formation and cell

wall biogenesis. These findings provide compelling evidence that EV, constitute a biologically
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unique hybrid vesicle population containing both host and pathogen components. The
significant enrichment of immune-modulatory proteins suggests these EVk, may serve as
natural immune messengers via the upregulated host proteins indicate active participation in
inflammatory responses and pathogen defense mechanisms, bacterial information carriers via
the incorporated Kp proteins represent potential virulence factors and antigenic targets and
dual-communication system through the combined host-pathogen signature enables cross-
kingdom signaling during infection. The presence of bacterial chaperones and biofilm-related
proteins is particularly noteworthy, as these may contribute to immune evasion strategies,
facilitate bacterial persistence and provide antigenic diversity for immune recognition. These
proteomic results significantly advance the understanding of host-pathogen interactions by
demonstrating how infection transforms the EVs proteome to create complex, functionally
specialized EVs with implications for both pathogenesis and immune stimulation.

The investigation into the immunomodulatory potential of EVk, revealed a multifaceted
mechanism of action that enhances macrophage antimicrobial function without direct
cytotoxicity. The key findings demonstrate that no detectable cytotoxicity was observed in
macrophages pre-stimulated with EVip, either alone or in combination with Kp infection. This
safety profile persists despite significant immunostimulation, suggesting favorable
therapeutic potential. EVk, pre-stimulation significantly upregulated CXCL8 expression in
macrophages. Comparative analysis revealed this effect was more potent than Kp-bEVs alone,
not simply dose-dependent like Kp-bEVs and maintained during subsequent infection. EVip
pre-stimulation reduced bacterial replication. The effect was superior to Kp-bEVs, not due to
direct bacterial growth inhibition and likely mediated through macrophage functional
enhancement. These results collectively suggest that EVk, operates through a sophisticated

immunomodulatory mechanism where host-pathogen synergy through the hybrid nature of
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EVkp creates a more potent immunostimulant than either element alone, prime inflammatory
responses (via CXCL8 upregulation), enhance bacterial clearance and maintain cellular
viability. The antibacterial effects are mediated through host cell reprogramming rather than
direct microbicidal activity, potentially via enhanced phagocytic capacity, improved
intracellular killing mechanisms and more efficient antigen presentation. The differential
effects between EVi, and isolated Kp-bEVs suggest that host-derived components in EV,
amplify the immune response, the vesicle combination creates emergent properties not
present in either population alone and natural EVs packaging may optimize immunogenic
cargo delivery. These findings position EVk, as a novel class of immune modulator that
leverages natural intercellular communication pathways to combat infection. The
demonstrated safety and efficacy profile supports its potential development as a prophylactic
vaccine platform, an immunotherapeutic adjuvant and a targeted delivery system for
antimicrobial agents using the pure EVs.

To translate these findings, in vivo studied were assessed to evaluate protective immunity in
murine challenge models, characterize the immune responses and conduct comprehensive
safety assessments (hepatorenal function, multi-organ histopathology). This work establishes
EVkpas a promising biotherapeutic approach that harnesses natural vesicle biology to enhance
host defenses against resistant bacterial infections. Therefore, a murine model was employed
to evaluate the efficacy of EVk, to activate the immune system, induce antibody production,
and inhibit bacterial replication and infection. Additionally, the safety of EVk, will be assessed
in relation to liver and kidney enzymes, as well as its effects on various organs, including the
liver, kidney, and lung.

One critical consideration in vaccine development is ensuring that the formulation does not

induce unintended toxicity or organ dysfunction. this study demonstrates that EVk, exhibit an
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favorable safety profile, with no adverse effects on hepatic or renal function following
intramuscular vaccination in mice. Longitudinal monitoring of liver (ALT, AST) and kidney
(urea, creatinine) biomarkers at 0-, 1-, 2-, and 4-weeks post-vaccination revealed no significant
differences between EV,-treated mice and PBS-injected controls. These findings underscore
the potential of EVk, as a safe and non-toxic vaccine platform, addressing a key translational
hurdle in EV-based therapeutics. The absence of hepatotoxicity or nephrotoxicity despite the
presence of LPS and bacterial antigens in EV, is noteworthy, as endotoxin-mediated organ
injury is a common concern with Gram-negative pathogen-derived vaccines. This safety profile
may arise from the natural biocompatibility of EVk,, where the lipid bilayer of EVs shields
immunogenic cargo such as LPS from uncontrolled systemic exposure, thereby reducing
inflammatory toxicity. Unlike free LPS, EVkp likely interacts with immune cells like
macrophages in a spatially restricted manner, preventing excessive cytokine release and
subsequent organ damage. Additionally, EVs-associated LPS alongside host proteins including
CD40 and MHC class Il contributes to CD4+ T cell activation and antibody production,
promoting faster bacterial clearance. This aligns with emerging evidence that EVk, from
infected cells can orchestrate balanced immune responses without the toxicity of purified
PAMPs.

The safety of EVk, vaccination contrasts with traditional adjuvants, which often cause
transient hepatic, or renal stress provides (Hsieh et al., 2012; Robbins & Morelli, 2014) key
advantages of EV, vaccination include Self-adjuvanticity without toxicity, EVk, leverage
intrinsic immunogenicity (MHC II, LPS) while avoiding organ dysfunction, dose flexibility,
repeated administrations (over 4 weeks) did not cumulatively impair liver/kidney function,

supporting feasibility for prime-boost regimens.
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The preservation of hepatic and renal function in EVk-vaccinated mice, coupled with their
potent immunogenicity, positions these vesicles as a translational-ready platform for
combatting Kp and related pathogens. By combining safety with efficacy, EVk, vaccines could
bridge the gap between experimental immunotherapies and clinical applications to Gram-
negative infections.

LPS is known for its potent ability to trigger an immune response; however, in some instances,
this can lead to severe inflammatory reactions (Hsieh et al., 2012; Shankar-Sinha et al., 2004;
Sianturi et al., 2025). The study developed novel glycoconjugate vaccine candidates against Kp
targeting O1 and O2ac serotype antigens (Sianturi et al., 2025). Such an immune response is
not always beneficial, as the intensity of the inflammation can cause tissue damage, including
hepatic necrosis (Hsieh et al., 2012; Sianturi et al., 2025). Hepatic necrosis involves the death
of liver cells, which can result from an excessive inflammatory response, a risk present when
using LPS as a vaccine component (Hsieh et al., 2012; Sianturi et al., 2025). Moreover, studies
indicate that the role of LPS in immune response and pathogen protection is dual-faceted.
While LPS can activate immune cells and induce the production of antibodies that target Kp,
these immune responses might be erratic and potentially harmful if not precisely regulated
(Miller et al., 2024) (Miller, Cross, Tennant, & Baliban, 2024). This regulation is crucial, as any
dysregulation might contribute to hepatic damage among other systemic effects (Miller et al.,
2024). Additionally, the specific serotype of LPS being targeted can significantly influence the
vaccine's effectiveness and safety profile. For instance, certain serotypes like O2afg are
associated with poor inflammatory responses, which suggests potential immune evasion
rather than effective immune system activation. Such properties could result in the pathogen
spreading more effectively within the host if not properly countered by the immune system

(Bulati et al., 2021) (Bulati et al., 2021). Based on these data EVk, offer key advantages than
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traditional Kp vaccines including self-adjuvanticity via LPS and host proteins in EVg, eliminate
the need for exogenous adjuvants, multicomponent antigenicity through delivering a
spectrum of bacterial antigens (LPS + proteins) alongside host signals (MHC II), mimicking
natural infection and No cytotoxicity in vitro or organ toxicity in vivo, despite LPS content
following intramuscular vaccination in mice.

The complete absence of hepatotoxicity or nephrotoxicity, as evidenced by stable ALT, AST,
urea, and creatinine levels throughout the vaccination regimen, establishes EVy's
biocompatibility. The natural EVk,'s architecture appears to shield these pathogen-associated
molecular patterns (PAMPs) from inducing cytotoxicity while still detrectable via LAL and
permitting their immunogenic presentation, creating an ideal balance between safety and
efficacy.

EVkpe-carried antigens effectively prime immune responses, facilitating rapid bacterial
clearance prior to the onset of tissue damage. These EVk, serve as a protective vaccine
platform, preventing infection-induced organ injury. EVp elicit a robust IgM and 1gG response,
corroborating previous observations that B-cell activation and maturation are driven by EVs-
carried antigens, such as bacterial molecules (e.g., lipopolysaccharides, lipoproteins, bacterial
nucleic acids), and host-derived immunostimulatory molecules (e.g., cytokines like
interleukin-1B, tumor necrosis factor-a, antigen-presenting machinery MHC-II, and
costimulatory molecules CD40). EVk, function as a self-adjuvant vaccine platform, inducing
potent humoral immunity without the need for exogenous adjuvants. The dual benefits of
EVkp include their immunostimulatory capacity, enhancing IgM and IgG production for
bacterial clearance, and their protective role in preventing infection-induced organ injury. In
experimental models, EVk,-vaccinated mice demonstrated a significant reduction in Kp

bacterial load compared to unvaccinated controls, providing evidence of vaccine efficacy.
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Based on that, EVk, successfully prime the immune system for enhanced pathogen defense,
highlighting their therapeutic potential as a promising vaccine platform against bacterial
infections. In vaccinated groups, there is a sharp but more controlled increase in cytokine
levels, whereas unvaccinated groups experience a sharp and sustained cytokine increase. This
finding supports that EVk, promote balanced immunity, resulting in faster pathogen clearance,
reduced pathogen-associated molecular pattern (PAMP) exposure, and decreased NF-
kB/inflammasome activation. The hypothesis suggests that the vaccine primes adaptive
immunity (memory B/T cells) and may also induce innate immunity (macrophages). EVk, have
demonstrated significant protection against Kp infection, with a 90% survival rate in EVip-
vaccinated mice compared to 0% in unvaccinated controls by Day 7 post-infection. EVp-
vaccinated mice exhibited only mild symptoms, such as slightly ruffled fur and mild dyspnea,
indicating effective disease control. In contrast, unvaccinated infected mice suffered severe
illness, including extreme weight loss, dehydration, and gasping, reflecting uncontrolled
infection. The correlation between survival and immunity is evident, as mild symptoms align
with a 90% survival rate, reduced bacterial load, and regulated cytokine response. The EVg,
vaccination conferred 90% survival against lethal challenge, demonstrating strong protective
efficacy. This protection was linked to rapid bacterial clearance, as evidenced by significantly
reduced CFU counts in both lung and blood samples. The vaccination also effectively
controlled dangerous cytokine storms, with marked reductions in proinflammatory mediators
including TNF-a and IL-1B. Importantly, vaccinated animals showed preserved organ function,
with attenuated liver and kidney dysfunction suggesting successful mitigation of infection-
induced immunopathology. Clinically, vaccinated mice maintained normal activity levels and
stable body weight throughout the challenge period, in stark contrast to control animals that

developed severe dehydration and labored breathing. These comprehensive findings highlight
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the vaccine's ability to provide multilayered protection against Kp infection. The early IgM and
IgG surge may have opsonized bacteria, while balanced cytokine dynamics (sharp rise followed
by resolution) suggest EVk, promote trained immunity, a concept where innate cells develop
memory-like responses. This dual action immune stimulation plus tissue protection positions
EVkp as a promising alternative to traditional adjuvants, which often exacerbate inflammation.
The 90% survival rate in vaccinated mice versus complete mortality in controls correlated
with; mild, transient clinical symptoms (ruffled fur, mild dyspnea), controlled cytokine
production, absence of weight loss or dehydration & preserved hepatic/renal function. These
outcomes mirror successful human vaccine responses where protection manifests as
attenuated disease rather than complete sterilizing immunity. These findings support a model
where EVkp, prime adaptive immunity through antigen presentation (MHC-Il) and co-
stimulation (CD40), train innate immunity via macrophage epigenetic reprogramming, create
a feedback loop where faster bacterial clearance limits inflammatory damage. This multi-
target approach explains EVky's superiority over single-component vaccines and explains their
effectiveness against a lethal challenge dose.

EVkp, reduces infection severity by inducing a strong IgM and IgG response and promoting
balanced immunity, characterized by an early cytokine spike followed by a rapid decline due
to faster bacterial clearance. They provide triple benefits immunostimulatory effects through
enhancing IgM and IgG for bacterial clearance, protective effects via preventing infection-
induced organ injury, and promotion of balanced immunity by regulation of TNF-a and IL-1pB.
As a prophylactic strategy against lethal Kp challenges, EVk, exhibit no adverse effects on
hepatic or renal function, as indicated by normal ALT, AST, urea, and creatinine levels. Their
therapeutic potential lies in their role as a novel, biocompatible vaccine platform against

bacterial infections, acting as a self-adjuvant vaccine platform that drives potent adaptive and

124



innate immunity. EVkp vaccination conferred protection through three synergistic mechanisms
working in concert. First, it induced potent humoral immunity characterized by robust IgM
and IgG responses, demonstrating effective B-cell activation. This response was mediated by
EVky's dual cargo composition of bacterial antigens like LPS provided specific targets while
host-derived immunostimulatory molecules including MHC-II, CD40, and cytokines created an
optimal microenvironment for B-cell maturation. Second, the vaccination enhanced pathogen
clearance, as evidenced by significant reductions in bacterial load. This effect reflected both
immediate antibody-mediated opsonization by IgM and IgG as well as the development of
trained innate immunity in macrophages, which showed improved antimicrobial capacity
following EVk, exposure. Third, the vaccine promoted regulated inflammation and tissue
protection, producing only a transient cytokine spike that resolved rapidly. This pattern
demonstrated EVi,'s unique ability to prime immune responses for faster pathogen clearance
while reducing prolonged PAMP exposure. Importantly, it prevented the sustained NF-kB and
inflammasome activation observed in unvaccinated animals, thereby maintaining organ
function even under lethal challenge conditions. EVs play a crucial role in facilitating
communication between cells (Robbins & Morelli, 2014). However, it is still uncertain how
effectively EVs can trigger protective responses against Gram-negative infections that impact
immunological memory. Previous research has shown that administering EVs derived from
APCs to mice via mucosal routes can induce Thl-type immune responses against Salmonella
by activating antigen-specific CD4+ T cells (Hui et al., 2021) (Hui et al., 2021). Building on
seminal work demonstrating that small extracellular vesicles (sEVs) from infected
macrophages protect against Salmonella’®. While Emerson et al.'®” focused on Th1/IgA
responses against intracellular Salmonella, we demonstrate remarkably similar protection

against extracellular K. pneumoniae via IgM and IgG-dominated immunity, suggesting this may
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be a universal APC-EV defense mechanism. Where Emerson et al. (Emerson et al., 2022) used
total sEVs, EVk, proteomic/surface marker profiling precisely characterizes the hybrid host-
pathogen signature (CD40/MHC-II/LPS) enabling future engineering of synthetic mimics.
While Emerson et al. (Emerson et al., 2022) established the paradigm for intracellular
pathogens, EVk, work proves this platform's versatility against extracellular infections. The
IgM and IgG response (vs. IgA of Emerson et al. (Emerson et al., 2022)) suggests EVs vaccines
may be tailored to pathogen tropism. The findings of EVk, synergize with and substantially
extend the work of Emerson et al. (Emerson et al., 2022) in three key dimensions. First, confirm
that macrophage-derived EVs from bacterial infection generally function as a vaccine platform
- whether against intracellular (Salmonella) or extracellular (K. pneumoniae) pathogens. The
conserved molecular features of the EVk, platform including antigen presentation machinery
and intrinsic self-adjuvanticity suggest this may represent an evolutionarily conserved host
defense mechanism against bacterial pathogens. Second, While Emerson et al. (Emerson et
al., 2022) observed Th1/IgA dominance for Salmonella, EVk, model revealed strong IgM and
IgG responses with rapid bacterial clearance, likely due to differences in EVs cargo (e.g., LPS
load) and pathogen biology. The LAL assay confirmed a significant endotoxin level in EVp,
demonstrating a mixed population of EVs of host-derived EVs and bEVs. LPS detection in EVk,
provides concrete evidence of bEV incorporation, creating a unique hybrid vesicle population.
Label-free quantitative proteomics revealed detection of canonical EVs markers (tetraspanins,
Tsg101, flotillin-1, Alix) in EVkp, and identification of 99/100 top EVs-associated proteins from
Vesiclepedia, plus confirmation of Kp-derived proteins in EVk, involved in chaperone-
mediated protein folding, biofilm matrix formation and cell wall biogenesis. These findings
provide compelling evidence that EVk, constitute a biologically unique hybrid vesicle

population containing both host and pathogen components. The significant enrichment of
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immune-modulatory proteins suggests these EVk, may serve as natural immune messengers
via the upregulated host proteins indicate active participation in inflammatory responses and
pathogen defense mechanisms, bacterial information carriers via the incorporated Kp proteins
represent potential virulence factors and antigenic targets and dual-communication system
through the combined host-pathogen signature enables cross-kingdom signaling during
infection. These proteomic results in EVi, significantly advance the understanding of host-
pathogen interactions by demonstrating how infection transforms the EVs proteome to create
complex, functionally specialized EVs with implications for both pathogenesis and immune
stimulation. This implies EVk, vaccines can be 'tuned' by selecting appropriate donor cell-
pathogen pairs. Most importantly, we identify the triple-layered protection unique to EVip
vaccines: (1) innate training (macrophages), (2) adaptive activation (IgM and 1gG), and (3)
inflammation control as the EVip, vaccination induced an early but self-limiting cytokine
response (TNF-a, IL-1B) post-challenge, contrasting with the sustained inflammation in
unvaccinated mice. This kinetic profile suggests EVi, primes adaptive and innate immunity for
rapid pathogen clearance, minimizing PAMP-driven NF-kB/inflammasome overactivation and
associated tissue damage.

The EVk, platform represents a transformative approach to vaccine development, leveraging
natural host-pathogen interactions to achieve comprehensive protection. By integrating
inherent adjuvanticity with multi-antigen presentation and innate immune training, this
platform attains the ideal goal of vaccination: robust protection with minimal toxicity. This
innovative strategy has the potential to revolutionize our approach to combatting antibiotic-
resistant bacterial infections. EVk, represents an innovative and biocompatible vaccine
platform that leverages the body's intrinsic vesicular communication system to combat K.

pneumoniae. By integrating antigen presentation, humoral activation, and macrophage
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training, EVk, surpasses pure bacterial vesicles in efficacy and mitigates infection-induced
organ damage. This approach has the potential to revolutionize strategies against antibiotic-
resistant infections, particularly within high-risk populations.

In conclusion, EVk, originating from antigen-presenting cells have the capacity to modulate
host immune responses and represent promising candidates for vaccine development. Given
the absence of FDA-approved vaccines for Klebsiella pneumoniae in humans, a novel vaccine

based on EVk, would constitute a valuable advancement.

8.2 MEM-EVs platform

EVs have emerged as highly promising nanocarriers for biomedical applications due to their
unique biological properties (Herrmann et al., 2021; Kumar et al.,, 2024). These naturally
secreted, membrane-bound nanostructures serve fundamental roles in intercellular
communication (Herrmann et al., 2021; Kumar et al., 2024). Their lipid bilayer architecture
enables efficient encapsulation of diverse therapeutic cargo, including proteins, nucleic acids,
and lipids (Kumar et al., 2024). EVs possess unique advantages as drug delivery vehicles due
to their intrinsic biological properties (Herrmann et al., 2021). Their innate biocompatibility
significantly reduces potential immunogenic reactions and toxic risks compared to artificial
delivery systems (Herrmann et al., 2021). EVs naturally exhibit superior bio-barrier
penetration capabilities, enabling efficient targeted delivery to specific tissues (Herrmann et
al,, 2021). These vesicles demonstrate exceptional stability in circulation, effectively
protecting their molecular payloads from degradation (Herrmann et al., 2021). Furthermore,
their endogenous origin provides inherent safety benefits that overcome many limitations
associated with synthetic nanoparticles. Together, these characteristics position EVs as highly

promising candidates for therapeutic delivery applications (Herrmann et al., 2021; Kumar et
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al., 2024). These collective properties position EVs as superior candidates for next-generation
therapeutic delivery platforms (Herrmann et al., 2021).

Current strategies to address AMR extend beyond education and enhanced hygiene measures,
focusing primarily on two approaches, developing novel antimicrobial agents with innovative
mechanisms of action and superior efficacy, and optimizing existing antibiotic compounds
(https://iris.who.int/bitstream/handle/10665/376776/9789240093461-
eng.pdf?sequence=1%20(accessed%20May%2021; Salam et al., 2023). However, the
declining pipeline of newly approved antimicrobial drugs in recent decades has made the
second approach of improving and repurposing established antibiotics an increasingly critical
necessity in our fight against AMR (Salam et al., 2023; Sati et al., 2025).

Meropenem (MEM), a broad-spectrum carbapenem antibiotic, exerts its bactericidal effect by
binding to penicillin-binding proteins (PBPs) and disrupting peptidoglycan synthesis, making it
effective against a wide range of Gram-positive and Gram-negative pathogens (Armstrong,
Fenn, & Hardie, 2021; Santerre Henriksen et al., 2024). As a last-line defense against severe
and multidrug-resistant infections, MEM is particularly crucial in hospital and intensive care
settings (Armstrong et al., 2021). Recognizing its clinical importance, this study developed an
innovative EVs-based delivery system for MEM, designed to enhance therapeutic efficacy
against bacterial infections while potentially overcoming existing treatment limitations.

This study hypothesized that macrophage-derived EVs serve as a natural carriers of bioactive
molecules and could overcome these limitations by simultaneously enhancing MEM
bioavailability and targeting infection sites. MEM-EVs platform development addresses three
critical gaps protecting MEM from degradation, leveraging EVs’ inherent tropism for infected

tissues, and co-delivering immunostimulatory EV cargo to potentiate antimicrobial effects.
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For EVs-mediated drug delivery, MEM was successfully loaded into EVs using a combination
of sonication and incubation, producing nanoformulations (MEM-EVs) in multiple
administrable forms including liquid solution, injectable powder, nasal spray, and topical
ointment. The MEM-EVs displayed improved cellular uptake and sustained release profiles,
demonstrating superior antimicrobial efficacy against intracellular Kp in macrophage cultures,
PCLS, and murine infection models compared to MEM pure. MEM-EVs while maintaining an
excellent safety profile with no observed cytotoxicity. Notably, MEM-EVs exhibited broad-
spectrum activity against clinical isolates of Kp and Pseudomonas aeruginosa, highlighting
their potential for treating challenging Gram-negative infections. To evaluate therapeutic
potential and safety, MEM-EVs were administered systemically in a murine infection model,
demonstrating both protective efficacy against bacterial challenge and excellent
biocompatibility as evidenced by normal liver and kidney enzyme profiles. Parallel assessment
of topical formulations revealed outstanding local tolerance - ocular and dermal applications
of MEM-EVs ointment showed no evidence of irritation, erythema, or tissue toxicity. These
comprehensive safety assessments confirm MEM-EVs as a well-tolerated therapeutic platform
suitable for both systemic administration and localized treatment of ocular/skin infections

In a lethal Kp infection model, MEM-EVs outperformed MEM pure treatment in both efficacy
and safety. The MEM-EVs formulation achieved complete protection (100% survival) with
rapid clinical recovery, including restored normal activity and resolution of respiratory
distress. MEM-EVs mediated complete bacterial eradication from lungs and blood,
demonstrating significantly greater CFU reduction than free MEM. Critically, MEM-EVs
maintained an impeccable safety profile, with hepatorenal markers (ALT, AST, creatinine,
urea) indistinguishable from uninfected controls. This contrasts sharply with MEM pure, which

induced measurable hepatic and renal stress. These findings establish MEM-EVs as (1) a

130



breakthrough biocompatible nanoplatform, and (2) a transformative approach for
antibacterial therapy that harnesses the innate advantages of EVs biology.

The study assessed the impact of MEM loading on EVs using nFCM, DLS, and transmission
TEM. The results showed no significant differences in particle size, concentration,
polydispersity index (PDI), or morphology between MEM-EVs and unmodified EVs-pure. The
comprehensive characterization of MEM-EVs demonstrated that the encapsulation process
preserves the native physicochemical properties of EVs, including size distribution,
monodispersity (PDI lower than 0.3), morphological integrity, as confirmed by nFCM, DLS, and
TEM analyses. The absence of significant alterations in these parameters indicates that MEM
loading does not compromise EVs structure or induce aggregation, ensuring their suitability
for downstream applications.

Crucially, MEM-EVs exhibited a biphasic, sustained release profile, characterized by an initial
burst (26.97% at 0.5 h) followed by gradual release (85.4% by 6 h) in contrast to the rapid
diffusion of MEM pure. This kinetic pattern suggests two distinct drug reservoirs within EVs
first, surface-associated MEM (burst phase) and core-encapsulated MEM (sustained phase).
The second, EVs membrane acts as a diffusion barrier, prolonging drug availability while
protecting MEM from premature degradation.

These findings highlight MEM-EVs as a robust delivery platform that combines structural
stability with controlled release kinetics, offering potential advantages for therapeutic
applications requiring prolonged drug exposure and reduced dosing frequency. The
methodological robustness of the sonication-incubation protocol further underscores its
utility for efficient, non-disruptive EVs cargo loading. Collectively, this study positions MEM-
EVs as a promising strategy for enhancing drug delivery efficacy while maintaining the

inherent biological functions of EVs.
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Based on these data, the MEM-EVs platform offers several advantages including therapeutic
optimization as the sustained release mechanism may enhance pharmacokinetic profiles and
reduce the frequency of dosing, structural preservation, the incorporation of MEM does not
compromise the integrity of EVs, thereby ensuring consistent biological interactions,
mechanistic insight, the observed biphasic release pattern indicates dual localization of the
drug within EVs, which may inform future strategies for cargo loading. This study lays the
groundwork for further investigation into EVs-based delivery systems for small-molecule
therapeutics.

The comprehensive formulation and stability studies indicate that MEM-EVs constitute a
robust and versatile delivery platform for addressing Kp infections. MEM-EVs preserved 80%
of drug recovery following lyophilization, resulting in a stable powder (64 mg MEM/g) with
over 95% drug retention for 15 days at both 4°C and 28°C. This finding confirms lyophilization
as an optimal method for long-term storage without compromising drug integrity. The
lyophilized powder demonstrated exceptional thermal stability, retaining over 98% drug
content for 15 days at 28°C, rendering it ideal for resource-limited settings. The topical
ointment exhibited optimal rheological properties (viscosity: 6348 cP, pH 6.8) and sustained
release (83% over 11 hours), ensuring prolonged antimicrobial activity. The nasal spray
facilitated rapid yet controlled release (86% over 10 hours) with excellent physicochemical
stability (pH 6.5—7.5). Liquid/nasal formulations required refrigeration (4°C) to maintain over
90% drug content beyond 7 days. The consistent physicochemical properties (color, pH,
texture) and unaltered drug releases under storage stress confirm MEM-EVs’ readiness for
preclinical development. The absence of refrigeration requirements for lyophilized MEM-EVs
addresses a critical barrier in global drug distribution. By integrating the natural

biocompatibility of EVs with meropenem’s efficacy, MEM-EVs surmount key challenges in
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antibiotic delivery, including degradation, poor tissue penetration, and thermal instability. Our
data position MEM-EVs as a next-generation antimicrobial platform, with lyophilized powders
and topical/nasal formulations offering tailored solutions for diverse clinical scenarios. This
work paves the way for EVs-based therapeutics against multidrug-resistant Gram-negative
infections.

The study reveals that MEM-EVs represents a significant advancement in antibiotic delivery,
effectively addressing the primary limitations of conventional carbapenem therapy against
both intracellular and extracellular Kp and P. aeruginosa infections. MEM-EV platform
integrates enhanced intracellular penetration, extended drug retention, and formulation
versatility to achieve superior antibacterial efficacy while maintaining an exceptional safety
profile. MEM-EVs were non-toxic to macrophages and mitigated infection-induced
cytotoxicity, confirming their dual role as drug carriers and infection modulators. MEM-EVs
significantly reduced intracellular and extracellular bacterial loads compared to MEM pure
across multiple clinical isolates, demonstrating their capacity to target pathogen reservoirs
that evade conventional therapy. EVs encapsulation transformed MEM'’s rapid clearance
profile into sustained intracellular accumulation, with all formulations (liquid, nasal spray,
lyophilized powder) exhibiting progressive uptake and retention over 24 hours. These findings
illustrate that EVs encapsulation fundamentally alters MEM pharmacokinetics, transforming
it from a drug with rapid clearance to one with prolonged intracellular retention. The
sustained accumulation pattern of MEM-EVs, particularly in the powder formulation, indicates
their potential for maintaining therapeutic concentrations over extended dosing intervals. The
principal advancements of this study include EVs encapsulation mitigates the rapid efflux and
degradation observed with MEM pure, all three MEM-EV formulations demonstrate superior

retention compared to the free drug, the powder formulation may be particularly suitable for
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prolonged therapy, and dose-dependent uptake supports the potential for clinical dose
optimization. These data corroborate prior observations that the EVs drug delivery system
enhances intracellular drug accumulation compared to the pure drug, thereby augmenting the
bactericidal effects on intracellular Kp present within infected phagocytes. The findings
suggest that MEM-EVs significantly enhance the antibacterial efficacy of MEM against both
intracellular and extracellular Kp and P. aeruginosa infections. The key advancements of this
study include superior intracellular penetration and bacterial clearance, MEM-EVs achieved a
reduction in intracellular bacterial survival, surpassing the performance of MEM pure. This
confirms that EVs-mediated delivery effectively addresses the challenge of intracellular
bacterial evasion, a critical limitation of conventional carbapenem therapy. Enhanced
extracellular activity, MEM-EVs demonstrated potent extracellular bactericidal effects, with
liquid, nasal spray, and powder formulations completely eradicating detectable Kp colonies,
suggesting improved drug bioavailability at infection sites. Formulation versatility and
stability; all MEM-EV formulations (liquid, nasal spray, and powder) exhibited comparable
efficacy, underscoring their adaptability for diverse clinical applications. The stability of the
lyophilized powder further supports its suitability for long-term storage and distribution.
Safety and therapeutic advantage, prior cytotoxicity studies confirmed that MEM-EVs are non-
toxic to host cells, even at effective bactericidal concentrations. This positions MEM-EVs as a
safe and targeted alternative to conventional MEM delivery. These data confirm the
observations that EVs accumulate MEM more effectively than the pure drug in eukaryotic
cells. The increased intracellular accumulation of MEM via EVs may exert significant
bactericidal effects on intracellular bacteria present within infected phagocytes. Therefore,
the subsequent uptake study will confirm or refute this observation. The findings demonstrate

that the encapsulation of EVs significantly modifies the pharmacokinetics of MEM,
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transitioning it from a drug characterized by rapid clearance to one with extended intracellular
retention. The observed sustained accumulation pattern of MEM-EVs, particularly in the
powder formulation, indicates their potential to maintain therapeutic concentrations over
prolonged dosing intervals. The principal advancements of this study include EVs
encapsulation mitigates the rapid efflux and degradation associated with MEM pure, all three
MEM-EV formulations exhibit superior retention compared to the free drug, the powder
formulation may be especially suitable for extended therapy; and dose-dependent uptake
supports the potential for clinical dose optimization. These data corroborate previous
observations that the EVs drug delivery system enhances intracellular drug accumulation
relative to the pure drug, thereby augmenting the bactericidal effects on intracellular gram-
negative bacteria within infected phagocytes.

The comprehensive evaluation of the direct antibacterial activity of MEM-EVs and MEM pure
indicates that all MEM-EV formulations (liquid, nasal spray, and powder) exhibit efficacy
equivalent to that of MEM pure in standard antimicrobial assays. Key findings include
equivalent direct antibacterial activity, all MEM-EV formulations demonstrated comparable
bactericidal effects to MEM pure in CFU plate agar, disc diffusion assays, and growth kinetic
curves. Formulation stability was confirmed, the lyophilization process preserved the full
antibacterial potency of the powder formulation, while the nasal spray and liquid formulations
maintained identical activity profiles. Although MEM-EVs show comparable direct
antibacterial activity to MEM pure in standard direct antibacterial assays, they outperform the
MEM pure in three critical aspects, enhanced intracellular delivery, evidenced by superior
bacterial clearance within macrophages, sustained release kinetics that maintain therapeutic
concentrations over extended periods, and improved host-cell protection through

significantly reduced cytotoxicity. These attributes position MEM-EVs as enhanced
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therapeutic candidates, particularly for intracellular infections that evade conventional
antibiotic therapy.

ICso analysis demonstrated MEM-EVs required twice the concentration of pure MEM (0.02 vs
0.01 pg/mL) for equivalent initial bacterial inhibition, reflecting their controlled-release
design. This kinetic profile arises from gradual diffusion through EVs membranes, and partial
drug retention within EVs lumens. While this delays peak activity, it enables sustained
therapeutic concentrations that prove advantageous in intracellular infection models.
Notably, all MEM-EVs formulations (liquid/nasal/powder) showed identical 1Cso values,
confirming process consistency.

MEM-EV exhibited exceptional ex vivo biocompatibility in PCLS, with no significant cytotoxic
effects observed. These findings are consistent with in vitro macrophage data and support
further therapeutic development. Key implications include the validation of safety across all
formulation types, confirmation that carrier systems do not introduce additional toxicity, and
support for translation to in vivo models. Through immunofluorescence, aimed to assess the
efficacy of the MEM-EVs formulation in inhibiting bacterial replication on PCLS tissue by
tracking viable GFP. Immunofluorescence analysis of Kp-GFP-infected PCLS revealed complete
elimination of fluorescent bacteria in both MEM-EVs and MEM pure treated groups, with no
detectable GFP signal remaining after 6 hours of treatment. In contrast, untreated controls
exhibited a strong GFP signal, indicating significant Kp-GFP proliferation throughout the lung
tissue. While this qualitative assessment suggested equivalent endpoint efficacy between the
formulations, subsequent quantitative CFU analysis demonstrated that MEM-EVs achieved
significantly greater bacterial reduction in Kp-GFP-infected PCLS, indicating that MEM-EVs
achieved significantly greater clearance of Kp-GFP compared to the pure form. The enhanced

efficacy of MEM-EVs over MEM pure is likely attributable to (1) improved tissue penetration
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facilitated by EVs-mediated delivery, (2) sustained drug release that maintains therapeutic
concentrations, and (3) targeted accumulation within infected alveoli. These findings include
validation that EVs delivery enhances MEM efficacy in complex tissue environments,
demonstration of formulation consistency across different administration routes, and support
for transitioning to the in vivo efficacy studies.

Building upon the ex vivo PCLS studies, which demonstrated the superior efficacy and
biocompatibility of MEM-EVs, followed by in vivo assessments using a Kp-infected murine
model. This study serves as the foundation for the current investigation into the in vivo efficacy
of MEM-EVs. Specifically, to evaluate MEM-EVs within an infected murine model to assess
their protective capacity against bacterial infection. Additionally, to examine the
biocompatibility and safety of MEM-EVs by analyzing their effects on liver and kidney
enzymes, as well as on various organs, including the liver, kidney, and lung. Furthermore, to
assess the safety of MEM-EVs when applied topically as an ointment on the eye and skin,

investigating potential irritation or erythema.

The MEM-EV topical ointment demonstrated exceptional ocular and dermal biocompatibility
in murine models following a 5-day evaluation period. These findings suggest that MEM-EVs
ointment is notably safe for topical application. Consequently, MEM-EVs support their use for
periocular and wound infections, exhibit an advantage over the current standard of care, and
confirm compatibility with sensitive tissues. Additionally, hepatic and renal function were
assessed in BALB/c mice following intravenous (1V) and intramuscular (IM) administration. The
results indicated no significant changes in liver and kidney enzyme levels in all studies after

administration of MEM-EVs and MEM pure, with values remaining comparable to those in
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PBS-injected control mice. These results suggest that MEM-EVs do not have any adverse
effects on hepatic or renal function and serve as a safe and non-toxic drug delivery platform.
In an in vivo study assessing the protective efficacy of MEM-EVs against lethal Kp infection, a
murine model was infected with Kp via the intranasal route. This was followed by treatment
with MEM-EVs formulations and MEM pure administered either IV or IM at a dosage of 200
mg/kg/day for durations of either 3 or 7 days. The study aimed to evaluate clinical scores,
survival rates, bacterial load, and liver and kidney function following Kp challenge. Mice
treated with MEM-EVs formulations for 3 days exhibited normal conditions, maintaining
regular activity, good body condition, no dehydration, and normal respiration, with only 10%
showing slightly ruffled hair and mild dyspnea. A 7-day treatment period demonstrated
normal physiological conditions, characterized by regular activity levels, satisfactory body
condition, absence of dehydration, and normal respiratory function. In contrast, subjects
treated with MEM pure exhibited generally normal conditions, maintaining regular activity
and good body condition, with no signs of dehydration. However, 30% of these subjects
experienced mild dyspnea, mild dehydration, and slightly ruffled hair.

In terms of survival, MEM-EVs formulations achieved a 100% survival rate over a 10-day
infection period (with 3 days of treatment) and over a 20-day infection period (with 7 days of
treatment). While subjects treated with MEM pure demonstrated a 70% survival rate after
three days of treatment and an 80% survival rate after seven days. For intramuscular
injections, the survival rates were 60% after three days and 70% after seven days.

Bacterial replication analysis indicated a significant reduction in CFU counts in both pulmonary
and blood samples of mice treated with MEM-EVs formulations compared to the MEM pure

form. MEM-EVs formulations demonstrated 100% clearance of Kp from lungs and blood by
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Day 9 (7 days post-treatment). MEM pure exhibited residual infection levels of 10?-10° CFU/g
in the lungs at the same endpoint

In vivo biocompatibility and safety were assessed following Kp challenge through biochemical
analysis of liver and kidney enzymes. MEM-EVs formulations exhibited only a slight,
statistically significant increase in ALT, AST, urea, and creatinine levels post-Kp challenge,
compared to uninfected PBS-untreated controls after 2 days of infection. A comprehensive
safety assessment demonstrated superior biocompatibility of MEM-EVs formulations relative
to MEM pure. After 9 days of infection (after 7 days of treatment), MEM-EVs formulations
maintained biochemical parameters within normal physiological ranges, identical to the
control uninfected untreated group. MEM pure resulted in statistically significant elevations
in liver enzymes (ALT, AST) and renal markers (creatinine, urea) compared to controls after
two days of infection. After nine days, mice treated with MEM pure showed reduced levels of
liver enzymes (ALT, AST) and renal markers (creatinine, urea), although these levels remained
higher than those in the control and MEM-EVs formulations.

In comparison to these groups, the control group of infected, untreated mice exhibited a
marked clinical deterioration, characterized by inactivity, significant weight loss, dehydration,
and severe dyspnea, ultimately resulting in complete mortality within six days post-infection.
This group also demonstrated a severe and significant increase in all four parameters (ALT,
AST, urea, and creatinine), indicating serious liver and kidney damage, thereby confirming the
pathogenicity of Kp.

The comprehensive investigation indicates that MEM-EVs formulations (liquid, nasal spray, or
reconstituted powder) exhibit superior therapeutic efficacy and safety compared to MEM pure in a
murine model of lethal Kp. Key findings include improved clinical outcomes, with a 100% survival rate

observed in the MEM-EVs group compared to 60% in the MEM pure group, along with a rapid

resolution of clinical symptoms, such as normal activity and absence of respiratory distress.
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Furthermore, complete bacterial eradication from the lungs and blood was achieved, with MEM-EVs
effecting a greater reduction in CFU than MEM pure. The EVs-mediated targeting facilitated high drug
concentrations at infection sites, and sustained release kinetics maintained therapeutic levels. The
safety profile was exceptional, with no hepatorenal toxicity observed, as indicated by ALT, AST,
creatinine, and urea levels comparable to healthy controls. MEM-EVs exhibited superior
biocompatibility compared to MEM pure, which induced mild hepatic and kidney stress. Based on
these findings, the therapeutic advantages of MEM-EVs over conventional MEM include accelerated
recovery, with subjects exhibiting normal respiration and activity within three days, in contrast to
persistent symptoms observed in MEM-treated mice. The study observed reduced toxicity, as no
severe adverse effects were noted even with extended dosing over seven days. This is attributed to EVs
facilitating targeted drug delivery to infected lung tissues, thereby minimizing systemic toxicity. The
sustained release from EVs maintains therapeutic MEM levels for a longer duration compared to the
free drug. The near-complete restoration of normal physiological parameters in MEM-EVs-treated mice
after seven days suggests superior bioavailability and sustained drug release, whereas pure MEM
showed limited efficacy, with a subset of mice developing severe complications. Survival analysis
indicated that all MEM-EVs formulations conferred complete protection (100% survival) against lethal
Kp infection, significantly surpassing the efficacy of MEM pure, irrespective of the administration route
or treatment duration. In contrast, MEM pure exhibited dose-dependent efficacy, resulting in 60-80%
survival. This enhanced clearance is attributed to MEM-EVs facilitating rapid and potent bacterial
clearance in vivo, EVs-mediated targeting of infection sites, sustained drug release maintaining
therapeutic levels, and protection against bacterial persistence. MEM-EVs achieved complete survival
with only three days of therapy, provided equivalent protection via both IV and IM routes, and showed
no late-onset mortality over a 20-day observation period. MEM-EVs formulations demonstrated
comparable efficacy, indicating flexibility in the route of administration. This robust protection,
particularly the complete survival rate compared to the 40% failure rate of pure MEM therapy,

underscores the translational potential of MEM-EVs formulations for severe Gram-negative
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pneumonia. Based on these findings, that MEM-EVs offer a distinct therapeutic advantage over
standard care, support the development of both injectable and nasal formulations, and suggest
potential for improved clinical outcomes in pneumonia treatment. These findings also suggest that EVs
encapsulation mitigates MEM-associated hepatorenal stress, nasal and IV delivery routes are equally
safe, and the lyophilized powder retains optimal safety characteristics. The differential toxicity profile
likely reflects EVs-mediated sustained release, preventing peak drug concentrations. Consequently, EVs
enhanced MEM delivery and prevented liver and kidney dysfunction. These results position MEM-EVs
as a next-generation therapeutic platform for severe Gram-negative infections, addressing critical
limitations of current carbapenem therapy, such as overcoming intracellular bacterial evasion,
preventing organ toxicity in vulnerable patients, and enabling flexible administration

(injectable/nasal/topical).

Chronic skin and ocular infections are a serious complication with a high incidence rate, which can lead
to disability or even death. In this study a topical ointment was developed with self-healing, adhesive,
and antibacterial properties, using MEM-EVs. The application of MEM-EVs topical ointment
demonstrated substantial therapeutic efficacy in both ocular and dermal infections. The MEM-EVs
ointment achieved a 90% survival rate over a 10-day observation period, in stark contrast to the
untreated control group, which experienced 100% mortality by day 10 following skin infection. Clinical
observations revealed that treated mice exhibited resolution of local erythema and edema within 48
hours, a reduction in systemic spread as evidenced by negative blood cultures at 72 hours, and a return
to normal grooming behavior by day 3 was observed. Conversely, control mice developed progressive
necrotizing lesions and bacteremia within 72 hours, as confirmed by blood cultures. Furthermore,
MEM-EVs ointment achieved a 100% survival rate over a 10-day observation period in ocular
infections, while the infected untreated group also exhibited a 100% survival rate over the same
period. Clinical observations post-ocular infection indicated that treated mice showed resolution of
ocular inflammation within 48 hours, a normal blink reflex by day 3, clear corneas with no signs of

ulceration, and a return to normal grooming behavior by day 3. In contrast, control mice developed
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progressive keratitis with corneal opacification and bacteremia within 72 hours, as confirmed by blood

cultures.

Studies have shown that EVs-encapsulated antibiotics enhance drug stability and targeted delivery,
Heinrich et al. 2023 demonstrated that EVs loaded with ciprofloxacin (Heinrich et al., 2023). Heinrich
et al. 2023 introduced vesicles derived from B-lymphoid cells and non-pathogenic myxobacteria and
efficiently loaded them with ciprofloxacin. Heinrich et al. shown that EVs derived from B-lymphoid RO
cells (RO-EVs) are successfully loaded with the fluoroquinolone ciprofloxacin (CPX) and showed lower
toxicity in zebrafish larvae than free CPX and the loaded vesicles are then tested effectively on
enteropathogenic Shigella, whose infections are currently showing increasing resistance against
available antibiotics (Heinrich et al., 2023). Based on Heinrich et al. 2023 through using EVs derived
from RO-EVs loaded with the fluoroquinolone ciprofloxacin and MEM-EVs work these can be used as
and contribute the evidence as a platform for drug delivery system via successful loading,

biocompatibility on different models.

Other study demonstrating that, EVs collected from the culture supernatants of RAW 264.7 cells
provide an effective alternative for intracellular antibiotic delivery of antibiotic that is efficacious, cost-
effective, and safe (Yang, Shi, Guo, Wang, & He, 2018). This regimen can be viewed as a potential
antimicrobial agent for use against intracellular infections (Yang et al., 2018). they found that
administration of LZD in the EVs-encapsulated form considerably enhanced the killing of MRSA in
macrophages in vitro and in vivo, EVs delivered a sufficient concentration to the cells for bacterial
killing, while this concentration showed less cytotoxicity to macrophages (Yang et al., 2018). This
research can used as evidence for in vitro data related to MEM-EVs efficacy on macrophage model as
this study confirm the efficacy and the activity of loaded system on macrophage infected model.
Combining this work (Yang et al., 2018) with MEM-EVs work demonstrates that EVs are exceptionally
effective carriers for therapeutic antibiotics. EVs loaded with antibiotic efficiently accumulated in
macrophages and exerted a potent intracellular bactericidal effect. EVs could potentially load with

both hydrophilic and lipophilic drugs, since they resemble liposomes with a bilipid membrane and an
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aqueous core. The use of an EVs-based formulation could be a novel platform for delivering potent

antibacterial drugs to treat intracellular infections.

Other study developed an injectable dual physical cross-linking hydrogel (PSiW) with self-healing,
adhesive, and antibacterial properties, using poly- vinylpyrrolidone and silicotungstic acid to load FM-
EV (human foreskin mesenchymal stem cell (FSMSCs)- derived extracellular vesicle (FM-EV)) (Xu et al.,
2024). They show that EVs were evenly distributed in the hydrogel and continuously released (Xu et
al., 2024). In vivo and in vitro tests demonstrated that the synergistic effect of EVs and hydrogel could
significantly promote the repair of diabetic wounds by regulating macrophage polarization, promoting
angiogenesis, and improving the microenvironment (Xu et al., 2024). Therefore, the hypothesis that
incorporated EVs with effective delivery system to achieve sustainable releasing significantly offers
beneficial effects on the skin and ocular infection. Overall, the obtained EVs-loaded hydrogels
developed in this research (Xu et al., 2024) plus MEM-EVs topical ointment exhibited promising

applicability for the skin and ocular infection.

At the end, the comprehensive investigation demonstrates that MEM-EVs exhibit superior therapeutic
efficacy, biocompatibility, and safety compared to conventional MEM in treating gram-negative
infections in different formulations. Through the in vivo studies, MEM-EVs achieved 100% survival in
lethal Kp-infected murine models, contrasting sharply with the 60-80% survival rate of MEM pure and
100% mortality in untreated controls. MEM-EVs facilitated complete bacterial clearance from lungs
and blood, while MEM pure left residual infection. MEM-EVs demonstrated exceptional
biocompatibility, with no significant hepatorenal toxicity, as evidenced by stable ALT, AST, creatinine,
and urea levels comparable to healthy controls. In contrast, MEM pure induced mild hepatic and renal
stress, highlighting the advantage of EV-mediated drug delivery in minimizing systemic toxicity.
Additionally, MEM-EVs topical ointment proved highly effective in ocular and dermal infections,
resolving inflammation within 48 hours and preventing systemic spread. These findings underscore
MEM-EVs as a next-generation therapeutic platform, offering; enhanced drug targeting to infection

sites via EVs-mediated delivery, sustained drug release, maintaining therapeutic levels longer than
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MEM pure, flexible administration routes (IV, IM, nasal, topical) without compromising efficacy and

reduced organ toxicity, critical for vulnerable patients.

In conclusion, by studying the role of EVs in Kp infections, the findings could contribute to innovative
therapeutic approaches, offering a novel strategy for preventing and treating MDR bacterial infections.
Macrophage-derived EVs function dually as (1) a protective, cell-free vaccine that primes humoral
immunity and innate immunity against Kp (figure 64) and (2) a biocompatible, low-immunogenicity
delivery platform for enhancing antibiotic efficacy against bacterial infections (figure 65). These
findings position EVs as a versatile strategy to address MDR infections, bridging the gaps in vaccination

and targeted therapy for AMR challenges.
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Figure 64; EV, vaccination platform. The host immune response against the pathogen is controlled by multiple regulatory mechanisms, and

one of these mechanisms via EVs. These EVs produced from infected cells carried Host-derived immunostimulatory molecules (e.g., cytokines

like IL-1B, TNF-a, antigen presenting machinery MHC-II, costimulatory molecules CD40), in addition to, carrying antigens or bacterial

molecules (e.g. LPS), resulting in immune regulation. EVy, serve as a novel vaccine for infectious diseases. Macrophage infected with Kp for 6

h. Macrophage pre-stimulated with EVy, for 24h, followed by infection with Kp for 6h for studying the cytotoxicity and proinflammatory and

Kp replication. EVk, creates a more potent immunostimulant, prime inflammatory responses (via CXCL8 upregulation), enhance bacterial

clearance and maintain cellular viability. To translate these findings, in vivo studied were assessed to evaluate protective immunity in murine

challenge models, characterize the immune responses and conduct comprehensive safety assessments (hepatorenal function, multi-organ
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histopathology). Therefore, a murine model was employed to evaluate the efficacy of EVy, to activate the immune system, induce antibody
production, and inhibit bacterial replication and infection. EVy, exhibited a favorable safety profile, with no adverse effects on hepatic or renal
function, and strongly activated IgM and IgG generation following IM vaccination in mice. (E) EVy, enhanced IgM and IgG production for
bacterial clearance and for their protective role in preventing infection-induced organ injury, cytokines regulation, and inhibited the bacterial
replication in blood and lung tissues. This study establishes EVy, as a transformative biotherapeutic platform that leverages natural vesicle
biology to confer multilayered protection against bacterial infections. By combining intrinsic immunostimulatory properties with the ability
to promote balanced immunity, EVy, emerges as both an effective prophylactic strategy and a novel, biocompatible vaccine platform. These
findings position EVy, at the forefront of next-generation antimicrobial approaches that harness host-pathogen interactions for therapeutic

benefit.
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Figure 65; EVs nanocarrier platform. EVs were isolated from macrophage via ultracentrifugation and loaded with MEM using sonication and
simple incubation. Sonication and simple incubation achieving high encapsulation efficiency and controlled in vitro release kinetics, followed
by lyophilization to finalize the dosage form into powder for injection, nasal spray, topical ointment. Lyophilization produced three stable
formulations (liquid, nasal spray, powder for injection) with preserved bioactivity, enabling versatile administration routes. MEM-EVs were
evaluated the efficacy and safety on the in vitro model (macrophage) and ex vivo model (PCLS) infected with Kp and other 2 clinical strain of
Kp and P.a. MEM-EVs showing no significant cytotoxicity on the in vitro model and the ex vivo model. EVs accumulates the MEM compared
to pure drug in eukaryotic cells, increasing the intracellular accumulation of MEM via EVs resulting in increasing the bactericidal effects on
intracellular bacteria. MEM-EVs showing a significant inhibition on the bacterial replication on the level of the intracellular and extracellular

survival rate of in the in vitro and ex vivo models. In the in vivo mice model, mice were infected with the lethal dose of Kp via intranasal
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infection/wound skin infection/ocular infection, after 2 h of infection, treated with MEM-EVs via IV or IM injection, nasal spray or topical
ointment on eye and skin. MEM-EVs topical ointment showing no significant adverse effect on skin and eye after 5 days, from the direct
application on eye and skin. After the intranasal challange with Kp, MEM-EVs and MEM pure drug showing a significant protection against
lethal infection of Kp on the treated mice compared to untreated infected mice which completely dead after 6 days of infection. in addition
to MEM-EVs formulations showing more significant protection against Kp compared to the pure drug as 100% survival in treated mice group
with MEM-EVs and 60% from the MEM pure. These findings demonstrate that EVs-mediated drug delivery enhances therapeutic efficacy

while maintaining safety, establishing EVs as a promising platform for antibacterial therapies
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9. Summary

Gram-negative bacterial infections, particularly those caused by multidrug-resistant and hypervirulent
Klebsiella pneumoniae (Kp), pose a severe and growing threat to global health. The absence of licensed
vaccines and escalating antimicrobial resistance (AMR) exacerbate this challenge, with AMR already
contributing to 1.27 million of the 7.7 million annual deaths linked to bacterial infections. Without
intervention, AMR-related mortality could rise to 10 million by 2050.

Host immune responses against Kp are regulated through intercellular communication, partly
mediated by EVs. EVs are membrane-bound particles, nanoscale membranous particles (30—150 nm)
secreted by most cell types and are involved in intercellular communication. As gram-negative
bacteria, including Kp, are well known to release bEVs as part of their normal physiology as well as
during host-pathogen interactions, EV, could contain a mixed population of EVs of host-derived EVs
and bEVs thereby modulate both humoral and cellular immunity, making them promising candidates
for novel therapeutic strategies. This study explores the dual potential of infection-derived EVs:

(1) as a novel, biocompatible vaccine platform against bacterial infections.

(2) as a promising, and safe drug delivery system for bacterial infections.

9.1 EVs as an Immunomodulatory Vaccine plattform:

In this research project, EVs from Kp-infected macrophages (EVk,) administrated to mice as a promising
vaccine candidate for safeguarding against Kp infections. EVk, were isolated and characterized via
nano-flow cytometer (nFCM), transmission electron microscopy (TEM), and surface marker analysis
(MACSPLEX EV kit). In vitro, EV, showing no significant cytotoxicity on naive macrophages, triggering
potent pro-inflammatory signaling (activate CXCL8 expression) and primed naive macrophages to
restrict Kp replication without direct bactericidal effects. In mice, EVk, administration on days 0, 7, 14,
and 28 prior to lethal Kp challenge elicited robust IgM and IgG production, controlled proinflammatory
cytokines (TNF-a, IL-1B), and reduced bacterial loads in blood and lung tissues. Survival rates reached

90% in EVk,-vaccinated mice versus 0% in controls. Ultimately, EVg, functions as an immunostimulatory
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agent, providing protective immunity and promoting balanced immune responses. This positions it as
a promising prophylactic strategy and a novel, biocompatible vaccine platform against bacterial

infections

9.2 EVs Nanocarrier Plattform:

Due to their unique properties, EVs have emerged as promising nanocarriers in various biomedical
applications. These small membrane-bound structures are naturally released by cells and play crucial
roles in intercellular communication. Their lipid bilayer structure allows for encapsulating bioactive
molecules such as proteins, nucleic acids, and lipids, making them ideal candidates for drug delivery.
EVs present distinct advantages as nanocarriers due to their inherent biocompatibility, which
minimizes risks of immunogenicity and toxicity. Their natural capacity to cross biological barriers
enables efficient targeted delivery to specific cells or tissues. Additionally, EVs demonstrate
remarkable stability in circulation, ensuring protection of their cargo from degradation. Furthermore,
their biological origin alleviates safety concerns often associated with synthetic nanoparticles.

In general, beyond education and stricter hygiene regulations, there are two primary strategies to
combat the spread and emergence of AMR first, the development of novel antimicrobial agents with
distinct mechanisms of action and enhanced efficacy, and second, the optimization of existing
compounds. Unfortunately, the number of newly approved antimicrobial drugs has decreased within
the last decades. This leaves the second alternative, to improve and repurpose known antibiotics.
Meropenem (MEM), a broad-spectrum carbapenem antibiotic, functions by targeting penicillin-
binding proteins (PBPs) to inhibit peptidoglycan synthesis, effectively eradicating both Gram-positive
and Gram-negative bacteria. As one of the last-resort antibiotics for treating severe and resistant
infections, MEM plays a critical role in managing infections within hospital and intensive care unit
settings. Therefore, this study aimed to develop an innovative nanovesicle-based drug delivery system

using EVs loaded with MEM to improve the treatment of bacterial infections.
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For drug delivery through using EVs as a nanocarrier, MEM was loaded into EVs via sonication and
incubation, yielding nano-formulations (MEM-EVs) in liquid, injectable powder, nasal spray, and topical
ointment forms. MEM-EVs exhibited enhanced uptake and sustained release kinetics and superior
efficacy against intracellular Kp in macrophages, precision-cut lung slices (PCLS), and murine models
compared to MEM pure with no cytotoxicity. MEM-EVs also demonstrated activity against clinical Kp
isolates and Pseudomonas aeruginosa. MEM-EVs were administered to a murine model to assess their
protective efficacy against bacterial infection, as well as their biocompatibility and systemic safety
through evaluation of liver and kidney enzymes. Additionally, topical ointment containing MEM-EVs
was applied directly to the eye and skin to evaluate potential local irritation, erythema, or other
adverse effects. The MEM-EVs ointment exhibited no signs of ocular or dermal toxicity in the murine
model, confirming its biocompatibility for topical applications. These findings demonstrate its safety
and efficacy for treating both ocular and skin infections.

In a murine model of lethal Kp infection, MEM-EVs demonstrated significantly enhanced therapeutic
efficacy and safety compared to MEM pure. Treatment with MEM-EVs resulted in a 100% survival rate
accompanied by rapid clinical improvement, including restoration of normal activity and absence of
respiratory distress. MEM-EVs achieved complete bacterial clearance from both lungs and
bloodstream, showing superior CFU reduction compared to MEM pure treatment. The formulation
exhibited an exceptional safety profile, with hepatorenal markers (ALT, AST, creatinine, urea)
remaining within normal ranges, indistinguishable from healthy controls. While MEM pure induced
mild hepatic and renal stress in this lethal infection model, MEM-EVs maintained superior
biocompatibility throughout the treatment course. Furthermore, MEM-EVs represent a novel,
biocompatible nanocarrier platform, establishing EVs as a promising and safe drug delivery system for
combating bacterial infections.

The EVs-mediated targeting facilitated high drug concentrations at infection sites, and sustained
release kinetics maintained therapeutic levels. These results position MEM-EVs as a next-generation

therapeutic platform for severe Gram-negative infections, addressing critical limitations of current
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carbapenem therapy, such as overcoming bacterial evasion, preventing organ toxicity in vulnerable

patients, and enabling flexible administration (injectable/nasal/topical).

This research positioned EVs as a versatile platform for immunization and drug delivery. By studying
their role in Kp infections, the findings contribute to innovative therapeutic approaches, offering a
novel strategy for preventing and treating MDR bacterial infections.

In summary, using EVs as a vaccine platform & nanocarriers represents a cutting-edge approach to
drug delivery, harnessing the inherent properties of these biological entities for enhanced therapeutic
outcomes. This comprehensive investigation elucidated the full therapeutic potential of EVs,
positioning them as pivotal biological mediators for developing innovative treatment approaches

across diverse medical applications.
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10. Outlook

The increasing prevalence of MDR and hypervirulent Kp infections necessitates innovative approaches
that integrate vaccination with precision therapy. This study highlights the transformative potential of

macrophage-derived EVs as a dual-platform technology:
EVs-Based Vaccine platform

A Prophylactic Defense Against Kp Protective Immunity: EVk, (EVs from Kp-infected macrophages)
function as a cell-free vaccine, inducing robust igm responses, balanced cytokine profiles (TNF-a, IL-
1B), and achieving 90% survival in lethal Kp-challenge models. Mechanistic Advantage: In contrast to
traditional vaccines, EVk, naturally incorporate pathogen-associated molecular patterns and host
immunomodulators, thereby priming both humoral and cellular immunity without the use of live
pathogens. Next directions, Evaluate EVk, in humanized mouse models to assess cross-species efficacy,
Broad-Spectrum Potential, test against other WHO-priority MDR Gram-negative pathogens (e.g.,
Pseudomonas, Acinetobacter), dose-escalation Phase 1 trial to evaluate the safety and immunogenicity
of macrophage-derived EVy, in healthy volunteers. The study will employ a standard 3+3 design with
three dose cohorts (10%°, 10%, and 10?2 particles per dose), administered intramuscularly on days 0 and
28. Safety and tolerability will be assessed through monitoring of local injection site reactions, systemic
adverse events, clinical laboratory parameters including CBC, hepatic and renal functions. The
maximum tolerated dose (MTD) will be determined. Humoral immune responses will be evaluated
including anti-K. Pneumoniae 1gM and IgG titers by ELISA and opsonophagocytic activity. Cellular
immune responses will be assessed via antigen-specific T cell proliferation and cytokine production

profiles (IFN-y, IL-17, IL-10).
EVs drug delivery platform

MEM-loaded EVs (MEM-EVs) demonstrate sustained release, increased intracellular uptake, and

superior efficacy against Kp in macrophages, lung tissues, and murine models compared to free MEM.
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The adaptable formulations of MEM-EVs (injectable, nasal spray, topical) effectively address various
infection sites, including pneumonia, bacteremia, and skin/ocular infections, with no observed toxicity.
Next directions, including MEM-Liposomes, benefit from well-established, controllable production
methods with excellent batch-to-batch reproducibility. Their synthetic nature allows for precise
optimization of lipid composition, surface modification (e.g., pegylation, targeting ligands), and drug-
loading capacity that facilitate regulatory approval and large-scale GMP production. Thereby the next
comprehensive development plan for liposomal meropenem (MEM-Lipo), engineered for comparison
with MEM-EVs in in vitro and in vivo models in infectious disease therapeutics. In addition, co-Loading
Strategies, the combination of MEM with immunomodulators (e.g., IFN-y) is proposed to synergize
direct antimicrobial and immune-enhancing effects. The decoration of EVs with antibodies or peptides
is suggested to enhance tissue-specific delivery, such as lung-targeting for pneumonia. Testing against
ESBL and carbapenemase-producing Kp is recommended to validate the evasion of resistance
mechanisms. Phase | clinical trials propose a Phase 1b, open-label, dose-escalation study in patients
with documented carbapenem-resistant Enterobacteriaceae infections (n=36). Three dose levels (2.5,
5 & 10 mg/kg meropenem equivalents) will be administered intravenously every 12 hours for 7-14 days.
To evaluate safety and tolerability, and to characterize pharmacokinetic parameters, including peak
concentration (Cmax), area under the curve (AUC), and elimination half-life (t1/2). To assess
preliminary efficacy through microbiological eradication and clinical cure rates, and to evaluate
immunomodulatory effects by analyzing inflammatory cytokine profiles and immune cell activation

markers.

At the end, EVg, vaccination has the potential to prevent infections, while MEM-EVs offer targeted
treatment for breakthrough cases, constituting a dual-defense strategy that is crucial for
immunocompromised patients. These platforms are adaptable to other MDR pathogens, capitalizing
on EVs inherent biocompatibility and pathogen-mimetic properties. For regulatory and manufacturing

challenges, it is imperative to develop good manufacturing practice (GMP)-compliant EVs production
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protocols for clinical translation. Scalability efforts should be directed towards optimizing yield and

cargo loading to ensure cost-effective deployment in resource-limited settings.

By harnessing EVs innate biological roles as immune messengers and drug ferries, this research
pioneers a two-pronged approach to combat MDR infections: prevention through vaccination and
precision treatment through engineered delivery. The success of EVk, and MEM-EVs in preclinical
models positions them as next-generation tools to mitigate the AMR crisis, offering a blueprint for rapid
adaptation to emerging pathogens. Future work must prioritize human trials, mechanistic depth (e.g.,
EV cargo profiling), and industrial partnerships to transition these breakthroughs from bench to

bedside.
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