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“Simplicity is the final achievement. After one has played a vast quantity of notes and

more notes, it is simplicity that emerges as the crowning reward of art.”

Frédéric Chopin

“When you realize there is something you don't understand, then you're generally on
the right path to understanding all kinds of things.”

Jostein Gaarder, The Solitaire Mystery
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Summary

Bacterial infections represent a serious risk to public health globally. The World Health
Organization (WHO) estimated that infections of the lower respiratory tract were the
fourth leading cause of death worldwide in 2019, killing 2.6 million people. One of the
main causes of such numbers is the development of antibiotic resistance by bacteria,
a process facilitated by the misuse of antibiotic compounds in humans and in animals.
The employment of nanomedicine can be explored for the development of new
nanocarriers that can be used for the treatment of those infections, such as
extracellular vesicles (EVs) and, more specifically, outer membrane vesicles (OMVs)
derived from myxobacteria, which are natural producers of antibacterial compounds.
In this thesis, OMVs were isolated from the strains Cystobacter velatus Cbv34 and
Cystobacter ferrugineus Cbfe23 and were characterized. The OMVs’ effects on
mammalian cells were promising, eliciting no negative impact in biocompatibility, and
not significantly stimulating the release of pro-inflammatory cytokines. The OMVs were
also successfully internalized by mammalian cells, thus able to decrease the
proliferation rate of intracellular Staphylococcus aureus. Moreover, the myxobacterial
OMV:s were able to detach biofilm from surfaces and prevent their growth in a model
subjected to fluid flow. The findings of this study demonstrate the substantial potential
of the use of myxobacterial OMVs for the treatment of bacterial infections.



Zusammenfassung

Bakterielle Infektionen sind eine globale Bedrohung der 6ffentlichen Gesundheit. Mit
2,6 Mio. Toten im Jahr 2019 hat die Weltgesundheitsorganisation Infektionen der
unteren Atemwege mit als die vierthaufigste Todesursache eingeschatzt. Eine der
Hauptursachen ist die von Bakterien entwickelte Antibiotikaresistenz, ein Prozess, der
durch den Fehlgebrauch von Antibiotika bei Menschen und Tier vorangetrieben wird.
Mit Hilfe der Nanomedizin kdnnen neue Tragersysteme entwickelt und fur die
Behandlung von Infektionen verwendet werden. Solche Partikel sind beispielsweise
extrazellulare Vesikel (EVs) oder genauer auliere Membranvesikel (OMVs) von
Myxobakterien, welche als naturliche Produzenten antibiotischer Substanzen gelten.
In dieser Arbeit wurden OMVs von den Stammen Cystobacter velatus Cbv34 und
Cystobacter ferrugineus Cbfe23 isoliert und charakterisiert. Die Wirkung von OMVs
auf tierische Zellen war vielversprechend, da sie keinen negativen Einfluss auf die
Biokompatibilitat und keine signifikante Ausschittung von proinflammatorischen
Zytokinen bewirkt haben. Zudem wurden OMV erfolgreich von tierischen Zellen
aufgenommen und waren daher fahig, die Proliferation von Staphylococcus aureus zu
bremsen. AuRerdem waren myxobakterielle OMV in einem Durchflussmodell in der
Lage, Biofilm von Oberflachen zu 16sen und deren Wachstum zu unterbinden. Die
Erkenntnisse dieser Studie unterstreichen das Potential der Verwendung von
myxobateriellen OMVs zur Behandlung bakterieller Infektionen.
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Outer membrane vesicles (OMVs) were isolated from the myxobacterial strains
Cystobacter velatus Cbv34 and Cystobacter ferrugineus Cbfe23, and their effects on
mammalian cells and bacteria were studied. The OMVs elicited low toxic effects
against mammalian cells and presented antimicrobial effects, becoming promising

nanocarriers to treat bacterial infections. Image created with Biorender.com.
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IV. Abbreviations

Cbfe-OMVs Outer membrane vesicles derived from the Cystobacter ferrugineus
Cbfe23 myxobacterium

Cbv-OMVs Outer membrane vesicles derived from the Cystobacter velatus Cbv34

myxobacterium
CFU Colony forming unity
CLSM Confocal laser scanning microscopy

Cryo-TEM  Cryogenic transmission electron microscopy

EVs Extracellular vesicles

LC MS Liquid Chromatography coupled Mass Spectrometry
LPs Liposomes

NPs Nanoparticles

NTA Nanoparticle tracking analysis

oD Optical density

OMVs Outer membrane vesicles

PBMCs Peripheral blood mononuclear cells
PBS Phosphate buffered saline

SEC Size exclusion chromatography
SEM Scanning electron microscopy

ucC Ultracentrifugation
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1 INTRODUCTION

1.1 Resistant infections and their main mechanisms

Infections caused by resistant bacteria are one of the world's major public health
menaces. According to estimates, 2.38 million people die every year from infections
of the lower respiratory tract.”> The number of casualties by lower respiratory tract
infections such as pneumonia mainly include children younger than 5 years and adults
older than 70 years, especially in lower-income countries.”? This alarming trend is due
to an increase in the amount of pathogens that are resistant to the available antibiotic
treatments, which is a result of multiple factors, including the irresponsible use of
antibiotic drugs, waste management, contamination of water and the use of antibiotics
in farm animals.®~® There are not nearly as many new compounds being discovered
today as during the “golden era” of antibiotic discovery (from the 1940s to the 1980s),
when important compounds such as tetracyclines, methicillin and vancomycin made
their way successfully to the hospitals and pharmacy shelves.® A new antibiotic
compound has not been released in the market since daptomycin and linezolid in the
1980s.”

Bacteria can develop antibiotic resistance in several ways, such as the
development of efflux pumps, their ability to modify or degrade antibiotic molecules,
increase their membrane impermeability and modify the drug target (Fig. 1).8° Bacteria
can also avoid antibiotic treatment by their ability to become intracellular in mammalian
cells. This is a well acknowledged mechanism of resistance that microbes like
Mycobacterium tuberculosis and Mycobacterium abscessus can perform, but bacteria
that were thought to be solely extracellular (e.g. Staphylococcus aureus) can also use

this feature to become resistant.0-12

Staphylococcus aureus is a Gram-positive pathogen responsible for infections
occurring in several parts of the body of humans and animals (e.g. lung'3-"7, skin'819
and ear?%-?2) and it has the ability to become intracellular in professional phagocytes
(e.g., macrophages) and nonprofessional phagocytes (e.g., epithelial cells) by
adhering to the cell surface, invading the cell in a “zipper-like” pattern and escaping
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Figure 1 Scheme of antibiotic targets (in red) and bacterial mechanisms of resistance (in
black) (as reviewed by Lakemeyer et al., 2018; Roponnen et al., 2021). Created with
BioRender.com.

the endosomal pathway, becoming resistant in the cytosol.'®'223 This mechanism
helps the bacteria to escape host cell defenses and treatment with drugs that have
poor permeation through the mammalian cellular membrane, such as beta-lactams
and aminoglycosides, due to their high hydrophilicity.?*#?5 Macrolides and
fluoroquinolones, on the other hand, present good diffusion through the cellular
membrane, but have a short retention time inside the cell.?*25 Other examples of
microorganisms that become intracellular and can cause infectious diseases are:
Mycobacterium tuberculosis, which infects macrophages and hepatocytes;?6-2”
Salmonella spp., which is internalized by macrophages and enterocytes;?82° and
Pseudomonas aeruginosa, which becomes intracellular in macrophages and epithelial
cells.®%3' The current treatment of infections caused by intracellular pathogens, such
as M. tuberculosis, is lengthy and involves the combination of different antimicrobials,
which includes the use of isoniazid, rifampicin, ethambutol and pyrazinamide for two
months, and then four months of rifampicin and isoniazid.3?34 The length of the
treatment and the use of several drugs can make it difficult to obtain patient

compliance to the treatment and successful eradication of the infection.3%:36
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Another very important mechanism of bacterial resistance to antimicrobial
treatment is the formation of bacterial biofilm. Biofilms are the main form bacteria can
be found in the environment.3’-3° Their formation occurs when single bacteria attach
to each other, become adherent to a surface, grow and form an extracellular matrix
composed of polymeric substances.*°-2 Their formation confers bacteria the ability to
become resistant to antibiotics and disinfectants, which is due to the low penetration
of antimicrobial compounds, the expression of biofilm-specific genes, sparse growth
and other factors. 4246 They can cause several types of tissue infection (Fig. 2), such
as endocarditis, osteomyelitis, otitis media, vaginosis, as well as device-related
infections, such as eye infection from use of contact lenses and tissue infection due to
breast implants and tissue fillers.*” Biofilm formation on medical devices is also one

the main causes of infection in the hospital environment.*2
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Figure 2 Main tissue biofilm-related infections in the human body (as reviewed by Birk et al.,
2021, Lebeaux et al., 2013). Created with BioRender.com.
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Biofilm antimicrobial resistance can develop in different ways. For example, the
extracellular matrix and the extracellular DNA present in the biofilm can bind to the
antibiotics and cause their inactivation by enzymes present in them.#649-51 Many
antibiotics have a target on processes that depend on the metabolism of the bacteria,
such as replication and cell wall synthesis. However, it has been shown that the
bacteria on the outer part of the biofilm have a higher metabolic activity than the
bacteria enclosed in the inner part, which compromises the antibacterial effect of the
drugs and complete eradication of the biofilm.46:49:5253 For example, beta-lactams have
their diffusion through the biofilm partially impaired®* and have their activity impaired
due to low metabolism and low growth rate of mature biofilms.%® The same effect can
be observed when aminoglycosides are used.%®

The general anti-infective therapy of biofilm-related infections relies massively
on local delivery, in order to have a high drug concentration at the site of infection and
to avoid side effects caused by systemic administration, such as hepatotoxicity®” and
severe allergy,>® and the combination of different antibiotics.*® As an example of a long
term and local delivered antimicrobial treatment, lung infections in patients with cystic
fibrosis are treated with continuous use of inhaled colistin and tobramycin and
aztreonam, ciprofloxacin and levofloxacin in on/off cycles of 28 days.6:°%%* Long
therapy regimes like this are one of the main causes of non-compliance to the therapy,
as patients tend to stop treatment once their condition improves, some fearing that

long-term use of medication could have adverse effects.®5-67

1.2 Nanomedicine and drug delivery

Nanomedicine, according to Mast and colleagues, is “the medical intervention
where nanotechnology is applied to treat or diagnose diseases.”®®¢° Nanotechnology
is the manipulation or engineering of materials in the nanoscale range (1-1000 nm) for
their properties and effects.?® Among the materials manipulated by nanotechnology
are nanoparticles, which can be made from organic materials, such as polymers poly

lactic-co-glycolic acid (PLGA) or inorganic materials, such as iron or gold (Fig. 3).68.70-
72
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Drug delivery systems are any type of formulation that can control the rate, the
time and the location of their drug cargo.®® Since nanoparticles can present one or
more of these features, they are included in this classification. They have been widely
explored for their advantages in targeted delivery, such as the possibilities for surface

modification, overcoming low water solubility and reducing toxicity of compounds.”3-75

However, the clinical translation of such synthetic carriers faces two major
challenges: 1) cellular toxicity of the nanoparticles due to their materials, and 2) low
retention in the body caused by clearance by the reticuloendothelial system or by
mononuclear phagocytes.”®’” An alternative to overcome this is the PEGylation of the
nanoparticles, which seems to improve their circulation time, but seems to impair the
interaction between the drug and the targeted cells.”®7° Other reports claim that
PEGylation does not contribute to a higher circulation time.8%8" As a result, their
approval by regulatory agencies to be available in the market is low.8283 However,
many nanoformulations have successfully reached the market with many of them
being liposomal formulations and lipid-based nanopharmaceuticals, for their excellent
ability to subdue side effects caused by conventional drugs.®* One of the most well

Micelles Liposomes

NPs

Solid lipid NPs Dendrimers  PEGylated conjugates

Figure 3 Examples of particles used as drug delivery systems in nanomedicine (as reviewed
by Mirza and Siddiqui, 2014, Vujacic¢ Nikezi¢ et al., 2020; Loira-Pastoriza et al., 2014).
Created with BioRender.com.
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known examples is PEGylated liposomal doxorubicin (Doxil®), used in the treatment

of Karposi’s sarcoma®® and ovarian cancer,?® which was approved by FDA in 1995.8”

Nanocarriers that have a biological component can be classified into three
categories: 1) biogenic, 2) biomimetic or bioinspired, and 3) bioengineered (Fig. 4).88
Nanocarriers which are not submitted to modification processes are defined as
biogenic (e.g. extracellular vesicles derived from Lactobacillus sp. which are able to
reduce the intestinal inflammatory response).?® Carriers that imitate biological
processes and features by synthetic means are classified as biomimetic or bioinspired
(e.g. aspherical polymeric nanocarriers that imitate rod-shaped bacteria in order to be
taken up by mammalian cells).?® Bioengineered nanocarriers combine natural and
artificial components by the application of bioengineering methods (e.g. extracellular
vesicles loaded with drugs®! and polymeric nanoparticles functionalized with bacterial

proteins).®?

Produced or originating from a living
organism. Any cell, particle, or compound that

Biogenic is derived from cells or living tissues; e.g.,
erythrocytes,  extracellular  vesicles, or
enzymes.

Imitation of model systems and elements of
nature and natural processes. Mostly synthetic
and artificial model systems or approaches
Biomimetic and Bioinspired that take inspiration from natural principles
and mechanisms; e.g., liposomes, artificial
viruses, and synthetic peptides.

Biological and medical application of
engineering methods and techniques.
Combinations of natural building blocks with

. . artificial counterparts or the utilization of

Bioengineered engineering approaches on physiological
systems; e.g., functionalization of cells, cell/
bacterio-mimetics, and drug-polymer
conjugates.

Figure 4 Definitions of biocarriers (Goes & Fuhrmann, 2018).
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In the present work, attention is focused on extracellular vesicles (EVs), an
example of biogenic nanocarriers. EVs is the general term used to describe lipid-
bound particles that are shed by all types of organisms as a way to communicate
between their own species.®3-% They are classified according to their biogenesis, size
and cargo. The EVs derived from mammalian cells are classified into two groups:
microvesicles, derived from the plasma membrane and with a size range of 50-500
nm, but up to 1 um, which include microvesicles, bebbling vesicles, shedding vesicles,
oncosomes, migrasomes, neurospheres and apoptotic bodies; and exosomes,
derived from the endosome and with a size range of 50-150 nm, which includes
prostasomes, tolerosomes, dexosomes, nanovesicles, exosome-like vesicles and
others (Fig. 5).%

Over the last few years, extracellular vesicles have been studied and explored for
their possible use in the drug delivery field””-°"-%° and diagnostics as a biomarker.'0-
193 Their main advantage over synthetic nanocarriers is their inherent biocompatibility
in vivo.%4-1% EVs can be isolated from bodily fluids (e.g. blood'®®, urine''°, breast
milk'"), fruit juice (e.g. strawberry''?) and bacterial cultures®®''® through several
methods, which should be selected considering the initial volume of fluid and resulting
EV yield, among other factors. Isolation methods include ultracentrifugation (UC),
density gradient UC, size exclusion chromatography (SEC) and ultrafiltration.
Commercial kits aimed to isolated EVs mainly as a tool for diagnostics are also
available (e.g. ME-kit, a peptide affinity precipitation kit).''41'%> All the mentioned
methods have their advantages and drawbacks. For example, UC is a versatile
method that results in a medium EV yield, but can be time consuming and the resulting
pellet is low in purity.’® On the other hand, SEC is a reproducible method that
maintains the integrity and activity of the EVs, but runs can take up to several hours,
depending on the sample, and the resulting volume of EV suspension is low.'% In
order to have a high yield of EVs with a high purity, a combination of isolation and
purification methods may be applied.

In the context of cancer treatment, infectious and other diseases, extracellular
vesicles derived from mammalian cells have to normally undergo bioengineering

processes for drug loading, in order to carry antibiotics and deliver them to the desired
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Figure 5 Scheme of the biogenesis of microvesicles and exosomes from mammalian cells.
Created with BioRender.com.

site.®1:11¢ The loading of the desired molecule can happen by different methods.
Hydrophobic compounds can be loaded into extracellular vesicles by co-incubation,
due to the lipidic composition of their membranes, and this can be achieved by a
simple protocol.'” As an example, the anti-inflammatory and antioxidant compound
curcumin has been loaded into EL-4-derived EVs by incubation at 22 °C for 5 min.'"®
The anticancer drugs doxorubicin and paclitaxel have also been successfully loaded
into EV's by incubation at 37 °C for 2 h."19.120 | inezolid was also reported to be loaded
into RAW 264.7-derived EVs at 37 °C for 1 h to treat intracellular methicillin-resistant
Staphylococcus aureus.®’ Physical methods of drug loading include sonication,
electroporation and extrusion, which can be used to load hydrophilic molecules, such
as nucleic acids, into the EVs.""” For example, miRNA-155 has been successfully
loaded into B cell-derivedEVs through electroporation, using high voltages, hanging
between 0.14 kV to 0.2 kV, and a total EV protein concentration of 500 mg/mL to 1000
mg/mL."2" Even though sonication is a less-reported method of physical cargo loading,
it can be more efficient than electroporation in some cases.'"” For instance, paclitaxel
and doxorubicin were reported to be successfully incorporated into EVs by sonication,
which was followed by an incubation time of 60 min at a temperature of 37 °C to allow
for the recovery of the EV membrane.'?? This method, however, must be applied with

care, because disintegration of the EV membrane can occur.'"”
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1.3 Myxobacteria and their outer membrane vesicles

Myxobacteria are a group of microbes which is part of the proteobacteria, a major
phylum of Gram-negative microorganisms. They were first described by Roland
Thaxter in 1892, being previously considered unusual fungi.'?® Their prefix “myxo” is
due to a defining and specific characteristic of the myxobacteria: the production of
mucus or slime.'?* They are mostly soil-living microorganisms 25126 and they have
engines that allow them to move by gliding.'?” When no nutrients are available, they
form multicellular, species-specific, macroscopic fruiting bodies in order to
survive.'?8129 \When nutritional resources are available or in the presence of other
bacteria, they aggregate and form swarms, releasing compounds that assist them in
this digestion process.'?4128 During this process, the myxobacterial cells form mobile
waves and, when they collide, they form mounds that become fruiting bodies and

restart their predatory circle (Fig. 6).13°

Among the compounds produced by myxobacteria when they prey on other

microorganisms and form swarms are natural antibiotics, which make them an
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Figure 6 Scheme of Myxococcus xanthus’ predatory cycle, a model myxobacterium. (Kaiser et
al., 2010, Munoz-Dorado et al., 2016.) Created with BioRender.com.
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attractive subject of study.’3'-35 One species which has been extensively studied is
Myxococcus xanthus. Like all myxobacteria, this species lives in the soil and preys on
other bacteria 35138 and is able to shed outer membrane vesicles (OMVs), which are
a type of extracellular vesicle specifically shed by Gram-negative
microorganisms.''313° Evans and collaborators proposed that OMVs might play a role
in this predatory behavior, by packing the unknown antimicrobial compounds produced
by M. xanthus into them and being released during the predation process.’ Later,
several antibiotic compounds were identified in M. xanthus OMVs, including Cittllin A,
Mylalamids A, B and C and Myxoviresxin A, elucidating their previously described

antibacterial activity against Escherichia coli.'*!

The evidence of myxobacterial OMVs maintaining the antibacterial characteristics
of their “mother-cell” makes them an attractive potential drug delivery system to treat
infections. Their potential as a vaccine has already been vastly explored.'#?-144 Like
EVs from mammalian cells, OMVs are spherical, phospholipid-bound nanoparticles.
However, they present an inner leaflet, derived from the outer membrane of Gram-
negative bacteria, and an outer leaflet of lipopolysaccharide (LPS).''3145-147 OMVs
can be formed by two mechanisms: 1) outer membrane bebbling, which can be
triggered by iron deficiency in their environment, signaling molecules, compounds
which are hydrophobic and the presence of antibiotics; and 2) explosive cells lysis,
which is triggered by agents that damage nucleic acids, enzymes and antibiotics (Fig.
7).139.148.149 By outer membrane bebbling, traditional OMVs are formed, consisting of
a single membrane and surface proteins of their “mother-cell”.’*® Through explosive
cell lysis, outer inner membrane vesicles (OIMV) are formed, consisting of
peptidoglycan between two membranes'®®150 and explosive outer membrane vesicles
(EOMV) are also formed (Fig. 8)."3%148 OMVs formed through explosive cells lysis are
able to carry diverse molecules, proteins and nucleic acids derived from their “mother-
cell”.148.151.152 The OMV biogenesis in M. xanthus has been reported to happen
anywhere along the outer membrane by the detachment of a single OMV or through
chain-like structures that remain attached to the myxobacterial cell.'41.153.154

Other species of myxobacteria also present a predatory behavior, the production
of natural antibacterial compounds and are also able to produce OMVs. That is the
case for Cystobacter velatus Cbv34 and Cystobacter ferrugineus Cbfe23.

18
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Figure 7 Mechanisms and triggers of outer membrane vesicle formation (as reviewed by
Toyofuku et al., 2019). Created with BioRender.
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Figure 8 Types of outer membrane vesicles and their content. OMV: outer membrane
vesicle; OIMV: outer inner membrane vesicle; EOMV: explosive outer membrane vesicle
(as reviewed by Toyofuku et al., 2019). Created with BioRender.
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C. velatus Cbv34 and C. ferrugineus Cbfe23 are myxobacterial species of the
order Myxococcales, the suborder Cystobacterineae, the family Cystobacteraceae
and the genus Cystobacter.’™ C. velatus Cbv34 was isolated from the soil in
Rajasthan, India, in April 1995.1%¢ Crude extracts of C. velatus Cbv34 were able to
inhibit the proliferation of several Gram-negative and Gram-positive microbes.'” Upon
liquid chromatography-high resolution mass spectrometry (LC-HRMS), three types of
cystobactamids were identified: 919-1, 919-2 and 507.'®” Cystobactamids are
peptides of broad-spectrum antibacterial activity. They are topoisomerase inhibitors,
their main target being the bacterial gyrase.*15” The yield of cystobactamid obtained
from C. velatus Cbv34 cultures was very low, necessitating chemical synthesis or the
employment of advanced bioengineering and biotechnological processes for further
development of the compound.'3*1%7 Recently, the expression of cystobactamids in a
heterologous host to increase the yield of the compound produced has been
described.’® C. ferrugineus Cbfe23 was isolated from the soil in China in 1982.159.160
Upon cultivation and extraction, cystodienoic acid was identified as a product of C.
ferrugineus Cbfe23, which did not show any significant antibiotic effect, but exhibited
a cytotoxic effect against the human colon cancer cell line HCT-116."6°

As both myxobacteria strains are Gram-negative microorganisms and produce
compounds which are active against pathogens and/or mammalian cells, their OMVs
are an interesting subject of study, since they can maintain the characteristics of their
‘mother-cells” and potentially carry such antibiotic compounds and be applied as a
biogenic drug delivery system. Therefore, in my thesis, we focus on the potential use
of myxobacterial OMVs against infections caused by planktonic bacteria, intracellular
bacteria, and bacterial biofilms.
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2 AIMS OF THIS THESIS

The main goal of my research was to determine the potential of OMVs derived
from the myxobacterial strains Cystobacter velatus Cbv34 (Cbv-OMVs) and
Cystobacter ferrugineus Cbfe23 (Cbfe-OMVs) in treating intracellular infections and

bacterial biofilm formation.

To achieve this goal, this thesis was aimed to successfully isolate, purify and
characterize the OMVs. Subsequently, their effect on mammalian cells was studied
through viability and toxicity assays, their influence on the release of pro-inflammatory
cytokines and their interaction with bacterial and mammalian cells. Their effects on the
viability of planktonic bacterial cultures were also studied, where different
concentrations of OMV suspensions were used to treat planktonic bacteria of different

species.

Finally, the antibacterial effect of the OMVs in an infected monoculture model of
mammalian cells with S. aureus, treated with different concentrations of OMV
suspensions was studied. Their effects against different biofilm models were also
studied. Biofilms were grown on surfaces and in a microfluidic device under a constant
flow. Then, they were treated with different concentrations of OMV suspensions to
evaluate their ability to disrupt and prevent the formation of mature biofilms.

In summary, the main steps to achieve the aims of this research are listed below:
(1) Myxobacterial culture, isolation and characterization of Cbv and Cbfe-OMVs.
(2) The effect of myxobacteria-derived OMVs on mammalian cells.
(3) The antibacterial effect of myxobacteria-derived OMVs against planktonic bacteria.
(4) The antibacterial effect of myxobacteria-derived OMVs against intracellular
infections.

(5) The effects of myxobacteria-derived OMVs on biofilms.
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3 MAJOR OUTCOMES OF THE THESIS

In this chapter, the main findings of three peer-reviewed, original papers are
summarized and their main results presented. Results presented in different

publications were combined to facilitate comprehension.

This chapter refers to the following publications:

Schulz, E., Goes, A., Garcia, R., Panter, F., Koch, M., Muller, R., Fuhrmann, K., &
Fuhrmann, G. (2018). Biocompatible bacteria-derived vesicles show inherent
antimicrobial activity. Journal of Controlled Release, 290(September), 46-55.
https://doi.org/10.1016/j.jconrel.2018.09.030

Goes, A., Lapuhs, P., Kuhn, T., Schulz, E., Richter, R., Panter, F., Dahlem, C., Koch,
M., Garcia, R., Kiemer, A. K., Mlller, R., & Fuhrmann, G. (2020). Myxobacteria-
Derived Outer Membrane Vesicles: Potential Applicability Against Intracellular
Infections. Cells, 9(1), 194. https://doi.org/10.3390/cells9010194

Goes, A., Vidakovic, L., Drescher, K., & Fuhrmann, G. (2021). Interaction of
myxobacteria-derived outer membrane vesicles with biofilms: antiadhesive and
antibacterial effects. Nanoscale. https://doi.org/10.1039/D1NR02583J
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3.1 OMV isolation and characterization

C. velatus Cbv34 and C. ferrugineus Cbfe23 were activated by adding 500 uL of
a cryo stock to 100 mL conical flasks containing 20 mL of M-medium (w/v, 1.0%
phytone, 1.0% maltose, 0.1% CaCl2, 0.1% MgS0O4, 50 mM HEPES, pH adjusted to
7.2 with KOH) at 30 °C and 180 rpm®” until the cultures were turbid, which takes three
to five days. Then, the cultures were upscaled using 300 mL conical flasks by diluting
the initial culture in 80 mL M-medium. Occasionally, cultures were upscaled to
volumes up to 500 mL. The cultures were incubated until the stationary growth phase
was reached, when they were split. OMVs were successfully isolated from C. velatus
Cbv34 and C. ferrugineus Cbfe23 liquid cultures, which were at least 4 passages old,
through ultracentrifugation alone or combined with size exclusion chromatography
(SEC) (Fig. 9).

Size exclusion chromatography
(SEC)
1 mL fractions

Ultracentrifugation
100,000 x g, 2 hours

Bacteria-free \DJ Pelleted A
supernantant OMVs : @ |

Figure 9 Scheme summarizing the OMYV isolation methods used. First, the myxobacterial
culture is submitted to differential centrifugation. Then, the resulting pellet is resuspended in
buffer and submitted to size exclusion chromatography (SEC) for purification. Created with
BioRender.com.
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The main fractions of purified OMVs presented a size of 180 + 18 nm and 126 +
13 nm and a zeta potential of 4.7 + 0.6 mV and -5.3 = 0.7 mV for Cbv-OMVs and
Cbfe-OMVs, respectively. Crude OMV pellets (without SEC purification) of Cbv34
presented OMVs with a size of 121.1 £ 9.6 nm, while Cbfe23-OMVs had a size of
101.6 £ 2.5 nm. Through cryogenic electron microscopy (Cryo-TEM), the OMVs
revealed a spherical shape and were electron-dense with a well-formed membrane
(Fig. 10).
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Figure 10 Representative graphs of OMV particle distribution in pellets and purified fractions,
and morphology assessed by cryogenic transmission electron microscopy (Cryo-TEM). Scale
bars: 200 um. Data from Goes, et al. 2020.
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3.2 The effects of myxobacterial OMVs on mammalian cells

The Cbv and Cbfe-23 were tested on mammalian cell lines in order to assess
possible toxicity. Through LDH assay, no significant cytotoxic effects were observed
after A549 (adenocarcinomic human alveolar basal epithelial cells), RAW 264.7
(murine macrophage-like cells) and dTHP-1 cells (differentiated human monocytic
cells) were treated for 24 h. However, when the viability was assessed with PrestoBlue
assay, a decrease in the cells’ viability was observed when they were treated with
Cbfe23-OMVs in the highest concentration 1.25x10° particles/cell with A549 and RAW
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Figure 11 Cell viability and cytotoxicity assays of Cbv and Cbfe23-OMVs with different cell lines.
Cbv34-OMVs do not affect the viability of cells and even stimulates the proliferation of RAW
264.7 cells when used in the highest concentration (c). Cbfe23-OMVs has a negative impact on
cell viability when used in the highest concentration. Neither OMVs presented a cytotoxic effect
against the cell lines tested.
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Figure 12 Pro-inflammatory cytokine release by peripheral blood mononuclear cells (PBMCs)
upon treatment with Cbv34 and Cbfe23-OMVs. Data from Goes, et al. 2020.

264.7 and 1x10° particles/cell with dTHP-1 cells. This effect was seen especially on
dTHP-1 cells, where the viability decreased approximately 50% (Fig. 11). Upon
analysis with a cytometric bead array assay, it was possible to verify that OMV
treatment did not exert a significant release of the pro-inflammatory cytokines TNF-
alpha, IL-8, IL-6 and IL-1b (Fig. 12), which perform an essential role in host defense
by regulating the functions of the immune system.'®! These results display a possible
safe therapeutic window for the use of Cbfe-OMVs and that Cbv-OMVs appear not to
impact cell viability even in very high concentrations. Additionally, they do not exert

cytotoxic effects on mammalian cells.
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3.3 The effects of myxobacterial OMVs on planktonic bacteria

Purified fractions of Cbv and Cbfe-OMVs were incubated with Escherichia coli
DH5-alpha and Staphylococcus aureus Newman in order to assess their potential
antibacterial activity. The OMVs inhibited the growth of E. coli DH5-alpha, greatly
decreasing their viability (Fig. 13 a and b). This effect persisted even after four weeks
of OMV storage at 4 °C (Fig. 13 d). The vesicles were also able to decrease the viability
of planktonic S. aureus Newman, proving they are effective against Gram-negative
and Gram-positive microbes. This effect is due to their cystobactamid'”-62 cargo,
which was confirmed by LC-MS analysis (see subchapters 6.2 and 6.3). Since the
OMVs are isolated from the stationary growth phase, most of them are possibly formed
through explosive cell lysis and this biogenesis mechanism allows the resulting

vesicles to have diverse cargos, such as proteins, DNA and other molecules that can
also contribute to their antibacterial activity.3%163
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Figure 13 Antibacterial activity of Cbv34 and Cbfe23-OMVs against E. coli (a, b and d) and S.
aureus (c).
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3.4 The effects of myxobacterial OMVs against intracellular infections and biofilm

formation

One of the ways in which bacteria escape treatment with antimicrobial therapy is
by becoming intracellular.'®.164.165 Therefore, the ability of OMVs to fight intracellular
infections was tested. A549 cells were infected with S. aureus Newman and then
treated with gentamicin to kill the extracellular bacteria.®!'% Then, the cells were
treated with the myxobacterial OMVs for 24 h. The number of viable bacteria after
treatment was assessed by colony forming unit (CFU) inoculation and counting (Fig.
14). After the treatment, free gentamicin, free, cystobactamid and the DMSO (dimethyl
sulfoxide) control (solvent used with cystobactamid, which is not soluble in water) had
a comparable effect on the S. aureus growth. When compared to the untreated control
PBS, free cystobactamid had a significant antibacterial effect (Fig. 15).

S. aureus Gentamicin Myxobacterial OMV

Infectlon of Removal of

mammalian extracellular

cells bacteria

24h
treatment

Lysate
inoculation

Overnight
incubation [~

CFU counting LB agar plate Washing and
lysing

Figure 14 Scheme of the intracellular infection assay. Created with BioRender.com.
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The highest concentration did not present a significant antibacterial effect when
compared to the untreated control. This might be due to their negative impact on the
viability of mammalian cells when used in high concentrations, as seen in subchapter
3.2. Yet, when the second highest concentration (10® particles/mL) was used, a
significant antibacterial effect was recorded. Cbv34-OMVs had a highly significant
antibacterial effect when the highest concentration (10" particles/mL) was used, as
expected. When the bacterial suspensions dilutions with the highest antibacterial
effects where compared to the amount of bacteria internalized by A549 cells at the
beginning of treatment (time zero), there was no statistical significance, highlighting
the OMV ability to slow down the proliferation of cells, and indicating a bacteriostatic
effect.'6’

oooooooooooooooooooooooooooooooo

57
N ns
- !
- oo ns
E ! ns
S 3 :'_T_ lns
3 T
° L T
‘5,2_ sk
(@]
—
1
°'°‘},¢15_;m°w°%‘_'o'mé
o £ 3 - 2
& 2 E ST se o33
() §~°~~~¢¢3
£ S & 9 o o o0 © O >
= c 8 5 & & e > > g
- s 2 3 2 &2 48 a a §
o 2 O 0o 0o o o
7]
>
(6]

Figure 15 Antimicrobial activity of Cbv34 and Cbfe23-OMVs against intracellular S. aureus in
A549 cells. Data from Goes, et al. 2020.
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Another important way bacteria become resistant to antimicrobial treatment is by
forming biofilm, as discussed in subchapter 1.1.4345.168.169 |n order to test the effects
of the myxobacteria on biofilms, E. coli TG1, a strain able to produce thick, mature
biofilms,'”® was inoculated on glass coverslips inserted on 24-well plates and
incubated at 37 °C and 5% CO: for 72 h (Fig. 16). Then, unattached bacteria were
removed, and the wells were washed before being treated with different
concentrations of myxobacterial OMV dilutions and the controls LB medium, PBS and
cystobactamid for 24 h. Afterwards, the bacteria attached to the glass coverslips were
dehydrated and prepared for scanning electron microscopy (SEM) to assess biofilm
formation and attachment (Fig. 17 a). The glass coverslips treated with LB medium
and PBS presented biofilm covering the entire coverslip surface, as expected.
Cystobactamid did not inhibit bacterial attachment to the coverslip surface. However,
the coverslips treated with the highest concentrations of Cbfe and Cbv-OMVs did not
present bacterial cells adherent to their surfaces.

This result shows the myxobacterial OMVs’ potential ability to detach biofilm from
other surfaces and materials. In addition, the presence of viable bacterial cells was
studied through fluorescence microscopy and fluorescence intensity assessment with
a plate reader, by staining the biofilm with the bacterial cell viability kit LIVE/DEAD
BacLight. No biofilm formation was detected after the treatment (Fig. 17 b) and the
fluorescence intensity of viable cells was significantly lower when treated with both
OMVs when compared to the control PBS (Fig. 18 a). The vitality of the bacterial
biofilm was assessed through staining with the BacLight RedxSensor kit and flow
cytometry (Fig. 18 b). The vitality of the bacterial biofilm cells significantly decreased
upon treatment with the highest concentrations of Cbv and Cbfe-OMVs, when
compared to both controls LB medium and PBS.

To investigate the effects of the myxobacterial OMVs on biofilms grown and
maintained under flow conditions, a scenario significant in the cases of bacterial
endocarditis and urinary tract infections, the pathogen Staphylococcus epidermidis
was inoculated into a microfluidic flow chamber and then treated with the OMV
suspensions and the controls TSB medium and unloaded bacteriomimetic liposomes
(Fig. 19). After 8 h, the samples treated with TSB medium and the liposomes
presented biofilm formation, which showed that the presence of particles such as the

liposomes are not able to prevent biofilm formation under flow conditions. However,
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samples treated with the myxobacterial OMV suspensions completely inhibited biofilm
formation. These results evince myxobacterial OMVs’ potential to treat and prevent
infections caused by bacterial biofilms.

E. coli TG1 inoculation E. coliTG1 mature Myxobacterial OMV
biofilm treatment

24 h
treatment

Nl
!

Bacterial viabiliy Biofilm adhesion Bacterial vitality
(Fluorescence microscopy) (Scanning electron microscopy) (Flow cytometry)

Figure 16 Scheme of the preformed biofilm assay. Created with BioRender.com.
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Figure 17 Effect of Cbv and Cbfe23-OMVs on preformed E. coli TG1 biofilms grown for 72 h and
then treated for 24 h with controls and OMYV dilutions. a) Scanning electron microscopy of
biofilm grown on glass converslips; b) Fluorescence microscopy of biofilms stained with Syto9
and propidium iodide (Pl). Data from Goes, et al. 2021.
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4 CONCLUSIONS AND OUTLOOK

This work creates the foundation for the employment of inherently antibiotic-
loaded outer membrane vesicles isolated from the myxobacterial species Cystobacter
velatus Cbv34 and Cystobacter ferrugineus Cbfe23, natural producers of the potent
antibiotic cystobactamid, as a novel drug carrier system for the treatment of infections

caused by bacteria.

Promising results were obtained regarding their effects on mammalian cells,
planktonic bacteria and infection models of intracellular infection and biofilm formation.
This highlights their advantage over synthetic carriers, which normally need further
functionalization and loading methods in other to have a targeted delivery, increased
circulation time and therapeutic effect. The myxobacterial vesicles were able to be
internalized by mammalian cells, a feature that enabled them to treat intracellular
infection caused by S. aureus in vitro. The OMVs also showed an unprecedented
antibiofilm activity, being able to detach preformed biofilm from glass surfaces, a
model for biofilm grown on the surface of medical devices, and preventing their growth
in a microfluidic device submitted to constant fluid flow, a model which mimics in vivo

infections (e.g. bacterial endocarditis and urinary tract infections).

Considering the positive results obtained in this work, the antibacterial activity of
Cbv and Cbfe-OMVs could be explored against other intracellular pathogens, such as
Mpycobacterium abscessus, an important pathogen responsible for persistent lung
disease in patients with cystic fibrosis'”'-74 and Mycobacterium tuberculosis.®175
The myxobacterial OMVs'’ ability to detach mature E. coli biofilms from glass surfaces
also warrants the study of their effects on biofilms grown in other materials, such as
metal alloys and zirconia, which are used in oral implants, and other rough
surfaces.'”8177 Their effect on other important biofilm forming pathogens, including
Pseudomonas aeruginosa,'”® Helicobacter pylori'”® and Clostidium difficile'8181
would be beneficial to demonstrate myxobacterial OMVs’ ability to overcome infections
which are difficult to treat.
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ABSTRACT: Biogenic and biomimetic therapeutics are a relatively new class of sys-
tems that are of physiological origin and/or take advantage of natural pathways or aim
at mimicking these to improve selective interaction with target tissue. The number of
biogenic and bioengineered avenues for drug therapy and diagnostics has multiplied
over the past years for many applications, indicating the high expectations associated
with this biological route. Nevertheless, the use of “bio”-related approaches for treat-
ing or diagnosing infectious diseases is still rare. Given that infectious diseases, in
particular bacterial resistances, are seriously on the rise, there is an urgent need to take
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advantage of biogenic and bioengineered systems to target these challenges. In this

manuscript, we first give a definition of the various “bio” terms, including biogenic, biomimetic, bioinspired, and bioengineered
and we highlight them using tangible applications in the field of infectious diseases. Our examples cover cell-derived systems,
including bioengineered bacteria, virus-like particles, and different cell-mimetics. Moreover, we discuss natural and bioengineered
particles such as extracellular vesicles from mammalian and bacterial sources and liposomes. A concluding section outlines the
potential for biomaterial-related avenues to overcome challenges associated with difficult-to-treat infections. We critically discuss
benefits and risks for these applications and give an outlook on the future of biogenic engineering.

KEYWORDS: nanoantibiotics, biogenic drug delivery, biomimetics, bioinspired delivery systems, extracellular vesicles,

outer membrane vesicles, cell-mimetics, virus-like particles

H BIOGENIC, BIOINSPIRED, AND BIOENGINEERED
SYSTEMS: A DEFINITION

In recent years, drug therapy and diagnostic avenues that take
advantage of biological systems or natural (biogenic) principles
have rapidly multiplied. Indeed, nature is the ideal prototype for
developing novel approaches for selectively delivering com-
pounds' or detecting physiological markers in a highly sensitive
way.” These new systems take advantage of natural pathways or
may mimic these in order to optimize physiological interactions
with tissue or target cells and ultimately enhance therapeutic
performance in clinical trials.” Such natural principles of selec-
tive cell recognition have evolved over time to maximize function-
ality and selectivity, thus offering a stronger specificity than purely
synthetic systems. The nomenclature for these nature-related
and nature-inspired systems is diverse and ranges from “biogenic”
and “biomimetics” to “bioinspired” or “bioengineered” (Figure 1).

In the field of targeted drug delivery, the use of such
“bio”-systems may be advantageous compared to chemically
inert drug carriers or materials, which merely serve as the
matrix in which an active compound is embedded. In contrast,
biogenic and bioengineered approaches are postulated to lead
to an active interplay of the carrier system with the biology
encountered in the human body and will additionally enhance
the drug activity or diagnostic readout in a physiological
manner. Moreover, compared to their artificial counterparts,
such natural approaches may reduce recognition by the
immune system, diminish complement activation, and minimize
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accumulation in other tissue.* In return, reduced side effects,
enhanced localized drug concentration at the site of action, and
thus an augmented therapeutic outcome may be observed. For
these reasons, biogenic and bioengineered avenues are
promising future alternatives to purely synthetic systems
which often show limited efficacy in (pre)clinical assessments.’

In the present Perspective, we first aim to define and differ-
entiate between the various “bio”-terms and discuss advantages
of each approach (Box 1). We subsequently give an overview of
current biogenic and bioinspired systems for the selective
therapy and detection of bacterial infections. Difficult-to-treat
infections are an increasing healthcare problem worldwide, and
we thus discuss the potential of bioavenues to target these
emerging problems,

B BIOGENIC AS A PROMISING OPTION FOR
ANTI-INFECTIVE AVENUES

There is an urgent need to develop new treatment options for
resistant and multiresistant pathogens, in particular bacteria.
The number of deaths induced by these difficult-to-treat infec-
tions is currently estimated to be up to 25000 per year in
Europe, with an even larger number of affected patients world-
wide.” In the UK 2014 Review on Antimicrobial Resistance,
it was estimated that by 2050 an incredible number of 10 million

Received: February 2, 2018
Published: March 19, 2018

DOI: 10.1021/acsinfecdis.8b00030
ACS Infect. Dis. XXXX, XXX, XXX-XXX



ACS Infectious Diseases

Synthetic Biomimetic and
building blocks bio-inspired
(e.g. polymers) 8 Interaction with target
% y tissue and cells?
8 R iy >
% g '% G:::ny oc@ Bioengineered
Natural building fgg %% 8; <>
blocks (e.g. cell membrane)
Q82 ”’“‘“’"
D8, L 8 g
Os://% o::w < >
1IN
Biogenic

Living organisms and cells

Figure 1. Differences in origin of various “bio” systems. Living cells and organisms produce biogenic entities, such as cells or cell-derived vesicles
which in nature serve a specific function, a process that may be utilized to deliver compounds in a specific manner. In comparison, biomimetic and
bioinspired systems are synthetic and artificial approaches that imitate physiological model systems or biological processes. Successful examples for
synthetic biomimetic approaches are liposomal or polymeric carriers. When biogenic and biomimetic systems are combined, bioengineered avenues
are developed. These systems are based on the application of engineering approaches on biological and medical building blocks, such as
semisynthetic polymer—drug conjugates or functionalized natural vesicles. Overall, “bio”-systems are thought to possess better interactions with cells
and living tissue rendering them promising avenues for targeted anti-infectives’ delivery or detection of bacterial and viral illnesses.

Box 1. Definitions of Biogenic, Biomimetic/Bioinspired,
and Bioengineered Approaches

Glossary: What are similarities and differences between the
“bio” terms?

Biogenic: Produced or originating from a living organism.

Any cell, particle, or compound that is derived from cells or’
living tissues; e.g, erythrocytes, extracellular vesicles, or
enzymes.

The complexity of biogenic systems may hinder their
(semi)synthetic replication, but they give a competitive edge
due to their physiological role in translating biological
interactions.

Biomimetic and Bioinspired: Imitation of model systems
and elements of nature and natural processes.

Mostly synthetic and artificial model systems or approaches
that take inspiration from natural principles and mechanisms;
e.g, liposomes, artificial viruses, and synthetic peptides.

The level of complexity is often reduced in order to create
simple systems that resemble the most important principles of|
their natural archetype.

Bioengineered: Biological and medical application of]
engineering methods and techniques.

Combinations of natural building blocks with artificial
counterparts or the utilization of engineering approaches on
physiological systems; e.g., functionalization of cells, cell/
bacterio-mimetics, and drug—polymer conjugates.

By using known engineering methods, the degree of]
complexity for manufacturing these systems is substantially
diminished but without compromising on their natural and
selective interaction with living cells and tissue.

deaths per year worldwide will be caused by those bacteria,
exceeding the incidence of cancer-associated deaths (www.amr-
review.org). The World Health Organization (WHO) has
recently published a list of highly relevant pathogens for which
novel therapeutic approaches need to be developed. Among
these are several multidrug resistant bacteria including Pseudo-
monas, Acinetobacter, and different types of Enterobacteriaceae,
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that often cause problems in hospitals and nursing homes and
among patients with medical devices (www.who.int). One way
of addressing the challenging question of how to tackle prob-
lem bacteria is still the discovery of novel antibiotic com-
pounds.” In recent years, a few promising candidates and novel
targets have been developed, such as lectin inhibitors” and
drugs interfering with the bacterial quorum sensing system.”
Such novel drugs represent powerful new ways to target resis-
tant bacteria, but efficient carriers for their selective delivery are
needed in order to increase tissue specific delivery. Encap-
sulation of antibiotics into nanoparticulate drug delivery sys-
tems, such as liposomes, create so-called “nanoantibiotics,”
which improve drug transport to the site of infection, enhance
antibiotic uptake into bacteria, and increase overall antibiotic
eﬂiciency.9 Nanoparticles are among the most promising
avenues to allow existing antibiotics to reach their site of action,
thereby enhancing anti-infective strength and overcoming
certain types of microbial drug resistance, such as efflux
pumpc  Nevertheless, the ability of current nanoantibiotics to
exclusively target pathogenic bacteria is often insufficient, as
their stability under physiological conditions is suboptimal and
they may induce side effects due to their synthetic origin.
Biogenic approaches offer the potential to counterbalance the
drawbacks of artificial carriers, as they may naturally overcome
barriers associated with anti-infective therapy. Biogenic avenues
provide exciting opportunities to develop novel future concepts
for enhanced-sensitivity diagnostics."’

Several bacteria that are considered traditionally as extracel-
lular pathogens have now been investigated also as intracellular
pathogens not only in professional phagocytes (c.g, macro-
phages) but also in nonprofessional phagocytes (e.g., epithelial
cells). The pathogen becomes intracellular as a strategy to evade
the immune system and treatment with antibiotics. An unpor-
tant example of such pathogens is Staphylococcus aureus.'”
Besides becoming intracellular, bacteria can also form biofilms.
Biofilms are small colonies of bacteria inserted in an extra-
cellular matrix, where they become stable and tolerant to
antimicrobial treatment and the immune system."” It has been
reported that biofilms can incorporate different species of
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Table 1. Overview of Recent Biogenic, Bioengineered, and Biomimetic Approaches for Targeting Bacterial Infections”

Representation Type of carrier | Method Results Reference | Year
Non-pathogenic magnetotactic
bacteria (Magnetosopirrillum Biohybrid system able to
Magnetotactic gryphiswalense, MSR-1) be n?a nelizall (ui dt: d
bacteria integrated with ciprofloxacin- 8 8
X X ) o through E. coli biofilms, 18 2017
biohybrid loaded mesoporous silica L
. 7. ) - 3 S delivering the
microswimmers. microtubes; resulting in cinrofloxacin careo
controllable “microswimmers”™ P 80
(biohybrids).
Negatively charged silica
Nl nanoparticles (NPs) modified
nanoparticles with Amine groups or Higher cellular uptake in
mimicking virus OSEH e (L) i Hela cells compared to 19 2013
surface become positively charged; smooth carriers :
topozrapl attachment of smaller silica NPs :
POEraphy-. resulting in NPs with a rough
surface.
Targeted VLPs deliver
Virus-like MS2 VLPs surface modified with d[.“gs’ SIRNA, protein )
. o toxins, and quantum dots
particles (VLPs) a HCC (human hepatocellular to HCC: SPY4-targeted
of bacteriophage carcinoma)-specific peptide VLPs ra ,i di imcmbalin‘ d
MS2 to deliver (SPY4), a fusogenic peptide and ‘bA l(lg‘ci (1ot b ’ 20 2011
NPs, drugs, PEG-1000; MS2 VLPs further noyrmal he ““gg eZ,
siRNA and modified with histidine-rich SRR, patocytes;
proteins fusogenic peptide (HSWYG) P".md% further modified
I . © . with HSWY G promoted
endosomal escape.
Genetically . :
engineered l:“uncuonal p;ﬂlcles;ngadpsu]ated Increased uptake in HeLa
hepatitis B core mnto .VLPS i i LA cells compared to pure 21 2015
affinity for nickel- nitrilotriacetic N
VLPs loaded . Fe;0,4 nanoparticles.
with FesO, NPs., acid (NTA) chelate.
NP-Attachment to RBCs
Polystyrene NPs at low doses did not
attached to the affect circulation time
surface of red Polystyrene NPs incubated at o ¢ ’
5 . . avoided mononuclear 22 2013
blood cells varying particle to RBC ratios. o
(RBC phagocyte system (MPS)
hitchhiking) and enabled delivery to
£). difficult-to-reach tissues.
] NP-Neutrc:iphils
Nanoparticle in oo o transmigrated across
S hitehHiKne In““ve“°".sf“d:’;"‘¥'s‘e‘°“l.‘"b;‘;"“ bloodvessellwallland/m 0
activated NI cettically mtcma‘ 1zed by response to inflammation % A0
neutrophils. st il induced by the pathogen
invasion.
Extracellular EVs and OMVs isolated by
vesicles (EVs) filtration, ultracentrifugation, Potential long distance
and outer density gradients, targeting; intrinsically 2425 2015,
membrane immunoaflinity, gel compatible; high > 2017
vesicles chromatography and targeting efficacy.
(OMVs). commercially available kits.
Liposomes . .. Functionalized liposomes
functionalized Eq;oso_mc?plnl"cpar;dbby llpuli)fllm adhered to epithelial cells
with bactegall | Doatenitollowed bymembranel B pre oy i hisher 2627 | 201>
invasion protein A 2 e efficiency than those ’ e
- functionalization with invasin. functionalized by BSA.

“The “Representation” for ref 19 was adapted with permission from Niu, Y., Yu, M., Hartono, S. B,, Yang, J.,, Xu, H,, Zhang, H., Zhang, J., Zou, ],
Dexter, A, Gu, W, and Yu, C. (2013) Nanoparticles Mimicking Viral Surface Topography for Enhanced Cellular Delivery. Adv. Mater. 25,
6233—6237. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.

bacteria, such as Staphylococcus aureus and Pseudomonas
aeruginosa together.I4 Co-infection and biofilm formation are
especially important in cases of chronic pulmonary disease (e.g.,
cystic fibrosis),"> making the infection hard to be treated and
deteriorating the condition of the patient clinically. When using
nanodelivery approaches, a major challenge is to overcome or
disrupt this rigid biofilm barrier and to reach the underlying

6

pathogens. !

Here, we summarize recent efforts using natural systems and,
as this is an emerging field of research, we focus specifically on
publications and reports from 2013 onward (Table 1). We empha-
size biogenic and bioengineered approaches (i.e, avenues that are
fully or partially based on natural components or entities), but
we also highlight a few very important examples of bioinspired
avenues, as we believe that mimicking physiological elements

is crucial for an optimal drug transfer with minimal side
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Figure 2. Schematic overview of selected biogenic and bioengineered avenues for targeting infections. Approaches for biomimetic, bioengineered,
cellular hitchhicking, and biogenic avenues are displayed. Biomimicry may take advantage of reproducing the rough surface of viruses by coating
larger core particles with smaller nanoparticles, both made of silica. Such a rough surface may enhance cellular uptake in a comparable manner to
viruses. Surface bioengineering of plain liposomes with a bacterial invasion protein (invasin) rendered bacterio-mimetic carriers for enhanced
targeting of difficult-to-reach intracellular pathogens. Nanoparticles may also be coupled onto the surface of red blood cells to employ them for
cellular hitchhiking, Erythrocytes possessed enhanced systemic circulation time and may shuttle their backpack-cargo to the narrow vasculature in the
lungs. Finally, extracellular vesicles are currently under investigation as potentially biocompatible and cell-selective carriers. These biogenic particles
are derived from cells and subsequently are of natural composition, making them promising in the field of targeted drug delivery.

effects (Figure 2). Fully synthetic approaches are beyond the
scope of this work but are summarized in a comprehensive
recent review.'” Nevertheless, combining biogenic with artificial
systems may in the future lead to enhanced semisynthetic
avenues where both approaches may benefit from one another.
The approaches in this manuscript are organized by cell-derived
systems and natural and bioengineered nanocarriers, followed
by a concluding section on bioinspired materials and their
importance in the future of this field of research.

B CELL-DERIVED SYSTEMS FOR DELIVERY OF
ANTI-INFECTIVE COMPOUNDS

Bioengineered Bacteria. The motility of flagellated bac-
teria can be utilized to deliver molecules to arcas of difficult
reach. Taherkhani and collaborators developed a magnetotactic
bacteria—nanoliposome complex as a drug delivery system.”
Using Magnetococcus marinus MC-1 magnetotactic bacteria
(MTB), nanoliposomes (LPs) were covalently bound to their
surfaces without impairing the bacteria’s motility. Their results
show that the MTB—LP complex is rapidly internalized by
phagocytic cells (J774), while the opposite is seen for
nonphagocytic cells (NIH/3T3 mouse fibroblasts and Colo
205 human metastatic colon cells).”® Although this concept is
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focused on delivery of cytotoxic compounds, it may be trans-
lated to infectious diseases by encapsulation of liposomes with
antibiotic drugs. Moreover, the potential of this bacterial self-
propeller could be further enhanced when drug-loaded nano-
liposomes are detached in a specific tissue and/or following a
stimulus such as pH decrease during infections.

In an infection setting, Stanton and co-workers recently used
the magnetotactic flagellated bacteria Magnetosopirrillum
gryphiswalense (MSR-1). MSR-1 was integrated into meso-
porous silica microtubes loaded with ciprofloxacin by incu-
bation in a buffer solution, resulting in a magnetically respon-
sive biohybrid system.'® The biohybrid system was tested
against Escherichia coli biofilms and was shown to be able to be
magnetically guided into them. The acidic biofilm micro-
environment was instrumentalized for a selective drug release
(Figure 3.). This system is interesting for its ability to physically
penetrate and attack the biofilms, contributing to their
disruption. However, further study is needed on biocompati-
bility and on elucidating how many biohybrids need to be
administered to reach therapeutic levels of antibiotics at the site
of infection. In a similar approach, Park and collaborators
loaded doxorubicin into polyelectrolyte multilayer (PEM) micro-
particles with embedded magnetic nanoparticles and then

DOI: 10.1021/acsinfecdis.8b00030
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Figure 3. (A and B) Confocal fluorescence microscopy images showing that SP94-targeted VLPs (red) are internalized by Hep3B (A) but not by
hepatocytes (B). (C and D) VLPs comodified with the SP94 targeting peptide and the HSWYG fusogenic peptide become distributed in the cytosol
of Hep3B cells, while VLPs modified with only SP94 remain in the endosomes. Hep3B cells exposed to SP94-targeted VLPs (red) for 1 h. VLPs
were comodified with ~60 SP94 peptides/particle and ~75 HSWYG peptides/particle in panel C, while they were modified with only ~60 SP94
peptides/particle in panel D. Scale bars: 10 gm. Reprinted from Ashley, C. E,, Carnes, E. C,, Phillips, G. K, Durfee, P. N, Buley, M. D,, Lino, C. A,
Padilla, D. P., Phillips, B., Carter, M. B., Willman, C. L., Brinker, C. J., Caldeira, J. D. C., Chackerian, B.,, Wharton, W., and Peabody, D. S. (2011)
Cell-specific delivery of diverse cargos by bacteriophage MS2 virus-like particles. ACS Nano S, $729—5745 (ref 20). Copyright 2011 American

Chemical Society.

attached them to the E. coli surface, successfully guiding them
to a specific target.”” Translating this guided approach to
human patients may be challenging. Nevertheless, taking advan-
tage of magnetotactic bacteria and carrier systems, it is an inno-
vative and promising approach to deliver drugs to a specific site
and consequently optimize the therapy and avoid adverse
effects caused by drugs.

Viruses and Virus-Like Particles. Viruses have an
excellent ability to avoid the immune system and invade cells
to “unload” their genes and replicate." Several research groups
have been exploiting this ability of the viruses to develop carri-
ers that mimic their behavior but without the risk of inducing
infections. These approaches include developing nanoparticles
mimicking the natural virus-surface and virus-like particles that
resemble viral structures without being infectious. For example,
enveloped viruses have a size of 30—400 nm, which is adequate
for uptake by cells, and their surface is rough with glycoprotein
spikes.'” In an attempt to investigate the role of this surface
roughness on the cellular delivery efficiency, excluding the
receptor-specific interactions influence, Niu and collaborators
prepared negatively charged silica nanoparticles which were
coated with positively charged amine groups and polyethyle-
mine, resulting in a positively charged nanoparticle. In addition,
negatively charged small diameter silica particles were prepared
separately and bound to the larger nanoparticles prepared
previously. The resulting particle had a rough surface, mim-
icking those of viruses.'” Particles with a rough surface showed
a better binding ability and a 5.6 times higher cellular uptake in
HeLa cells compared to smooth nanocarriers. These results
indicate that rough particles mimicking natural viruses enhance
the interaction at the cellular level, which may be an important
consideration during design of anti-infective nanocarriers.
It remains to be determined whether enhanced uptake of
such rough particles also improves the delivery of loaded anti-
infective cargo.

Such specific delivery of drugs loaded into bioengineered
virus-like particles (VLPs) was investigated by Ashley and col-
leagues, who developed an interesting strategy to transfer a
variety of molecules to specific targets. Producing VLPs from
bacteriophages MS2 and modifying their surfaces with a
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peptide (SP94) that binds to human hepatocellular carcinoma
(HCC), they showed that the VLPs have a higher avidity to
HCC when compared to normal hepatocytes (Figure 3A,B),
endothelial cells (HUVECs), and immune cells such as
T-lymphocytes.”® They also demonstrated that, with further
modification of the VLPs with histidine-rich fusogenic peptide
(HSWYG), it is possible to avoid the endosomal pathway,
allowing the VLPs to be dispersed in the cytosol (Figure 3C,D).™
This approach has potential to be adapted to deliver antimi-
crobial drugs to specific targets by surface modification.

The concept of VLP carriers may also be combined with an
imaging/diagnostic option. In an interesting bioengineering
approach, Fe;O, nanoparticles were encapsulated into genet-
ically engineered hepatitis B core (HBc) virus-like particles
through the specific affinity of histidine tags to the nickel
nitrilotriacetic acid (NTA) chelate.”! The resulting HBc-144-
His virus-like particles with loaded Fe;O, nanoparticles were
highly monodisperse and uniform (Figure 4). The encapsula-
tion efliciency for the iron oxide nanoparticles into the virus-
like cores was found to be strongly dependent on the core size.
When assessed in an in vitro model of HeLa cells, the obtained
core-containing VLPs exhibited higher cellular uptake com-
pared to the free iron oxide particles. These iron oxide particles
may serve as contrast agents to visualize in vivo uptake at sites
of infection. It would also be conceivable to encapsulate other
metal nanoparticles such as gold into these VLPs to render
theranostic carriers, for both therapy and diagnostic use. In any
case, extended biocompatibility assessments will be required to
evaluate whether this promising approach may be translated to
preclinical studies.

In general, VLPs are not only promising for transport of drug
compounds but also more interesting in developing safe vac-
cines that induce strong immune responses. They offer favor-
able properties regarding chemical and genetic modification,
but they are not self-replicative. A comprehensive overview on
their bioengineering was recently published.*

Another strategy that has been investigated to overcome the
bacterial resistance to antibiotics is the use of bacteriophages.
Bacteriophages, or simply phages, have been used to treat
infections for almost 100 years.”*> Phages have several
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Figure 4. Genetically engineered hepatitis B core (HBc) virus-like particles (VLP) with a histidine tag rendered HBc-144-His VLPs loaded with
Fe,0,-NTA-Ni*" nanoparticles with various diameters (1A, 1B). Their cellular uptake was assessed in HeLa cells. (2A—D) TEM images of negatively
stained samples of engineered hepatitis B core virus-like particles loaded with Fe;O,. Reprinted with permission from Shen, L., Zhou, J., Wang, Y.,
Kang, N, Ke, X, Bj, S., and Ren, L. (2015) Efficient encapsulation of Fe;O, nanoparticles into genetically engineered hepatitis B core virus-like
particles through a specific interaction for potential bioapplications. Small 11, 1190—1196 (ref 21). Copyright 2014 WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim.

advantages over traditional antibiotic treatment, including self-
amplification, low toxicity, and species specificity.”>** In a
hamster model, Nale et al. showed that the combination of
phages on the treatment of Clostridium difficile limited its
proliferation. In vitro, the combination of phages reduced
C. difficile growth.™ The use of phages has also been linked to
the restoration of antibiotic susceptibility in multidrug-resistant
Pseudomonas aeruginosa.” The use of phage therapy has poten-
tial to eradicate infections by its sole use or by combination
with traditional antibiotics. A comprehensive review on phage
therapy has been recently published discussing the main chal-
lenges of this field.*”>

Cell-Hitchhiking Approaches. Red blood cells (RBCs)
are natural, biocompatible, and biodegradable delivery vehicles
which have numerous properties that can inspire the develop-
ment of biomimetic carriers.”® Their structure consists of a
semipermeable membrane that can release small-molecule
drugs in a sustained pattern. They are able to encapsulate
and protect cargos by forming compartments and can circulate
in the body for a long period of time due to their non-
immunogenic and biocompatible characteristics, ™ both proven
in clinical trials.*” The main challenge of using RBCs as a drug
delivery system is loading them while maintaining their
biological properties.’® There are now several methods for
RBC encapsulation of drugs of choice, including the antibiotics
primaq‘l‘llinc39 and amikacin,*” which are summarized in a recent
review.

Another elegant avenue for using erythrocytes would be their
surface modification with drugs or nanoparticles in a cellular
hitchhiking concept (Figure 2). Anselmo and collaborators
have attached polystyrene nanoparticles to the surface of mice
RBCs to deliver drugs or particles to specific sites, such as the
lung. Both were incubated at varying particle to RBC ratios
(Figure 5). The nanoparticles remained attached to the RBCs
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under static conditions but detached upon mimicking the shear
stress present under physiological conditions (5 Pa for 15 min
at 37 °C), such as in the lung microvasculature. When the
erythrocytes reach the capillaries in the lung, the nanoparticles
detach from the RBCs, stick to the walls of the capillary, and
may be taken up by target cells.”> When loading nanoparticles
with antibiotics of choice, this approach has potential to treat
lung infection, such as persistent bacterial infections in cystic
fibrosis patients.** A major advantage of this technology is the
simple isolation of RBC carriers from individual patients which
may evoke even lower immunogenicity and facilitate a sort of
individualized medicine approach to treat difficult lung
infections.

Immune cells, such as neutrophils, exhibit a natural affinity
for and homing to inflamed and infected tissue, making them
promising transfer avenues to carry diagnostic and therapeutic
molecules to sites of infections. ™ Drug-loaded, denatured albu-
min nanoparticles are often taken up by neutrophils that are
activated and adherent to the blood vessel wall (Figure 6A).**
Chu and co-workers demonstrated by intravital microscopy of
mouse cremaster venules that these albumin nanoparticles
(NPs) were internalized by neutrophils, which subsequently
transmigrated through the blood vessel wall and into the
muscle to reach inflamed tissues.”® They showed that neutro-
phils carrying albumin NPs can cross the vessel barrier in an
acute lung inflammation model in mice.”® To investigate the
antimicrobial therapeutic potential of these albumin NPs-carrier
neutrophils, the NPs were loaded with a broad spectrum anti-
biotic, cefoperazone acid, and tested against Pseudomonas
aeruginosa lung infection in mice (Figure 6B). The antibiotic-
loaded NPs did not impair the neutrophil mobility and acti-
vation or the lung integrity, but they reduced bacterial burden
3-fold compared to a free solution of cefoperazone acid.”
Although the biocompatibility and immune-stimulatory potential
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Figure 5. (a, b) Representative SEM images of polystyrene NPs attached to the surface of RBCs. (c) Graph showing that the amount of NPs
attached on the surface of RBCs is concentration dependent. (d) The attachment of NPs to RBCs did not cause hemolysis. (e) Schematic
representation of the detachment of NPs from RBCs in tiny capillaries present in the lung microvasculature. Reprinted from Anselmo, A. C,
Gupta, V., Zern, B. J., Pan, D., Zakrewsky, M., Muzykantov, V., and Mitragotri, S. (2013) Delivering nanoparticles to lungs while avoiding liver and
spleen through adsorption on red blood cells. ACS Nano 7, 11129—11137 (ref 22). Copyright 2013 American Chemical Socicty.
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of these neutrophil carriers needs to be further assessed, this
approach successfully exemplifies the potential of immune cells
as natural carriers by exploiting their physiological mechanisms
to deliver compounds to sites of infection and inflammation.

B NATURAL AND BIOENGINEERED PARTICLES AS
BIOGENIC CARRIERS FOR ANTI-INFECTIVES

Extracellular Vesicles for Targeted Drug Transport.
Extracellular vesicles (EVs) are natural nanoparticles produced
by the majority of prokaryotic and eukaryotic cells.”**” Initially,
they were thought to be inert cellular debris, but they are
increasingly recognized as playing important roles in inter-
cellular communication.*® EVs are classified according to their
biogenesis and size, dividing them mostly into two classes:
exosomes, with a size range of 50—200 nm, and shedding micro-
vesicles, that may have sizes of 100 nm up to several micro-
meters.”>" Due to their structure, a lipid bilayer membrane
contajnin§_proteins, they have been referred to as natural lipo-
*% They are postulated to have a natural role in
transferring information between cells and tissues; thus, their
potential as drug carriers has been investigated for various
applications ranging from inflammation,’® cancer,” infec-

5
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carriers largely depends on effective methods of incorporating
suitable drugs.”’ It has been shown that they may be loaded
with various compounds, such as small molecule drugs,
enzymes, and nucleic acids (Figure 2).%*7%*

Some EVs were shown to be inherently anti-infective. Using
such preformed vesicles would take advantage of their physio-
logical properties without extensive postprocessing. In liter-
ature, there are examples for both EV surface proteins and EV-
contained compounds that induce such antimicrobial effect.
When neutrophils are challenged with S. aureus, their micro-
vesicles induce significantly better aggregation of exogenously
added bacteria, compared to microvesicles from nonchallenged
neutrophils.*

This aggregation was mediated by CD11#-binding of bacteria
onto the microvesicle surface, an effect that is also applied for
infection diagnostics. A few recent examples have indicated that
exosomes may also naturally contain anti-infective compounds,
such as those isolated from urine of healthy humans containing
proteins known to be bacteriostatic (e.g, mucin-1) and bacte-
ricidal (e.g, lysozyme C).° Immunogold electron microscopy
imaging revealed that these proteins are naturally loaded into
EVs. After identifying these proteins in urinary exosomes,
Hiemstra and collaborators investigated their ability to inhibit
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the growth of strains of E. coli that are responsible for urinary
tract infections. The urinary exosomes were able to inhibit the
growth of E. coli,>® suggesting that they play an important role
in innate immunity. Indeed, exosomes induced bacterial lysis
during 15 min of incubation with E. coli, suggesting release of
their cargo in close proximity of bacteria, but the detailed
mechanism was not studied. Lisser et al. showed that nasal
exosomes contain a number of proteins responsible for cell traf-
ficking and present antibacterial properties.”” Using a Boyden
chemotaxis chamber, a standard assay measuring cell migration
through a porous membrane, it was revealed that immune cells
isolated from blood migrate to the exosome-containing cham-
ber.’” They also investigated exosomal proteins by exclusion
list-based liquid chromatography—MS/MS and discovered that
proteins with antifungal and antibacterial activity are decreased
in patients that present respiratory diseases, such as asthma,
when compared to healthy individuals.>” These results suggest
that individuals who have pulmonary diseases might be more
susceptible to infections and that exosomes contribute to an
innate infection defense mechanism in healthy individuals. The
focus of this study was on identification of exosomal proteins,
but it would be highly relevant to know more about the mech-
anism by which these EV induce antimicrobial activity. Hu et al.
also demonstrated the importance of exosomes in infections by
assessing the release of biliary and intestinal epithelium EVs
upon infection by Cryptosporidium parvum, a parasite.”® Expo-
sure of the parasite to those exosomes decreased its viability
and ability of infection in vitro in H69 human lung carcinoma
cells and in urine cholangiocyte 603B cells and in mice.** These
examples indicate a potential of physiological EVs to become an
important delivery system for transferring natural or anti-
bacterial cargos in a relevant infection setting. The exploration
of the origin and therapeutic applicability of these EVs needs
further evaluation, for example, concerning the functional
diversity of EV subpopulations,® and will clarify whether the
biogenic EV approach is a viable future strategy in the clinics.*

Outer Membrane Vesicles as Vaccines. Bacteria are also
able to produce EVs and, when they are Gram-negative, these
vesicles are called outer membrane vesicles (OMVs), while EVs
produced by Gram-positive bacteria are called membrane ves-
icles (MVs).”' Mycobacteria and fungi are also known to pinch
off small vesicles, but the mechanism for this is still debated.®”
There are different examples of inherently antimicrobial OMVs
that may attack other bacteria during the fight for environ-
mental niches, such as from Pseudomonas acruginosa(",’ or
Myxococcus xanthus.®* The production of OMVs can be
induced by the use of low concentrations of antibiotics during
bacterial culture, but those OMVs are bigger than OMVs
obtained at normal bacterial homeostasis. However, both particle
types have the same content, such as the presence of enzymes
which may degrade competing microbes.”> The immunoge-
nicity of OMVs may be reduced by engineering of their lipopoly-
saccharide composition which is important for using them as
biogenic carriers.” Still, it is necessary to assess their biocom-
patibility under in vivo conditions to validate whether the use of
bacteria-derived vesicles for treatment approaches is feasible.
In contrast, OMVs have been studied in more detail for vaccine
applications as they represent cell-free carriers displaying many
relevant bacterial antigens. Such a nonreplicative approach is
highly promising, and there are first formulations now in clin-
ical assessment for meningitides therapy.®

Bioengineered Liposomes as Carriers for Antibiotics.
Some bacteria have invasion factors that facilitate their entrance
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into host cells. This is the case for Yersinia pseudotuberculosis,
which uses a protein called invasin to enhance host cell attach-
ment and uptake into epithelial cells via integrin binding.®”
Inspired by this ability of invading microbes, Labouta and
collaborators developed a liposome formulation functionalized
with the Y. pseudotuberculosis invasion protein (InvA497)
(Figure 2). InvA497 was coupled onto the surface of mono-
disperse phospholipid fluorescent liposomes,”® and it was
shown that the invasin-functionalized carriers had a higher cell
adhesion and better cellular uptake compared to nonfunc-
tionalized liposomes. The uptake studies indicated an active
mechanism of internalization, mimicking the pathological
uptake route of Y. pseudotuberculosis’® In a follow-up study,
Menina and collaborators showed that the invasin-function-
alized liposomes loaded with the model antibiotic gentamicin
had a greater antimicrobial effect on intracellular Y. pseudotu-
berculosis and Salmonella enterica in HEp-2 epithelial cells when
compared to nonfunctionalized liposomes, due to their surface
modification.”” This approach indicates that taking advantage of
the natural bacterial invasion characteristics may aid in
enhancing the antibacterial activity of drugs that have poor
permeability, such as gentamicin. Nevertheless, it remains to be
determined to which degree the functionalized liposomal carrier
interacts with other gastrointestinal cells upon oral adminis-
tration and whether or not invasin recognition is specific to
enterocytes suffering from intracellular pathogens.

In another liposome-based approach, Henry and collabo-
rators engineered vesicles with cholesterol and sphingomyelin
that sequester pore-forming toxins produced by Gram;}:’ositive
bacteria, competing with host cells for toxin binding.”® Once
they are bound to the liposomes, these toxins cannot lyse mam-
malian cells in vitro.”® Using an in vivo model, it was shown that
engineered liposomes prevented S. aureus and S. pneumoniae
septicemia within 10 h after infection in mice.”® Moreover,
when used in a combination treatment of engineered liposomes
plus administration of antibiotic vancomycin, lethal effects caused
by the infection of S. aureus and S. pneumoniae were successfully
prevented in vivo.’* This impressive example shows that, by
exploiting naturally derived principles, it is possible to create
effective and simple therapy options for such yet challenging to
treat septicemia. As several liposomal formulations have already
been marketed for other dispositions, the translation of the
present approach into clinical assessment may be facilitated.

B BIOENGINEERED BIOMATERIALS FOR
OVERCOMING CHALLENGES ASSOCIATED WITH
INFECTIONS

Biomimetic approaches may also be combined with engineering
techniques to create bioengineered materials to combat bacte-
rial infections.”” One such approach is conjugation of mole-
cules or proteins to natural or (semi)synthetic polymers, creating
bioengineered drug—polymer conjugates. These conjugates have
shown to exhibit enhanced stability under pulmonary’® or oral
administration,”" indicating that this method may be feasible.
A comprehensive overview discussing such orally administered
bioinspired approaches is summarized in our recent review
m:muscript.?l

Hydrogels offer easily accessible chemical modifications and
are often studied as bioinspired systems, as they may be tuned
to render mechanical stiffness of living tissue or they may
release their cargo in a trigger-dependent way.”” Thus, hydro-
gels have been shown to modulate cell behavi_qrm or to consti-
tute biomechanical functions of native tissue.”
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Hydrogels also offer the possibility for a localized and thus
highly controlled application of biogenic and bioengineered
approaches. A recent example of such an avenue is the
development of a 3D-imprinted hydrogel to sequester bacterial
P-lactamase.”® ff-Lactamase is a bacterial enzyme, and there is a
known factor of increasing resistance and lack of efficiency of
f-lactam antibiotics.” These enzymes may cleave and inactivate
different classes of anti-infectives, such as penicillins or
cephalosporins. In the present example, a hydrogel made of
N-isopropylacrylamide was f-lactamase imprinted. The result-
ing temperature-sensitive scaffold was able to selectively
sequester f-lactamase enzymes, resulting in an increased sus-
ceptibility of bacteria toward conventional penicillin G treat-
ment. Successful application of the systems was shown both
in vitro and in an animal model of wound infection. Bacterial
growth in simulated wounds was abolished almost completely
by using the imprinted gel in combination with antibiotic
treatment. A major advantage of such approach is that it aims
for an extra-bacterial factor which may overall reduce the
evolution pressure on pathogens and thus the rate of occur-
rence of resistances. In general, extra-bacterial targets are a
promising avenue to develop materials that less likely induce
resistances in the long run.’” Different stimuli-responsive
systems are (.urrently explored for on-demand release of nano-
antibiotics.”® One such approach are se]f assembled vesicles
with encapsulated antimicrobial agents.”” In the presence of
specific enzymes produced by resistant bacteria, vesicles would
disintegrate and release their cargo in a selective manner.
Probiotics and other nonpathogenic bacteria are not thought to
be harmed. Although it only represents a bioinspired approach,
it is worth mentioning and may in the future help to achieve
bacteria-selective killing without typical gastrointestinal side
effects often associated with anti-infective therapy. In general,
combining such approaches with novel biomimetic and
bioinspired materials may open further opportunities in fighting
difficult-to-treat infections. Another example of such efforts is
the development of a polysaccharide-based, biodegradable hydro-
gel that mimics glycosaminoglycans in the natural extracellular
matrix.*” These hydrogels, composed of the natural polymers
dextran and chitosan and loaded with vancomycin, have shown
promising antimicrobial activity in vitro, indicating that they
may be used as wound dressing. This approach combines the
drug activity of antimicrobial agents with the anti-infective
effect of natural chitosan which underlines the importance of
biomaterials that show additional interactions with the
target tissue,

Finally, another important issue in biomaterials research is to
prevent infections on prosthetic surfaces during clinical appli-
cation. These infections constitute important challenges
concerning clinical implication of materials. In an effort to
overcome such biomaterial-associated infections and biofilm
formation, strategies that involve novel biomaterials have been
investigated, such as the enzyme-mimicking polymer brush-
functionalized surface that mimics DNase, an enzyme that
prevents bacterial adhesion and subsequently, biofilm forma-
tion.®' The natural DNase, however, is very vulnerable, which
impairs its performance in antibacterial applications, but the use
of the DNase-mimicking polymer brushes prolonged its
bioactivity.*" Several other approaches to preventing infections
on prosthetic biomaterials are summarized in a comprehensive
review, but most of them are of (fully) qynthetle origin and are
thus beyond the scope of the present work."
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W WHAT IS THE FUTURE FOR BIOGENIC
APPROACHES TO TACKLE INFECTIOUS DISEASES?

The field of biogenic and bioinspired approaches for treatment
and diagnosis of infections is still young and thriving; we see it
full of challenges but also promises. Many clinically established
antimicrobial compounds are not efficient (anymore), and new
drugs have yet to show biocompatibility and efficiency. More-
over, their tissue-selective delivery is very important, especially
when antibiotics with strong side effects come into play.
In other fields of drug delivery research, such as cancer treatment,
it can be seen that synthetic nanoparticles may improve the
targeted transport of compounds only to a certain extent.”’
Thus, we believe that using physiological, rntuml biogenic
systems is safer and possibly more efficient®™ Nature has
developed and optimized these principles over millions of years
of evolution, and the examples discussed in this Perspective
show us that specific and selective interaction with target
pathogens may be within reach. A bottleneck at the moment
is the isolation and preparation of these nature-derived
approaches in a reproducible and upscalable manner. Never-
theless, chemical synthesis may never replicate the chemical
and biological complexity of these mechanisms that appear
under physiological conditions, indicating that at the moment
we have to rely on the available natural sources (e.g. red blood
cells). Advanced biotechnological approaches for large cell
culture and established production techniques for biomimetic
carriers such as liposomes are of avail when also taking biogenic
avenues to the next step.

Another avenue of circumventing current issues with large
scale production of biogenic systems would be their semisyn-
thetic bioengineering. We foresee that a combination of nature-
derived systems and clinically established approaches is most
promising to succeed in targeting future chqﬂenges in infection
research, such as by creating cell-like hybrldq or by developing
hierarchically organized nanomaterials.”® Such “joint partner-
ship” has already been recommended for combining EV ave-
nues with known 11po<.oma] principles to render next- gcncratlon
delivery systems®” or to even create synthetic exosomes.”
Semisynthetic EV systems may be obtained in a biotechnolog-
ically controllable manner and would enhance their extended
use. The combination of novel biogenic and bioengineered
principles with responsive and intelligent biomaterials is another
prerequisite to transform physiological avenues into real and
applicable formulations and systems. Taking advantage of
nature’s exceptional ability to design novel responsive bioma-
terials to specifically target pathogenic bacteria will undoubtedly
help to recuperate the anti-infective power of our current
antibiotic arsenal for future anti-infective avenues.
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ABSTRACT

Up to 25,000 people die each year from resistant infections in Europe alone, with increasing incidence. It is
estimated that a continued rise in bacterial resistance by 2050 would lead up to 10 million annual deaths
worldwide, exceeding the incidence of cancer deaths. Although the design of new antibiotics is still one way to
tackle the problem, pharmaceutical companies investigate far less into new drugs than 30years ago.
Incorporation of antibiotics into nanoparticle drug carriers (“nanoantibiotics”) is currently investigated as a
promising strategy to make existing antibiotics regain antimicrobial strength and overcome certain types of
microbial drug resistance. Many of these synthetic systems enhance the antimicrobial effect of drugs by pro-
tecting antibiotics from degradation and reducing their side effects. Nevertheless, they often cannot selectively
target pathogenic bacteria and — due to their synthetic origin - may induce side-effects themselves.

In this work, we present the characterisation of naturally derived outer membrane vesicles (OMVs) as bio-
compatible and inherently antibiotic drug carriers. We isolated OMVs from two representative strains of myx-
obacteria, Cystobacter velatus Cbv34 and Sorangiineae species strain SBSr073, a bacterial order with the ability of
lysing other bacterial strains and currently investigated as sources of new secondary metabolites. We in-
vestigated the myxobacterias' inherent antibacterial properties after isolation by differential centrifugation and
purification by size-exclusion chromatography. OMVs have an average size range of 145-194 nm. We char-
acterised their morphology by electron cryomicroscopy and found that OMVs are biocompatible with epithelial
cells and differentiated macrophages. They showed a low endotoxin activity comparable to those of control
samples, indicating a low acute inflammatory potential. In addition, OMVs showed inherent stability under
different storage conditions, including 4°C, —20°C, —80"C and freeze-drying. OMV uptake in Gram-negative
model bacterium Escherichia coli (E. coli) showed similar to better incorporation than liposome controls, in-
dicating the OMVs may interact with model bacteria via membrane fusion. Bacterial uptake correlated with
antimicrobial activity of OMVs as measured by growth inhibition of E. coli. OMVs from Cbv34 inhibited growth
of E. coli to a comparable extent as the clinically established antibiotic gentamicin. Liquid-chromatography
coupled mass spectrometry analyses revealed the presence of cystobactamids in OMVs, inhibitors of bacterial
topoisomerase currently studied to treat different Gram-negative and Gram-positive pathogens. This work, may
serve as an important basis for further evaluation of OMVs derived from myxobacteria as novel therapeutic
delivery systems against bacterial infections.

1. Introduction

rising, largely as a result of their wide availability, overuse and misuse
[1]. As a result, antibiotic-resistant bacteria that are difficult to treat

Over the last decades bacterial resistance to antibiotics is rapidly such as methicillin-resistant Staphylococcus aureus (S. aureus) [2]
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become highly common and are causing a serious global health pro-
blem [3]. In Europe alone up to 25,000 patients die each year as a result
of those infections which is costing the European Union €1.5 billion
annually [2]; and these numbers are seriously on the rise. One way of
addressing the challenging question of how to deal with drug-resistant
bacteria is still the discovery of novel antibiotic compounds [4].
However due to the risk of spontaneous resistance development,
pharmaceutical companies investigate far less into the cost-intensive
development process for new antibiotics than 30 years ago [1,3]. An-
other viable strategy to bypass bacterial resistance is to encapsulate
known antibiotics into nanoparticulate drug delivery systems (“na-
noantibiotics”) [5,6]. Nanoparticles are among the promising avenues
to improve drug transport to the site of infection [7,8]. Loading of
antibiotics polymyxin B and ampicillin into liposomes was shown to
significantly increase the antibiotic activity, even against difficult pa-
thogens such as P. aeruginosa and S. aureus [9]. Moreover, encapsula-
tion into nanoparticles can reduce adverse side-effects such as acute
kidney injury induced by aminoglycosides [10,11]. However, the
ability of certain nanoantibiotics to exclusively target pathogenic bac-
teria leaving commensal bacteria of the natural microflora unaffected is
often suboptimal [9] and they may potentially induce immunogenicity
due to their synthetic origin [9,10], both problems manifest upon re-
peated administration which is necessary during long-term antibiotic
therapy. Biogenic approaches, such as cell-derived vesicles [12], are
found in nature or based on natural processes and they represent a
promising alternative to artificial systems as they can potentially bypass
immune activation and are inherently biocompatible [13,14]. Such
avenues offer a unique opportunity to learn from their physiological
role and tissue interaction paving the way to develop new bioinspired
drug carriers [15].

Extracellular vesicles (FVs) are small phospholipid based nano-
particles decorated with membrane and surface proteins and they are
thought to be involved in cell-to-cell transfer of information [16,17].
EVs are currently explored for potential therapy of different applica-
tions ranging from cancer therapy [18], inflammation [19], gene de-
livery [20] and to fighting infections [21] because of their natural
composition and inherent targeting properties [22]. Nevertheless, on-
going limitations of EVs include issues of upscale production in a bio-
technologically controllable manner and post-processing regarding
loading and modification for targeted tissue interaction [23] which may
overall compromise their applicability in clinical trials. In this work, we
investigate a non-toxic and biocompatible type of EVs, namely outer
membrane vesicles (OMVs) isolated from non-pathogenic soil-bacteria
called myxobacteria. Since myxobacteria are inexpensive to ferment,
their OMVs may thus be biotechnologically easily accessible and on top
of that we show that they are inherently loaded with a recently dis-
covered class of antibiotics effective against Gram-negative bacteria.

Outer membrane vesicles (OMVs) are spherical nanoparticles pro-
duced by Gram-negative bacteria [24,25]. They originate from budding
of the bacterial outer membrane and have been shown to hold manifold
functions, including communication among bacteria themselves [26],
involvement in procurement of nutrients, biofilm formation [27],
transfer of virulence factors [28] or immunomodulation of the host
[29]. OMVs are studied in detail for vaccination applications [30] with
candidates now tested in clinical studies. OMVs have also been en-
gineered for cancer therapy applications [31] but not in detail for de-
livery of antimicrobial compounds. Interestingly, OMVs can naturally
carry bacteriolytic secondary metabolites, using them as weapons
during the competition for environmental niches [32]. There are ex-
amples of inherently bacteriolytic OMVs derived from pathogens such
as Pseudomonas aeruginosa [33]. Tt has been shown that some OMVs
derived from other strains, e.g. Enterobacter or Citrobacter are able to kill
other bacteria by transporting peptidoglycan hydrolases into their prey
[34]. Although an interesting property, it remains doubtful whether
such potentially strong immunogenic particles may be used in humans.
To bypass these biocompatibility issues, we employed myxobacteria as
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producers of OMVs [35]. Myxobacteria are a class of 3-proteobacteria,
which are predominantly found in soil. They are producers of versatile
secondary metabolites, which offer new effective mechanisms of action
and, among other effects, have antibacterial activity [36]. Most im-
portantly, myxobacteria are non-pathogenic to humans but they show a
predatory lifestyle and prey on other bacterial competitors [37]. Myx-
obacteria prey on Gram-negative and Gram-positive bacteria as nutrient
source [38] and they are not able to synthesise three branched chain
amino acids such as leucine, valine and isoleucine [39]. It was pre-
viously shown that Myxococcus xanthus produces hydrolase containing
OMVs to kill competing bacteria [40]. Such unspecific enzyme induced
antimicrobial effect may not be selective enough to kill prokaryotic
cells while leaving human tissue unaffected.

Here, we thus aimed at identifying new candidates of myxobacterial
OMVs that physiologically contain antibiotic compounds for a selective
and efficient treatment of bacterial infection. We further investigated
the natural properties of myxobacteria OMVs including their inherent
antimicrobial potential against Gram-negative model bacteria E. coli
and their compatibility with human cells. We characterised OMVs from
two myxobacterial strains, namely Cystobacter velatus strain Cbv34 and
the unclassified Sorangiineae species strain SBSr073 and show that they
are biocompatible and stable at different storage conditions. OMVs
possess an inherent antimicrobial effect against model pathogens which
was comparable to the clinically used antibiotic gentamicin. Our results
create an important basis for an advanced development of bacterial
OMVs as alternative antimicrobial drug carriers.

2. Materials and methods
2.1. Microbial culture

Strain SBSr073 of the Sorangiineae suborder was cultivated in 2SWT
medium (0.3% bacto tryptone, 0.1% soytone, 0,2% glucose, 0,2% so-
luble starch, 0,1% maltose monohydrate, 0,2% cellobiose, 0,05% CaCl,
2H,0, 0,1% MgSO, 7H,O and 10mM HEPES, pH 7.0 adjusted with
KOH). Cystobacter velatus (Cbv34), a member of the Cystobacterineae
suborder, was cultivated in M-medium (1.0% soy peptone, 1.0% mal-
tose, 0.1% CaCl,, 0.1% MgSO,4, 50 mM HEPES pH7.2) at 30°C and
maintained at 180rpm. Escherichia coli (E. coli) DH5-alpha bacteria
(DSM 6897) were incubated at 37 °C and 180 rpm in lysogeny broth
medium. All cultures were split after reaching stationary phase (Fig.
S1). SBSr073 forms aggregates and therefore the measured optical
density at 600 nm (OD600) was inconclusive. Hence, the culture was
split after 8 days of incubation of a 1% (v/v) inoculum. A growth curve
of Cbv34 was established by measuring the OD600 twice a day with a
cell density meter model 40 (Fischer Scientific, USA) with semi-micro
cuvettes using medium as blank. Cbv34 bacterial culture was started at
an OD600 of 0.1 and the stationary phase was reached after 4 days at an
0OD600 of 3.8. A cryogenic culture of all strains was established in 25%
(v/v) glycerol.

2.2. Isolation and purification of OMVs

For optimal OMV isolation from conditioned media, myxobacteria
needed to be cultured for at least four passages when they reached their
stationary phase. Conditioned media from all strains were collected in
50 mL falcon tubes and their OMVs isolated using our previously es-
tablished protocol [41]. In brief, they were centrifuged at 9500 x g for
10 min at 4 °C, 40 mL of the supernatant was then carefully transferred
by pipetting into new falcon tubes and centrifuged at 9500 x g for
15min at 4°C. Afterwards, 30 mL of this supernatant was filled into
ultracentrifugation tubes and pelleted at 100,000 x g and 4 °C for 2h
(rotor SW 32 Ti, Beckman Coulter). The supernatant was removed
carefully and the pellet was re-suspended with 400 pL filtered phos-
phate buffered saline (PBS, Gibco PBS tablets without calcium, mag-
nesium and phenol red). To check if the isolation successfully removed
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living bacteria, 100 pL of this pellet were spread on agar plates, con-
taining all nutrients from each media plus 1.5% (w/v) agar and in-
cubated at 30 °C for 8 days.

For further purification, the pellet was applied on a size exclusion
chromatography (SEC) column filled with sepharose CL-2B (GE Life
Science, United Kingdom) to separate vesicles from proteins that may
have as well been pelleted during ultracentrifugation. The pellet to gel
ratio was approximately 1 in 100 parts. Fractions of 0.5 to 1 mL were
collected into polypropylene (PP) tubes (Axygen) (Fig. S2) and stored at
4°C for up to one week before further characterisation.

2.3. Characterisation of OMVs

Size distribution and yield of OMVs were assessed using
Nanoparticles Tracking Analysis (NTA LM-10, Malvern, United
Kingdom). To ensure equivalent results, samples were diluted up to
1:1000 in order to have a concentration of 20 to 120 particles per
frame. 100 pL of sample were applied onto the chamber equipped with
a green laser. A video was recorded with a camera level varying be-
tween 13 and 15 using NanoSight 3.1. Each sample was recorded three
times for 30s and calculated with a detection threshold of approxi-
mately 5 to ensure results are comparable among each other.

To determine the protein concentration of the fractions collected
from SEC, a bicinchoninic assay kit (Sigma Aldrich) was used, ac-
cording to manufacturer's specification. All samples were analysed in
duplicates against an albumin standard with concentrations of 0.5, 5,
10, 20 and 30 pg/mL. Polydispersity index (PDI) and zeta potential of
OMVs was measured on a Malvern Zetasizer.

2.4. Electron microscopy of OMVs

For electron cryomicroscopy (cryo-EM), OMVs were purified as
described above and dispersions with a concentration of ~10* parti-
cles/mL were used for analysis. For sample preparation a 3 pL droplet
was placed onto a holey carbon film (type S147-4, Plano) before plot-
ting for 2s using a Gatan cryoplunger model CP3 (Pleasanton) and
plunging into liquid ethane at T = 108 K. The frozen samples were
transferred under liquid nitrogen to a Gatan model 914 cryo-TEM
sample holder and investigated by bright-field TEM imaging at
T = 100K and 15 pA/cm? (JEM-2100 LaB6, Jeol).

2.5. Biocompatibility of OMVs

A ToxinSensor™ Chromogenic LAL Endotoxin assay kit (GenScript),
which is an enzyme based chromogenic test, was used to determine the
endotoxin concentration of OMVs. It is an alternative to the gel-clot and
turbidimetric tests for lipopolysaccharide (LPS) quantification.
According to the manufacturer's specification all samples were ex-
amined within either 24 h after isolation or stored at —20 °C before
analysis. After mixing the sample with a limulus amebocyte lysate, the
proteolytic activity of factor C was activated by endotoxins. The pro-
tease then catalysed the cleavage of p-nitroaniline (pNA) of a synthetic
peptide (Ac-Ile-Glu-Ala-Arg-pNA). After diazo-coupling of pNA the ab-
sorbance was read at 545nm using a polystyrene 96 well plate. All
samples were measured in technical duplicates.

Biocompatibility of OMVs was studied by assessing viability and
cytotoxicity in two cell types, namely epithelial lung carcinoma cells
(A549) and acute monocytic leukemia monocytes (THP-1) which were
activated to macrophages. These cell lines were chosen to simulate
interactions of OMVs with epithelial barriers and immune cells present
at sites of infections. A549 cells were seeded into 96-well plates at
densities of 10,000 to 20,000 cells/well and left to grow for 48 h. THP-1
cells were seeded into 96-well plates at densities of 100,000 cells/well,
subsequently differentiated to adherent macrophages (dTHP-1) with
30 ng/mL of phorbol 12-myristate 13-acetate (PMA) and left to grow
for 48 h. Then, the old cell culture medium was replaced with fresh
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serum free and phenol red free RPMI 1640 medium (Thermo Fisher)
and the cells were incubated with 50, 500, 5000 and 50,000 purified
OMVs/cell, and PBS as negative control and Triton X 1% (w/v) as po-
sitive control for 24 h. 100 pL of cell-free supernatant were transferred
to a fresh 96-well plate for subsequent lactate dehydrogenase assay
(LDH assay, see below). To assess cell viability, cells were washed and
mixed with 100 uL fresh medium and 100puL 10% PrestoBlue Cell
Viability Reagent (Thermo Fisher) in medium. Cells were incubated at
37°C for 10min to 2h, bottom fluorescence was read (excitation
560 nm and emission 590 nm) and viability calculated in comparison to
PBS controls. For LDH detection in supernatants, a kit (Cytotoxicity
Detection Kit, Merck) was used per supplier's instructions by incubating
with the reaction mixture and an absorbance measurement at 490 nm.

2.6. Storage stability of OMVs

FEach OMV sample was stored in PBS and at 4°C, —20°C, —80°C
and freeze dried to evaluate their stability [42]. Aliquots of 100 uL of
each sample were kept in MaxyClear microtubes (Axygen) to avoid
vesicles absorption to the plastic surface of the tubes. After determining
particle concentration and size by NTA (correspond to 100%), the
samples were stored for 7 to 75 days. For freeze-drying (lyophilisation),
samples were snap frozen with liquid nitrogen and then dried overnight
for at least 16 h using a LypoCube (Christ) freeze dryer.

2.7. Liposome controls

Liposomes were prepared using a mixture of 1,2-dimyristoyl-sn-
glycero-3-phosphorylcholine (DMPC) and dipalmitoyl phosphati-
dylcholine (DPPC) at a ratio of 2:3 (mol%) and a concentration of 5 mM
in a final volume of 1 mL. They were prepared using thin-film hydration
as described previously [43]. In brief, lipids were suspended in filtered
PBS at 42°C, and extruded 21 times through a 200 nm polycarbonate
membrane (all material from Avanti Lipids).

2.8. Uptake assessment and antibiotic activity of OMVs

Liposomes and OMVs were labelled and their cellular uptake was
assessed in E. coli DH5-alpha model bacterium grown to an OD600 of
0.15. Liposomes and OMVs of SBSr073 and Cbv34 were incubated with
1uL Dil (Vybrant Dil Cell-labelling solution) for 30 min. Non-in-
corporated dye was removed by SEC. The fluorescence intensity of each
fraction was measured and the two most concentrated OMV fractions
were used for further evaluation. After incubating E. coli with OMVs
and liposomes for 1h, 8h and 24 h the bacteria were labelled with
1.5pL SYTO 9 Green fluorescent nucleic acid stain and incubated at
37 °C for 10 min. After centrifugation at 9500 x g for 5min, bacteria
were fixed with 4% paraformaldehyde for 10-15min at 37 °C. Before
applying 10puL of sample on a coverslip with a drop of mounting
medium all samples were washed with PBS. Images were taken using a
Leica TCS SB8 confocal microscope with a 63 X magnification lens. A
laser with an excitation wavelength of 561 nm (digital gain: 82%,
pinhole: 111.5 um, filter: 566-673 nm, laser intensity: 2.0%) was set up
to visualise Dil labelled vesicles and liposomes. Another laser with a
wavelength of 488 nm (digital gain: 11%, pinhole: 111.5pm, filter:
493-554nm, laser intensity: 2.0%) was used to visualise SYTO 9
stained bacteria. All images were taken with the same set up, averaging
and speed to allow sample comparison; and analysed using the Leica
Application Suite X software.

The antimicrobial effect of vesicles on E. coli DH5-alpha was ana-
lysed by incubating 100 pL of bacteria suspension (OD600 of 0.1) with
100 uL OMVs in a 96 PS well plate. Sterile PBS was used as a negative
control and antibiotic gentamicin (16 pg/mL) was applied as positive
control. To prevent evaporation, the outer wells of the microplate were
filled with water. The plate was incubated at 37 °C in a Tecan infinite
200 Pro plate reader, measuring the absorbance at 600 nm every 15 min
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for at least 16 h. OMVs were also diluted 1:5, 1:10, 1:50 or 1:100 with
sterile PBS in order to calculate a dose response curve. Colony-forming
units (CFU) were measured by incubating OMVs with E. coli. For this, E.
coli DH5-alpha was cultivated in lysogeny broth at 37 °C and 180 rpm
until log phase was reached. The bacterial culture was diluted to
10® CFU/mL and incubated overnight with different concentrations of
purified OMVs (10*°, 10! and 10'2 vesicles/mL). Serial dilutions of the
samples were prepared, inoculated on lysogeny broth agar plates and
incubated overnight at 37 °C. Afterwards CFUs/mL were counted and
quantified.

2.9. Liquid-chromatography coupled mass spectrometry

To assess the active principle within myxobacterial OMVs, they
were analysed by liquid-chromatography coupled mass spectrometry
(LC-MS). First, 1 mL of purified OMV sample was mixed with 1 mL of
methanol to achieve complete solubilisation of EVs. After solvent eva-
poration the residue was taken up in 150 uL of methanol and cen-
trifuged at 21500 x g for 5min to remove debris and insoluble salts.
1 mL of this sample was subsequently analysed by UHPLS-HRMS on a
Dionex Ultimate 3000 RSLC system using a Waters BEH C18 column
(50 X 2.1 mm, 1.7pm) connected to a Waters VanGuard BEH C18
1.7 um guard column. Separation of 1 uL sample was achieved by a
linear gradient from (A) H,O + 0.1% FA to (B) ACN + 0.1% FA at a
flow rate of 600 pL/min and 45 °C column temperature. Gradient con-
ditions were as follows: 0-0.5min, 5% B; 0.5-18.5min, 5-95% B;
18.5-20.5 min, 95% B; 20.5-21 min, 95-5% B; 21-22.5 min, 5% B. UV
spectra were recorded by a diode-array detector in the range from 200
to 600nm. The LC flow was split to 75puL/min before entering the
Bruker Daltonics maXis 4G hr-qToF mass spectrometer using the Apollo
1T ESI source. Mass spectra were acquired in centroid mode ranging
from 150 to 2500 m/z at a 2 Hz full scan rate and data were annotated
using the in house myxobacterial metabolome MXbase Database, es-
tablished at the Helmholtz Institute for Pharmaceutical Research
Saarland (HIPS), by automated comparison of retention time, exact
mass and isotope pattern accuracy using Bruker Daltonics Target ana-
lysis 1.3. A detailed description of spectra annotation can be found in
the supplementary information.

2.10. Statistical analysis

+

All data are displayed as mean standard deviation (SD), in-
dicating the number of n independent experiment in each figure. All
measurements were at least made in independent triplicates. Results
were analysed statistically with Sigma Plot using One-way ANOVA
followed by Tukey post-hoc test to compare the mean values between
individual groups. Significant p-values were illustrated as * for
p < 0.05 and **p < 0.005.

3. Results and discussion

3.1. OMVs are efficiently isolated from bacterial culture and they show a
promising storage stability

In this work, we compared two strains of myxobacteria from re-
presentative suborders as source for OMVs, namely SBSr073
(Sorangiineae suborder) and Cbv34 (Cystobacterineae suborder).
According to our growth curves strain Cbv34 showed a doubling time of
tDepyss = 4.7 h = 1.0, reaching stationary phase after 50 h (Fig. Sla).
To obtain the maximum amount of OMVs while avoiding artefacts of
dead cells or presence of protein aggregates, we decided to use condi-
tioned medium after 80 h (stationary phase) for their isolation (Fig.
S1b). It is important to mention, that both strains require at least four
full passages after starting the culture from cryogenic stocks to achieve
optimal bacterial growth (Fig. S1c). Strain SBSr073 formed aggregates
when in liquid medium, which made OD600 measurements
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inconclusive (Fig. S1d). When dispersing clumps with glass beads and
under vortexing, aggregates would form again within 2 days of culture.
Thus samples of conditioned medium were generally taken after 8 days
of growth and with bacterial morphology not altered. Bright field mi-
croscopy of both bacterial strains revealed typical rod shape of myx-
obacteria and similar culture conditions were used throughout the en-
tire study to ensure reproducible OMV properties. For strain Cbv34, we
obtained best OMV results when the culture medium reached a viscous
constitution. We were able to keep these myxobacteria in constant
culture for > 3 months without loss of phenotype or major alterations
of morphology as observed by light microscopy.

OMVs were subsequently isolated from conditioned culture medium
using differential ultracentrifugation [43]. Bacteria were removed by
centrifuging the culture at 9500 x g for 10 min and 15min. After the
ultracentrifugation at 100,000 x g, 100 uL of in PBS re-suspended pellet
were plated on agar plates and incubated for 8 days to verify that all
bacteria had been removed during centrifugation and the final pellet
contained only OMVs (Fig. Sle). Re-suspended OMV pellets were pur-
ified by SEC to separate protein aggregates from vesicles. This tech-
nique is effective for separating molecules and particles according to
their size. The successful purification of the OMVs from soluble proteins
is shown in Fig. S2, suggesting that OMVs mainly eluted at 6-8 mL for
SBSr073 and 7-9 mL for Cbv34 with free protein aggregates eluting in
fractions 15 and later. We subsequently pooled the highest con-
centrated fractions to assess the OMVs using cryo-EM (Fig. 1a). This
method was mainly applied to study morphology and shape of vesicles
derived from both bacterial strains [44]. The lipid-bilayer is clearly
visible which indicates that OMVs were not destroyed during isolation
and purification. These images also show that the combination of ul-
tracentrifugation with SEC to purify OMVs was reproducible without
inducing artefacts from membrane fusion or disruption. In few images
we observed multi-lamellar vesicles which may be a type of the recently
described outer-inner membrane vesicles [45]. These particles were
reported to occur in only up to 1.2% of OMV preparations from selected
strains, which is consistent with our observations in cryo-EM images. To
verify these findings, the particle concentration and size of all collected
fractions was analysed by NTA (Fig. 1b). In all subsequent experiments,
OMV quantification was only based on NTA measurements. The most
abundant fractions contained concentrations of 10'%-10"'particles/mL
which is 10-100fold more than vesicle concentrations reported for
mammalian cells [43]. Indeed, low EV amount is one of the major
challenges when developing these biogenic carriers for drug therapy
[23]. However, microbial culture is already an established biotechno-
logical process with the possibility to upscale which is a big asset to
produce these nanodelivery systems. The average hydrodynamic radius
of OMVs measured by NTA was 145nm for Cbv34, and 194 nm for
SBSr073 OMVs. When further assessing the physio-chemical properties
of purified OMVs, we observed a relatively small PDI of 0.14 and 0.22
for SBSr073 and Cbv34 (Table S1), respectively, which may suggest
that with these sizes OMVs can be filtered to sterility [46]. Despite
OMVs are derived from cells, their size distribution is rather narrow and
it suggests that the majority of the particles have a homogenous dis-
tribution.

Due to their cellular origin, the zeta potential of OMVs was slightly
negative which is often associated with low stability and tendency to
aggregate. We thus investigated the stability of these vesicles by storing
samples at 4°C, —20°C, —80°C and upon lyophilisation (freeze-
drying) (Fig. 2). After 7 and 75 days, size and particle concentration
was measured and compared to day zero (set to 100%). A reduction in
particle concentration was seen at all conditions after 7 days but was
less pronounced for Cbv34 OMVs with a decrease to 70% when freeze-
dried and 40% when stored at —80 °C (Fig. 2a). Such loss may be due to
unspecific agglomeration or disintegration of vesicles. After 75 days
only 14% of OMVs were recovered when stored at —20°C but 40%
remained when samples were lyophilized. SBSr073 OMVs were most
stable during lyophilisation, even after 75 days (Iig. 2c). Interestingly, a
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Fig. 1. Electron cryomicroscopy characterisation and size distribution of myxobacterial OMVs. a) OMVs were analysed by cryo-EM at different magnifications and
are marked with arrows. Bright areas in the images indicate regions of lower transmission, small and big black spots in the SBSr073 samples are ice crystals as
identified by their shape. b) Averaged spectra of size distribution of OMVs from Cbv34 and SBSr073 measured by nanoparticle tracking analysis after size exclusion
chromatography purification and c) corresponding boxplot of average OMV sizes, Mean + SD, n = 10.

major size drift was observed when storing these OMVs at 4 °C (Fig. 2d). purification. In all

Until now, there are very little reports on a standardized and preferred

method for storing OMVs and EVs yet although it is essential for ad- parison (Fig. S3a).
vanced studies [42,47] and storage of vesicles at —80°C is re-
commended [48]. Our results indicate that freeze-drying is a valid al-
ternative for storing OMVs as it was also shown in literature [42,49].
Based on our stability data we decided to use OMVs within 3 days after
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subsequent evaluations, OMVs and liposomes of

148 nm size were used at similar concentrations for appropriate com-

Fig. 2. Stability of myxobacterial OMVs upon dif-
ferent storage conditions. OMVs from Cbv34 and
SBSr073 were isolated, purified, and stored for 7 and
75 days in PBS and under different conditions (4°C,
—20°C, —80°C, and after freeze-drying and at RT).
a) Particle concentration of Cbv34 OMVs and b)
evolution in size of Cbv34 OMVs, c¢) Particle con-
centration of SBSr073 OMVs, d) evolution in size of
SBSr073 OMVs. Mean *= SD, n=3, *p < 0.05
(ANOVA followed by Tukey post-hoc test).
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Fig. 3. Biocompatibility and endotoxin assessment of myxobacterial OMVs. Cell viability of Cbv34 and SBSr073 OMVs when incubated for 24 h with a) A549
epithelial cells and b) dTHP-1 macrophage cells, and lactate-dehydrogenase cytotoxicity assay of OMVs incubated for 24 h with ¢) A549 and d) dTHP-1 cells.
Mean = SD, n = 4-6. ¢) Representative light microscopy images of dTHP-1 cells incubated for 24 h with SBSr073 OMVs, Cbv34 OMVs, PBS (negative control) or
Triton X (1%, positive control). f) Endotoxin activity of OMVs compared to control PBS collected from the SEC column under similar conditions. Cbv34 bacteria
showed a lower concentration of endotoxins compared to E. coli when culturing samples with similar cell densities. Mean + SD,n = 3, *p < 0.05 (ANOVA followed
by Tukey post-hoc test).

3.2. OMVs show very good biocompatibility and only little endotoxin To analyse the potential of OMVs to induce immune reactions
activity during application in a therapeutic setting, a chromogenic limulus
amoebocyte lysate endotoxin assay was performed. Such endotoxin
Biocompatibility of myxobacterial OMVs was evaluated using epi- assay allows an estimation on the biocompatibility of a material as it
thelial A549 cells and differentiated dTHP-1 macrophages to assess cell gives information if samples contain immunostimulatory lipopoly-
viability and cytotoxicity (Fig. 3). A549 cells were used as normal saccharides. As OMVs could not be prepared under sterile conditions,
epithelial control cells while dTHP-1 cells were stimulated with con- we used the PBS wash from the SEC column as negative control. We
centrations of PMA (30ng/mL) to induce differentiation to macro- observed that the endotoxin concentration of OMVs was not increased
phages and mimic inflammatory processes that are often associated compared to the PBS negative control (Fig. 3f). As another control, the
with bacterial infections [50]. When incubating OMVs with A549 and endotoxin activity of strain Cbv34 and E. coli bacteria were measured
dTHP-1 cells at different vesicle-to-cell ratios, no impact on general cell when reaching the same OD600 of 3.5. Interestingly, although the
viability was observed for any of the cells compared to PBS controls bacterial density was comparable, E. coli showed a higher concentration
(Fig. 3a and b). We further evaluated whether any underlying cyto- of endotoxins (1.60 EU/mL), while strain Cbv34 exhibited low levels of
toxicity was present by applying a lactate-dehydrogenase test which endotoxins comparable to their OMVs (0.75 EU/mL) and to PBS con-
measures cellular toxicity and cytolysis. Interestingly, even at very high trols. Our results suggest a lower endotoxin activity of myxobacterial
concentrations of 50,000 OMVs/cell no cytotoxic effects were observed OMVs compared to other Gram-negative microbial materials in general.
which indicated no immanent toxicity in our in vitro cell models (Fig. 3¢ It has been shown that some myxobacteria have a lack of LPS as a
and d). Differentiated dTHP-1 cells are macrophage cells with a high component of their outer membrane [51]. Ruiz et al. found an altered
phagocytosis rate and are potentially sensitive towards external stimuli immune response of myxospores in sheep compared to other Gram-
but in our hands we did not see signs of distress or alterations in cell negative spores [52], which may be due to a partial modification of
morphology when dTHP-1 cells were incubated at high OMV con- polysaccharides [53]. Our results suggest inherent biocompatibility of
centrations (Fig. 3e) and in comparison to positive controls using cy- bacterial OMVs from myxobacteria, which may aid for their applic-
totoxic Triton X. In dTHP-1 cells we see a small increase in cell viability ability in therapeutic settings.

upon addition of very large quantities of OMVs which may be induced
by a nutrient bolus of lipids due to the high OMV concentration. No
toxic effects were observed for control liposomes used at the same
concentrations as OMVs (Fig. S3b and c).
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Fig. 4. Representative confocal fluorescence images of E. coli incubated with OMVs. E. coli DH5-alpha incubated with fluorescently (Dil)-labelled Cbv34 OMVs (10*!/
mL), SBSr073 (10'°/mL) OMVs, and Liposomes (10" /mL) for a) 8 h and b) 24 h. Images were taken using the same laser settings at 561 nm and 488 nm. Scale bars
represent 5 um. Zoomed-in images displayed, show co-localisation of fluorescently labelled OMVs with magnified bacteria. Measurement settings and image analysis
is similar for all images; false colouring was set to blue and yellow to better visualise co-localisation in the merged images. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

3.3. The co-localisation of OMVs with model bacteria is comparable to
standard liposomes

E. coli DH5-alpha were incubated with Dil labelled OMVs or lipo-
somes for 1, 8, and 24 h in order to visualise interaction of OMVs with
target model bacteria. The dyes were excited with two different lasers,
for Dil at 561 nm and for detection of SYTO 9 labelled bacteria at
488 nm. SYTO 9 was used for visualisation of all live and dead bacteria
during microscopy. After 1 h (Fig. S4) and 8 h of incubation with E. coli,
very little to no co-localisation was detected for both types of OMVs and
for liposomes. As seen in Fig. 4 after 24 h incubation, we observed co-
localisation of SYTO 9 labelled bacteria with Dil labelled OMVs (zoom
in Fig. 4b and arrows in Fig. S4). Control samples incubating E. coli with
Dil dye alone and in the absence of OMVs did not show co-localised
fluorescence (Fig. S5b). After 24h of incubation with Dil labelled li-
posomes, we qualitatively observed less co-localisation. Liposomes may
have accumulated in the extracellular matrix of the bacteria as in-
dicated by a diffuse bright halo around the E. coli. For all experiments,
comparable labelling efficiency of OMVs versus liposomes was em-
ployed (Fig. S5a). We further studied z-stack images of E. coli incubated
for 20 h with Cbv34 OMVs (final concentration 10'2 OMYVs/mL) which
were washed before imaging (Fig. S6). For some bacteria we observed
co-localisation (indicated by arrows) but we also saw unspecific accu-
mulation of OMVs in bacterial proximity. Overall, our results suggest
that OMVs are co-localising with E. coli similarly to synthetic liposomes.
There are three possible scenarios for OMVs to interact with cells,
whether they belong to their own or competing other species: i) re-
leasing cargo nearby cells, ii) physical fusion with the target outer
membrane, or iii) by interaction with mammalian cell membranes via
receptors. For OMV uptake into mammalian cells, different mechanisms
ranging from direct fusion to endocytic uptake are currently discussed
[54]. Evans et al. observed an increased fusion effect of OMVs when
Glyceraldehyde 3-phosphate dehydrogenase (GDPH) was added to E.
coli [40]. The GDPH is an enzyme involved in eukaryotic membrane
fusion, which may indicate that OMVs are eventually taken up through
direct membrane fusion. We qualitatively observed a comparable co-
localisation of natural vs. synthetic lipid carriers (i.e., OMVs vs. lipo-
somes) in E. coli which may relate to the fluidity of the nanoparticle
membrane in bacterial uptake as shown previously [55]. For other
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OMVs fusion with target bacteria was proposed [35], but upcoming
assessments will need to indicate whether OMVs from Cbv34 and
SBSr073 also follow this mechanism. Our findings nevertheless give a
first insight into how interaction of OMVs compares to synthetic car-
riers which may serve as a point of reference to the creation of semi-
synthetic OMV-mimetics with enhanced bacterial interaction.

3.4. OMVs are intrinsically loaded with antimicrobial drugs and show a
growth inhibition using model bacteria

Following the promising results during uptake experiments in E. coli
model bacteria, we investigated the antibacterial effect of OMVs. To do
so, they were incubated with E.coli in a 96 well plate, screening the
OD600 every 15 min. This simple real-time detection method showed
that OMVs from Cbv34 had a strong inhibitory effect on E.coli growth
when incubated at concentrations of 10*2 vesicles/mL (Fig. 5a). As
control, concentrations of 102 OMVs/mL did not influence our OD600-
based measurements in absence of bacteria. The OMV-induced in-
hibitory effect was comparable to a standard aminoglycoside antibiotic,
gentamicin, at concentrations of 16 uyg/mL. To elucidate whether this
inhibitory effect of OMVs was bacteriostatic or bactericidal we per-
formed counting of CFUs after incubation with E. coli (Fig. 5b). It was
shown that Cbv34 OMVs completely inhibited bacterial growth when
incubated at concentrations of 10'2 vesicles/mL. Indeed, CFU counting
confirmed our previously seen growth inhibition and the OMVs' effect
was proven to be bacteriolytic because very small amounts of living
colonies were observed upon plating. We calculated that 16 pg/mL
gentamicin correspond to approximately 4 x 10'® drug molecules to
inhibit bacterial growth, while 2 x 10"" OMVs induced a comparable
effect. To further investigate this effect, we incubated E. coli with
varying concentrations of OMVs which revealed a typical sigmoidal
dose-response curve (Fig. 5¢). In this OD600-based assay, OMV con-
centrations between 10! and 102 vesicles/mL were necessary to ob-
tain the growth inhibition effect, which also matched our CFU data.
Concentrations of 10!! to 102 vesicles/mL corresponded in our assay to
an antimicrobial activity range of 140-2500 OMVs/CFU. We did not
observe any impact on E. coli growth when incubating bacteria with
comparable concentrations of control liposomes (Fig. S3c¢). When fur-
ther studying the OMV producers, we observed that Cbv34 bacteria
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Fig. 5. Inherent antibiotic effect of OMVs when incubated with E. coli. a) Incubation of Cbv34 OMVs (concentration 10''/mL) and SBSr073 OMVs (concentration
10'/mL) with E. coli and in comparison to free gentamicin (16 pg/mL). Mean * SD, n = 3. b) Counting of colony-forming units of E. coli DH5-alpha incubated with

different concentrations of Cbv34 OMVs. Mean + SD, n = 3. ¢) Dose response curve of Cbv34 OMVs by incubating increasing concentrations of OMVs with E. coli.

were able to predate and lyse E. coli within 48 h of cultivation on agar
(Fig. S7), while SBSr073 bacteria were slowly swarming and showed
weak predation. In consistency with these results, we only observed a
small influence of SBSr073 OMVs on the growth rate of E. coli DH5-
alpha. As seen in Fig. 5a, SBSr073 OMVs appeared to induce a small
bacteriostatic effect until 4-6h of incubation with model bacteria
which was not maintained during the entire incubation period of 16 h.
Nevertheless, given their biocompatibility profile, SBSr073 OMVs may
in the future be loaded with common antibiotics to assess their delivery
potential in an infection setting.

Myxobacteria are promising producers of various antibacterial
compounds, as it was shown in literature [36]. We thus investigated the
Cbv34 OMVs' active principle. In doing so, OMV samples were ex-
tracted using methanol as solvent and analysed by LC-MS. We identified
a cystobactamid in the vesicle samples derived from Cbv34, eluting at a
retention time of approximately 9min and with an extracted ion
chromatogram at 920.309 + 0.02 Da (Fig. S8). A scheduled precursor
list based targeted MS® experiment was applied to this main chroma-
tographic peak in order to rule out mass-spectrometric artefacts and to
confirm our finding. When comparing the OMV peak with a cysto-
bactamid 919-1 standard we observed very good agreement in MS>
spectral fingerprint and displaying the subsequent losses of the deri-
vatised p-aminobenzoic acid moieties from the cystobactamid backbone
(Fig. S9) which confirmed presence of the compound within Cbv34
OMVs. Unfortunately, it was not possible to quantify the amount of
cystobactamid within acceptable error margins because of the limit of
quantification and potential ion suppression effects induced by the
OMV background signal. We further aimed at better analysing the an-
timicrobial effect of OMVs by determining the minimal inhibitory
concentration of free cystobactamid 919-1 to be 32 pg/mL using E. coli
DH5-alpha model bacteria while Cbv34 OMVs showed a minimal in-
hibitory concentration of 10'? particles/mL. We also performed CFU
counting of various cystobactamid and OMV concentrations (Fig. S10).
Mass spectrometry control experiments additionally revealed that cy-
stobactamid is not contained in SBSr073 OMVs, pointing towards a role
as active principle of Cbv34 OMVs. Cystobactamids are an important
new class of antimicrobials which inhibit the bacterial type Ila topoi-
somerases and are effective against E.coli as well as several problem
pathogens [56,57]. Thus intrinsically loaded biocompatible vesicles, as
we showed here, alleviates drug carrier development in many ways:
method validation for drug encapsulation is not needed, therefore the
risk of modulating the vesicle membrane and its properties during post-
processing is low. These naturally-equipped OMVs from strain Cbv34
may be an important step towards using EV-based therapies in the near
future.
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4. Conclusions

In this work, we present a new type of OMVs derived from myx-
obacteria that shows intrinsic antibiotic activity. These OMVs exhibit
promising properties regarding size distribution and stability upon
storage. Bacteria as sources for EVs are ideal as their high-yield culti-
vation on industrial scale is widely practiced which aides in the clinical
translation of the current approach. Uptake studies indicated that OMVs
are interacting with Gram-negative bacterial strains in a similarly
manner than liposomes but further evaluations of these processes are
required. Furthermore, advanced biocompatibility studies, such as an
incubation of OMVs in complex in vitro models, and additional in-
vestigations regarding immunogenicity on other human cell lines or in
small animal models are necessary. Regarding the OMV activity profile,
it would be important to study other model bacteria or bacterial bio-
films, which are an important barrier to successful antibiotic therapy at
the moment [58]. Likewise, bacterial loading of cystobactamids into
OMYVs may be controllable through varying culture conditions. Indeed,
lower potency of Cbv34 OMVs was observed when bacteria were used
at lower passage numbers after inoculation from cryogenic stock in-
dicating that culture periods may have an influence on antimicrobial
activity (Fig. S11).

The ability of these OMVs to target infected tissue would need to be
studied using suitable in vivo models [6]. As their antimicrobial cargo
compounds are naturally packed into OMVs, they are potentially pro-
tected from destruction by degrading enzymes which may reduce
probability of new resistances [5]. OMVs may be bioengineered to
possess small moieties enabling optimised targeting to pathogens while
concurrently reducing accumulation in healthy mammalian cells as it
was shown for other EVs [59]. These OMVs finally present a water-
soluble version of poorly water-soluble cystobactamid which is relevant
when developing this promising drug for other application routes, such
as lung or oral delivery [60]. Ultimately, our findings provide an im-
portant step towards further developing OMVs from myxobacteria as
promising antimicrobial drug carriers.
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The authors regret that there was a mistake in calculating the
number of outer membrane vesicles incubated with each cell. On page
48, paragraph 2.5., line 25, it should read “and the cells were incubated
with 10, 100, 1,000 and 10,000 purified OMVs” and page 51, paragraph
3.2, line 13, should read “concentrations of 10,000 OMVs/cell no cy-
totoxic effects were observed”. According to this, Figs. 3 and S3 were
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work.
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Fig. 3. Biocompatibility and endotoxin assessment of myxobacterial OMVs. Cell viability of Cbv34 and SBSr073 OMVs when incubated for 24 h with a) A549
epithelial cells and b) dTHP-1 macrophage cells, and lactate-dehydrogenase cytotoxicity assay of OMVs incubated for 24 h with ¢) A549 and d) dTHP-1 cells.
Mean * SD, n = 4-6. e) Representative light microscopy images of dTHP-1 cells incubated for 24 h with SBSr073 OMVs, Cbv34 OMVs, PBS (negative control) or
Triton X (1%, positive control). f) Endotoxin activity of OMVs compared to control PBS collected from the SEC column under similar conditions. Cbv34 bacteria

showed a lower concentration of endotoxins compared to E. coli when culturing samples with similar cell densities. Mean *+

by Tukey post-hoc test).
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Figure S1. Growth curve and cell morphology of myxobacteria. a) Growth curve
of Cbv34 bacteria during (I) lag-phase, (ll) log-phase and (lll) stationary-phase. Cbv34
grow in high density and with a doubling time of tDcova4= 4.7 h £ 1.0; Mean, n = 3-4.
Cbv34 bacteria were grown in M medium (1.0% soy peptone, 1.0% maltose, 0.1%
CaClz, 0.1% MgSO4 and 50 mM HEPES pH 7.2) at 30 °C and maintained at 180 rpm.
A growth curve of SBSr073 bacteria could not be taken as this culture formed
aggregates and the OD could not be measured. SBSr073 bacteria were cultured in
2SWT medium (0.3% bacto tryptone, 0.1% soytone, 0,2% glucose, 0,2% soluble
starch, 0,1% maltose monohydrate, 0,2% cellobiose, 0,05% CaCl2 2H20, 0,1% MgSO4
7H20 and 10mM HEPES, pH 7.0 adjusted with KOH) b) Cbv34 OMV characteristics
during different growth phases: particle concentration and protein concentration
normalised by particle concentration. n = 3. ¢) Bright field microscopy images of Cbv34
in culture and after inoculation from a cryo stock. d) Bright field microscopy images of
myxobacteria SBSr073 and photograph of clumpy bacteria containing flask. e) When
plating 100 uL of EV-pellet isolated from SBSr073 and Cbv34 for 8 days on 1.5% (w/v)
agar no bacterial growth was detected. Agar plates were prepared using the liquid

culture media of each bacterium.
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Figure S2. Protein and particle concentration of collected fractions from SEC. a)
SBSr073 OMVs, b) Cbv34 OMVs; the sum of all values corresponds to 100%. Each
fraction corresponds to the percentage of the total concentration (particles or proteins).
Mean + SD, n = 3-7

Table S1. Physico-chemical characteristics of myxobacterial OMVs.

oMV Particle size + SD | PDI Total protein | ¢-potential
source measured by NTA (n=3) concentration OMVs (n=23)
(n =16-27) (n=4-7)
SBSr073 | 194 + 18 nm 0.143 +|8.0£4.0 pg/mL -6.81 + 0.61
0.01 mV
Cbv34 145 £ 27 nm 0.222 +|84.8+71.7 pg/mL |-476 = 0.65
0.06 mV
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Figure S3. Complementary liposome control experiments. a) Size distribution of
liposomes (1,2-dimyristoyl-sn-glycero-3-phosphorylcholine (DMPC) and dipalmitoyl
phosphatidylcholine (DPPC) at a ratio of 2:3 mol%) measured by NTA (representative
sample). b) Cell viability of liposomes when incubated for 24 h with stimulated dTHP-
1-1 macrophage cells and A549 epithelial cells, and c¢) lactate-dehydrogenase
cytotoxicity assay of liposomes incubated for 24 h with dTHP-1-1 and A549 cells.
Mean + SD, n = 3—4. c¢) Growth curve of E. coli DH5-alpha incubated with different

concentration of liposomes or PBS (control). Mean + SD, n=3
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Figure S4. Complementary confocal fluorescence images of E. coli incubated
with OMVs. 1 h incubation of E. coli DH5-alpha with a) fluorescently-labelled Cbv34
OMVs, b) SBSr073 OMVs, and c) liposomes. 24 h incubation of E. coli DH5-alpha
with d) fluorescently-labelled Cbv34 OMVs, e) SBSr073 OMVs, and f) liposomes.

82



Images were taken using the same settings at 561 nm laser (red colour) and 488 nm
laser (green colour). For visualisation, bacteria were stained with SYTO 9. Scale bars
are 5 ym. Measurement settings and image analysis is similar for all images.

a) 50000 488 nm SYTO 9 561 nm Merge

45000

40000
S 35000
s
30000
3
§ 25000
3
']
$ 20000
S
& 15000
10000
5000
0
Cbv34 OMVs sssm?a Liposomes  control PBS
oMV

Figure S5. Mean fluorescence of labelled OMVs and liposomes used for in vitro

imaging and control confocal fluorescence microscopy images. a) Detection of
fluorescence upon Dil labelling (ex 490nm/em 570 nm) in the most abundant SEC
fractions of Cbv34 OMVs (10" particles/mL), SBSr073 OMVs (10'° particles/mL), and
liposomes (10" particles/mL). Representative measurement using PBS as control. b)
Representative confocal fluorescence images of E. coli incubated for 24 h with Dil dye
alone and in absence of OMVs. All measurement and image analysis settings are

similar to those in the main Figure 3.

Figure S6. Complementary z-stack confocal fluorescence images of E. coli
incubated with OMVs. 24 h incubation of E. coli DH5-alpha with Dil-labelled Cbv34
OMVs (red). a) Top view confocal image, b) 3D-image of marked rectangle in a) using

z-stack mode. Images were taken using the same settings at 561 nm laser (red colour)
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and 488 nm laser (green colour). For visualisation, bacteria were stained with SYTO

9 (in green).

Oh

\ 48h

Figure S7. Predatory behaviour of Cbv34 myxobacteria on E. coli. Myxobacteria
(left) and E. coli (right, DSM 1116) were seeded on VY/2 agar and both incubated for
up to 48 h at 30 °C. VY/2 agar contains baker's yeast 5.00 g, CaCl2 x 2 H20 1.36 g,
Vitamin B12 0.50 mg, Agar 15.00 g and distilled water 1000.0 mL (DSMZ recipe).

84



a) 920.30830
Intensity ‘

921.31227
‘ /\ 922.30719

b) | | |
4 v T 1 Lon N .
Intensity 919 920 921 922 923 924 m/z

TR W1 \mkmmnmm i vl gl e b g i

2 4 6 8 10 12 14 16 18 t [min]

Cystobactamid Al

Figure S8. LC-MS based identification of Cystobactamid 919-1 in the methanolic
crude extract of Cbv34 OMVs. UHPLC-HRMS chromatogram acquired on the
Dionex Ultimate 3000 RSLC coupled to a Bruker maXis 4G qTOF mass spectrometer.
1 mL of methanolic OMV extract is separated, b) depicts the EIC at 920.309 + 0.02
Da across the chromatogram visualising the Cystobactamid 919-1 peak, a) depicts the

magnified mass spectrum at maximum intensity for the Cystobactamid 919-1 peak.

Mass spectra were acquired in centroid mode ranging from 150 — 2500 m/z ata 2 Hz
full scan rate. Mass spectrometry source parameters were set to 500V as end plate
offset; 4000V as capillary voltage; nebuliser gas pressure 1 bar; dry gas flow of 5 I/min
and a dry temperature of 200 °C. lon transfer and quadrupole settings are set to
Funnel RF 350 Vpp; Multipole RF 400 Vpp as transfer settings and lon energy of 5eV
as well as a low mass cut of 300 m/z as Quadrupole settings. Collision cell was set to
5.0 eV and pre pulse storage time is set to 5 ys. Spectra acquisition rate was set to
2Hz. Calibration is done automatically before every LC-MS run by injection of sodium
formiate and calibration on the sodium formiate clusters forming in the ESI source. All
MS analyses were acquired in the presence of the lock masses C12H19F12N30sPs3;
C18H1906N3P3F2 and C24H19F36N30sP3 which generate the [M+H]" ions of 622.028960;
922.009798 and 1221.990638. LCMS data are annotated using the in-house MXbase
myxobacterial metabolome data at Helmholtz Institute for Pharmaceutical Research
Saarland by automated comparison of retention time, exact mass and isotope pattern
accuracy using Bruker Daltonics Target analysis 1.3.
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Figure S9. Comparison of the MS? spectrum of Cystobactamid 919-1 from Cbv34
OMVs to the MS? spectrum of Cystobactamid 919-1 reference standard. HRMS?
spectrum of a) cystobactamid 919-1 standard and b) cystobactamid 919-1 in Cbv34
OMVs on the Bruker maXis 4G qTOF spectrometer to verify the identified peak as
cystobactamid 919-1. Identified fragments show excellent agreement to the reference
substance. LC and MS conditions for scheduled precursor list (SPL) guided MS? data
acquisitions were kept constant according to section standardised UHPLC-MS
conditions. MS? data acquisition parameters were set to exclusively fragment SPL
entries. SPL entries were edited manually to selectively target the precursor mass of
cystobactamid 919-1. SPL tolerance parameters for precursor ion selection were set
to 0.2 minutes and 0.05 m/z in the SPL MS/MS method. CID Energy is ramped from
35 eV for 500 m/z to 45 eV for 1000 m/z and 60 eV for 2000 m/z. MS full scan
acquisition rate was set to 2Hz and MS/MS spectra acquisition rates were ramped
from 1 to 4 Hz for precursor ion intensities of 10 kcts to 1000 kcts.
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Figure S10. Antimicrobial activity of Cbv34 OMVs compared to free
cystobactamid. OMVs from Cbv34 and cystobactamid 919-1 were incubated with E.
coli at different concentrations. Colony-forming units were counted for both samples.
Mean = SD, n = 3.
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Figure S11. Dose response of Cbv34 OMVs obtained from lower passage
numbers. Cbv34 myxobacteria were brought into culture from cryo stock and used
during passages 1-4. During these lower passage numbers, OMVs isolated from
culture supernatant showed a lower antimicrobial activity as seen from the dose
response curve. The curve was obtained by incubating increasing concentrations of

low passage Cbv34 OMVs with E. coli. Mean, n = 3.
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Abstract: In 2019, it was estimated that 2.5 million people die from lower tract respiratory infections
annually. One of the main causes of these infections is Staphylococcus aitreus, a bacterium that
can invade and survive within mammalian cells. S. aureus intracellular infections are difficult
to treat because several classes of antibiotics are unable to permeate through the cell wall and
reach the pathogen. This condition increases the need for new therapeutic avenues, able to deliver
antibiotics efficiently. In this work, we obtained outer membrane vesicles (OMVs) derived from
the myxobacteria Cystobacter velatus strain Cbv34 and Cystobacter ferrugineus strain Cbfe23, that are
naturally antimicrobial, to target intracellular infections, and investigated how they can affect the
viability of epithelial and macrophage cell lines. We evaluated by cytometric bead array whether
they induce the expression of proinflammatory cytokines in blood immune cells. Using confocal
laser scanning microscopy and flow cytometry, we also investigated their interaction and uptake into
mammalian cells. Finally, we studied the effect of OMVs on planktonic and intracellular S. aureus.
We found that while Cbv34 OMVs were not cytotoxic to cells at any concentration tested, Cbfe23
OMVs affected the viability of macrophages, leading to a 50% decrease at a concentration of 125,000
OMVsj/cell. We observed only little to moderate stimulation of release of TNF-alpha, IL-8, IL-6 and
IL-1beta by both OMVs. Cbfe23 OMVs have better interaction with the cells than Cbv34 OMVs, being
taken up faster by them, but both seem to remain mostly on the cell surface after 24 h of incubation.
This, however, did not impair their bacteriostatic activity against intracellular S. aureus. In this study,
we provide an important basis for implementing OMVs in the treatment of intracellular infections.

Keywords: extracellular vesicles; antimicrobial resistance; Staphylococcus aureus; intracellular infection;
outer membrane vesicles; biogenic drug carriers
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1. Introduction

Pulmonary infections represent a serious health risk for today’s society. The Global Burden of
Disease Study 2016 has estimated that lower respiratory infections are one of the leading causes of death
worldwide, especially in children aged five years and younger [1,2]. Lung infection is also a frequent
complication for patients with cystic fibrosis (CF), an inherited, systemic disorder caused by a mutation
in the cystic fibrosis trans-membrane regulator channel [3,4]. CF lung disease is characterized by the
accumulation of a thick mucus in the airway, which favors lung inflammation and persistent, chronic
bacterial infection. One of the main pathogens causing lung infections in CF patients is Staphylococcus
aureus (S. aureus) [5,6]. Besides being able to form biofilms, it is known that S. aureus can also invade
professional and non-professional phagocytes and is able to survive intracellularly by escaping the
endosomal pathway into the cytoplasm [7-10].

The antibiotics currently available on the market are not optimal for treating intracellular infections,
as most of them need higher concentrations and a longer therapy time to induce a positive effect [11].
Generally, free antibiotics (e.g., aminoglycosides) are unable to eradicate intracellular infections due to
their hydrophilic characteristics and high polarity, which prevent their permeation into mammalian
cells [12-17]. To address this problem, increased efforts have been made towards improved drug
delivery using nanotechnology, surface modification, biomimetic and biogenic carriers to overcome
this barrier [18-21]. Carriers such as liposomes have been successful at delivering antibiotics to biofilms
and eradicating them [22].

Myxobacteria are a group of Gram-negative bacteria that are abundant in soil. Many of
these bacteria show predatory behavior [23], and interact, move and prey by forming coordinated
swarms [24]. They belong to the class Delta Proteobacteria, phylum Proteobacteria. Myxobacteria
are potent producers of antimicrobial compounds [25-28] and they are non-pathogenic to humans.
Outer membrane vesicles (OMVs) are nanoparticles shed from the outer membrane of Gram-negative
bacteria [29-31]. OMVs derived from myxobacteria have been shown to be involved in intercolony
communication but also as predatory weapons against other bacteria [32]. We recently reported on
myxobacterial OMVs with inherent antimicrobial properties due to their cystobactamid cargo [33].
Cystobactmids are topoisomerase inhibitors that have potent antibacterial activity [34]. However,
the antimicrobial activity of myxobacterial OMVs has only been shown against the planktonic model
bacterium (Escherichia coli strain DH5-alpha), which is not clinically relevant. Here, we expand the
evaluation of these OMVs to clinically important S. aureus pathogens. For potential OMYV translation,
it is necessary to biotechnologically obtain them at large amounts. Myxobacterial cultures are suitable
for this purpose, because they can be increased to several liters, which facilitates the large-scale isolation
of their OMVs [34].

In this study, we explore the myxobacterial strains Cystobacter velatus Cbv34 and Cystobacter
ferrugineus Cbfe23 for the production of natural antibacterial OMVs and analyze their potential for
uptake by mammalian cells and the eradication of intracellular S. aureus. Our results show that both
Cbv34 and Cbfe23 OMVs are efficiently taken up into macrophages and epithelial cells without affecting
their viability. Importantly, they presented an antibacterial effect against intracellular S. aureus.

2. Materials and Methods

2.1. Myxobacterial Culture

The myxobacterial strains Cbv34 (Cystobacter velatus) and Cbfe23 (Cystobacter ferrugineus) were
cultured in 100 mL M-Medium (w/v, 1.0% phytone, 1.0% maltose, 0.1% CaCly, 0.1% MgSQy, 50 mM
HEPES, pH adjusted to 7.2 with KOH) at 30 °C and 180 rpm. Upon reaching the stationary phase at
67 days, 50 mL of the culture was removed for OMYV isolation. The remaining volume was used as
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an inoculum for the next passage of the myxobacterial culture. Growth curves of the cultures were
established as described in a previous study [33].

2.2. Isolation and Purification of Outer Membrane Vesicles

In order to obtain potent OMVs with a high yield, the myxobacteria were cultured for at least three
passages prior to performing the isolation. Fifty milliliters of the cultures were used and centrifuged at
9500 X g for 10 min at 4 °C. The supernatant was transferred to a new falcon tube and centrifuged
once again at 9500 x g, for 15 min at 4 °C. Thirty milliliters of the resulting supernatant was added
into an ultracentrifugation tube and pelleted at 100,000 X g for 2 h at 4 °C using a rotor type SW 32 Ti
(Beckman Coulter). The supernatant was removed, and the pellet was dispersed in 300 uL phosphate
buffered saline (PBS, Gibco PBS tablets without calcium, magnesium and phenol red) (Sigma-Aldrich;
Co., St. Louis, MO, USA) filtered with 0.2 um mixed cellulose ester filters (Whatman, GE Healthcare
UK Limited, Little Chalfont, UK). In order to remove the free protein present in the pellet, a size
exclusion chromatography (SEC) was performed. The pellet was added to a 60 mL column filled with
35-40 mL of Sepharose CL-2B (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) in PBS. One milliliter
fractions of OMVs in PBS were collected into polypropylene (PP) tubes (Axygen, Corning Incorporated,
Reynosa, Mexico) next to a Bunsen burner, to obtain aseptic conditions. The fractions were kept at
4 °C for up to one month. Prior to infection, experiments and measurements of particle parameters,
the fractions were filtered with Puredisc 25 AS (GE Healthcare UK Limited, Little Chalfont, UK) to
assure sterility.

2.3. Liguid-Chromatography Coupled Mass Spectrometry

2.3.1. OMYV Preparation

OMYV pellets were resuspended in 500 uL of particle-free PBS and lyophilized for 16 h. The dried
pellet was mixed with 300 pL of MeOH and vortexed for 1-2 min. The OMYV extract was centrifuged
to remove debris. Then, the supernatant was transferred to a vial for LC-MS analysis.

2.3.2. UHPLC MS Conditions

UPLC-hrMS analysis was performed on a Dionex (Germering, Germany) Ultimate 3000 RSLC
system using a Waters (Eschborn, Germany) BEH C18 column (50 X 2.1 mm, 1.7 um) equipped with a
Waters VanGuard BEH C18 1.7 pm guard column. Separation of 1 ul sample was achieved by a linear
gradient from (A) H,O + 0.1% FA to (B) ACN + 0.1% FA at a flow rate of 600 puL/min and a column
temperature of 45 °C. Gradient conditions were as follows: 0-0.5 min, 5% B; 0.5-18.5 min, 5%—95% B;
18.5-20.5 min, 95% B; 20.5-21 min, 95%-5% B; 21-22.5 min, 5% B. UV spectra were recorded by a DAD
in the range 200-600 nm. The LC flow was split to 75 pL/min before entering the Bruker Daltonics
maXis 4G hrToF mass spectrometer (Bremen, Germany) using the Apollo Il ESI source. Mass spectra
were acquired in centroid mode ranging from 150-2500 m/z (mass/charge) at a 2 Hz full scan rate.
Mass spectrometry source parameters are set to 500 V as end plate offset; 4000 V as capillary voltage;
nebulizer gas pressure 1 bar; dry gas flow of 5 L/min and a dry temperature of 200 °C. Ton transfer
and quadrupole settings are set to Funnel RF 350 Vpp; Multipole RF 400 Vpp as transfer settings and
Ion energy of 5 eV as well as a low mass cut of 300 m/z as Quadrupole settings. Collision cell is set to
5.0 eV and pre pulse storage time is set to 5 pus. Spectra acquisition rate is set to 2 Hz. Calibration is
done automatically before every LC-MS run by the injection of sodium formate and calibration on the
sodium formate clusters forming in the ESI source. All MS analyses are acquired in the presence of the
lock masses C]2H19F]2N306P3; C]gH1906N3P3F2 and C24H]9F36N3O6P3, which generate the [M + H]+
ions of 622.03; 922.01 and 1221.10.
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2.3.3. LC-MS Data Bucketing and Annotation Using Metaboscape Software

Acquired LC-MS data are bucketed by Bruker Metaboscape 4.0 SR1 using the qTOF data optimized
TReX 3D algorithm. Bucketed analyses are checked for library hits against our in-house database of
myxobacterial natural products called myxobase. Library hits are retained if they show a retention
time deviation under the described parameters of less than 0.2 min, m/z value deviation of less than
5 ppm and isotope pattern ratio congruence lower than 30 milliSigma.

2.3.4. Conditions for MS? Analysis

LC and MS conditions for automatic precursor selection MS? data acquisitions remain as described
in section-standardized UHPLC-MS conditions. CID Energy is ramped from 35 eV for 500 m/z to 45 eV
for 1000 m/z and 60 eV for 2000 m/z. MS full scan acquisition rate was set to 2 Hz and MS/MS spectra
acquisition rates were ramped from 1 to 4 Hz for precursor ion intensities of 10 to 1000 kcts.

2.3.5. GNPS Clustering Parameters

MS? data of the vesicle extracts were uploaded to the Global Natural Product Social Molecular
Networking (GNPS) server at University of California San Diego [35]. A molecular network was
created, using a parent mass tolerance of 0.05 Da and a fragment ion tolerance of 0.1 Da. Cosine score
of edges considered to network was set to extend 0.7 and the minimum matched fragment peaks
were set to 5. The clustered dataset was visualized using Cytoscape 3.7.2 (Cytoscape Consortium,
UCSD San Diego, USA).

2.4. Cryogenic Electron Microscopy

Cryogenic transmission electron microscopy (cryo-TEM) was performed on OMVs pellets after
ultracentrifugation and purified fractions as previously described [33]. Three to four microliters of the
sample were dropped onto a holey carbon grid (type 5147-4, Plano, Wetzlar, Germany) and plotted for
2 s before plunging into liquid ethane at T= —165 °C using a Gatan (Pleasanton, CA, USA) CP3 cryo
plunger. The sample was transferred under liquid nitrogen to a Gatan model 914 cryo-TEM sample
holder and analyzed at T = —173 °C by low-dose TEM bright-field imaging using a JEOL (Tokyo, Japan)
JEM-2100 LaB6 at 200 kV accelerating voltage. Images with 1024 x 1024 pixels were acquired using a
Gatan Orius SC1000 CCD camera at 2 s binning and 4 s imaging time.

2.5. Cell Culture

The murine macrophage cell line RAW 264.7 was obtained from the European Collection of
Authenticated Cell Cultures (ECACC) and cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(1X) (Life Technologies Limited, Paisley, UK) supplemented with 10% (v/v) fetal bovine serum (FBS)
(Life Technologies Limited, Paisley, UK). The adenocarcinomic human alveolar basal epithelial cell
line (A549) and the human acute leukemia monocyte cell line (THP-1) were both purchased from the
German Collection of Microorganisms and Cell Cultures (DSMZ) and cultured in RPMI 1640 (Life
Technologies Limited, Paisley, UK) supplemented with 10% (v/v) FBS. RAW264.7 and A549 cells were
split once a week, starting with 0.2 x 10° cells/13 mL for RAW and A549. THP-1 cells were split twice a
week to a seeding density of 2-3 x 10° cells/13 mL. Mycoplasma tests were conducted regularly.

2.6. Cell Viability and Cytotoxicity

To assess the viability and cytotoxicity of cells upon treatment, the cells were seeded into 96-well
plates at a density of 20,000 cells/well (RAW 264.7 and A549) and 100,000 cells/well (THP-1). To stimulate
the THP-1 cells into macrophages, they were incubated with 30 ng/mL of phorbol 12-myristate 13-acetate
(PMA). All cells were grown for 48 h. Within every set of experiments, a live-control, using cells treated
with PBS (100 pL cell medium plus 100 uL. PBS), which did not show any change in cell viability or
morphology, and a dead-control, using cells treated with 1% (v/v) Triton-X 100 (Sigma-Aldrich; Co.,
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St. Louis, MO, USA) were included. During the assays, cells were cultured in FCS-free medium to
prevent falsified results caused by traces of lactate dehydrogenase (LDH) contained in the medium.
Cells were incubated with 100 pL of OMYV suspension in PBS at different concentrations (1 X 1012,
1x 10" and 1 x 10 OMVs/mL) and 100 pL of cell medium for 24 h. For cytotoxicity evaluation,
after an incubation time of 24 h, 100 uL of medium were removed to be analyzed by LDH-assay,
which detects the amount of LDH released into the medium upon cell death after plasma membrane
damage, and mixed with 100 pL of LDH-reagent (Roche Diagnostics GmbH, Mannheim, Germany),
prepared according to the supplier’s protocol. After an incubation time of 5 min at room temperature
(RT), the absorbance of the solution was measured at 492 nm. For viability, PrestoBlue (Thermo Fisher
Scientific, Waltham, MA, USA) reagent, which detects metabolically active cells, was diluted by 1 in 10
with the respective medium of the cells. The remaining medium in the wells was removed and 100 pL
of the diluted PrestoBlue reagent was added. After 20 min of incubation at 37 °C, fluorescence of the
emerging dye was measured at an excitation of 560 nm and emission of 590 nm with a Tecan Infinity
Pro 200 (Tecan, Méannedorf, Switzerland). plate reader.

2.7. Cytokine Detection of OMV-Treated PBMCs

Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation from buffy coats,
derived from three different donors obtained from the Blood Donation Center, Saarbriicken, Germany,
authorized by the local ethics committee (State Medical Board of Registration, Saarland, Germany;
permission no. 173/18). The cells were cultured in a 96-well plate with 100,000 cells per well in RPMI
1640 (Sigma Aldrich, St. Louis, MO, USA). Pellets of OMVs were isolated by ultracentrifugation as
described above. One-hundred microliters of sterile PBS was used to resuspend the pellets. The particle
concentration was determined via nanoparticle tracking analysis and the samples were diluted with
PBMC medium to a final concentration of 5 X 10® and 5 x 10° particles per cell. After 4 h of incubation
at 37 °C, cell supernatants were collected and stored at —80 °C for further analysis. A BD cytometric
bead array human inflammatory cytokines kit was used according to manufacturer’s specification to
quantify the concentrations of IL-8, IL-10, I1-6, Il-1 beta, TNF alpha and IL-12p70.

2.8. Antimicrobial Effect upon Storage

The stability of the OMVs’ antimicrobial effect was tested by maintaining the purified fractions
at 4 °C for up to four weeks before testing them against E. coli DH5-alpha. After treating E. coli with
different dilutions of OMVs for 18 h at 37 °C, the optical density was measured at 600 nm with a
plate reader.

2.9. Bacteriomimetic Liposome Preparation

Bacteriomimetic liposomes were prepared by thin film hydration, as previously
reported, with minor modifications [36]. A 6% (w/v) phospholipid solution was prepared
by dissolving 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine (POPE),
1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (POPG)
and 1,1’,2,2'-tetra-(9Z-octadecenoyl) cardiolipin (sodium salt) (CL) (Avanti Polar Lipids Inc., Alabaster,
AL, USA) (weight ratio 70:20:10) in 5 mL of a chloroform-methanol blend (2:1) in a 250 mL round
bottom flask. A Rotavapor R-205 (BUCHI Labortechnik GmbH, Essen, Germany) was employed to
remove the solvent under low pressure (60 min, 200 mbar, 135 rpm, 80 °C; 30 min, 40 mbar, 135 rpm,
80 °C). The remaining lipid film was rehydrated by adding 5 mL PBS (pH 7.4) containing 10% (v/v)
ethanol and rotating for 60 min (70 °C, 135 rpm, atmospheric pressure). The obtained liposomes were
sonicated for 60 min followed by 10 extrusion cycles at 70 °C, employing a Liposofast L-50 extruder
(Avestin Europe GmbH, Mannheim, Germany).
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2.10. Flow Cytometry and Confocal Laser Scanning Microscopy to Assess OMV Uptake into Mammalian Cells

Purified fractions of OMVs and a suspension of the bacteriomimetic liposome control were
incubated with 2 pL of 1,1’-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate (Dil)
(Molecular Probes Inc., Eugene, OR, USA) for 30 min at 37 °C. Afterwards, the suspensions were
purified with a 10 mL column filled with Sepharose CL-2B (GE Life Science, UK) in PBS to remove any
unbound dye. The fluorescence of the fractions was measured with a plate reader and the fractions
with the highest concentrations were used. The Dil-stained particles were diluted 1:5 in cell culture
medium with 1% penicillin and streptomycin (v/v) (Life Technologies Corporation, Grand Island, NY,
USA) and incubated with cells at different time points.

For flow cytometry experiments, A549 and RAW 264.7 cells were seeded in 24-well plates with a
density of 2 x 10° cells per well and incubated for 48 h at 37 °C and 5% CO,.

Prior to flow cytometry (LSRFortessa, BD Bioscience, San Jose, CA, USA) analysis, the cells were
washed with PBS and detached by using trypsin/EDTA (Life Technologies Limited, Paisley, UK) (A549)
or a cell scraper (RAW 264.7). The cells were diluted with 2% (v/v) FCS in PBS and then added into
FACS tubes for uptake analysis. Cells treated with PBS diluted in mammalian cell culture medium (1:5
dilution) were used as a negative control to set up the Phycoerythrin (PE) channel gate. A 10,000 live
cells threshold was set to be analyzed from forward versus side scatter (FSC vs. S5C) gating. Single
cells were determined by forward height versus forward area scatter (FCS-H vs. FC5-A) gating. The
percentage of positive cells and the mean fluorescence intensity (MFI), which can be used to evaluate
the amount of fluorescent particles taken up by the cells, were determined by analysis with the Flow]Jo
10.6.1 software (FlowJo LLC, Ashland, OR, USA) using the Phycoerythrin area channel (PE-A).

For confocal laser scanning microscopy (CLSM), the cells were seeded in 8-well chambers (SPL
Life Sciences, Pocheon-si, Gyeonggi-do, Korea) with 4 X 10* cells per well. After the incubation
time points, the cells seeded in the 8-well chambers were washed with PBS and fixed with 3.7% (v/v)
paraformaldehyde in PBS. The cells were stained with Alexa Fluor 488 Phalloidin (Life Technologies
Coorporation, Eugene, OR, USA) for 1 h and DAPI (4,6-Diamidino-2-phenylindole dihydrochloride)
(Sigma-Aldrich Co., S5t. Louis, USA) for 30 min, washing the cells with PBS between the staining steps.
The chambers were disassembled and mounted on a coverslip prior to CLSM analysis (Leica TCS SPS8,
Leica Microsystems, Wetzlar, Germany). The captured images were processed with the LAS X software
(LAS X 1.8.013370, Leica Microsystems, Wetzlar, Germany).

2.11. Bacterial Culture

Staphylococcus aureus strain Newman and Escherichia coli strain DH5-alpha were obtained from the
DSMZ (German Collection of Microorganisms and Cell Culture). Overnight cultures were prepared
using 20 mL of brain heart infusion (BHI) broth (Becton; Dickinson and Company, Sparks, MD, USA)
for S. aureus and Luria broth (LB) (Sigma-Aldrich; Co., St. Louis, MO, USA) for E. coli inoculated with
a single colony. Cultures were incubated at 37 °C and 180 rpm.

2.12. Intracellular Infection

A549 cells were seeded (2 X 10* cells/well) into 96-well plates and incubated for 48 h. Ten milliliters
of the bacterial overnight culture was pelleted at 2000 X g, 4 °C, for 5 min and resuspended in PBS. The
bacterial suspension in PBS was then diluted to approximately 2 x 10° colony forming units per mL
(CFU/mL) in mammalian cell medium. The cells were infected for 2 h (approximately multiplicity
of infection (MOI) = 100), following washing with PBS and treatment with 50 pg/mL gentamicin for
30 min. After an additional washing step, cells were treated for 24 h with different concentrations of
OMVs and controls, each diluted in cell culture medium. After 24 h incubation, the cells were lysed
with HBSS (Hanks Buffered Saline Solution) (Life Technologies Limited, Paisley, UK) supplemented
with 0.1% bovine serum albumin (Sigma-Aldrich Co., St. Louis, MO, USA) (w/v) and 0.1% Triton-X
100 (Sigma-Aldrich; Co., St. Louis, MO, USA) (v/v). Serial dilutions were prepared in a PBS solution
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containing 0.05% Tween-20 (Sigma-Aldrich, Co., St. Louis, MO, USA) (v/v) and inoculated on BHI
agar plates (Becton; Dickinson and Company, Sparks, MD, USA), which were then incubated at 37 °C
overnight. Afterwards, the single colonies were counted and the CFU/mL values calculated.

2.13. Statistical Analysis

The data is displayed as mean =+ standard error of the mean (SEM). The number of independent
experiments (1) is shown in each figure. The experiments and measurements were conducted at least
in triplicates. The results were analyzed by GraphPad Prism 8.3 (GraphPad Software, San Diego, CA,
USA), using Kruskal-Wallis test by ranks, followed by Dunn’s multiple comparisons test. Significant
P-values were illustrated as * p < 0.05, ** p < 0.005, *** p < 0.0005 and **** p < 0.0001.

3. Results

3.1. OMVs are Successfully Isolated by Ultracentrifugation and SEC

The OMVs were isolated from the myxobacterial cultures (Figure S1) and successfully separated
from free proteins remaining in the pellet by SEC (Figure S2), using our standardized protocol [33].
The Cbfe23 OMVs were round-shaped and electron-dense, with a well delimited membrane, shown in
the cryo-TEM micrographs (Figure 1). The main fractions of OMVs were about 120-150 nm in size
(Figure S3). Cbfe23 OMVs had a zeta potential of =5.3 + 0.7 mV while Cbv34 OMVs showed a zeta
potential of —4.7 + 0.6 mV, as recently reported by our group [33]. The liposomes used as a control for
the uptake studies had a zeta potential of —=24.5 + 1.2 mV.

a) b)

Figure 1. Cryo-TEM micrographs of (a) Cbfe23 outer membrane vesicles (OMVs) and (b) Cbv34 OMVs.
Both OMVs are spherical and about 150 nm in size. Scale bars = 200 nm.

3.2. Myxobacterial OMV's Neither Affect Viability of Mammalian Cells nor Induce Cytotoxicity

The viability of alveolar epithelial cells A549, the macrophage cell line RAW 264.7 and differentiated
THP-1 were investigated upon 24 h of incubation with different OMV concentrations (Figure 2). Cbv34
OMVs did not impact the viability of the cells at any concentration tested. The Cbfe23 OMVs were
well tolerated until concentrations of 125,000 OMVs/cell. Very high amounts of OMVs (i.e., 125,000
OMVs/cell) decreased the macrophage cell line viability by 50% (Figure 2¢,e), and by around 60%
when incubated with A549 cells (Figure 2a). A comparable effect was observed for serial dilutions of
cystobactamid, the natural compound previously identified in Cbv34 OMVs (Figure 2g) [33]. Cbv34
OMVs increased viability above 100% when incubated with dTHP-1 cells. We had previously observed
this effect, which may be due to the nutrient bolus of lipids provided by high amounts of OMVs [33].
To further evaluate this effect, the cytotoxicity was assessed by LDH assay. As seen in Figure 2b,d f, we
did not detect any underlying cytotoxicity in all concentrations of OMVs tested and a similar result
was obtained from different concentrations of cystobactamid (Figure 2h).
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Figure 2. Cell viability and cytotoxicity of Cbv34 OMVs and Cbfe23 OMVs upon 24 h of treatment.
Viability of (a) A549, (c¢) RAW 264.7 and (e) differentiated THP-1 cells, and lactate-dehydrogenase
cytotoxicity of OMVs incubated with (b) A549, (d) RAW 264.7 and (f) differentiated THP-1 cells. Effect
of cystobactamid on the (g) viability and (h) cytotoxicity of A549 and RAW 264.7 cells. Mean + SEM,
n = 3. No statistically significant differences were observed for any sample.

3.3. Proinflammatory Cytokine Detection by Flow Cytometry

To better understand the effect that OMVs may have on primary immune cells, we isolated
peripheral blood mononuclear cells and incubated them with different concentrations of myxobacterial
OMVs. As seen in Figure 3, in comparison to the positive control lipopolysaccharide, we only observed
a tendency for the stimulation of release of TNF-alpha, IL-8, IL-6 and IL-1beta. Only at concentrations of
1 x 1013 particles/mL of Cbv34 OMVs, an increase in production of IL-1beta was found. The treatment
with high concentrations of OMVs (1 x 10'3 particles/mL) seemed to affect the viability of PBMCs,
as seen by light microscopy (Figure S5).
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Cytokine detection of OMV-treated peripheral blood mononuclear cells (PBMCs).

OMV-induced release of (a) TNF-alpha, (b) IL-8), (¢) IL-6 and (d) IL 1-b at different concentrations.
Mean + SEM, n = 3.

3.4. Myxobacterial OMVs Are Able to Kill Planktonic S. aureus

OMVs had a killing effect at concentrations of approximately 1 x 10'2 particles/mL. This correlates
to a ratio of 3 x 10° particles per CFU of S. aureus (Figure 4). We credit this effect to the cystobactamid
compounds found in the OMV pellets (Figure 56). We were further interested to see if the antibacterial
effect of myxobacterial OMVs is preserved during storage. For this, we tested whether Cbv34 OMVs are
active against E. coli DH5-alpha after storage at 4 °C for up to 28 days based on our recent protocol [33].

Under these conditions, the antimicrobial activity of the OMVs remained potent and dose-dependent
over time (Figure 5).

Figure 4. Antibacterial activity of Cbfe23 and Cbv34 OMVs against S. aureus strain Newman after 4 h
of incubation at 37 °C. Mean + SEM, n = 3. Significance was defined in comparison to the PBS control
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(black column) as * p-value < 0.05, *** p < 0.0005, **** p-value < 0.0001 and ns = not significant.
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Figure 5. Antibacterial activity of Cbv34 OMVs against E. coli DH5-alpha right after isolation (fresh),
and upon storage at 4 °C for 7, 14, 21 and 28 days. The treatment was done for 18 h at 37 °C.
Mean + SEM, n = 3.

3.5. OMVs Are Taken Up by Mammalian Cells

The interaction with and uptake of the OMVs in A549 epithelial cells and RAW 264.7 immune cells
were assessed by flow cytometry (Figures 6 and 7) and CLSM (Figure 8). In comparison to liposomes
prepared from bacterial phospholipids, we observed a significantly slower uptake of OMVs in A549
cells at 4 and 24 h of incubation (Figure 6a,d). The MFI of the liposomes was significantly higher when
compared to the OMVs at the 4 h time point with A549 cells (Figure 6b). The MFI difference remained
high between Cbv34 OMVs and liposomes at 24 h, but it was not significant when Cbfe23 OMVs
and liposomes were compared (Figure 6e). As for the uptake into RAW 264.7 cells, Cbfe23 OMVs
and bacterial liposomes did not show any significant difference in terms of percentage of positive
cells and MFI (Figure 7), both having a percentage of positive cells of nearly 90% at 4 h incubation
time (Figure 7a). However, Cbv34 OMVs had a significantly lower percentage of positive cells when
compared to the bacterial liposomes at 4 h (Figure 7a) and lower MFI at 24 h (Figure 7e). At the 24 h
time point, all particles led to 100% of fluorescent cells with RAW 264.7 cells (Figure 7d). MFI remained
comparable between all the samples at the 4 h time point (Figure 7b). The representative histograms of
the uptake of Dil-stained particles in A549 cells (Figure 6¢,f) and RAW 264.7 cells (Figure 7c,f) show the
shift in the histograms of the samples compared to the untreated control (red).
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a)

% positive cells

d)

% positive cells

A5494 h

b) A549 4 h g
125 —_— 8000
—
100 6000 =
75 @
— S,
£ 4000 =
50 —_— 3
25 2000 o / \
oM L= L1
2 @ Cl \& @ l
o@ 50%4 boé@ o@‘ '50\“4 goé“' PE-A
(;6‘”? Go\é" ¢Q° d)-\"? ov‘é» \>Q°
A54924 h o) A549 24 h n
5 —
s ns
100 L 3
6000 T 3
O
75 s
£ 4000 €
50 o
o
2 2000 / \
® 0 701 107 105 10¢ 108
G 2 2 2 \2
& & & & ,“o‘xﬂ s PE-A
%) O
c;o“l? 0.‘,\"» « & d.,\éb N

11 0f 17

Interaction and uptake of OMVs and liposomes after incubation with A549 cells.
The percentage of positive cells (which interacted with Dil-labelled OMVs) after (a) 4 hand (d) 24 h
of incubation. The MFI after (b) 4 h and (e) 24 h of incubation. Representative histograms of Cbfe23
OMVs (green), Cbv34 OMVs (orange), liposomes (blue) and untreated control (red) after (c) 4 h and (f)
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Figure 7. Interaction and uptake of OMVs and liposomes after incubation with RAW 264.7 cells.
The percentage of positive cells (which interacted with Dil-labelled OMVs) after (a) 4 hand (d) 24 h
of incubation. The MFI after (b) 4 h and (e) 24 h of incubation. Representative histograms of Cbfe23
OMVs (green), Cbv34 OMVs (orange), liposomes (blue) and untreated control (red) after (c) 4 h and
(f) 24 h of incubation. Mean + SEM, n = 3. ** p < 0.005, *** p < 0.0005 and ns = not significant.

As for the localization of the particles within the cells, we observed little fluorescence signal
coming from the particles after 4 h of incubation with A549 (Figure S7), and a higher fluorescence
of Cbfe23 OMVs when incubated with RAW 264.7 cells for 4 h (Figure S8), when compared to the
Cbv34 OMVs. Even though we saw Dil-stained Cbv34 and Cbfe23 OMVs within the cells, we did
not observe colocalization with the cytoskeleton at any investigated time point (Figure 8). We noticed
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a removal of OMVs by PBS washing during the staining process, which may indicate that they are
mostly bound onto the cell surface. When the cells were washed once with PBS and fixed, we observed
a high number of fluorescent particles in A549 cells (Figures S9 and S10).

Alexa 488 Dil Overla
a) : .

Untreated

Alex jor 4 i (!
b) Dil Overlay

Untreated

Figure 8. Uptake of fluorescent particles investigated by confocal laser scanning microscopy (CLSM)
after 24 h of incubation with (a) A549 and (b) RAW 264.7 cells. The cells nuclei are stained with DAPI

(blue), while the F-actin is labelled with Alexa Fluor 488 Phalloidin (green). OMVs and bacterial
liposomes are stained with DiT (red). Scale bar = 100 um.

3.6. OMVs Are Able to Kill Intracellular Pathogens

We investigated the ability of myxobacterial OMVs to treat intracellular infections caused by
S. aureus in A549 cells. The most active concentrations were 108 OMVs/mL and 1011 OMVs/mL
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for Cbfe23 and Cbv34 OMVs, respectively (Figure 9). The highest concentrations of Cbfe23 OMVs
were not tested, because they negatively influenced the viability of the cells, as shown in Figure 2a.
Gentamicin is soluble in water, while cystobactamid is dissolved in DMSO (dimethyl sulfoxide), so we
included DMSOQ as a solvent control. The DMSO might contribute to the antibacterial effect of the free
cystobactamid, as we observed a tendency of lower CFU amounts in the DMSO sample alone. Both
free gentamicin and cystobactamid, together with the solvent control DMSQO, were not significantly
different when compared among themselves. Our OMVs, which are in aqueous suspension, showed
a more pronounced reduction in bacterial growth compared to free antibiotics. By comparing this
with the number of bacteria present in the cells after 2 h of uptake (time zero), we see that the effect of
the OMVs against S. aureus is bacteriostatic. This effect was also confirmed by the statistical analysis,
which did not show a significant difference in bacterial growth between the most effective OMV
concentrations and the time zero control (blue dashed line in Figure 9).
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Figure 9. Antibacterial effect of OMVs against intracellular S. aureus after 24 h of treatment. Mean + SEM,
n = 3-4 independent experiments. Significance was defined in relation to the PBS control as ns = not
significant, * p-value < 0.05, *** p-value < 0.0005 and **** p-value < 0.0001. Red dashed lines represent
the comparison between gentamicin 10 pg/mL, cystobactamid 10 pg/mL and the DMSO control = not
significant. Blue dotted lines represent the comparison between the time zero (2 h bacterial uptake),
Cbfe23 108 particles/mL and Cbv34 10'! particles/mL.

4. Discussion

Cbv34 and Cbfe23 OMVs were successfully isolated by differential centrifugation and SEC,
presenting a size of approximately 120-150 nm, which is an advantageous size for interaction with
target cells and accumulation in inflamed infectious tissue [37]. The Cryo-TEM images showed
spherical forms for Cbv34 OMVs, but for Cbfe23 OMVs, rod-shaped particles were also seen (Figure 54).
We suspect that these particles might be fragments of outer membrane tubes (OMTs), which are known
to be produced by some myxobacterial strains [38].

As for the viability and cytotoxicity, we showed low to absent toxicity for Cbv34 OMVs, as also
reported in literature [33]. Cbfe23 OMYVs, which were studied here for the first time, reduced the
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viability of the cells only at a concentration of 125,000 OMVs/cell. This might be caused by a higher
load of antibiotic in comparison to Cbv34 OMVs, since we could see that a concentration of 10 ug/mL
cystobactamid also had a similar negative effect on cell viability. No dramatic cytotoxicity was detected
at any concentrations tested for either OMV. We have tested whether our OMVs induce the production
of proinflammatory cytokines to better understand the potential immunogenicity of our carriers. 1L-6,
which is a multifunctional cytokine, and TNF, are released in response to inflammation and mediate
reactions to its effects, such as fever [39,40]. IL-8 and IL-1b induce chemotaxis and play a key role
in inflammation, recruiting neutrophils to the site of infection [41—43]. Our OMVs promoted a mild
release of proinflammatory cytokines compared to the LPS control. As an exception, the concentration
of 103 Cbfe23 OMVs/mL stimulated a high production of IL-1beta, but possibly induced cell death, as
observed by light microscopy (Figure S5). IL-1beta is known to be negatively influenced in production
by the use of molecules that induce autophagy [44], which contributes to cell survival. This result might
also lead to a clue about the mechanisms of how Cbfe23 OMVs induce cell death at high concentrations.

Even though high concentrations of OMVs were needed to inhibit the growth of planktonic
bacteria, concentrations of 1012 OMVs/mL and higher did not seem to be required for an antibacterial
effect against intracellular pathogens. When intracellular CFUs were assessed to investigate the OMVs’
activity against S. aureus, a bacterial growth inhibition was identified, especially from Cbfe23 OMVs.
In literature, the Cbfe23 strain has not been reported to produce cystobactamids [45]. Here, we modified
the composition of the bacterial culture medium by using phytone as a carbon source, instead of the
previously reported skimmed milk and soy flour [45]. Due to this modification, we were able to identify
cystobactamids 919-1 and 920-1 [46-48] as the active compounds in the OMV extract (Figure S6).
For the potential application of OMVs as an antibacterial therapy in the clinic, their formulations must
be stable for a certain period, preferably without any special storage conditions, such as deep freezing
at —80 °C and the use of cryoprotectants. Since we have already showed an antibacterial effect of
Cbv34 OMVs against E. coli [26] and the easy handling of this bacterium, we investigated OMV storage
stability at 4 °C with this model pathogen. We found that the dose-dependent antibacterial activity of
Cbv34 OMVs was conserved during 28 days of storage. This result matches recent findings that show
extracellular vesicles” inherent stability under different storage conditions [49,50].

Compared to bacteriomimetic liposomes, OMVs showed different uptake kinetics with immune
and epithelial cells. While liposomes are rapidly taken up in all cell types at high amounts, OMVs
seemed to have a preferentially better uptake in immune cells than in epithelial cells. Surface charge
may play a role in this mechanism, but surface proteins of OMVs are also important for this effect,
as was shown for mammalian vesicles [51]. As we show, OMVs have an antibacterial effect against
internalized S. aureus in A549 cells. Both Cbfe23 and Cbv34 OMVs showed a higher antibacterial effect,
when compared to the untreated control, than the free gentamicin and cystobactamid. Free antibiotics
generally have a low permeation through mammalian cell membranes and thus favor intracellular
infections, which may become persistent and difficult to treat. The use of myxobacterial OMVs as
nanocarriers could possibly overcome the cellular barrier and successfully deliver the antibacterial
compound to the lungs, potentially being administered locally as an aerosol.

The next steps to further evaluate myxobacterial OMVs as drug carriers are to rule out their
immunogenicity in complex in vitro models of inflammation [52], and the evaluation of their
antibacterial activity in an infected animal model.

5. Conclusions

OMVs from Cbv34 and Cbfe23 are not only low in toxicity in different cell lines, but also in
primary immune cells. They are able to mediate killing of one of the most important Gram-positive
problem pathogens, S. aureus. These OMVs are able to be taken up into infected cells and showed
efficient bacteriostatic effect against intracellular S. aureus infections.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/1/194/s1,
Figure S1: Morphology of Cbfe23 (passage 3, 5 days in culture) and Cbv34 (passage 9, 7 days in culture),
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Figure S2: Particle size measured by dynamic light scattering and protein concentration of Cbfe23 size exclusion
chromatography fractions (1 mL each) were measured by BCA (bicinchoninic acid) assay (Sigma-Aldrich Co., St.
Louis, MO, USA), Figure S3: Representative graphs of size distributions measured by nanoparticle tracking analysis
of a) Cbv34 and b) Cbfe23 OMVs, Figure S4: Cryo-TEM micrographs of Cbfe23 pellets after ultracentrifugation,
Figure S5: Light microscopy images showing the morphology of peripheral blood mononuclear cells (PBMCs) after
4 h treatment with OMVs and controls, Figure S6: a) LC-MS Base peak chromatogram of the OMV extract (black)
highlighting the two major cystobactamids: cystobactamid 919-1 (A, red, m/z 920.31 + 0.05 Da) and cystobactamid
920-1 (B, blue, m/z 921.30 = 0.05 Da) as extracted ion chromatograms, Figure S7: Uptake/interaction of OMVs
and liposomes with A549 cells after 4 h incubation measured by confocal laser scanning microscopy, Figure S8:
Uptake/interaction of OMVs and liposomes with RAW 264.7 cells after 4 h of incubation measured by confocal
laser scanning microscopy, Figure S9: Uptake/interaction imaging of OMVs and liposomes after 4 h incubation
with A549, following one single wash with PBS and fixation by confocal laser scanning microscopy, Figure $10:
Uptake/interaction imaging of OMVs and liposomes after 24 h incubation with A549, following one single wash
with PBS and fixation by confocal laser scanning microscopy.
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Cbfe23

Figure S1: Morphology of Cbfe23 (passage 3, 5 days in culture) and Cbv34 (passage
9, 7 days in culture). Myxobacteria form cell aggregates in liquid culture. Images were
taken with a light microscope (Zeiss, Germany). Scale bars = 50 ym.
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Figure S2: Particle size measured by dynamic light scattering and protein
concentration of Cbfe23 size exclusion chromatography fractions (1 mL each) were
measured by BCA (bicinchoninic acid) assay (Sigma-Aldrich Co., St. Louis, MO, USA).
Mean + SEM, n = 3.
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Figure S3: Representative graphs of size distributions measured by nanoparticle
tracking analysis of a) Cbv34 and b) Cbfe23 OMVs. Mean + SEM.

Figure S4: VCryo-TEM micrographs of Cbfe23 pelléfs after ultracentrifugation. The
white arrows indicate OMVs with spherical shape and electron dense cores. The black
arrows indicate rod-shaped electron dense particles of similar size as the OMVs.
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Figure S5: Light microscopy images showing the morphology of peripheral blood

Cbv34 OMVs

mononuclear cells (PBMCs) after 4 h treatment with OMVs and controls. The viability
of the cells appeared to be compromised upon treatment with high concentrations of
OMVs (1x10"3 OMVs/mL). Scale bars = 50 ym.
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Figure S6: a) LC-MS Base peak chromatogram of the OMV extract (black) highlighting
the two major cystobactamids: cystobactamid 919-1 (A, red, m/z 920.31 + 0.05 Da)
and cystobactamid 920-1 (B, blue, m/z 921.30 + 0.05 Da) as extracted ion
chromatograms. b) ESI-CID-MS? spectrum of cystobactamid 919-1 from the OMV
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samples measured on a maXis 4G qTOF spectrometer c) ESI-CID-MS? spectrum of
cystobactamid 920-1 from the OMV samples measured on a maXis 4G qTOF
spectrometer d) Spectral network created by GNPS using the MS? data from the OMV
extract samples depicting the precursor masses of all cystobactamid derivatives
contained in the samples.
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Figure S7: Uptake/interaction of OMVs and liposomes with A549 cells after 4 h
incubation measured by confocal laser scanning microscopy. The cells nuclei are
stained by DAPI (blue), while the F-actin is labelled by Alexa Fluor® 488 Phalloidin
(green). Scale bars = 100 ym.
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Figure S8: Uptake/interaction of OMVs and liposomes with RAW 264.7 cells after 4 h
of incubation measured by confocal laser scanning microscopy. The cells nuclei are

stained by DAPI (blue), while the F-actin is labelled by Alexa Fluor® 488 Phalloidin
(green). Scale bars = 100 ym.
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Figure S9: Uptake/interaction imaging of OMVs and liposomes after 4 h incubation
with A549, following one single wash with PBS and fixation by confocal laser scanning
microscopy. Cells were imaged with bright field and OMVs and liposomes were
stained with Dil (red). Scale bars = 100 ym.
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Figure S10: Uptake/interaction imaging of OMVs and liposomes after 24 h incubation
with A549, following one single wash with PBS and fixation by confocal laser scanning
microscopy. Cells were imaged with bright field and OMVs and liposomes were
stained with Dil (red). Scale bars = 100 ym.
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Bacterial biofilms are widespread in nature and in medical settings
and display a high tolerance to antibiotics and disinfectants.
Extracellular vesicles have been increasingly studied to character-
ise their origins and assess their potential for use as a versatile
drug delivery system; however, it remains unclear whether they
also have antibiofilm effects. Outer membrane vesicles are lipid
vesicles shed by Gram-negative bacteria and, in the case of myxo-
bacteria, carry natural antimicrobial compounds produced by
these microorganisms. In this study, we demonstrate that vesicles
derived from the myxobacteria Cystobacter velatus Cbv34 and
Cystobacter ferrugineus Cbfe23 are highly effective at inhibiting
the formation and disrupting biofilms by different bacterial
species.

Introduction

Microorganisms can employ a variety of strategies to survive in
the natural environment, including the formation of biofilms.
Recent global surveys of microbial abundances in the environ-
ment have shown that biofilms are the main form of growth
for bacteria and other microorganisms.'™ Biofilms can
develop when microorganisms attach to a surface, grow or
aggregate together, and produce an extracellular matrix com-
posed of polymeric substances.*® They are responsible for
65% to 75% of all human infections,”' such as lung infec-
tions in patients with cystic fibrosis, infectious kidney stones,
urinary tract infections, and bacterial endocarditis.""""*
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Interaction of myxobacteria-derived outer
membrane vesicles with biofilms: antiadhesive and
antibacterial effectst

Adriely Goes, (2 Lucia Vidakovic, Knut Drescher®®€ and Gregor Fuhrmann () 2

Biofilm formation is known to result in a high tolerance to
antibiotics and disinfectants of the bacteria inside the
biofilms."**® The protective barrier provided by biofilms
causes major health care issues, such as chronic infections
resulting from biofilms that form on biomedical devices.
Indeed, recent estimates have indicated that these infections
account for 25.6% of all infections acquired in health care set-
tings in the United States of America.'® These observations
highlight the need for the development of new strategies for
the treatment of biofilm-derived infections.

Myxobacteria are Gram-negative microorganisms abun-
dantly present in the soil. They have been extensively studied
for their ability to produce natural antimicrobial compounds
while being non-pathogenic to humans.'”"*®

Myxobacteria can release outer membrane vesicles (OMVs),
a type of extracellular vesicle specifically released by Gram-
negative bacteria.' >’

The OMVs released by myxobacteria can transport anti-
biotic compounds produced by them, which are known to be
able to kill planktonic and intracellular pathogens.?’**> Many
different nanocarrier-based approaches, such as surface modi-
fication of liposomes,” the use of “biogenic” silver nano-
particles,> and quorum-sensing modulation by autoinducer-
loaded nanoparticles, have recently been explored as means of
eradicating microbial biofilms.>> However, most of these
systems have limitations, such as not being suitable for in vivo
use, being toxic to mammalian cells, or not being able to fully
eradicate biofilms. Here, we propose the use of OMVs derived
from two myxobacterial strains, Cystobacter velatus Cbv34 >®
and Cystobacter ferrugineus Cbfe23,” natural producers of the
antibiotic cystobactamid,?"** as a novel approach for prevent-
ing the formation and adhesion of bacterial biofilms.

Results and discussion

C. velatus Cbv34 and C. ferrugineus Cbfe23 were cultured at
least until the fourth passage and their OMVs were isolated
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from 7-day-old cultures by differential centrifugation. The analysis (NTA). Cbv34 presented OMVs with a size of 121.1 +
pellets were resuspended in 300 uL of particle-free phosphate- 9.6 nm and an average concentration of 1.68 x 10"* particles
buffered saline (PBS) and subjected to nanoparticle tracking per mL (Fig. S1AT), while those of Cbfe23 had a size of 101.6 +

Cbfe 1:10

cbvi:20 it N cbv1:100

Cbfe 1:10

Cbv 1:100 Cbv 1:1000

Fig. 1 Scanning electron micrographs of E. coli biofilms grown on glass coverslips. The concentrations of the OMV suspensions are as follows:
1:10 = 1 x 102 particles per mL for Cbv and 1 x 10* particles per mL for Cbfe. (A) Biofilm inhibition assay. Biofilms were grown on glass coverslips
for 48 h with different concentrations of Cbfe and Cbv OMVs or controls (LB medium, PBS, and cystobactamid). (B) Preformed biofilm assay.
Biofilms were grown on glass coverslips for 72 h and then treated with different concentrations of Cbfe and Cbv OMVs for another 24 h. Under both
settings, fewer bacteria remained attached to the coverslips when OMV treatment was applied, especially for the preformed biofilms treated with
the higher OMV concentration. Micrographs are representative of three independent experiments. Scale bar = 50 pm.
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2.5 nm and an average concentration of 1.04 x 10" particles
per mL (Fig. S1B¥).

To test the effect of these OMVs on Escherichia coli biofilms,
we designed two different assays, for which we grew E. coli TG1
biofilms in 24-well plates with a glass coverslip inserted at the
bottom of the wells. In the first assay, we aimed to assess the
ability of the OMVs to inhibit biofilm formation (the biofilm
inhibition assay). For this, we incubated a bacterial suspension
with OMVs or control treatments for 48 h and then proceeded
with the analysis. The aim of the second assay—the preformed
biofilm assay—was to assess the ability of the OMVs to disrupt
a mature biofilm. For this, we first grew biofilms by incubating
the bacterial suspension for 72 h. Subsequently, we removed
non-adherent bacteria from the well and then applied the
OMV treatment for a further 24 h before proceeding with the
analysis. Using scanning electron microscopy (SEM) for the
biofilm inhibition assay, we observed that fewer bacteria were
attached to the surface of the coverslip in the OMV-treated

Cbv 1:100

Cbv 1:10

Cbfe 1:10 Cbfe1:100 -
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group when compared with the controls (Fig. 1A), indicating
that OMV treatment prevented bacterial attachment to the
surface of the coverslip and that this effect was dose-depen-
dent. A similar effect was seen in the preformed biofilm assay,
especially when the adherent biofilms were treated with Cbfe-
derived OMVs (Fig. 1B). This suggested that OMV treatment
could promote bacterial detachment from the surface of the
glass coverslip and the disruption of the mature biofilm.
Suspensions of Cbv34 and Cbfe23 did not elicit similar effects,
even at an optical density that was five-fold higher than that of
the OMVs used (Fig. S21).

The ability to attach to surfaces is a defining feature of bio-
films. This ability relies on the same self-produced extracellu-
lar matrix that also protects the biofilm-dwelling cells from
stresses.”® The ability to overcome this structural defence
mechanism may allow the use of other antibacterial com-
pounds to achieve complete biofilm eradication.**' Both
Cbfe- and Cbv-derived OMVs have been shown to exert strong

Cbfe 1:1000

Fig. 2 Biofilm inhibition assay. Fluorescence microscopy of E. coli biofilms grown on glass coverslips for 48 h with various dilutions of Cbfe and
Cbv OMV suspensions or control treatments (LB medium, PBS, and cystobactamid [Cyst.]). Syto9 fluorescence (green) labels all cells, propidium
iodide fluorescence (red) labels cells with a compromised membrane. The concentrations of the OMV suspensions are 1:10 = 1 x 10*? particles per
mL for Cbv and 1 x 10*® particles per mL for Cbfe. The 1:10 and 1:100 treatments result in less green fluorescence (live bacteria) compared with
that of the controls or other treatments. The images are maximum intensity z-projections of z-stack images. Scale bar = 100 um. Micrographs are

representative of three independent experiments.
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Fig. 3 Biofilm inhibition assay: mean fluorescence intensity of Syto9
(live bacteria) detected by microplate reader. Biofilms were grown for
48 h with dilutions of Cbfe or Cbv OMV suspensions (1:10 = 1 x 10*
particles per mL for Cbv and 1 x 10* particles per mL for Cbfe) and con-
trols (LB medium, PBS, and cystobactamid). n = 9 from three biological
replicates. Mean + SEM. ns = not significant.
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antibacterial effects against planktonic bacteria;*"** however,
Cbfe-derived OMVs showed a toxic effect against immune cells
when applied at high concentrations.”* Although the treatment
with OMVs may affect biofilm adhesion, our experimental
setting does not allow us to clarify whether OMV treatment
has antibacterial effects against the biofilm. To address this
possibility, we assessed bacterial viability in the biofilm after
both biofilm assays using a fluorescence assay.

The biofilms were inoculated in black, clear-bottom 96-well
plates followed by staining using the LIVE/DEAD BacLight
Bacterial Cell Viability Kit. This kit contains the dyes Syto9
(green), which stains all bacterial cells, and propidium iodide
(red), which enters cells with disrupted membranes, staining
their nucleic acid, which allows differentiation between intact
(green) and non-intact (red) cells. The plates were then imaged
using an automated fluorescence microscope (LionheartFX).
The fluorescence intensity was assessed using a microplate
reader. In the biofilm inhibition assay, the control treatments
(Lysogeny broth [LB], PBS, and cystobactamid) promoted the
formation of a homogenous biofilm layer (Fig. 2), indicating
that the mature biofilms contained viable bacteria, as

Cbv 1:1000

Cbfe 1:1000

Fig. 4 Preformed biofilm assay. Fluorescence microscopy of E. coli biofilms grown for 72 h with various dilutions of Cbfe and Cbv OMV suspen-
sions or control treatments (LB medium, PBS, and cystobactamid [Cyst.]). Syto9 fluorescence (green) labels all cells, propidium iodide fluorescence
(red) labels cells with a damaged membrane. The concentrations of the OMV suspensions are 1:10 = 1 x 102 particles per mL for Cbv and 1 x 10+
particles per mL for Cbfe. Treatments with any of the Cbv OMV dilutions resulted in less green fluorescence compared with that for the control
treatments. The images are maximum intensity z-projections of z-stack images. Scale bar = 100 pm. Micrographs are representative of three inde-

pendent experiments.
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expected. However, when the biofilm was treated with cysto-
bactamid and the OMV suspensions, the fluorescence intensity
did not significantly decrease when compared with that for the
PBS control treatment (Fig. 3). This result indicated that the
treatments could not inhibit the presence of viable bacterial
cells.

In the preformed biofilm assay, we observed the formation
of large biofilm clumps, a typical characteristic of a mature
biofilm,** when the E. coli were incubated with LB medium
(Fig. 4). With the other control treatments (PBS and cystobacta-
mid), live surface-attached bacterial cells also could be
observed, but not as abundantly as with the LB medium treat-
ment. This effect may have been due to the lack of nutrients in
these solutions. Furthermore, in the preformed biofilm assay,
treatment with any of the OMV dilutions resulted in a low
Syto9 fluorescence signal for bacterial cells (Fig. 5), while no
biofilm formation was observed (Fig. 4). This result could be
explained by the presence of a cystobactamid cargo in the
OMVs,”*> which, in combination with other OMV com-
ponents, may have elicited an antibiofilm effect rather than a
bacteriolytic effect in this assay. The microplate reader analysis
showed that the Syto9 fluorescence intensity associated with
all the OMV dilutions was significantly lower than that
obtained with the PBS control treatment but tended to be com-
parable among each other (Fig. 5). Nonetheless, no biofilm for-
mation was recorded (Fig. 4). Our results indicated that OMV
treatment might not have a direct bacteriolytic effect on the
bacteria in the biofilm, but may instead exert anti-aggregation
and antibiofilm activity, potentially by acting against biofilm-
specific components such as the extracellular matrix.
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Fig. 5 Preformed biofilm assay: mean fluorescence intensity of Syto9
(live bacteria) detected by microplate reader. Biofilms were grown for
72 h and then treated with the indicated dilutions of Cbfe and Cbv OMV
suspensions (1:10 = 1 x 102 particles per mL for Cbv and 1 x 10** par-
ticles per mL for Cbfe) and controls (LB medium, PBS, and cystobacta-
mid), for 24 h. n = 9 from three biological replicates. Mean + SEM.
Orange stars (*) represent statistical comparisons with PBS treatment. *
p = 0.0130, ** p < 0.01, *** p < 0.001; ns = not significant.
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Fig. 6 Confocal laser scanning microscopy of the preformed biofilm
assay after 24 h of treatment. The concentrations of the OMV suspen-
sions were 1:10 = 1 x 10* particles per mL for Cbv and 1 x 10** par-
ticles per mL for Cbfe. Syto9 fluorescence (green) labels all cells, propi-
dium iodide fluorescence (red) labels cells with a damaged membrane,
and Hoechst 33342 (blue) labels extracellular DNA. The intact biofilm
(treated with LB medium) was homogenous and flat and displayed a
stronger Hoechst dye signal when compared with the other treatments.
Following treatment with PBS, cystobactamid, or ethanol (EtOH), the
thickness of the biofilm was reduced compared with the LB-treated
sample. Treatment with the highest concentration of Cbv OMVs (1:10
dilution) resulted in a greater number of bacteria with a damaged mem-
brane (red fluorescence); however, the thickness of the biofilm was
similar to that of the LB-treated sample. The biofilm treated with the
second highest concentration of Cbv OMVs (1:100 dilution) presented
an irregular structure, whereas treatment with the lowest concentration
(1:1000 dilution) decreased the thickness of the biofilm. Cbfe OMV
treatment at all concentrations reduced biofilm thickness compared
with the LB medium control treatment.
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Interestingly, the effect of the OMV treatment seemed to be
more pronounced in the preformed biofilm assay. The extra-
cellular matrix is an important biofilm component and is
formed by extracellular polymeric substances (EPSs), the com-
position of which varies between species; however, EPSs often
include proteins, polysaccharides, amphiphilic molecules, and
DNA, substances that are essential for maintaining the biofilm
architecture and, consequently, its survival. EPSs mediate cell
attachment to surfaces, cell-cell adhesion, and hydration
through water accumulation, while also being a source of
nutrients and providing protection.*** To investigate the
overall effect of the OMVs on the biofilm extracellular matrix,
the biofilms generated in the preformed biofilm assay were
further stained with 100 pL of a 20 pg mL™' Hoechst 33342
solution, a dye that binds to DNA, a common extracellular
component of biofilms. Ethanol was used as the negative
control. The LB medium and PBS control treatments resulted
in a uniform, flat biofilm containing membrane-damaged bac-
teria (red) and extracellular DNA (blue), with the LB-treated
sample presenting a thick biofilm (Fig. 6). With the ethanol
control treatment, only a thin layer of bacteria developed,
while the cystobactamid-treated sample presented a hom-
ogenous layer of bacteria and the presence of a small amount
of extracellular DNA. The suspension with the highest concen-
tration of Cbv OMVs (1:10) showed the presence of bacteria
with compromised membrane integrity and little extracellular
DNA (blue fluorescence signal). However, Rosenberg and col-
leagues have shown that the PI fluorescence in biofilms under-
estimates the viability of adherent bacterial biofilm cells,
where 82% of E. coli cells still grown upon cultivation, high-
lighting the importance of further assays to confirm their via-
biltiy.>® The samples treated with the Cbfe OMV suspensions
presented extracellular DNA, but the formed biofilms were
thinner when compared with those of the controls and other
samples. These data indicated that the OMV treatment
affected the structure of the preformed biofilm matrix, which
may facilitate further treatment with antibiotics.

To further investigate the effects of the treatments on the
bacterial cells, we inoculated serial dilutions of samples from
the preformed biofilm assays in LB agar plates to quantify the
numbers of colony-forming units (viable bacteria). No differ-
ences in viability were observed between the treatment and
control groups (data not shown), indicating that OMV treat-
ment did not directly kill the biofilm bacteria. We also per-
formed a bacterial vitality assay using the RedoxSensor Green
(RSG) bacterial vitality kit and flow cytometry. RSG, a meta-
bolic activity biosensor, is reduced by intracellular reductases
involved in aerobic metabolism, resulting in the release of
stable green fluorescence representative of bacterial cell
metabolism.?>”*® The results showed that bacterial cell vitality
was significantly decreased following treatment with the
highest concentrations of Cbv and Cbfe OMV suspensions
(Fig. 7), indicating that the treatments reduced metabolic
activity in bacterial cells, and could potentially be used
in conjunction with classic antibiotics to treat biofilm
infections.
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Fig. 7 Flow cytometric analysis of the preformed biofilm assay after
24 h of treatment and staining with RedoxSensor Green (RSG) reagent.
The concentrations of the 1: 10 OMV suspensions were 1 x 10*2 particles
per mL for Cbv and 1 x 10** particles per mL for Cbfe. (A) Percentage of
E. coli TG1 bacteria positive for fluorescein isothiocyanate (FITC), indica-
tive of bacterial vitality. The highest concentrations of the Cbv and the
Cbfe suspensions significantly reduced the vitality of the biofilm bac-
terial cells when compared with that of the LB, PBS, and cystobactamid
controls. (B) Representative histogram of the samples. n = 6 of three
biological replicates. Mean + SEM. Purple crosses (+) = compared with
cystobactamid; orange stars = compared with PBS. **** p < 0.0001, +++
p =0.001, ++++ p < 0.001.

To mimic infections such as myocarditis and catheter-
associated urinary tract infection, where a biofilm must with-
stand fluid flow, and to investigate the effect of OMV treatment
on a pathogenic bacterium, Staphylococcus epidermidis was
grown under constant flow in microfluidic chambers. When
the bacteria were exposed to Bacto tryptic soy broth (TSB)
medium (control) for 8 h, the biovolume increased over time.
Bacterial growth further led to the formation of three-dimen-
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Fig. 8 Cbfe23 and Cbv34 OMVs inhibit S. epidermidis biofilm formation
under flow conditions. Continuous exposure to TSB medium (control) or
liposomes (concentration: 1 x 10*2 mL™) for 8 h resulted in bacterial
growth, represented by an increase in biovolume over time.
Furthermore, the bacteria formed three-dimensional biofilm structures
as evidenced by confocal microscopy images in the xz-direction.
However, in the presence of Cbfe23- or Cbv34-derived OMVs (concen-
tration: 1 x 10' mL™), the biovolume did not increase over the 8 h.
Additionally, biofilm formation was strongly inhibited, thus showing the
antimicrobial effect of the OMVs. Three-four biological replicates were
used. Mean + SEM.

sional biofilm structures (Fig. 8). In contrast, continuous OMV
treatment exerted a suppressive effect on S. epidermidis biofilm
formation. Interestingly, treatment with OMVs derived from
either strain under these flow conditions markedly inhibited
bacterial attachment to the glass surface and biofilm growth.
These data demonstrated the unique ability of myxobacterial
OMVs to act on biofilm components and inhibit biofilm for-
mation even under physiologically relevant flow conditions.
These effects may have been due to their cystobactamid cargo,
the presence of a topoisomerase inhibitor,”® membrane pro-
teins, and/or other OMV-derived cargos. Nevertheless, further
investigation is required to elucidate the mechanisms under-
lying the antibiofilm effects seen in our experiments. To test if
this effect was caused by OMV-specific antibacterial and anti-
adhesive effects and not unspecific nanoparticle-related
effects, S. epidermidis was also grown in the presence of bacter-
iomimetic liposomes made with E. coli lipids to mimic the bac-
terial membrane. The treatment of S. epidermidis with these

This journal is © The Royal Society of Chemistry 2021
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liposomes did not lead to any antibacterial effects. Within 8 h,
the S. epidermidis biovolume increased to levels similar to
those obtained with the TSB medium-treated controls and the
bacteria formed glass surface-attached biofilms, strongly indi-
cating that the OMV treatment alone prevented biofilm for-
mation. These results highlighted the ability of OMVs to act as
natural nanocarriers to combat biofilm infections.*”

Conclusions

Many microorganisms use biofilm formation as a mechanism
to survive in the environment. This allows them to develop tol-
erance to antibiotics, leading to infections that are difficult to
treat. In this study, we evaluated the effects of naturally anti-
biotic-loaded OMVs derived from C. velatus Cbv34 and
C. ferrugineus Cbfe23 against biofilms and biofilm formation.
We found that the OMVs decreased the vitality of the biofilms,
being able to detach them from surfaces where they were
grown under static incubation, as well as prevent biofilm
growth under flow conditions, thus showing their potential
applicability in the treatment of these infections.

Experimental

Materials

LB broth and hexamethyldisilazane (HMDS) were purchased
from Sigma-Aldrich (St Louis, MO, USA). Ethanol (HPLC
grade) was purchased from Fisher Scientific (Schwerte,
Germany). Bacto tryptic soy broth (TSB) was purchased from
BD Biosciences (San Jose, CA, USA). PBS tablets were pur-
chased from Gibco, Life Technologies Corporation (Carlsbad,
CA, USA). The LIVE/DEAD BacLight Bacterial Viability Kit and
the BacLight RedoxSensor Green Vitality Kit were purchased
from Invitrogen Life Technologies Corporation (Carlsbad, CA,
USA).

Myxobacterial culture and OMYV isolation

Both C. velatus Cbv34 and C. ferrugineus Cbfe23 (provided by
the Microbial Natural Product Department at the Helmholtz
Institute for Pharmaceutical Research Saarland) were culti-
vated in M-medium (1% papaic digest of soybean meal, 1%
maltose, 0.1% CacCl,, 0.1% MgSO,, 50 mM HEPES, pH 7.2) at
30 °C with shaking (180 rpm) until stationary phase as pre-
viously described.*"** For static biofilm growth assays, a myxo-
bacterial suspension was added to 50 mL falcon tubes and
centrifuged for 10 min at 9500¢ (Beckman Coulter, Brea, CA,
USA). The supernatant was then added to a new Falcon tube
and centrifuged again for 15 min at 9500g. The resulting
supernatant (30 mL) was transferred to polycarbonate ultracen-
trifuge tubes (ref. number 355631, Beckman Coulter) and the
OMVs were pelleted (rotor SW32Ti) for 2 h at 100 000g. All cen-
trifugations were performed at 4 °C. The pellet was resus-
pended in 300 pL of particle-free PBS. For microfluidic biofilm
growth assays, 60 mL of supernatant was added to polycarbo-
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nate ultracentrifuge tubes (ref. number 355655, Beckman
Coulter) and the OMVs were pelleted using a Type 45 Ti fixed-
angle titanium rotor at 100 000g for 2 h at 4 °C. The pellets
were resuspended in 1 mL of particle-free PBS. Larger particles
were pelleted by centrifugation at 300g for 3 min at 4 °C and
discarded. The particle size distribution was assessed by NTA
(LM-10, Malvern, UK).

E. coli TG1 and S. epidermidis cultivation

E. coli strain TG1 (DSM 6056, German Collection of
Microorganisms and Cell Cultures) was cultivated overnight on
LB agar plates. A single colony was inoculated in 20 mL of
liquid LB medium in a sterile conical flask and incubated over-
night at 37 °C with shaking at 180 rpm. S. epidermidis strain
DSM 20044 was grown in LB medium at 37 °C overnight with
shaking (250 rpm).

Biofilm preparation on glass coverslips for SEM imaging

The E. coli TG1 biofilms were cultivated as previously
described.”® Sterilised 12 mm glass coverslips were placed
inside the wells of a 24-well plate (Greiner Bio-One,
Kremsmiinster, Austria). For the preformed biofilm assays,
300 pL of bacterial culture (ODgoo = 0.1; approximately 1.2 x
10® CFUs mL™") was added to the wells and incubated stati-
cally at 37 °C for 72 h with 5% CO,. Non-adherent bacteria
were removed and the wells were washed with PBS, resulting in
the presence of approximately 1 x 10° CFUs mL ™" in each well.
Then, 250 pL of 1:10, 1:100, or 1:1000 dilutions of OMV sus-
pensions or LB medium, PBS, or a 20 pg mL™' solution of
cystobactamid were added to the wells, followed by incubation
for 24 h at 37 °C with 5% CO,. The coverslips were sub-
sequently dehydrated via serial ethanol dilutions (30, 50, 70,
80, 90, and 100%) for 10 min each. For the biofilm formation
inhibition assays, 250 pL of 1:10, 1:100, and 1:1000
dilutions of the OMV suspensions and LB medium, PBS, and a
20 ug mL™" solution of cystobactamid were separately added to
the wells together with 15 pL of an E. coli TG1 overnight
culture (ODggo = 3; approximately 2 x 10° CFUs mL™"), result-
ing in the presence of approximately 2 x 10° CFUs mL™" in
each well, and incubated for 48 h at 37 °C with 5% CO,. The
coverslips were then carefully dehydrated via a graded ethanol
series as described above and incubated for 20 min with
300 pL of HMDS at room temperature. The HMDS was
removed and the coverslips were left to dry overnight under a
fume hood. The coverslips were mounted in SEM sample
holders, gold-sputtered, and imaged by SEM.

Biofilm preparation for fluorescence microscopy imaging and
fluorescence intensity quantification

To assess biofilm growth inhibition (the biofilm inhibition
assay), 100 pL of an E. coli TG1 bacterial suspension (ODgo =
0.5; approximately 6 x 10® CFUs mL™") plus 100 pL of the OMV
dilution or control solutions (LB medium, PBS, and 20 pg pL ™"
cystobactamid) were separately added to a 96-well plate (ref.
number 655090, Greiner Bio-One) and cultured for 48 h at
37 °C with 5% CO,. To assess the effect of the OMVs on pre-
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formed biofilms (the preformed biofilm assay), 200 pL of an
E. coli TG1 bacterial suspension (ODg, = 0.5; approximately 6
x 10® CFUs mL™") was added to a 96-well plate and cultured
for 72 h at 37 °C with 5% CO,. The number of bacteria used in
the fluorescence assays was higher than that used for the SEM
assays because, at an ODgq = 0.1, the TG1 bacteria could not
form a thick and stable biofilm on the plastic bottom of a
96-well plate. The supernatant was carefully removed, and the
wells were washed with 200 pL of PBS. Then, 200 pL of each
OMV dilution or each control solution (LB medium, PBS, and
20 pg pL~! cystobactamid) was separately added to the wells
and incubated for 24 h at 37 °C with 5% CO,. After the incu-
bation period, the biofilms from both assays were stained
using the LIVE/DEAD BacLight Bacterial Viability Kit
(Invitrogen, Thermo Fisher Scientific Corp., Waltham, MA,
USA) for 15 min at 37 °C and fixed in 3.7% paraformaldehyde
for 30 min at 37 °C. Fluorescence images were obtained with a
LionheartFX device (BioTek Instruments, Winooski, VT, USA).
The fluorescence intensity of cells (Syto9) in both biofilm
assays was quantified with a microplate reader (Infinite M200
Pro, Tecan Group Ltd, Mannedorf, Switzerland) using multiple
reads per well in a circle (4 x 4), an excitation wavelength of
485 nm, an emission wavelength of 530 nm, a manual gain of
100, and 25 flashes. For confocal laser scanning microscopy,
the preformed biofilms were additionally stained with 100 pL
of a 20 pg mL™' Hoechst 33342 solution for 15 min at 37 °C
and imaged with a confocal microscope (Leica TCS SP8, Leica
Microsystems, Wetzlar, Germany). The obtained images were
processed using LAS X software (LAS X 1.8.013370, Leica
Microsystems).

Preparation of the biofilm for flow cytometric analysis

To assess the impact of the OMV treatment on the vitality of
preformed biofilms (the preformed biofilm assay), 200 pL of
an E. coli TG1 bacterial suspension (ODg = 0.5; approximately
6 x 10° CFUs mL™") was added to a black, clear-bottom 96-well
plate (ref. number 655090, Greiner Bio-One) and cultured for
72 h at 37 °C with 5% CO,. The supernatant was carefully
removed, and the wells were washed with 200 puL of PBS. Then,
200 pL of each OMV dilution or each control solution (LB
medium, PBS, and 20 pg puL~"' cystobactamid) was separately
added to the wells and incubated for 24 h at 37 °C with 5%
CO,. After the incubation period, the biofilms were vigorously
dispersed using a micropipette and the content of each well
was added to flow cytometry tubes. The samples were diluted
in 900 pL of PBS and then stained with RSG for 15 min at
37 °C. The negative control was prepared by adding 50 pL of
the sodium azide solution included in the kit to a tube
containing an untreated control (LB) for 5 min at room temp-
erature. For flow cytometric analysis (LSRFortessa, BD
Biosciences), an untreated sample was used to set a 10 000-
live-cell threshold to be analysed from the log of a forward
versus side scatter (FSC vs. SSC) gating. A sample treated with
sodium azide solution (negative control) was used to set up
the fluorescein isothiocyanate (FITC) gate. The numbers of
positive cells were determined using FlowJo 10.7 software
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(FlowJo LLC, Ashland, OR, USA) in the FITC area channel
(FITC-A).

Bacteriomimetic liposome preparation

Liposomes were prepared following a previously described
protocol.** A solution of 6% (w/v) phospholipid was obtained
by dissolving 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3
phosphoethanolamine  (POPE), 1-hexadecanoyl-2-(9Z-octa-
decenoyl)-sn-glycero-3-phospho-(1"-rac-glycerol) (sodium salt)
(POPG), and 1,1',2,2"-tetra-(9Z-octadecenoyl) cardiolipin
(sodium salt) (CL) (Avanti Polar Lipids Inc., Alabaster, AL, USA)
(weight ratio 70:20:10) in 5 mL of a chloroform-methanol
mixture (2:1) in a round-bottom flask (250 mL). A Rotavapor
R-205 (BUCHI Labortechnik GmbH, Essen, Germany) was used
to remove the solvent under low pressure (60 min, 200 mbar,
135 rpm, 80 °C; 30 min, 40 mbar, 135 rpm, 80 °C). The formed
lipid biofilms were rehydrated by adding 5 mL of PBS (pH 7.4)
containing 10% (v/v) ethanol and rotating for 60 min (70 °C,
135 rpm, atmospheric pressure). The acquired liposomes were
sonicated for 60 min followed by extrusion (10 times) at 70 °C
using a Liposofast L-50 extruder (Avestin Europe GmbH,
Mannheim, Germany).

OMV-bacteria interaction during S. epidermidis biofilm formation

Overnight cultures of S. epidermidis constitutively expressing
sfGFP were diluted to an ODgy, of 0.1 in TSB medium and
inoculated into microfluidic flow chambers made of polydi-
methylsiloxane bonded to a glass coverslip (flow chamber
dimensions: 500 pm width, 100 pm height, 7 mm length).
Following bacterial colonization of the glass surface for 1 h
without flow, syringes containing OMVs (diluted in TSB
medium) or control treatments were connected to the flow
chambers with polyethylene tubing. To remove non-adherent
cells, the flow rate was set to 5 uL min~" for 1 min using a
syringe pump (Harvard Apparatus). After this brief period of
high flow, the flow rate was decreased to 0.1 pL min~" and
kept constant until the end of the experiments.

To monitor S. epidermidis biofilm growth in the presence or
absence of OMVs, bacteria were imaged with a confocal
scanner unit (CSU; Yokogawa) mounted on a Nikon Ti-E
inverted microscope using a 100x oil objective with 1.45 NA
(Nikon, Tokyo, Japan). sfGFP excitation was performed with a
488 nm laser and images were acquired every 30 min with an
Andor iXon EMCCD camera. The hardware was controlled by
NIS Elements (Nikon). The microscope was equipped with an
incubation chamber to enable S. epidermidis biofilm growth at
37 °C. The images were analysed using BiofilmQ software.*’

Data analysis

The data are displayed as means + standard error of the mean
(SEM). The number of independent experiments (n) is shown
in each figure. The experiments and measurements were con-
ducted at least in biological triplicates. The results were ana-
lysed in GraphPad Prism 9.1.2 (GraphPad Software, San Diego,
CA, USA) using one-way ANOVA with Tukey’s multiple compari-
sons test.

This journal is © The Royal Society of Chemistry 2021
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Interaction of myxobacteria-derived outer membrane vesicles with
biofilms: antiadhesive and antibacterial effects
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Figure S1: Representative graph of size distribution of (A) Cbv34 OMV pellet and (B) Cbfe23
OMV pellet measured by nanoparticle tracking analysis (NTA). Values are the mean + SEM.
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Figure S2: Representative scanning electron microscopy (SEM) of the preformed biofilm assay.
The biofilm was treated with myxobacterial suspensions of Cbv34 and Cbfe23 diluted to ODsoo
0.5 and incubated for 24 h at 37 °C.
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