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Cell-Derived Vesicles for Antibiotic Delivery—
Understanding the Challenges of a Biogenic Carrier System

Eilien Heinrich, Olga Hartwig, Christine Walt, Arefeh Kardani, Marcus Koch,
Leila Pourtalebi Jahromi, Jessica Hoppstddter, Alexandra K. Kiemer, Brigitta Loretz,

Claus-Michael Lehr, and Gregor Fuhrmann*

Recently, extracellular vesicles (EVs) sparked substantial therapeutic interest,
particularly due to their ability to mediate targeted transport between tissues
and cells. Yet, EVs’ technological translation as therapeutics strongly depends
on better biocompatibility assessments in more complex models and ele-
mentary in vitro—in vivo correlation, and comparison of mammalian versus
bacterial vesicles. With this in mind, two new types of EVs derived from
human B-lymphoid cells with low immunogenicity and from non-pathogenic
myxobacteria SBSr073 are introduced here. A large-scale isolation protocol

to reduce plastic waste and cultivation space toward sustainable EV research
is established. The biocompatibility of mammalian and bacterial EVs is com-
prehensively evaluated using cytokine release and endotoxin assays in vitro,
and an in vivo zebrafish larvae model is applied. A complex three-dimensional
human cell culture model is used to understand the spatial distribution of
vesicles in epithelial and immune cells and again used zebrafish larvae to
study the biodistribution in vivo. Finally, vesicles are successfully loaded

with the fluoroquinolone ciprofloxacin (CPX) and showed lower toxicity in
zebrafish larvae than free CPX. The loaded vesicles are then tested effec-
tively on enteropathogenic Shigella, whose infections are currently showing
increasing resistance against available antibiotics.

exosomes which are formed in endosomal
compartments and microvesicles formed
by budding of the cell membrane.! While
ascertaining the exact biogenesis of these
vesicles is extraordinarily difficult, the
umbrella term of EVs is established within
the research community and will be con-
tinued to be used here when mammalian
vesicles are addressed.” Gram-negative
Dbacteria are also generating a type of vesicle,
called outer membrane vesicles (OMVs)
whose structural elements and content
are comparable to that of their bacterial
origin.># Roughly summarizing, both types
of vesicles consist of a phospholipid bilayer
and contain, depending on their origin,
nucleic acids, proteins, and enzymes. The
main biological function of mammalian
or bacterial vesicles is to deliver content,
enabling the cargo to be transported for
longer distances, protected from the envi-
ronment.’! This allows EVs to be involved
in tissue repair or immune modulation
by transporting miRNA or antigens for
example.®/l Tn pathogens, OMVs play a

1. Introduction

Extracellular vesicles (EVs) are nanosized structures, which origi-
nate from various cell types, and can be found in different tis-
sues and fluids of the human body. There are different types
of EVs depending on their origin within the cell, for instance

crucial role in the transfer of resistances, transport of degrading
enzymes, or genetic information.®*) OMVs may also influence
biofilm formation and architecture, providing an alternative treat-
ment avenue for such difficult-to-treat infections.'”) With this in
mind, it was only a matter of time that EVs and OMVs were con-
sidered as potential therapeutics, such as drug delivery systems.
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In the field of infectious diseases, nanocarriers as drug
delivery systems have been shown to address problems such as
solubility, bioavailability and targeted antibiotic therapy."! Espe-
cially the release of high drug doses by fusion with bacterial
membranes,'? and specifically targeting pathogens through
surface interactions to combat resistance mechanisms, are
two of many advantages of nanocarrier.'®l Indeed, before the
commercialization of the first antibiotic penicillin, infectious
diseases were the leading cause of death, in particular pneu-
monia, tuberculosis and gastrointestinal infections. In recent
years, the number of newly approved antibiotics constantly
declined and pathogens continued to progressively develop
resistances, such as the methicillin resistant Staphylococcus or
the vancomycin resistant Enterococcus.®! Shigella infections,
for instance cause 164 000 deaths annually with a severe clin-
ical picture of bloody mucoid stool, finalizing in a sepsis.!'®!
The inadequate use of antibiotics accompanied by the mode
of action of Shigella flexneri, where they infest intestinal epi-
thelial and immune cells and escape the antibiotic treatment,
results in increasing resistance to commonly used therapeu-
tics.l”l The resistance rates to the first line fluoroquinolone
ciprofloxacin (CPX) have increased up to 1% in Europe, 29%
in Asia—Africal’® and 44% specifically in Bangladesh.['*20 As
a result, the World Health Organization has listed antimicro-
bial resistance as one of the severe threats to our society.??
Since the development of new antibiotics is stagnating, there
is an urgent need to explore new treatment concepts, such as
nanocarrier drug delivery systems. However, these synthetic
nanocarriers also bear the potential to induce immunogenicity
and depleted efficacy during long-term therapy.¥ Although the
safety of commonly used materials has already been proven,
the introduction of new, more advanced synthetic compositions
poses additional challenges in terms of biocompatibility and
toxicity.?3] Such considerations have also triggered the search
for biogenic alternatives, such as cell-derived EVs.[4

Although in the past decades many reports on characteri-
zation and drug delivery applications of EVs and OMVs have
been published,>>?! it becomes clear that industrial and
clinical translation is only feasible when different challenges
are addressed. These include i) more comparative studies
between mammalian and bacterial vesicles as carrier platforms,
ii) advanced biocompatibility assessments using complex 3D
cell culture and animal models, and iii) in vitro—in vivo correla-
tion to optimize carrier properties. In this work, we will shine
light on some of these aspects by providing fundamental com-
parison of different EVs in various in vitro and in vivo settings.
Vesicles were loaded with model antibiotic CPX, as this had not
been reported previously. The clinical use of CPX is currently
the subject of an intense debate because of increasing bacte-
rial resistances toward fluoroquinolones and occurrence of side
effects, especially in the case of Shigella infections.l?”) We spe-
cifically chose to assess such a challenging drug in in vitro and
in vivo settings and studied how loading into EVs influences
the drugs biocompatibility.

In our study, we present a head-to-head comparison of OMVs
derived from the myxobacterial strain SBSr073 (SB-OMVs) and
EVs derived from B-lymphoid RO cells (RO-EVs). We identi-
fied challenges in the loading of model drug CPX using var-
ious encapsulation techniques. The biocompatibility of vesicles
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was evaluated on human primary immune cells and in a
Danio rerio embryo model to draw a complex overall picture.
The drug-loaded vesicles were able to inhibit the growth of
S. flexneri pathogens in vitro. We then investigated the biodis-
tribution pattern of vesicles in an advanced three-dimensional
cell culture model composed of epithelial and immune cells.
Concluding in vivo evaluations in zebrafish larvae were able to
verify an amplified accumulation of vesicles in immune cells.
Overall, our study is a building block for a better understanding
of EVs and underlines that their clinical translation is complex,
in particular for antibiotic avenues.

2. Results and Discussion

2.1. Isolation and Characterization of Vesicles

Two different types of EVs derived from the myxobacterial
strain SBSr073 and B-lymphoid RO cells were purified from
cell culture supernatant by differential ultracentrifugation with
size exclusion chromatography (SEC), an established method in
the field of EV research.l?l RO cells have a potentially favorable
biocompatibility because they are isolated from a severe com-
bined immunodeficiency patient and lack MHC class IT mole-
cules.”® SBSr073 are non-pathogenic myxobacteria, which
produce recently characterized OMVst*?% and can be scaled
up easily. RO cells were cultured in serum free medium for
several passages, without alterations in their morphology or
cell viability (Figure S1, Supporting Information). EVs were
isolated fortnightly, which reduces medium exchange to a
minimum or time-consuming depletion of interfering vesicles
from serum supplements. Cells were cultured in an upright
position with volumes up to 70 mL, reducing plastic waste—
compared to common culture conditions of, e.g., hMSC—by
half, and storage capacity compared to common culturing tech-
niques.?’l SBSr073 myxobacteria were cultured in glass flasks
up to 500 mL and non-expensive media were used, paving the
way for sustainable upscale production of vesicles. For both
EV types, the most concentrated SEC fraction with =10 mL7,
determined by nanoparticle tracking analysis was then used for
further experiments.

SB-OMVs and RO-EVs have been characterized regarding
their physico-chemical characteristics (Figure S2, Supporting
Information). The average size of vesicles was 194 nm for SB
and 160 nm for RO, which is in agreement with values reported
in literature.? SB-OMVs had a lower protein content than the
RO-EVs (3.6 ug per particle, compared to 6.5 ug per particle),
which is possibly related to the difference in zeta potential
(6.8 mV and —12.8 mYV, respectively) RO-EVs were additionally
characterized for surface markers CD9 and CD63 (Figure S2d,e,
Supporting Information), according to MISEV regulations.?
For SB-OMVs, no common protein markers are yet established,
as the SBSr037 strain has only recently been identified.

2.2. Biocompatibility Considerations In Vitro and In Vivo
EVs are broadly claimed to have a low immunogenicity because

of their cellular origin. And although several examples confirm
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this—such as EVs secreted by cardiac-derived adherent prolif-
erating cells as a new therapeutic in cardiac regeneration*%—a
generalization should be avoided. OMVs, which are shed from
Gram-negative bacterial cells, have frequently been shown to be
immunogenic. For instance, OMVs derived from pathogenic
bacteria such as Porphyromonas gingivalis induced chronic peri-
odontitis, and activated inflammasome complexes with high
interleukin (IL)-1 beta secretion.!] Thus, we were subsequently
interested to better understand the vesicles’ immunogenic
potential and first performed an endotoxin gel clot assay. This
method is generally recommended by the Food Drug Adminis-
tration and the European Medicines Agency, and anchored in
several pharmacopoeia for evaluating the quality and safety of
pharmaceutical products.?? Endotoxins, also known as lipopoly-
saccharides (LPS), are particularly associated with Gram-neg-
ative bacteria and their outer membrane. These O-antigen,
oligosaccharide and lipid A structures activate Toll-like-receptor
4 on immune cells and induce production of pro-inflammatory
cytokines. For injectables, regulatory agencies allow an endo-
toxin concentration below 0.25 EU mL™ or 5 EU kg™.1**l In our
gel clot assay both aseptically prepared vesicle pellets did not
induce a firm gel formation, even at the highest concentration
(Figure S3, Supporting Information). Although, LPS is part of
the outer membrane of Gram-negative bacteria, the concentra-
tion in myxobacterial vesicles seems to be exceptionally low, as
confirmed in literature.?*3 In our hands, the low LPS concen-
tration of SB-OMVs reduces the risk of an unwanted immune
reaction.

We further expanded the immunogenicity assessments by
incubating primary human immune cells isolated from whole
blood with both vesicles at different dilutions. Peripheral blood
mononuclear cells (PBMCs) consist of lymphocytes (T-, B-, and
NK-cells), monocytes or dendritic cells, which are primarily
involved in the innate immune response,?”] and respond to
pathogen associated molecular patterns. Activation by those
molecules induces fever and swelling, which can finally lead
to a septic shock.*®8] Here, we quantified cytokines produced by
activated immune cells, which are part of the innate immune
system, such as IL-6, IL-8, IL-1 beta and tumor necrosis
factor (INF). Vesicles induced a moderate to low release of
pro-inflammatory cytokines compared to a 1 pg mL™ posi-
tive LPS control (Figure 1a—c). The low release of IL-1 beta by
RO-EVs, SB-OMVs, and LPS can be explained with a second
pathway of cytokine production. The activation of the inflam-
masome by different caspases cannot be accomplished by LPS,
thus the subsequent processing of IL-1 to IL-1 beta was not as
abundant.?%

Based on these findings we were interested to assess whether
cytokine release was induced by activation of pattern recogni-
tion receptors that normally detect bacterial and exogenous
stimuli. We thus tested the activation of toll-like receptors in
reporter cells upon incubation with various EV concentra-
tions, as it was previously shown that these specific cells are
excellent tools to study EV-mediated interactions.*”) As men-
tioned above, toll-like receptors respond to pathogen-associated
molecular patterns and are an important part of the innate
immune system.*!l For SB-EVs, we saw a dose-dependent acti-
vation of the toll-like receptor 2 but none for toll-like receptor
4 (Figure S4, Supporting Information). These data extend and
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support the negative results of the gel clot assay, as toll-like
receptor 4 is mostly activated by LPS, while toll-like receptor 2
has a broad recognition pattern of microbial compounds.

We carried our biocompatibility assessments forward in
vivo and monitored the toxicity of SB-OMVs and RO-EVs in
a D. rerio (zebrafish) larvae model. These models provide the
opportunity to study the toxicity, efficacy and biodistribution
of nanoformulations, allowing for real-time evaluations.l*?l We
first added =10" vesicles to the medium in which the one day
post-fertilization (1 dpf) and three days post fertilization (3 dpf)
larvae were kept, and used PBS, which is also the eluent of
vesicles after SEC, as a control. The amount of PBS, 25% total
volume, was limited by the amount zebrafish larvae tolerated
(Figure S11, Supporting Information). The development of the
larvae was checked each day and monitored for abnormalities
regarding heart rate, motor function, pigmentation, and overall
appearance of the fish. Until 5 dpf, the development of larvae
exposed to SB-OMVs and RO-EVs was not impaired or changed
at any time (Figure 2). In comparison, it was shown that bovine
milk-derived EVs reduced the survival of zebrafish larvae when
exposed to EVs in water with comparable concentrations.*! In
that work, altered hatching behavior due to tetraspanin desta-
bilization of the chorion was observed as well. In our study,
the hatching rate was similar to controls with no delay nor
premature hatching (data not shown). To further increase the
exposure of vesicles to the larvae, we injected 1.5 nL with =10°
vesicles into the blood island, mimicking a systemic admin-
istration. Even under these conditions, the larvae were not
affected. (Figure 2).

2.3. Understanding the Vesicles’ Behavior Using an Advanced
Three-Dimensional Cell Culture Model and Biodistribution In Vivo

Based on our in vivo results, we wanted to take a step back
and better understand the vesicle interaction at the cellular
level. Indeed, literature reports on cellular uptake of EVs and
OMVs are primarily studying individual cell lines. Cancer
cells, for example communicate with stromal cells via EVs
through which efficient uptake is required.* To analyze the
vesicles’ behavior, we developed a complex three-dimensional
cell culture model.*’! Due to their well-controlled conditions,
advanced cell culture models, are helpful in predicting in
vitro—in vivo correlations for a better assessment of therapeutic
efficiency and safety.**8] Our 3D co-culture model was com-
posed of three cell types, namely epithelial cells (CaCo-2) and
two immune cell types, macrophage-like cells (dTHP-1) and
dendritic-like cells (MUTZ-3). CaCo-2 cells were used to form
the epithelial barrier while the sub-epithelial immune cell types
mimic inflammatory responses and present a model of the
innate immunity within the epithelial context. In this model,
cells were imaged after day 6 (leaky barrier condition) and day
11 (tight barrier condition), mimicking inflammation-related
pathophysiology and healthy intestinal physiology, respectively.
LPS was applied in both conditions to mimic an acute inflam-
mation, leading to four different scenarios: a leaky epithelial
barrier i) with inflammation and ii) without inflammation, and
a tight epithelial barrier iii) with inflammation and iv) without
inflammation. (Figure 3).
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Figure 1. Cytokine release of PBMCs incubated with RO-EVs and SB-OMVs. a) Quantification of TNF after an incubation of PBMCs with RO-EVs, SB-
OMVs, and a LPS control (1 ug mL™") for 4 h. b) Quantification of IL-6, c) IL-8, and d) IL-1 beta. Untreated cells cultured in medium showed cytokine
releases of TNF =0 pg mL™, IL-6 =0 pg mL™", IL-8 = 9.4 + 7.4, and IL-1 beta = 0 pg mL™". e) Micrographs of PBMCs after vesicle exposure or control.
Concentrations are given in number of vesicles per cell, scale bar 50 um; n = 3-6, ny,ne = 3—4.

We incubated the co-culture model for 24 h with Dil fluores-  affected by the vesicles (Figure S5, Supporting Information),
cently labelled vesicles, fixed and stained the cells and analyzed ~ which has also been seen in literature.”! Figure 4 shows con-
them using confocal laser scanning microscopy. During all  focal side view images for all four conditions, including leaky
experiments the barrier function of the epithelial layer was not  and tight barrier, and with and without inflammation. Only

Control RO-EVs RO(pxEVs SB-OMVs SBpxOMVs

iv.  3dpf 1dpf

Figure 2. Biocompatibility evaluations of bacterial and mammalian vesicles in vivo. Danio rerio larvae were exposed to SB and RO vesicles with =10"
vesicles at 1 day post-fertilization (dpf) or 3 dpf and kept until 5 dpf without exchanging the water. To increase the exposure, =10° SB and RO vesicles
were injected into the blood island at 1 dpf. Representative images of 5 dpf larvae. Scale bar 200 um.
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leaky barrier tight barrier

CaCo-2 ¥ MUTZ-3 $dTHP-1 O Vesicles

Figure 3. Schematic illustration of the three-dimensional gastrointestinal
(G1) co-culture model. CaCo-2 epithelial cells were added on top of a
collagen layer containing both immune cell types, MUTZ-3 and dTHP-1,
placed in a Transwell system. While the “leaky” barrier model was cul-
tured for 6 days to take advantage of a sub-confluent leaky epithelial layer,
the “tight” barrier was cultured until a firm monolayer was established.
Under both conditions, an inflammation was simulated by addition of
LPS. Fluorescently labeled vesicles were added for 24 h, respectively. Cre-
ated with BioRender.com.

for the tight model conditions, we observed a high and evenly
accumulation of vesicles in the epithelial cell layer. This effect
was independent of LPS stimulation and inflammatory state. In
the leaky barrier model, vesicles were able to penetrate through
the collagen layer, reaching the sub-epithelial immune cells, in
particular for SB-OMVs (Figure S6, Supporting Information).
When embedding dTHP-1 macrophage-like cells in a collagen-
based monoculture setup (Figure S7, Supporting Information),
we observed vesicle uptake for SB-OMVs and for RO-EVs. Inter-
estingly, no uptake of vesicles was observed in dendritic-like
cells cultured in collagen monoculture (Figure S8, Supporting
Information). These findings indicate that macrophages may
be involved in vesicle recognition.

In literature, OMVs derived from Streptococci showed
increased uptake in dendritic and keratinocyte cells, but com-
parably minor uptake in macrophages.”® To the best of our
knowledge, the uptake of vesicles has not been investigated in
co-culture models including different cell types embedded in a
physiologically relevant extracellular matrix. Our model gives
better insights into the interaction of EV with epithelial and
immune cells, aiding the correlation between in vitro and in
vivo. Visualizing the localization of RO-EVs and SB-OMVs in
this in vitro co-culture model indicates the potential behavior of
these vesicles encountering under healthy conditions or during
an infection with concomitant inflammation. The accumulation
of the vesicles in the epithelial barrier may be advantageous for
targeting Shigella because their main replication site is in the
epithelial layer.'®l Furthermore, the investigation of the localiza-
tion of vesicles in the leaky model shows that the vesicles are
able to permeate through a compromised epithelial barrier and
can be taken up by immune cells under diseased conditions.

In a next experiment, we returned to our zebrafish model
to analyze the biodistribution of the vesicles. By measuring
the uptake behavior in vivo, we aimed to provide a complete
picture of the biogenic carrier’s behavior. For this, Dil labeled
vesicles were injected into the blood island of 1 dpf larvae, and
imaged 2 and 24 h later using confocal scanning microscopy.
Two hours after injection, the red signal of the fluorescent vesi-
cles was clearly observed in the tail area of injection (Figure 5a).
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Larvae that were injected 24 h before however, showed that
vesicles also located close to the head and further upstream in
the main blood supply (Figure 5b). Compared to other nano-
particles, we were not able to see any accumulation in specific
organs such as the eye.’!l Based on our results from the three-
dimensional cell culture model, we suspect that epithelial cells
or macrophages also took up the vesicles, as these have been
shown to be central in EV uptake in zebrafish.”? As seen in
Figure 5b, individual cells that were mobile were detected with
red vesicle-associated fluorescence. Such findings may indicate
the involvement of macrophage cells in vesicle interaction.
Overall, our three-dimensional cell culture model in combina-
tion with in vivo biodistribution studies contributes to an early
stage understanding of cellular interactions of vesicles.

2.4. Encapsulation of Model Antibiotic into Vesicles

The clinical challenge of antimicrobial resistance makes it
highly desirable to explore EVs as potential carriers for estab-
lished antibiotics. To the best of our knowledge, only one
example of exogenous loading of antibiotics into EVs is present
in literature. Yang et al. loaded linezolid into RAW264.7 EVs via
passive incubation and tested them on intracellular Staphylo-
coccus aureus.>3! While the concept is interesting and relevant,
the authors claimed that unencapsulated drug was removed by
a 10 min centrifugation at 10000 X g. According to common EV
purification practice,”! such low centrifugal speed and short
time period may not be sufficient to completely remove residual
free compounds. In our work, we used ciprofloxacin (CPX) as a
model antibiotic to be encapsulated into RO-EVs and SB-OMVs.
There is increased evidence of resistance development of this
broad-spectrum antibiotic, accentuating the urgent need to
introduce better application avenues for targeted therapy.?%->4
Four different loading techniques were used to encapsulate
CPX into vesicles: i) passive incubation, ii) saponin-assisted, iii)
electroporation, and iv) a combination of passive and saponin-
assisted loading, all previously described.”>*% To remove non-
encapsulated drug, SEC was the optimal method compared to
other commonly used practices (Figure S9, Supporting Infor-
mation). Loading of vesicles influenced the particle concentra-
tion of RO-EVs only, but not to a very high extend compared to
the unloaded control group (Figure S10, Supporting Informa-
tion). The most efficient loading was achieved by passive incu-
bation with 70 ng CPX and 50 ng CPX per 107 vesicles from
RO and SB, respectively (Figure 6).

Indeed, passive incubation appears to be one of the preferred
methods when it comes to loading small molecules.’”-> The
encapsulation efficiency, however, can be increased for hydro-
philic drugs using saponin as mild detergent.’®*! CPX has
an intermediate lipophilicity and the saponin-assisted method
did not increase encapsulation efficiencies significantly com-
pared to passive approach. Combining passive incubation with
the saponin method increased the encapsulation efficiency
of CPX 1.4 times for SB-OMVs but reduced the amount CPX
loaded into RO-EVs compared to passive incubation alone. Elec-
troporation was the method with the lowest encapsulation effi-
ciency with 49 ng CPX and 18 ng CPX per 1072 vesicles from
RO and SB, respectively. Electroporation was shown to induce
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Figure 4. Confocal images of the co-culture model with a leaky (top) and tight (bottom) epithelial barrier. The cytoskeleton was labeled using phalloidin-
FITC and is represented in green. Cell nuclei were stained with DAPI (blue) and vesicles labeled with Dil, seen in red. Recorded z-stacks of around
300 um depth are represented in side view and in top view with overlaid fluorescence signal or split channel for Dil-labeled vesicles. White arrows
highlight holes in the epithelial layer. White dashed lines frame the epithelial layer. Scale bar 50 pm.
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Figure 5. Biodistribution of labeled RO-EVs and SB-OMVs in Danio rerio larvae a) images of different larvae after 2 h post-injection and b) after 24 h.

Scale bar 100 um.

precipitation of large molecules>®%%! but we did not detect any

evidence of precipitation in cryoelectron microscopy images
(Figure 7). Thus, the majority of the drug seems encapsulated
inside the vesicles and not bound to the surface because the
zeta potential of both vesicle types did not substantially change
upon loading (Figure S10a, Supporting Information).

We have previously shown that the zeta-potential and the
composition of the vesicle plays a role in loading efficiency.”®
Indeed, RO-EVs typically had lower zeta-potential, but higher
associated protein concentrations (Figure S2, Supporting Infor-
mation), which may be linked to a higher CPX loading.

2.5. Antimicrobial Evaluations of Ciprofloxacin Loaded Vesicles
In Vitro and In Vivo

The CPX loaded vesicles were subsequently tested on S. flexneri.
At present, gastrointestinal infections caused by Shigella spp.
show increasing incidence of antimicrobial resistance, espe-
cially against CPX.[°2%3] We observed that independent of the
loading method, both vesicles were able to decrease the growth
by at least 1.2 and at most 4.1 log units mL™! (Figure 8a,b).
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Interestingly, at comparable CPX concentrations, SB-OMVs
induce a much more profound reduction in the number of
colony forming units (Figure 8c). Using the most abundant
SEC fraction with particle concentrations higher than 10* vesi-
cles mL, the growth reduction was significant with a reduc-
tion down to 53% for SBcpxOMVs and 77% for ROcpxEVs
(Figure 8d). Whether this may be due to a more efficient way
of delivering the drug to the pathogen, can only be speculated.
Although, the mechanism of EV and OMV uptake in eukary-
otic cells has been studied intensively, pointing out several
uptake mediated mechanisms, there is little known on the spe-
cific mechanisms of EV and OMV uptake in bacterial cells.[%4
Most likely, their uptake is fusion-mediated, which was dem-
onstrated by Kadurugamuwa et al. where OMVs derived from
Pseudomonas aeruginosa rapidly fused with S. aureus and Escher-
ichia coli and confirmed by Zusheng et al.®>%l LPS may play a
role in outer membrane recognition via cell surface proteins.[’]
Moreover, evidence from liposomal studies lead to the conclu-
sion that membrane composition plays a role in the efficiency
of fusion with bacteria.l®® In our study, two mechanisms,
potentially simultaneously influence the uptake and efficacy
of SBcpxOMVs in Shigella: i) LPS mediated fusion of OMV

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 6. Loading of RO-EVs and SB-OMVs with the model antibiotic CPX. a) CPX loading efficiency of RO-EVs, b) loading efficiency of SB-OMVs using

various encapsulation methods. n = 3-9, mean £ SD.

with outer membrane components of Shigella, and ii) simi-
larities in outer membrane composition between OMVs and
Shigella facilitating their uptake via fusion. This could explain
a more efficient uptake and improved antibiosis of the loaded
SBCPXoMVS.

Using our established D. rerio model, we first tested the
CPX-loaded vesicles for toxicity. When adding EVs to the water
or injecting them, survival rates were always at 100% (Figure 2).
However, we observed >7% heart edema in fish that were
injected with drug-loaded ROcpxEV (=172.6 ng mL™' CPX) and
SBcpxOMV (=1278 ng mL™ CPX) (Figure 9a,b). Incidences
of heart edema due to free CPX injection were nevertheless
higher with 13% for 200 ng mL™ and 17% for 150 ng mL™.

Control Passive

RO-EVs

SB-OMVs

When comparing only SBcpx with CPX 150 ng mL7, a signifi-
cant reduction of these side effects was observed. For ROcpyx.
a substantial reduction in toxicity was seen (p = 0.09), and it
must be noted that these vesicles had more CPX loaded. Tox-
icity effects were thus induced by CPX because native EVs did
not induce any abnormality, indicating high biocompatibility.
Although CPX has already been tested in zebrafish larvae, the
exact mechanism on cardiotoxicity has not been assessed yet.[’]
The development of the heart is a complex process involving a
variety of regulatory gene expressions.”” In our hands, encap-
sulating CPX into RO-EVs and SB-OMVs reduced its risk for
cardiotoxicity, pointing to a beneficial role of vesicles for the
clinical application of fluoroquinolones.

Saponin Electroporation

Figure 7. Cryoelectron microscopy images of native and loaded RO-EVs and SB-OMVs. White arrows indicate intact vesicles. The blue arrow indicates

a disrupted membrane. Scale bar 200 nm.
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Figure 8. Growth inhibition of RO¢pxEVs and SBcpxOMVs depending on their particle concentration. a) Growth inhibition of Shigella flexneri after an over-
night exposure of undiluted fraction of RO¢pxEVs with 1.8€12 £ 7e11 vesicles mL™". b) Growth inhibition after SBcpxOMYV incubation with 3e12 + 1e12 vesi-
cles mL™". ¢) CPX concentration (blue dots) versus colony forming units (white bars) of S. flexneri after an overnight incubation with the vesicles.
d) Relative bacterial growth after ROcpyEVs, SBcpxOMVs at the highest vesicle concentration compared to PBS control incubation. Mean £ SD, n=5.

In order to evaluate the antibiotic efficiency of the loaded
vesicles in vivo, we again, took advantage of our zebrafish
larvae model and established an infected version. The purpose
of this model was to see if any antimicrobial effect of the vesi-
cles against Shigella can be detected in vivo. In literature, it is
established that Shigella injected into zebrafish larvae leads to
infected macrophages and neutrophils, which escaped cytosolic
digestion and progressively spread through the entire fish, mim-
icking a sepsis.’!l Prior to this, we evaluated the tolerated con-
centration of PBS and CPX in the water of the larvae to define
the therapeutic dose, which could be applied with the vesicles
(Figure S11, Supporting Information). Next, we established our
model by injecting S. flexneri GFP into the blood island of 1dpf
larvae to mimic a severe systemic infection. With 6.6 x 10* CFU
per injection, a stable and persistent infection was generated
that allows visual observation of the bacteria in vivo. At this
pathogen concentration, larvae survived for 72 h post infection
and reached concentrations of up to 76 log CFU mL™ per larvae
(Figure 10a). 4 h after injection, Shigella were already detectable
by fluorescence microscopy. Subsequently, CPX-loaded RO-EVs
were injected into the larvae (Figure 7c). Qualitatively, it was
difficult to compare the reduction in Shigella fluorescence after
20 h because of unequal exposure times, but EVs may have an
influence on the spread of pathogens. When looking at the sur-
vival rates, this effect was not clearly identifiable (Figure 10b).
Control experiments with similar concentrations of free CPX
led to comparable results. To better understand these observa-
tions, we performed additional control experiments with free
CPX to find out which drug concentration was needed for a
complete eradication of the Shigella infection.

When using free CPX, only very high concentrations of up
to 1000 x MIC values—corresponding to 200 pg drug mL™—
were able to eradicate bacteria when given 4 h after larvae infec-
tion. However, at such high concentrations CPX-induced heart
edema became substantially more frequent (Figure S12, Sup-
porting Information). Interestingly, the treatment of infected
zebrafish in general seems to carry its difficulties also in other
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infection models.”273] For our drug-loaded vesicles, we suspect

a reduction in initial Shigella growth but because of rapid path-
ogen spreading throughout the entire larvae, full eradication
was challenging. In the future, other models such as a Staphy-
lococcus aureus infection in zebrafish may be more suitable to
evaluate the therapeutic effect of the vesicles.”

3. Conclusions

In this work, we were interested in better characterizing bio-
genic vesicles in an infection setting. We introduced vesicles
derived from B-lymphoid cells and non-pathogenic myxobac-
teria and efficiently loaded them with ciprofloxacin, an impor-
tant representative of the fluoroquinolone antibiotic class.
Loading into vesicles reduced drug-associated toxicity, which
has been observed for the free drug in our in vivo model.
Although different attempts in designing vesicle-based antimi-
crobial carrier system have been presented in literature,l*37>70l
our vesicles have additional advantages, such as ease of pro-
duction and biocompatibility. The scale up production of the
producer cells may be conducted in small fermenters with
standard media, leading to economically friendly production
and sustainability. When evaluating their immunogenic poten-
tial, especially RO-EVs showed promising biocompatible results
due to their origin from cells expressing no MHC class II
molecules.? Through the combination of different simple and
complex in vitro models with in vivo evaluations in zebrafish
larvae, we established a useful tool assess different vesicle for-
mulations. In our case, we showed that CPX-loaded vesicles
are able to kill pathogens in bacteria, but the in vivo infection
model needs careful evaluation. An improved encapsulation
efficiency might result in increased antibiotic effect in vivo,
which could be detected via fluorescence microscopy. Further,
a Shigella infection model in a different animal could also help
to understand the antibiotic effect of the loaded vesicles. The
integration of a three-dimensional cell model allowed better
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Figure 9. Cardiotoxic effect of CPX and loaded vesicles. a) Percentage of incidences of heart edema development in zebrafish larvae after free CPX,
ROcpxEV (=172.6 ng mL™ CPX) or SBcpxOMV (=127.8 ng mL™' CPX) injection. *p = 0.05 t-test; selected individual comparison of RO¢py versus CPX
150 ng mL™", and SBcpy versus CPX 150 ng mL™". b) Percentage of development of heart edema compared to CPX concentration, free or encapsulated
into vesicles. Individual dots represent individually loaded vesicles with CPX concentration and the percentage of abnormal larvae. The blue area is
the area under the number of abnormal larvae due to CPX injection. c) Microscopic images of healthy and abnormal larvae 4 days after injection. The
red-dashed line frames the pericardium. Scale bar 200 pm. n =10, n = 3-4.

understanding of vesicle accumulation in different cell types, 4, Experimental Section
which could be confirmed in the precluding D. rerio assess-
ments. We believe that our findings need subsequent formu-
latiF)n efforts to furt}.ler. develop th_e EV Ca.lr.rier systems. The of this 2SWT medium was 0.3% bacto tryptone, 0.1% soytone, 0.2%
various models to mimic and predict conditions that biogenic glucose, 0.2% soluble starch, 0.1% maltose monohydrate, 0.2%
vesicles will encounter should in the future contribute to the  cellobiose, 0.05% CaCl, 2H,0, 0.1% MgSO, 7H,0, and 10 mm HEPES,
clinical translation of these nanoparticles. pH 7.0 adjusted with KOH. Shigella flexneri M90T (DSM 4782, DSMZ)

Bacterial and Cell Culture: SBSr073 were cultured as previously
described, isolating OMVs after 7 days of culturing.#?’l The composition
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Figure 10. Zebrafish Shigella infection model. a) In vivo growth of S. flexneri in zebrafish larvae 0, 2, 4, and 24 h after injection. n = 5-8. b) Survival of
Shigella injected larvae. n = 8-10. c) Fluorescence microscope images of Shigella GPF infected larvae. After 4 h post-infection, larvae were treated by
ROcpxEV injection. Controls did not receive any treatment. Scale bar 200 pm.

was cultured in tryptic soy broth (Thermo Fisher) at 37 °C or on
tryptic soy agar (Thermo Fisher) at 30 °C. Shigella flexneri GFP (ATCC
12022GFP) was cultured in nutrient broth or agar (Thermo Fisher) with
100 ug mL™" ampicillin (Carl Roth).

RO cells (DSMZ, ACC 452) were cultivated in RPMI 1640 (Gibco,
Thermo Fisher, Germany) with 1% (v/v) insulin-transferrin-selenium-
ethanolamine (Thermo Fisher) as previously described.?) Briefly, cells
were inoculated with a density of 0.75 x 108 cells with a total volume
of 45 mL medium in an upright T75 flask. After 4 days, cells were
maintained by exchanging 25 mL cell culture supernatant with 50 mL
new medium.

CaCo-2 HTB37 (DSMZ, 169) was cultured in DMEM (Gibco) with 1%
(v/v) non-essential amino acids (Thermo Fisher) and 10% (v/v) fetal
calve serum (FCS). THP-1 (DSMZ, ACC16) grew in RPMI with 10% (v/v)
FCS. MUTZ-3 (DSMZ, ACC 295) were cultured in alpha-MEM (Gibco)
with 20% FCS.

Vesicle Purification and Characterization: Vesicles were isolated as
recently described.#?° Briefly, 100 mL of =7 x 10° cells mL™ RO cell
supernatants were centrifuged at 300 x g for 8 min, 100 mL SBSr073
supernatants at 9500 x g for 10 min. Subsequently, both vesicle
supernatants were centrifuged at 9500 x g for 15 min. Vesicles were
isolated by differential centrifugation at 100 000 x g for 2 h at 4 °C using
a rotor type 45 Ti with a k factor of 133 at maximum speed (Beckman
Coulter). Both pellets were suspended in 500 uL residual supernatant.
They were purified using size-exclusion chromatography.*2?°l To obtain
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equivalent particle concentrations, 390 mL of conditioned RO medium
compared to 65 mL of conditioned SBSr073 medium had to be obtained
for vesicle isolation because myxobacteria produce higher yields of
vesicles per cell.[4>¢]

Particle concentrations were measured using nanoparticle tracking
analysis. With a camera level of 15, a detection threshold of 5 and 20
to 120 particles per frame. The size and concentration were calculated
using the NanoSight 3.3. software. The zeta potential was measured
using the Zetasizer Nano (Malvern) and folded capillary cells (Malvern),
analyzed with Zetasizer software 8.01.4906. Protein concentrations were
conducted using a bicinchoninic assay kit (Sigma Aldrich) according
to manufacturer’s specifications. Surface markers CD9 and CD63
were analyzed using a bead array kit and flow cytometry detection (BD
Bioscience). Isotype antibodies were used as negative control.

For cryo-electron microscopy 3 pL of the vesicles dispersion was
vitrified to a thin electron transparent sample using a Gatan CP3 cryo
plunger operating at =165 °C. Then the sample was transferred to a
Gatan model 914 cryo-TEM sample holder under liquid nitrogen. TEM
bright field images at low dose conditions were acquired at —170 °C
and 200 kV accelerating voltage. Therefore a JEOL JEM-2100 LaBg
transmission electron microscope equipped with a Gatan Orius SC1000
CCD camera was used.

Gel Clot Endotoxin Detection: Vesicles were isolated as described and
under aseptic conditions. After determining the particle concentration, a
gel clot assay (Toxin Sensor Endotoxin detection system, GenScript) was
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performed according to manufacturer’s specifications with two different
dilutions of the vesicle pellet, LAL reagent water and an E. coli endotoxin
standard. A positive reaction was confirmed by a firm gel formation,
indicating an equal or higher endotoxin concentration of 0.25 EU mL™,
which is the allowed limit for sterile water for injection according to the
federal drug and food administration.

Cytokine Detection of Vesicle Treated PBMC and Reporter Cell Assays:
Buffy coats were obtained from three different donors from the Blood
Donation Center, Saarbriicken, Germany, under the authorization by the
local ethics committee (State Medical Board of Registration, Saarland,
Germany; permission no. 173/18). With a seeding density of 100 000
cells per well in a 96 well plate, cells were incubated with either 5 x 10°
or 5 x 10* particles per cell for 4 h in RPMI 1640. Cell supernatants
were collected and stored at —80 °C until cytokine quantification. To
determine IL-6, IL-8, IL-1 beta, and TNF a BD cytometric bead array
human inflammatory cytokine kit was used according to manufacturer’s
specifications. Cytokine quantification and sample analysis was analyzed
with FCAP array.

HEK-Dual hTLR2 cells (Invivogen, Toulouse, France; #hkd-htlr2ni)
and HEK-Blue hTLR4 cells (Invivogen, #hkb-htlr4) expressing secreted
embryonic alkaline phosphatase (SEAP) were used to determine NF-xB/
AP-1 activity. Cells were seeded in 96-well plates at a density of 5 x 10*
cell per well, and simultaneously treated with either 5 x 10° or 5 x 10*
particles per cell of EV samples or liposomes (POPE, POPG, and CL in
a 70:20:10 weight ratio) at concentration of 5 x 10° per cell. Ultrapure
LPS from E. coli K12 (Invivogen, #tlrl-peklps) and Pam3CSK4 (#tlrl-pms)
were used at concentration of 10 ng mL™' as positive controls for
HEK-TLR2 and HEK-TLR4 cells respectively. After 24 and 16 h of
incubation for HEK-Dual hTLR2 and HEK-Blue hTLR4, respectively,
20 pL of cell culture supernatant from each well was mixed with 180 L
of resuspended QUANTI-Blue Solution (Invivogen, #REP-QB2) and
incubated at 37 °C for 1-3 h. SEAP activity was measured with microplate
reader (PromegaTM GloMax Plate Reader Madison, WI, USA) at
600 nm. To ensure that EVs were non-toxic the MTT colorimetric assay
was performed as described previously.””l Absorbance was measured at
560 nm using a microplate reader (PromegaTM GloMax Plate Reader
Madison, W1, USA).

Localization of Vesicles in a Co-Culture Model: The leaky gut model
was further based on the previously established co-culture system in
the group.’] In brief, monocytic- THP-1 cells were differentiated into
macrophage-like cells (dTHP-1) using 50 nm phorbol 12-myristate
13-acetate (PMA, Sigma-Aldrich, Taufkirchen, Germany) for 72 h. For
co-culture, dTHP-1 (20 000 per well) and dendritic MUTZ-3 (10 000 per
well) cells were embedded in 80% (v/v) collagen type | (3 mg mL™,
PureCol; Advanced Biomatrix, Tucson, USA) solution containing 10%
10X RPMI + 20 mg mL™' NaHCO; (Gibco) and 10% human AB serum
(Sigma). A total volume of 150 uL was placed to the apical chamber
of the insert (Transwell Permeable Supports 3460, Corning). After 1 h
of solidification at 37 °C and 5% CO,, epithelial CaCo-2 cells (100 000
per well) were seeded on top, in a total volume of 0.5 mL DMEM with
10% FCS and 1% penicillin/streptomycin (Pen/Strep, Gibco). Afterward,
1.5 mL of RPMI with 10% FCS and 1% Pen/Strep was added to the
basolateral side. Cells were cultured under submerged conditions and
medium was exchanged every 2 to 3 days. For an inflamed state, the
co-culture was stimulated on day 6 (leaky CaCo-2 barrier) or on day 11
(tight CaCo-2 barrier) apically with 10 ug mL™" LPS (Sigma). After 24 h
of stimulation, 200 uL on the apical side were removed and 100 pL
Vybrant Dil (Thermo Fisher) labeled vesicles were added. Vesicles were
labelled according to previous protocols and purified using a 40 mL
sepharose CL-2B SEC.?l After 24 h, cells were fixed with 4% (v/v)
paraformaldehyde (Electron Microscopy Sciences), washed, stained
with fluorescein phalloidin (Thermo Fisher) and 4',6-Diamidino-2-
Phenylindole, Dihydrochloride (DAPI) (Thermo Fisher) according to
manufacturer’s specifications. Confocal microscope (Leica TCS SB8)
images were acquired using the following settings with a 20x objective:
Dil (Ex/Em 561 nm/588-609 nm), DAPI (Ex/Em 405 nm/ 420-503 nm),
FITC (Ex/Em 488 nm/511-550 nm); 1024 x 1024 pixel. Leica Application
Suite X was used to process images.
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Loading Vesicles with Ciprofloxacin: After vesicle isolated via
ultracentrifugation, the pellet was resuspended in residual supernatant
and incubated with 17 mm ciprofloxacin-hydrochloride monohydrate
(CPX) (Sigma Aldrich) using the following loading methods. During
passive loading, vesicles were incubated with CPX for 30 min at 37 °C.
For electroporation, vesicles were mixed with CPX in Gene pulser
cuvettes (0.4 cm cell electrode), where settings with 200 €, 500 pF and
200 mV with a pulse time of 9-18 ms were used (BioRad Gene Pulser).
The saponin-assisted technique was performed by adding 0.1 mg mL™
saponin (Sigma Aldrich) and incubation at RT for 20 min. The
combination of passive and saponin was conducted by incubating the
vesicles pellet at 37 °C for 30 min with 0.1 mg mL™" saponin. To remove
non-encapsulated drug, all samples were purified by a size exclusion
chromatography, using a glass column packed with 35 mL of sepharose
CL-2B and filtered PBS as eluent. Vesicles typically eluted after 12-15 mL
and particle concentrations were determined by nanoparticle tracking
analysis. CPX release was measured using mini-Slide-A-lyzer (Life
Technologies) with a cut off of 10 kDa. Slide-A-lyzer were placed inside
either a solution with a pH of 1 or 7.4. Samples were drawn at consecutive
time points from the inside of the dialysis membrane. CPX encapsulation
was quantified by Bruker EVOQ TQ Elite ER mass spectrometer coupled
with Dionex Ultimate 3000 SL liquid chromatography system. Samples
were first mixed with 250 nm cinnaricin and triton-X (0.1% v/v) of which
1 uL was injected into the column. The mobile phase included (A) 0.1%
formic acid in ddH20 and (B) 0.1% formic acid in acetonitrile. A linear
gradient 5-95% B in A was established for separation on a Waters
Acquity BEH C18 column (50 x 2.1 mm, 1.7 um) for 2.5 min. The flow
rate was set to 0.6 mL min™' and column thermostat to 45 °C. LC flow
was split to 83 UL min~' before entering the mass spectrometer. The
instrument was operated under positive ionization mode with multiple
reaction monitoring (MRM) of two transitions for CPX, m/z 332 to
quantifier ion m/z 288 (collision energy —15 V) and to qualifier ion m/z
245 (collision energy —22 V). Corresponding source parameters were
maintained at 4000 V spray voltage, 150 °C cone temperature, 15 L min™'
cone gas flow, 140 °C heated probe temperature, 10 L min~' probe gas
flow and 30 L min™' nebulizer gas flow. Samples were analyzed using
TASQ 4.0 software.

Growth Inhibition of Shigella flexneri: Bacteria were cultured in liquid
conditions until late log or early stationary phase. In order to have
similar conditions, Shigella was diluted to a final concentration of
2.2 x10° + 9.3 x 10* CFU mL™"."8 One hundred milliliter of either loaded
vesicles, vesicle dilution, control (sterile PBS), or free CPX was incubated
with 100 plL bacterial suspension at 37 °C overnight. Subsequently,
colony-forming units were conducted, incubating samples at 30 °C and
counted after an overnight incubation.

Zebrafish Husbandry: According to standard operating procedures,
AB wild-type zebrafish were raised in Danieau’s medium (17 mm NaCl,
2 mm KCl, 0.12 mm MgSO,, 1.8 mm Ca(NO3),, 1.5 mm HEPES, 1.2 pm
methylene blue at pH 7.1-7.3) with continuous water circulation as
described previously.’]

Toxicity Evaluation and Biodistribution of Vesicles in Zebrafish Larvae:
One dpf and 3 dpf larvae were transferred to 96 well plates, with one
larva per well and at least 10 larvae per condition. Residual medium
was removed and loaded vesicles (25% in Danieau’s), free CPX with
different concentrations or PBS (25% in Danieau’s) as a control added
to the well. Each day the moto function, heartbeat, pigmentation, and
overall appearance of the fish was monitored using a Stemi 508 KMAT
(Zeiss). For the toxicity assessment after injection, 1 dpf larvae were
dechorinated with 1 mg mL™" pronase (Sigma), washed in Danieau’s and
anesthetized with 0.25 mg mL™" tricaine (Sigma). Samples or controls,
mixed 1:1 with phenol red (Sigma) were injected into the blood island
with a volume of 1.5 nL for a systemic administration, using a Femtoet
Microinjector (Eppendorf). Larvae were washed and transferred to
96 well plates to study toxicity. For the biodistribution assays, vesicles
were loaded and labeled with Dil (Thermo Fisher) according to previous
protocols.?’l Samples were mixed 10:1 with phenol red and injected
into the blood island. Larvae were washed in Danieau’s, transferred
to chamber slides (ibidi) and embedded in a 1.5% (m/v) low melding

© 2023 The Authors. Small published by Wiley-VCH GmbH

85U80]7 SUOWIWIOD BAEaID 3(dealdde au) Ag pausenob ae Sspoie YO ‘8sN JO s3I 10} A%iqiT 8UIIUO AB|IA\ UO (SUOIPUOD-PUR-SLLBIALICD" A3 | IM"AR1q U UO//SANY) SUORIPUOD PUe SWLB | 81 88S *[7202/50/£2] U0 AeiqT8UlUO A8]IM “SBUI0!]IGSUO TeWLIOJU | 8YdSIUYIe | Aq 62202202  1IWS/Z00T 0T/I0p/LI00" A3 |IM AReIq Ul uoy/Sdny Wouj papeojumod ‘Sz ‘€202 ‘6289ETIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

agarose (Thermo Fisher) gel before they were imaged using confocal
scanning microscopy. All larvae were sacrificed at 5 dpf.

Development of a Shigella flexneri Model in Zebrafish Larvae: One dpf
larvae were dechorinated and anesthetized before they were infected
with 6.6 £ 2.6 x 10* CFU. Larvae were kept in 0.03 mg mL™' 1-phenyl
2-thiourea (Sigma) in Danieau’s. After 4, 24, and 48 h fluorescence
microscope (Leica MZ 10 F) images were taken. To conduct the in vivo
growth of Shigella, larvae were washed twice with 100 g mL™" ampicillin
in PBS and transferred to an Eppendorf tube with one glass bead.
Larvae were vortexed for several minutes. The suspension was diluted
accordingly and plated on ampicillin nutrient agar plates, where colony
forming units were counted the next day.

Statistical Analysis: Data are displayed as mean * standard deviation
(SD) and n as the number independent experiments. Statistical analysis
was performed by applying One-way ANOVA followed by Tukey or
Dunnett post-hoc tests, using SigmaPlot. Significant p-values were
displayed either as the exact value, * for p < 0.05 or ** for p < 0.01 or ***
for p < 0.001.
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Supporting Information is available from the Wiley Online Library or
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