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1.1. The liver and its function

The liver is a vital organ crucial for physiological functions of the human body!!!. It is covered
by the Glisson capsule, a connective tissue, and located under the diaphragm in the right upper
quadrant behind the ribcage?!. It is built by a large right lobe and smaller left lobes, consisting of
a total of eight independent segments with their own vascular and biliary branches (Figure 1.1.)].
These segmentations are beneficial for transplantations and cancer removals, as they allow for
healthy tissue to be preserved and minimizes blood loss through removal of the affected segments
only®l. Each liver segment is further divided into lobules, which are hepatocytes assembled in a
hexagonal shape as plates that expand from a central vein (Figure 1.1.)!>*. Hepatocytes account
for 70% of the total liver mass"). The liver also contains non-parenchymal cells that are vital for
its function, including epithelial cells (cholangiocytes), sinusoidal endothelial cells, Kupffer cells,
liver-associated lymphocytes, biliary cells, and hepatic stellate cells (HSCs), which all interact
together through direct cell-cell contact and soluble mediators (Figure 1.1.)* . Lobules can be

further divided into portal triads, which are built by arterial, venous, and biliary vessels[’..

Blood enters the liver through two different pathways, with approximately 75% coming through
the portal vein, being rich in nutrients and toxins absorbed from the gastrointestinal tract, and about
25% being oxygenated and coming from the hepatic artery'®l. Blood mixes in the sinusoids, which
are capillaries with discontinued endothelium located in the space between lobules, and drains into

9. 101 Fenestrated

the central vein exiting the liver with a flow rate of about 1.5 L of blood/min!
membranes of sinusoidal endothelial cells allow for an efficient exchange between blood and

hepatocytes, enabling proper liver function!®). Located between the sinusoids and hepatocytes is



the space of Disse, which hosts dendritic cells as well as HSCs, also known as Ito cells (Figure

1.1.)01,
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Figure 1.1. Anatomy of the liver.

The liver can be separate into 2 lobes and eight segment (I-VIII), whereas segment I is on the other
side of the liver in between segment II, VII, and gallbladder. Each segment consists of hepatic
lobules which are assembled in a hexagonal shape around a central vein. Hepatic lobules are built
from portal triads, which contain the hepatic artery, portal vein and a bile duct. Lobules are
separated by capillaries, also known as hepatic sinusoids. In the sinusoids molecules from the
blood can pass through fenestrated sinusoidal endothelial cells (LSEC) and interact with hepatic
stellate cells (HSC) in the space of Disse, as well as hepatocytes, allowing signaling between
Kupffer cells (KC), HSCs and hepatocytes.

Image adapted from “The Hepatic Sinusoid in Chronic Liver Disease: The Optimal Milieu for
Cancer” (Gilbert Ramos et al., 2021) and “Liver anatomy* (Abdel-Misih et al., 2010) and partially
created in BioRender.com.

The functions of the liver include clearance of damaged erythrocytes (red blood cells),
management of nutrients (such as lipids, carbohydrates, and vitamins), and synthesis of plasma

proteins (such as globulins, albumin, protein C, insulin-like growth factors, and clotting factors)!



12-141 "It is also the main organ for detoxifying harmful substances, being essential to the

maintenance of overall health and well-being® 1!,

Xenobiotics, which are harmful toxins that can enter the body through various routes such as
ingestion, inhalation, or through wounds are eliminated in a two-step process consisting of
biotransformation and conjugation!'® 71, However, during the process non-toxic molecules can be
transformed into toxic ones, potentially causing hepatic injury, which if unresolved can led to

chronic liver diseases!'®.

1.1.1. Chronic liver disease formation and fibrosis progression

Chronic liver diseases originate as a wound-healing process to liver injury!'®). The liver has an
enormous potential for tissue repair and can return to normal size after 90% of tissue removal!®],
However, if the wound healing process gets dysregulated it becomes dangerous as the liver steadily
progresses to liver cirrhosis and liver failure®®. Wound healing renders the liver more resistant to
acute injury and collagen type 1 protects hepatocytes against several toxic substances, but
excessive extracellular matrix production leads to scars and altered tissue function, till complete

21,22

functional loss!?!>22. The most common causes of liver injury are diabetes, alcohol abuse, bad diet,

non-alcoholic fatty liver disease (NAFLD), and hepatitis’>>?*! (Figure 1.2.). The repetitive injury
to the liver due to those named causes leads to damage of the cholangiocytes and hepatocytes

resulting in an overactivated regeneration(?% 26!,
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Figure 1.2. Progression of chronic liver diseases.

Chronic liver injuries, such as due to alcohol abuse, fatty diet, obesity, viral infections, or diabetes,
lead to an inflammation of the liver forming a fatty liver. If the injury is not resolved, injured
hepatocyte can activate quiescent HSCs resulting in fibrosis formation. Perpetuated HSCs can be
deactivated leading either to apoptotic HSCs or inactivated quiescent-like HSCs. If the fibrosis
further develops to cirrhosis no resolution can be obtained anymore resulting in the need of a liver
transplantation.

Image created in BioRender.com

NAFLD is worldwide the most abundant liver disease with a prevalence of 25% with a continues

27 Development of NAFLD is very complex and involves several molecular and

increase
metabolic changes described as a “multiple hits” hypothesis!**). NAFLD can further progress either
to non-alcoholic fatty liver (NAFL), also known as fatty liver, or into non-alcoholic steatohepatitis
(NASH)!28-301 NAFL tends to be benign, however, if not diagnosed and left untreated it can
progress into NASH, which is way more serious and increases the chances drastically for further

progression to fibrosis, cirrhosis, liver failure or hepatocellular carcinoma (liver cancer) (Figure

10



1.2.)P5 321 Mitochondrial dysfunctions contribute significantly to the development of hepatic

5334 The accumulation of cholesterol, as well as free fatty acids in mitochondrial leads

steatosi
to the formation and release of reactive oxygen species (ROS) damaging hepatocytes**l. The
apoptotic hepatocytes release their cellular content which triggers Kupffer cells to release pro-
inflammatory mediators such as interleukin (IL) 6, tumor necrosis factor alpha and IL-1b and

especially pro-fibrotic factors such as transforming growth factor beta 1 (TGF-B1), progressing the

fibrosis!?%. Those factors, among other cytokines, stimulate a transdifferentiation of HSCs from a

quiescent status into an activated myofibroblast-like status[?% 2635371,

HSCs have been described to be the key player in fibrosis progression!** 3. They are lipophagic
and fat storing cells and residue in the space of Disse between hepatocytes and endothelial cells
and are therefore targetable through the blood system. Hepatic stellate cells are mesenchymal cell
types and account for 5-8% of the total healthy liver mass*®!. They are not only responsible for
Vitamin A storage as retinyl esters but also contribute to vasoregulation and extracellular matrix

homeostasis, liver development, and drug and retinoid metabolism!*"!

. Upon activation they
undergo functional and morphological changes demonstrated by a drastic altered gene expression
profile enabling enhanced proliferation and development!*!l. The activation process can be divided
into an initiation phase and a perpetuation phase!*?. The initiation phase, also called the
proinflammatory phase, is the primary answer to paracrine stimuli from damaged parenchymal
cells and is characterized by early changes in phenotype and gene expression. Non-resolution of
this phase leads to the perpetuation stage which is regulated by autocrine and paracrine stimuli and
characterized by distinct changes in HSCs including proliferation, matrix degradation, enhanced

contractility due to elevated cytoskeleton filament expression, increased extracellular matrix

expression, chemotaxis and loss of retinoids*> *1. However, liver fibrosis has been described as

11



being reversible upon termination of the liver injury'**!. This process, also called the resolution
phase, HSCs either reverse into a quiescent status or become apoptotic through numerous
pathways!*> 4. The pivotal role of HSCs in liver fibrosis, their resolution potential, and their
accessibility in the space of Disse make those cells suitable therapeutical targets for antifibrotic

compounds!#? 43461,

Nevertheless, currently no specifically for liver fibrosis approved treatment exists. The available
options are meant to address the underlying causes such as steroids to treat excessive inflammation
in autoimmune hepatitis or entecavir, an antiviral agent, to treat viral hepatitist*’-*8]. Other drugs
involve obeticholic acid and elafibranor, which are both currently into phase 3 clinical trials
(https://clinicaltrials.gov/ct2/show/NCT02548351/https://clinicaltrials.gov/ct2/show/NCT056273

62) for NASH patients.

1.1.2. Essential phospholipids as potential therapy

Due to their supposed anti-inflammatory and antioxidant properties, essential phospholipids
(EPLs) have been used as an approach to manage fatty liver disease!*’l. Studies on phospholipids
and their involvement in liver regeneration date back half a century®”. EPLs are highly purified
soybean extracts, enriched in polyenylphosphatidylcholines (PPCs, >72%) with 1,2-
dilinoleoylphosphatidylcholine (DLPC) being the most abundant lipid®! DLPC is a
polyunsaturated lipid with a 36:4 structure and considered as the active component of PPCs[*’!.
Previous studies have shown that PPCs suppressed collagen and aSMA expression in human HSCs

52,53

by reducing TGF-B; induces ROS production®? 33, Previous research in our group showed that

unilamellar liposomes (particle surrounded by a lipid bilayer entrapping an aqueous core, Figure
1.3.) formed with S80 lipids (soybean extract with 73-79% phosphatidylcholine) show a fibrosis-

resolving potential in an in vitro model of LX-2 cells, an immortalized HSC cell line with key

12



features of hepatic stellate cells®* 3!, Administration of S80 liposomes on naive and TGF-B;
activated LX-2 cells restored lipid droplets and decreased main fibrotic markers, such as collagen
and aSMA*!. Nevertheless, further experiments are required to understand the underlying
mechanism of action and understand the resolution phase. Further efforts are happening in our lab

trying to form S80 tablets as an easily administrable drug.

13
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Figure 1.3. Classification of liposomes.

Liposomes are typically built from phospholipids which are characterized by a hydrophilic head
containing a phosphate group and hydrophobic fatty acid tails. The phospholipids form a
hydrophobic lipid bilayer entrapping a hydrophilic core, which is composed of the lipid
rehydration buffer used. Liposomes can be categorized depending on their lamellarity and
composition. The most common liposome types are unilamellar liposomes (UVs) ranging from 50
nm to several um, multilamellar liposomes (MLVs), which are typically bigger than one um, and
multivesicular liposomes (MVVs), which are liposomes entrapping other MLVs or UVs and in
the pm size range.

Image adapted from “Liposome-based delivery of biological drugs” (Kosheli Thapa Magar et al.,
2022)

14



1.2. Extracellular vesicles

Extracellular vesicles (EVs) refer to particles enclosed by a lipid membrane which are released
by all eukaryotic cell types, and which are typically categorized by their biogenesis (Figure 1.4.)%
371 Dying cells release apoptotic bodies through blebbing of the cell membrane. Apoptotic bodies
are the EVs with the broadest size distribution, ranging from a few nm till several pm in diameter
and are often combined with microvesicles under one term. Microvesicles, also known as
ectosomes or oncosomes, originate from the outward budding and fission of the cellular plasma
membrane and vesicles formation!®. They typically range from 50 nm to 500 nm, but have been
described to reach sizes in the pm range as well®). Exosomes are intra-luminal vesicles (ILVs)
formed by the inward budding of endosomal membrane in the early endosome during the
maturation of multi-vesicular bodies (MVBs), which are intermediate structures in the endosomal

system (Figure 1.4.).

They are secreted into the extracellular lumen upon the fusion of MVEs with the cell
membrane®®). Exosomes are generally described to have a diameter of 30 — 150 nml® 371 with
some studies claiming sizes up to 200 nm!®* 6!l Currently it is still not possible to distinguish
different EVs subtypes smaller than 200 nm once collected from a biofluid, due to overlapping
compositions, sizes, densities, and membrane markers!®*® 2!, They can only be distinguished if the
biogenesis of the vesicle was observed e.g., through microscopy. Originally EVs were considered
to be just waste carriers, this with the fact that they are largely heterogenous hindered the research

and characterization of those particles for a long time.

15
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Figure 1.4. Biogenesis of Extracellular Vesicles.

EVs are categorized based on their biogenesis. Apoptotic bodies form upon blebbing, whereas
microvesicles form upon outward budding of the plasma membrane. Exosomes are formed
through the endosomal system and are either released in the extracellular space via exocytosis or
are degraded by lysosomes. Exosomes are surrounded by a lipid bilayer and contain various
(trans-)membrane proteins, peptides, glycosides, nucleic acids etc. which contribute to their
function.

Image adapted from “The biology, function, and biomedical applications of exosomes” (Raghu
Kalluri et al., 2020) and partially created in BioRender.com.

However, EVs have been found to play a crucial role in various (patho)physiological processes
such as intercellular communication, cancer development, and infection propagation, by enabling

sl36 63 641 They have been

the exchange of genetic material, proteins, and lipids among cell
described to show no or very low immunogenicity, to be able to cross biological barriers, to allow

short-distance and long-distance communication, to protect cargo from degradation, and to

functionally deliver cargo to a host cell via, different mechanisms such as membrane fusion,

16



phagocytosis, pinocytosis, and endocytosis™® ¢3¢ Therefore, EVs show an enormous potential

63,65,67,68] EVg derived from stem cells and

as diagnostics, therapeutics, and drug delivery systems!
dendritic cells have been described in various studies to modify the immune answer lowering
inflammation or induce inflammation in cancer patients!**’!l. Additionally, EVs can be used as
drug delivery systems delivering various loaded cargo, such as small drug molecules, siRNA,
miRNA, mRNA, CRISPR/Cas9, proteins, and peptides!®® "> 73], Due to preserved homing effect in
EVs, the particles show a natural property for targeted drug delivery, which is a big advantage
compared to conventional liposome systems which are typically conjugated with ligands such as
antibodies, antibody derivatives, and aptamers, specific for receptors on the target cell to achieve
targeted delivery, leading to immune responses and other complications!’*’8l. The loading
techniques can be divided in two separated approaches. First, by manipulation of the host cell,
either true cargo loading into the host cell or through genetic modification resulting in EVs with
the desired cargo. Secondly, EVs can be loaded post isolation, such as through sonication,
electroporation, incubation, click-chemistry, or transfection!®® 73780 Hence, 116 clinical trials
have been recorded according to ClinicalTrials.gov, whereas 50% were for biomarker studies, 33
were registered as EV-therapy, from which 22 studies use EVs derived from mesenchymal stem

cells (September 2022)7!. The remaining clinical studies were registered for drug delivery

systems (6), vaccine studies (2), and basic EV analysis (17).

Nevertheless, EV research suffers from the enormous heterogenicity of particles with differences
depending on harvest conditions, such as time point, stress status, and method which often results
in long and complex purification processes limiting yield and scalability!®® 6671811 Other critical
challenges are, a lack of standardization, regulations, GMP compliant manufacturing, and

64,71, 82-84

unknown mechanisms making a translation of EV use in difficult! 1. Therefore, alternatives
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have been studied as drug delivery and therapeutic systems trying to combine the advantages from

EVs with the advantages from liposomes engineering EV-mimetics®*+3¢!,

1.3. Engineered extracellular vesicles

To overcome drawbacks of EVs artificial EVs can be engineered. EV engineering can be
separated into fully artificial EVs, based not on EV as starting material, and semi-synthetic EVs,
where first EVs are isolated and then modified (Figure 1.5.). Methods of semi-synthetic EVs
include surface modification of EVs through e.g., click-chemistry, cargo loading through e.g.,
electroporation and freeze/thawing, as well as fusion with liposomes to create an EV hybrid with
changed the membrane properties, cargo, or membrane proteins'®* 87, Those techniques have been
used in various studies and showed to be able to improve various EV properties, such as circulation
time, cargo delivery, therapeutic effect, and targeting ability!®® 3% However, as EVs are used as
starting material, semi-synthetic particles do not overcome the limitations of EVs and require
general improvements in the EV field to become valid alternatives. Fully synthetic EVs can be
created through top-down and bottom-up approaches. The bottom-up way creates complex
structures by using simple creating blocks, such as lipids, nucleic acids, peptides, and proteins by

using their physicochemical properties!®!- 2!,
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Figure 1.5. Artificial EV landscape.

Artificial EV creation can be separated in semi-synthetic engineering using EVs as starting
material and fully synthetic engineering using different sources as starting material. Each method
has its own advantages and disadvantages and serves a different purpose.

Image adapted from “Therapeutic biomaterials based on extracellular vesicles: classification of
bio-engineering and mimetic preparation routes” (Pablo Garcia-Manrique et al., 2018).

Therefore, usually liposomes are used as a promising starting point, as they can be easily
produced to be unilamellar and nanosized. Liposomes can be formed with lipids that mimic the
composition of exosomes and be modified post-formation. For example, T cell activation in an
autoimmune disease could be downregulated by incorporation of certain ligands in a liposome or
the targeting of tumor cells could be increased by conjugation of antibodies on the particle
surface®> *4. However, even though those particles are usually scalable in production with high
yields they also often exert an increased immunogenicity and further knowledge on EVs is needed

to know exactly which features have to be engineered resulting in particles retaining positive EV
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features. On the other hand, the top-down approach relies on breaking down bigger and more
complex materials, such as cells, into nanosized vesicles. Vesicles are produced either by applying
shear stress on the cell membrane, breaking it leading to spontaneous vesicle formation or through
chemical stimulation with e.g., sulthydryl blocking agents leading to vesicle formation by cell

(86,951 Those vesicles have been mainly used for drug delivery, but studies

membrane blebbing
have shown their ability to enhance cell proliferation, enhance angiogenesis, modulate immune
answers, reduce inflammation, enhance regenerative mechanisms, and enhance cellular uptake®®
90, 96-1011 " The most common top-down approach is formation of artificial EVs through serial
extrusion over a polycarbonate membrane!®* °2. Large-scale devices as well as GMP-compliant
production has already been developed for extrusion-based artificial EV formation, whereas
particle yields could be increased up to 250 times compared to natural EV production®®*°% %I, The
increased particle yield is probably due to the fact that through extrusion not only the plasma
membrane breaks forming nano-sized particles, but also organelles, such as the mitochondria and
the Golgi apparatus®. Resulting particles are usually smaller than 200 nm in diameter and show
a proteomic profile which is much closer to the originating cell compared to natural EVs!!%?l, The
EV proteosome is different from the cell proteosome due to the strict sorting during the formation
in the endosomal system!*’l. Even though top-down produced vesicles need similar purification
techniques used for natural EVS, they show enhanced yield and scalability, better standardisation

potential, and can be further improved through the same methods used for semi-synthetical EV

production making it a very promising alternative to the usage of natural EVs.

1.4. Novel approach for intraperitoneal drug administration

The liver, as well as other organs, such as the spleen lay in the peritoneum, which is a cavity in

the abdomen covered by thin membranes. Intraperitoneal injection (IP) offers an alternative route
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to intravenous- or oral administration to target the liver with drugs. The advantages of [P are among
others, the easy administration, the suitability for repetitive dosing, the high drug absorption, and
the suitability for different formulations (drugs with different physiochemical properties)!®!.
However, due to the very fast absorption of small molecules into the portal vein, the first pass
effect of drug metabolism is almost as high as for orally administered drugs leading to a small
active drug concentration in the systemic circulation. The fast clearance also hinders to have a high
local drug concentration in the peritoneum. Still, progress has been made in the past years and IP
has been more extensively used, especially for treatments of peritoneal metastasis, from cancers

that have spread to the peritoneum from other organs after turning malignant (Figure 1.6.)!!%4],

However, for chronic liver diseases, IP-administered treatments are still underexploited'®. So
far, it has mostly been used to infuse hepatocytes to paediatric patients with acute liver failure!!%®
1971 However, this successful and safe cell infusion paves the avenue for similar approaches to
deliver small molecules for chronic liver disease or fibrotic events in the peritoneal space. A novel
approach to deliver small drug molecules through the IP route is to use additive manufacturing for
the formation of hydrogel depots which contain encapsulated small molecules. Due to their size,
the hydrogels cannot be cleared from the peritoneum. Additionally, the sustained drug release

reduces the dissolution rate of the drug, resulting in a higher drug concentration in the peritoneum

and decreased uptake into the portal vein.
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Figure 1.6. Formation of malignant tumors.

Tumor formation often starts with a genetic mutation that leads to sustained cell
proliferation/growth, after a while of promoted cell growth a condition called hyperplasia is
reached. If, after further mutations leading to the loss of differentiation and abnormal growth, the
cells are still in their tissue of origin, they are called in situ cancer. However, if the tumor cells
are shred into blood or lymph vessels (because of additional mutations) to invade other tissues
and form new metastases the tumor is said to be malignant. Cancer spreading from peritoneal
organs, such as the gastrointestinal track, lead to the formation of peritoneal metastasis.

Source: National Institutes of Health (US); Biological Sciences Curriculum Study. NIH
Curriculum Supplement Series [Internet]. Bethesda (MD): National Institutes of Health (US);
2007. Understanding Cancer. Available from: https://www.ncbi.nlm.nih.gov/books/NBK20362/

1.5. Scope of the thesis

The increasing prevalence of fibrosis and the lack of specific treatments calls for novel anti-
fibrotic therapeutics. We set out to establish a protocol for the formation and purification of
artificial EVs, termed cell-derived nanovesicles (cdNVs) from differently pre-treated HSCs, with
fibrosis-resolving properties. We have previously shown the release of EVs with different
compositions and activities, depending on the HSC cell status, and their fibrosis-resolving
properties!!®. However, due to limitations in EV usage they are not suitable as anti-fibrotic
therapeutics. We sought to overcome those drawbacks by creating cdNVs, while preserving the
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HSC fibrosis resolution potential of EVs, to create potential bioderived therapeutics for chronic

liver diseases.

In Chapter 2 different cdNV formation methods were tested to establish an upstream process
starting from quiescent, naive and TGF-B; activated LX-2 cells. Therefore, several methods were
evaluated based on their lysis efficiency, as well as on the quality (size, PDI, yield) of the formed
cdNVs. Additionally, fluorescent microscopy experiments were performed to assess the ability of
the formed cdNVs to induce a phenotypical shift of cdNV-treated activated LX-2 cells into a

quiescent-like state.

Building upon the previous chapter, in Chapter 3 we established methodological practices for
the purification, enrichment, and sterilization of cdNVs derived from differently pre-treated LX-2
cells. Additionally, soluble factors were collected during the downstream process acting as a

control to investigate activity loss and activity specificity.

Chapter 4 covers all the activity studies performed on LX-2 cells treated with cdNVs formed
through the established upstream and downstream processes. Genotypical and phenotypical
deactivation in naive, as well as TGF-f; activated LX-2 cells upon cdNV treatment was assessed
via fluorescent microscopy and real-time polymerase chain reaction (qQPCR) on several markers
involved in HSC activation. Surface corona and lipids were investigated for their role in cell
deactivation. Further, homing of cdNVs was studied and compared between naive and TGF-B;

activated LX-2 cells via flow cytometry.

We believe that our work lays the foundation for LX-2 cdNVs, which confirmed to be a

promising candidate for the development of anti-fibrotic therapies.
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In Chapter 5, we describe a novel approach that employs additive manufacturing to develop
bioorthogonal and biodegradable hydrogel microbeads. These microbeads can be loaded with
various liposomal formulations, creating a platform that enables sustained release of multiple small
drug candidates. These drug candidates, both hydrophilic and hydrophobic, are encapsulated in
different liposomal formulations leading to a sustained release in the peritoneum. As proof-of-
concept gefitinib was used, which is a small hydrophobic drug against peritoneal adhesion, as well

as tumours epidermal growth factor receptor mutations.
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Chapter 2.
Establishment of an upstream process for the
formation of cell-derived nanovesicles from LX-2

cells
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2.1. Abstract

Cell-derived nanovesicles (cdNVs) have become an increasingly popular research topic in recent
yearsl?% 93 96, 99101, 109, 110] "There are several methods that have been tested for the formation of
cdNVs, including serial extrusion, freeze/thawing, and sonication. However, serial extrusion has
been shown to be the most effective method for producing quality cdNVs. In this process, cells are
forced through membranes with decreasing pore sizes resulting in membrane rupture and
formation of small vesicles. In order to maximize the benefits of serial extrusion, the process was
optimized by conducting 5 extrusions through 10 um, 5 through 5 um, and 5 through 1 um pore
diameters. Freeze/thawing and sonication prior to extrusion resulted in some improvement, but
concerns about the harshness and potential damage to biological active components of cdNVs led
to the implementation of the optimized serial extrusion method. The results demonstrate that this

method is a simple and effective way to produce high-quality cdNVs for therapeutic applications.

2.2. Introduction

The formation of uniform and nano-sized particles is crucial as, by having a homogenous particle
size distribution, it becomes possible to predict and control the properties and behaviour of the
final product. Therefore, a good technique for a consistent formation of these particles out of cells
is needed. The used LX-2 cells for cell-derived nanovesicles (cdNVs) formation were grown and
expanded in 2D cell culture with flasks having a surface of 175 cm?. The aim of this study was to
determine the optimal technique for the formation of nano-sized, anti-fibrotic, and uniform cdNVs.
In this chapter, the efficiency and suitability of different cell lysis methods, including sonication,
freeze/thawing, serial extrusion, and lysis by a BioVortexer, to produce uniform and biologically

active cdNVs were compared.
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Sonication is a process in which cells are exposed to high-frequency sound waves that cause
mechanical stress, leading to the breakage of the cell membrane and release of intracellular

(1111 The sound waves cause the liquid to cavitate, or form small bubbles, which can

components
then implode and cause pressure leading to lysis of the cells!!!?. This cell lysis type is often
performed using a sonicator with a microtip that can directly be inserted into the sample with the

resuspended cells. As this kind of lysis generates plenty of heat, the lysis is typically performed

on ice, with breaks in between impulses, allowing the sample to cool down

Freeze/thawing cell lysis is another method that involves alternately freezing and thawing a cell

(111 The mechanical stress occurring due to the rapid expansion and contraction of ice

suspension
crystals during freezing and thawing of the sample weakens the cell membrane and causes it to
break!!'3]. This type of cell lysis is often performed by rapidly freezing the cell suspension in liquid
nitrogen or a dry ice/ethanol bath, and then thawing it in a water bath. The process is repeated

several times to ensure complete cell lysis. Both sonication and freeze/thawing have been used in

the production of cell-derived nanovesicles by other research groups.

Serial extrusion and the BioVortexer (BV) from Bio spec are two additional methods for cell
lysis and potential nanovesicle formation. Serial extrusion, a frequently cited technique for cell-
derived vesicle formation!®® %% 191 1191 “inyolves forcing cells through membranes with decreasing
pore sizes. This creates friction on the cells, causing the membrane to break and spontaneously
form vesicles which encapsulate intracellular components The BV, on the other hand, uses high-
speed, vortex-like motions to generate friction on cells, leading to cell lysis. Both serial extrusion
and the BV can potentially be used in combination with sonication and freeze/thawing to boost the

production of cdNVs, depending on the specific requirements of the experiment. Each method has
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its own advantages and disadvantages, and the choice of cell lysis method will depend on the

quality and yield of the produced cdNVs.

2.3. Material and Methods

2.3.1. Cell culture

LX-2 cells were grown at 37 °C in a humidified atmosphere containing 5% CO: in high glucose
(4.5 g/L) DMEM (Carl Roth, Germany) supplemented with 10’000 units/L. of penicillin and
streptomycin (P/S, Gibco), 200 mM L-Glutamine (Sigma, USA), and 2% (v/v) of sterile filtered
(0.2 pum, cellulose acetate membrane) fetal bovine serum (FBS; Merck Millipore, USA). Cells
were cultivated in T175 flasks (Sarstedt, Germany) and 24 h prior to harvest were treated in serum-
free DMEM either with 10 uM retinol (Merck Millipore, USA) and 300 uM palmitic acid (Merck
Millipore, USA) (RolPA), 10 ng/mL TGF-B; (BioVendor, USA), or 5 mM S80 liposomes. Cells
were detached with 2 mL Accutase (Merck Millipore, USA) per flask and 4 min incubation at 37

°C.

2.3.2. cdNV formation

The LX-2 cells were washed with pre-heated (37 °C) PBS (Carl Roth, Germany) and detached
as described above. The total cell amount was counted by mixing a small aliquot 1:1 with trypan
blue (ThermoFisher, USA) and using a 0.100 mm Neubauer chamber (Hecht Assistant, Germany).
The LX-2 cells were then washed by pelleting for 3 min at 500 g. The pellet was resuspended to

reach a desired conc. between 1 — 10 x 10° LX-2/mL in PBS for all formation experiments.

2.3.2.1. Formation through extrusion

Two different extruders were used for the formation. The first was the Mini-Extruder (Avanti

Polar Lipids, USA), where pressure was built by manually pushing a syringe, and the second was
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the LIPEX extruder (Evonik, Canada), where pressure was generated using an external nitrogen
gas source. The extruders were assembled with polycarbonate membranes (Sterlitech) with various
pore diameters (10 pm, 5 um, 1 pm) as per the manufacturer's instructions. The resuspended LX-
2 cells were serially extruded through the 10 uM, 5 uM and 1 uM polycarbonate membrane. The

formed cdNVs were stored on ice upon further use.

2.3.2.2. Formation by BioVortexer

Cell lysis was performed using a BioVortexer and Spiral Pestle Grinder (Bio spec, USA)
following the manufacturer's instructions. Briefly, the cells were pelleted in a 1.5- or 2.0-mL
reaction tube by low spin centrifugation (500 g, 5 min) and lysed with or without the addition of
glass grinding beads (0.05 cc) by rotating the spiral pestle on the pellet at 9°000 rpm for 30 sec.

The process was repeated a total of 2 times.

2.3.2.3. Formation through sonication

The LX-2 cells were lysed on ice using a tip sonicator by sonicating for 5 s with a peak-to-peak
amplitude of 10 microns (22 drive, 0 auto), followed by a 10-second break. The sonication cycle

was repeated five times.

2.3.2.4. Formation through freeze/thawing

The LX-2 cells were frozen in liquid nitrogen for 1 min and were thawed by immersing them in

a 37 °C water bath. This process was repeated up to 3 times.

2.3.3. Particle characterization
The size distribution, yield, and zeta potential of cdNVs were determined using nanoparticle
tracking analysis (NTA, ZetaView 8.05.05 SP2, Particle Metrix, Germany; Sensitivity: 70.0;

Shutter: 100) after diluting the sample with filtered MilliQ water. The size distribution of particles
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formed by different lysis techniques was compared using dynamic light scattering (DLS; Anton
Paar, Austria) by measuring particles diluted in filtered PBS. The protein content was measured
using a micro-BCA protein assay kit (ThermoFisher, USA) following the manufacturer’s

instructions.

2.3.4. Screening of cdNV Activity on LX-2 cells
The cell viability and formation of lipid droplets were checked by treating naive LX-2 cells
with the particles to verify if they carried anti-fibrotic potential. A colorimetric assay was used to

measure cell viability, and microscopy was used to examine the formation of lipid droplets.

2.3.4.1. Quantitation of viable cell number in cytotoxicity assays

LX-2 cells were seeded in a 96-well plate (Faust, Switzerland) at a density of 10’000 cells per
well. The cell viability was determined using the CCK-8 assay (Merck Millipore, USA) according
to the manufacturer’s instructions. After treatment with PBS, the cells were washed and 90 pL of
FBS-free medium and 10 pL of CCK-8 solution were added to each well. The plate was further
incubated at 37 °C and 5% CO2 for 2 h. The absorbance at 450 nm (reference at 650 nm) was
measured using a plate reader (Infinite MNano; Tecan, Switzerland). The cell viability was

calculated using the following equation:

treatment

oD
cell viability [%] = oD " 100
DMEM

where “OD treatment” refers to the optical density of the LX-2 cells treated with the specific
treatment and “OD DMEM?” refers to the optical density of LX-2 cells treated with the vehicle

(FBS-free DMEM).
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2.3.4.2 Lipid droplet content analysis

The lipid droplet analysis was performed as described before with slight adjustments**! Briefly,
30’000 LX-2 cells were seeded in a 48-well plate (Faust, Switzerland) and treated with different
treatment. Then cells were washed and fixed with 200 pL/well Roti®-Histofix 4% (Carl Roth,
Germany) for 10 min at RT, and washed once with 1 mL/well deionized MilliQ water. LX-2 cells
were stained with 200 pL/well of a filtered (0.45 um, PVDF; Merck Millipore, USA) Oil Red O
(ORO, 0.5% w/v; Merck Millipore, USA) solution in propylene glycol for 15 min at RT. The
remaining ORO was removed and cells were washed twice with PBS. Nuclei were counterstained
with 200 pL/well of a 4 uM DAPI solution (ThermoFisher, USA) in PBS for 5 min at RT.
Afterwards, cells were rinsed with PBS and phase contrast (bright field, BF) acquired as well as
fluorescent images using an inverted Nikon Ti-U microscope (Nikon Instruments, Japan) equipped
with a Plan Fluor DL WD 15.2 10x, with a numerical aperture of 0.3 (Nikon Instruments, Japan),
DAPI filter (ex 360, em 460, 100 ms exposure) and Texas Red filter (ex 560, em 645, 300 ms
exposure).

The fluorescent binary area and the cell count were analysed using a script with the open-source
FIJI software (detailed information can be found in the Appendix). The fluorescent binary area

was then divided by the cell count to obtain the lipid droplets area [um?] per LX-2 cell.
2.4. Results

2.4.1. Formation of cdNVs through serial extrusion
Serial extrusion of cells is the most commonly cited technique to form cdNVs, whereas
commercial extruders®® 1% 1% and home-made extruders using either manual force, external gas

[95, 100]

pressure, peristaltic pumps®® or centrifugation are used. Commonly, a combination of serial

extrusion through membranes with pore diameters of 10 um, 5 um, and 1 um are used to form
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95, 100, 102,109, 110] 'Hence, the same membrane pores were used,

cdNVs from mammalian cells!
whereas either one or five extrusions through the membranes with the same pore size were tried
and characterized the formed vesicles by their size distribution, mean diameter, polydispersity
index (PDI), particle yield, and protein amount. Already after one extrusion through a membrane
with 10 um pores cdNVs with a mean diameter between 170 — 200 nm were obtained (Figure
2.1a). Increasing the extrusion cycles to five times did not change the mean diameter but led to a
slightly narrower size distribution, visualized by a smaller PDI with a smaller SD (Figure 2.1a/b).
Further extrusion through 5 um and 1 um pores did not alter the mean diameter but led to smaller
PDIs till one extrusion through the 1 pm pore. Increasing the extrusion cycles through the 1 pm
pore did not lower the PDI. Five extrusions through the 10 um pores increased the particle yield
~4x compared to only one extrusion (Figure 2.1c¢). The additional extrusion through the 5 um and
1 um pores did not change the particle yield. However, the more extrusion cycles and the smaller
the pore size of the membrane, the lower the resulting protein amount in the cdNV sample was
(Figure 2.1d) and therefore the lower the protein-to-particle ratio became. Hence, additional
extrusion cycles do not lead to more particles, but to a purification of the sample, probably due to
unspecific protein absorption on the polycarbonate membrane.

The particle yield after extrusion could be increased by increasing the LX-2 cell concentration
in the pre-extrusion sample (Figure A2.1a). However, since a higher cell concentration means
more cells are forced through the pores at the same time, a higher pressure was needed for
extrusion, making the mini-extruder very hard to use for cell concentrations above 5.0 x 10° LX-
2/mL. The high cell concentration did lead to clogging of the membrane and high back pressure,
which led to leaking and a total sample loss of 40% (mass) after full extrusion (Figure A2.1b).

Even though cdN'Vs could be formed just by serial extrusion, explored different methods to see if
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the cdNV formation process could be improved. As lysis calculations based on weight are very
imprecise due to the sample loss during extrusion, the protein concentration in the collected

supernatant after pelleting unlysed cells and aggregates was used to compare cell lysis.
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Figure 2.1. Physicochemical characterization of cell-derived nanovesicles (cdNVs) formed through
serial extrusion.

a, Mean diameter and PDI of freshly formed cdNVs at different points through serial extrusion of
untreated LX-2 cells (mean + SD, n = 3). b, Size distribution profile of freshly formed cdNVs at
different points through serial extrusion of untreated LX-2 cells at a concentration of 5.0 x 10°
cells/mL (mean + SD, n > 3). ¢, Particle yield per mL of freshly formed cdNVs at different points
through serial extrusion of untreated LX-2 cells (mean + SD, n > 3). d, Protein concentration of freshly
formed cdNV solutions at different points through serial extrusion of untreated LX-2 cells (mean +
SD, n > 3) (Ordinary one-way ANOVA; * represents p-value > 0.05; ** represents p-value > 0.01)
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2.4.2. Formation of cdNVs by the BioVortexer

The BV is designed to homogenize pellets by rotating a spiral pestle with 9°000 rpm. In addition,
with glass grinding beads (GGB) lysis of soft tissue should be completed in seconds. The lysis of
the BV with and without GGB was tested by pelleting the LX-2 cells and applying the BV for 30
s, before repeating the procedure two additional times. After lysis, a low-speed centrifugation (500
g, 5 min) was performed on each sample and the supernatant (sn) was collected to measure its
particle content. Since the cells dye over time and produce apoptotic bodies with a size range of
50 to 5000 nm!"'" a control sample was added where no lysis was performed. The protein
concentration, as well as size distribution measured by DLS, in the sn of BV, BV + GGB (BVGQG),
and control sample were compared. The protein concentration in the sn of BV and BVG was higher
than the one measured in the control sample, with BVG leading to the highest protein concentration
(Figure 2.2a). However, the protein concentration in BVG was only roughly 50% of what was
reached with extrusion, hinting at worse lysis. The formed cdNVs were very heterogenous and
showed particles bigger than 500 nm. This bigger population was also discovered in the no-lysis
control, therefore it cannot be excluded that those are apoptotic bodies (Figure 2.2b). Even though
the BV is simpler and quicker compared to the extruder, the produced cdNVs are of insufficient
quality to proceed. Nevertheless, a combination of BVG with 10 um extrusion (5 times) was tested
to see if the cdNV production can be improved by lowering sample loss and increasing particle
yield. BVG prior extrusion did not change the cdNV size distribution, as the extrusion itself is the
reason for the homogenous distribution (Figure 2.2¢). During the lysis with BVG a small sample
amount is lost, this is because the added glass beads must be removed after BVG lysis before
continuing with extrusion. The removal of BVG was performed by letting the GGB sediment and

collecting the sn which resulted in leaving ~35% sample back. Therefore, the overall sample loss
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was barely decreased in BVG + extrusion compared to extrusion alone, even though the extrusion
itself led to ~60% less sample loss after BVG (Figure 2.2d). The particle yield after BVG + 10

um extrusion was smaller than extrusion alone which could be due to absorption of cdNVs on

o
o
(@]

10007 4

— no lysis — 10 um extrusion

— BVG 47— BVG + 10 um extrusion
— BV
8007
3 B}
6007
400

200 1

(ng/ml]
-

]

Intensity [a.u.]
5]
Intensity [a.
[

Protein conc.

N < [ 10 100 1000 10000 10 100 1000 10000
o A Size [nm] Size [nm]

257 1507
- -
s — X
=20+ -
3 =
g =
B > 1007
a 159 2

S
E 2
P s
o o
8107 S
5 = 507
E <
= g
=}
z 3 s
z
0 T 0 T T
Q\o‘\ © B & & $© o
> Q > Q Q)
& & & Q &
4 X )
I Q" < oF
& & & &
BQ DQ QQ BQ
S < N N
<
S <
2

Figure 2.2. Physicochemical characterization of cell-derived nanovesicles (cdNVs) formed by the
BioVortexer.

a, Protein concentration of freshly formed cdN'Vs solutions by the BioVortexer with and without glass
(BVG/BV) beads of untreated LX-2 cells compared to a non lysed control sample (mean + SD, n =
2). b, Size distribution profile of freshly formed cdNVs by BV and BVG of untreated LX-2 cells
compared to a non lysed control sample. ¢, Size distribution profile of freshly formed cdNVs obtained
through five extrusion cycles using a 10 pum pore membrane (10 pm extrusion), with and without pre-
lysis by BVG of untreated LX-2 cells. d, Sample weight loss during lysis through 10 pm extrusion,
BVG and combination normalized to the starting weight of the non-lysed sample (mean = SD, n = 2).
e, Particle yield of freshly formed cdNVs obtained through 10 pm extrusion, BVG and combination
normalized to yield obtained after 10 pm extrusion (mean, n = 1-2).
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glass beads (Figure 2.2e). Overall, the BVG did not improve the yield, nor the quality of the

formed particles and therefore it was not considered for further usage.

2.4.3. Formation of cdNVs through sonication

Sonication creates high-frequency soundwaves, which lyses cells by disrupting the cell
membrane. LX-2 cells were resuspended in PBS and lysed with a tip sonicator by exposing them
to several pulses of sound waves for the formation of cdNVs. The sn of sonicated cells was
compared with the sn of 5x extruded (10 pm) LX-2 cells and analysed on their particle and protein
content after low spin centrifugation to remove debris. Sonication increased the protein amount
in the sn by 25% compared to 10 pm extrusion (Figure 2.3a) which hints at improved lysis. The
protein concentration decreased slightly after extrusion due to proteins that got stuck on the
polycarbonate membrane. The suspected lysis improvement by sonication was confirmed by a
higher particle amount in the sn compared to extrusion only (Figure 2.3b). The particle yield was
further increased by approximately 20% when sonication and extrusion were combined. However,
upon sonication, the resulting cdNV population was very dispersed and contained micro-sized
particles (Figure 2.3¢). Extrusion removed the micro-sized particle population and narrowed the
cdNV particle population which had a similar distribution to the cdNVs formed by only 10 pm
extrusion The loss of samples during sonication is minimal, as the only instance of sample loss
occurs through adherence of solution to the sonication tip. Even though cell lysis was improved
by sonication, no improvement in the extrusion process was observed as the same sample loss was
still the same (Figure 2.3d). Hence, regardless of the slight increase in particle yield that was
observed upon sonication, decided to not continue with this method, as the particles were more

polydisperse and no improvement of the following extrusion was observed.
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Figure 2.3. Physicochemical characterization of cell-derived nanovesicles (cdNVs) formed by
sonication.

a, Protein concentration of freshly formed cdNVs formed from untreated LX-2 cells through five
extrusion cycles using a 10 um pore membrane (10 pm extrusion), sonication, and combination
normalized to protein concentration after 10 pm extrusion (mean + SD, n = 2). b, Particle yield of
freshly formed cdNVs obtained through 10 um extrusion, sonication, and combination normalized to
yield obtained after 10 um extrusion (mean, n = 1-2). ¢, Size distribution profile of freshly formed
cdNVs obtained through 10 pm extrusion, sonication, and combination. d, Sample weight loss during

lysis through 10 pm extrusion, sonication, and combination normalized to yield obtained after 10 pm
extrusion (mean = SD, n = 2).
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2.4.4. Formation of cdNVs through freeze/thawing

Freezing of cells causes ice formation on the cell membrane which leads to break down of the
plasma membrane upon thawing. The process was not repeated more than three times, as it can
destroy/desaturate cellular components which are sensitive to temperature, such as most proteins.
Same as for sonication and BVG, freeze/thawing (F/T) was tested alone and in combination with
10 um extrusion. After cell lysis, the sn was collected by low-spin centrifugation and the sample
was characterized by its particle and protein content. The protein concentration in the sn upon lysis
was increased for F/T compared to 10 um extrusion hinting at improved lysis (Figure 2.4a).
Extrusion after F/T decreased the protein concentration slightly which is, as described above, due
to unspecific protein adherence on the polycarbonate membrane. Indeed, the particle amount was
increased by 10% after F/T compared to 10 um extrusion only (Figure 2.4b). Extrusion of F/T
lysed LX-2 cells did not improve the particle yield. The particles resulting from F/T cell lysis were
very polydisperse and contained a micro-sized particle population which was not what we were
aiming for (Figure 2.4¢). Extrusion upon F/T narrowed the particle size distribution and led to
cdNVs with a slightly smaller diameter compared to cdNVs formed through 10 pm extrusion only.
As F/T was performed by freezing a cell suspension in a closed reaction tube by immersing it in
liquid nitrogen and thawing the suspension still in the closed reaction tube in a 37 °C water bath,
no sample gets lost during the procedure. The loss of sample during extrusion could be slightly
decreased if three F/T cycles were added prior 10 pm extrusion (Figure 2.4d). Nevertheless, also

here, the benefits of F/T were too small to add it routinely prior extrusion for cdNV formation.
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Figure 2.4. Physicochemical characterization of cell-derived nanovesicles (cdNVs) formed by
freeze/thawing.

a, Protein concentration of freshly formed cdNVs formed from untreated LX-2 cells through five
extrusion cycles using a 10 pm pore membrane (10 pm extrusion), freeze/thawing (F/T), and
combination normalized to protein concentration after 10 um extrusion (mean + SD, n = 2). b, Particle
yield of freshly formed cdNVs obtained through 10 pm extrusion, F/T, and combination normalized
to yield obtained after 10 um extrusion (mean, n = 1-2). ¢, Size distribution profile of freshly formed
cdNVs obtained through 10 pm extrusion, F/T, and combination. d, Sample weight loss during lysis
through 10 pm extrusion, F/T, and combination normalized to yield obtained after 10 um extrusion
(mean £+ SD, n = 2).
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2.4.5. Effect of cdNVs formed through serial extrusion on the viability and lipid droplet
content in naive LX-2 cells

In the initial stages of cdNV formation, the primary goal should not be focused only on
achieving the highest yield possible. It is even more important to assess whether the resulting
cdNVs exhibit an anti-fibrotic effect upon their administration to naive LX-2 cells. Lipid droplets

(43,54, 1081 "They are present in a quiescent

can be used to determine the phenotype of LX-2 cells
state, such as after treatment with retinol supplemented with palmitic acid, the gold standard for in
vitro fibrosis resolution, and absent in naive or activated LX-2 cells. Lipid droplets can be stained
with Oil Red O (ORO) and appear as red spots in fluorescent images (ORO FL) or as brown spots
in bright field images (ORO BF) under a fluorescent microscope. Although no purification or
sterilization method has been established, a preliminary activity test was performed by comparing
the effect of cdNVs formed from DMEM-, RolPA-, and S80-treated LX-2 cells by serial extrusion
on naive LX-2 cells. After cdNV formation, low spin centrifugation was performed to eliminate
remaining cell debris, potential aggregates, and nuclei. The particle concentration of the cdNV
samples was normalized to 4.0 x 10'! particles/mL (A) prior to administration, and, additionally,
testing was performed using 10x (B) and 20x (C) dilutions (2.0 x 10'° particles/mL (B); 1.0 x 10'°
particles/mL (C)). The cdNV concentration A and B had no impact on cell metabolism, but the
concentration C resulted in decreased cell viability, especially when using cdNV_S80 (Figure
2.5a). Microscopy images demonstrated that naive cells treated with cdNVs generated lipid
droplets in a concentration-dependent manner, suggesting transdifferentiation into a quiescent-like
state (Figure 2.5b). The semi-quantification of lipid droplets was performed by normalizing the

area of lipid droplets to the number of cells, and all cdNVs tested resulted in lipid droplet formation

in naive LX-2 cells (Figure 2.5¢). Furthermore, high cdNV concentrations resulted in more lipid
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droplets than direct RolPA treatment. Additional experiments were conducted with cdNV_S80 to
investigate the correlation between particle concentration and lipid droplet formation. A linear
regression analysis of the ORO FRI of four different replicates against the particle concentration
yielded an R square value of 0.5828, indicating a moderate correlation!! !> (Figure 2.5d). Although
the addition of more particles is expected to lead to more lipid droplets, as more lipids are delivered
to the cells, the particles must be purified to truly evaluate the anti-fibrotic potential of cdNV's and

obtain more reproducible data.
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Figure 2.5. Activity of cell-derived nanovesicles (cdNVs) on naive LX-2 cells.

a, Cell viability of naive LX-2 cells treated with three different cell-derived nanovesicles (cdNVs)
concentrations (A = 4.0 x 10! cdNVs/mL; B = 4.0 x 10'° ¢cdNVs/mL; C = 2.0 x 10'® cdNVs/mL)
derived from DMEM, RolPA, or S80 treated LX-2 cells (mean + SD, N =6, n = 1). b, Representative
10x microscopy images of lipid droplets stained with Oil red O (ORO) in differently treated naive
LX-2 cells. Lipid droplets in fluorescence (ORO FL) show in red (nuclei counterstained with DAPI
(blue)) and in bright field (ORO BF) show in brown. ¢, Graph showing the ORO fluorescence
normalized to the cell count in the DAPI field (FRI) and normalized to the ORO FRI of DMEM (mean
+ SD, N =6, n=1). d, Correlation between the concentration of cdNV_S80 and the quantity of lipid
droplets per cell following administration to naive LX-2 cells (mean = SD, N (technical replicate) =

24, n (biological replicate) = 4). Each colour represents one replicate (linear regression, R square
0.5828).
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2.5. Discussion and conclusion

In this study, several methods were evaluated for the upstream process of forming cell-derived
nanovesicles (cdNVs) from LX-2 cells: sonication, freeze/thawing, serial extrusion, and by lysis
through the BV. Extrusion was found to be the most efficient and effective method, producing
cdNVs with a mean diameter of 170-200 nm already after one extrusion through a 10 um pore.
Increasing the number of extrusion cycles and decreasing the pore size purified the sample but did
not increase the number of particles. The particle yield could be increased by starting with a higher
cell concentration in the pre-extrusion sample, but this also resulted in clogging of the membrane
and sample loss if a hand-extruder was used. The BV method was quicker and simpler, but the
resulting particles were extremely heterogeneous, and the lysis was very inefficient. The
combination of the BV method with extrusion did not result in improved lysis or an increase in
particle quality. Although freeze/thawing and sonication have been shown to enhance cdNV yield,
these methods can be harsh and may result in damage to biologically active components within
the cdNVs. Consequently, the methods in question were not implemented in the formation of
cdNV for this study, as the marginal advantages they offered were not enough to counterweight

drawbacks and the extra effort required.

Due to the observed results obtained by extrusion, we decided to invest into a Lipex
thermobarrel stainless steel extruder from Evonik which operates with an external pressure source
and allows for usage of membranes with a bigger surface area. Through this the quality of
extrusions was further improved and allowed the extrusion of denser cell suspensions. After
forming the cdN'Vs through serial extrusion using the Lipex extruder, a screening was performed

which revealed that cdNVs restore lipid droplets in naive LX-2 cells in a concentration-dependent
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manner. However, to further analyse the activity potential of cdNVs, a downstream process is

needed, allowing to study purified cdNVs.
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Chapter 3.
Establishment of a downstream purification
process of serially extruded cell-derived

nanovesicles
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3.1. Abstract

This study aimed to create a downstream purification process for cell-derived nanovesicles
(cdNVs) optimizing yield and purity, without losing biological activity. Various methods were
evaluated, including density gradient ultracentrifugation (DGC), size-exclusion chromatography
(SEC), ultracentrifugation (UC), and sterile filtration. Stability studies showed that particles were
more stable at lower temperatures, so all purification processes were conducted at 4 °C whenever
possible. DGC on an iodixanol gradient was used as pre-purification, as it removed 70% of the
proteins while conserving 60% of the cdNVs and enriching the sample. Even though higher
particle purity could be achieved, SEC was not included due to the lower yield and stability of the
purified particles. UC was used to pellet the particles and enable resuspension in low volumes of
cell culture medium. Filtration through a 0.22 um pore size regenerated cellulose (RC) filter was
found to be the most effective method for aggregate removal and sample sterilization. The final
purification process comprised DGC, followed by UC and sterile filtration, and resulted in a

recovery of 40% of all particles while discarding 95% of the total protein.

3.2. Introduction

From the field of extracellular vesicles (EVs), we learned that the selection of an appropriate
technique for particle isolation and purification plays a crucial role in ensuring the quality and
reliability of the obtained EV preparations. The isolation technique will influence the yield, purity,

16-120] " Therefore, a comprehensive

size, shape, content, and thus the activity of the EVs!
understanding of the strengths and limitations of each technique is necessary to optimize the
quality of the isolated EVs and to ensure their suitability for downstream applications. EVs can
originate from cultured cells but also from biological fluids, such as urine, saliva, or blood making

the purification more complex due to the co-isolation of contaminants, such as lipoproteins!!'2! 1221,
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cdNVs are originating from a controlled monoculture and are particles with a more homogenous
dispersion which simplifies the downstream process. Various techniques, such as UC!!%] SECH23],

(1241 immunoprecipitation!'?*), tangential flow filtration (TFF)!'>%], among others,

ultrafiltration
have been used alone or in combination. Each method has its own advantages and disadvantages,
leading to EV samples with different yields and purities (Figure 3.1.). The choice of isolation
technique depends on the type of sample, the intended downstream application, and the available
resources. UC is a widely used method for EV isolation, but it has several limitations including
damage to particles due to high centrifugal forces!!?”). Density gradient ultracentrifugation (DGC)
is a more sophisticated technique that allows the separation of particles based on their density,
resulting in higher purity and yield compared to UC. However, the technique requires experienced
staff, is time-consuming, and limits parallel sample processing. In contrast, SEC, another
commonly used technique, can provide higher purity, but it often results in lower yield and diluted
samples requiring an enrichment step afterward. Precipitation-based methods are faster and
simpler, but they may lead to co-isolation of non-EV particles and protein contamination, resulting
in reduced purity and yield of EVs!'?®). Microfluidic-based approaches have emerged as a
promising alternative for EV isolation due to their high specificity and reproducibility, as well as
their ability to handle small sample volumes!'?*-13!, Moreover, microfluidic devices can integrate
multiple isolation steps, into a single platform, allowing for rapid and efficient EV isolation!3!],
However, the high cost and limited availability of microfluidic devices remain a challenge to their
widespread use. TFF has raised as one of the most promising isolation techniques, due to its

scalability allowing particle isolation from large volumes!!?% 321 but they also come with high

costs for specialised instruments and required membranes. Through a combination of several
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methods, we were able to overcome certain limitations, especially the high shear stress of UC as

the runs could be shortened.

The aim of this study was to develop a downstream strategy for the separation of cdNVs from
proteins and other soluble factors. To achieve this, various combinations of UC, DGC, and SEC
were tested and optimized. Additionally, different sterile filters with various membrane materials
were evaluated as a sterilization method, optimizing for maximal particle recovery. The resulting
particles were then characterized by their concentration, shape, protein content, RNA content, and
biological activity.

High purity

"

Immunoaffinity

Low yield < - High yield

N
Low purity

Figure 3.1. Commonly used purification processes.

Purification methods plotted based on the resulting extracellular vesicle (EV) yield (x-axis) and
purity (y-axis). The outcome varies depending on which EV source is used, as well as protocol,
equipment, and operator variations. SEC: size-exclusion chromatography, DGC: density gradient
ultracentrifugation, TFF: tangential flow filtration, dUC: differential ultracentrifugation, UC:
ultracentrifugation. (Image source: https://doi.org/10.47184/tev.2019.01.02)
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3.3. Material and Methods

The formation process of cdNVs is described in Chapter 2. After formation kept the particles on

ice or at 4 °C whenever possible to minimize degradation of components.

3.3.1. ¢cdNV purification by DGC

The 50% (w/v) and 10% (w/v) lodixanol (Alere Technologies AS, Norway) solution was
prepared in 1x filtered (RC, 0.22 pum; ThermoFisher, USA) PBS (Carl Roth, Germany). A cushion
was formed by pipetting 1 mL of a 4 °C 10% solution carefully on top of 1 mL of a 4 °C 50%
solution in a thick-walled 10 mL PC centrifugal tube (Beckman Coulter, USA). To form the stack,
a micropipette (Brandt, Germany) was used, and the centrifugal tube was held at an angle of 15°.
The cdNV solution in PBS was then pipetted up to 6 mL on top of the Iodixanol.
Ultracentrifugation was performed using an Optima L-90k ultracentrifuge (Beckman Coulter,
USA) at 100’000 g for 1 h at4 °C in a Type 70.1 Ti fixed-angle titanium rotor (Beckman Coulter,
USA). Next, 1 mL fractions were carefully collected in pre-cooled Axygen reaction tubes
(Corning, USA). The two main particle fractions were selected after particle concentration

measurement by NTA (details described in Chapter 2).

3.3.2. ¢cdNYV purification by SEC

A 22.5 mL Sepharose CI-2b matrix (Merck Millipore, USA) was filled into 1.5 cm diameter glass
econo-columns (Bio-Rad, USA). Prior to loading the sample, the column was flushed with two
elution volumes of filtered (RC, 0.22 um; ThermoFisher, USA) and degassed PBS. The column
was then loaded with up to 1 mL of cdNV solution and eluted with up to 45 mL of filtered and
degassed PBS, with fractions collected in Axygen reaction tubes. After elution, the column was
flushed with two bed volumes of PBS and one bed volume of 20% (v/v) ethanol (Biosolve,
Netherlands) in MilliQ water for storage.
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3.3.3. ¢dNYV purification by UC

The cdNV main fractions from DGC or SEC were pipetted into a thick wall 10 mL PC centrifugal
tube and diluted with filtered PBS up to 8 mL. The samples were pelleted with 140°000 g in an
Optima L-90K UC for 2.5 h at 4 °C, unless otherwise specified. The sn containing all the soluble
factors was collected, and it was enriched with a 10°000 MWCO Amicon Ultra-4 Centrifugal Filter
Unit by centrifugation (15-30 min, 4’000 g) in a benchtop centrifuge. The transparent cdNV pellet
was resuspended by vigorous up and down pipetting and vortexing, either in filtered PBS or in
FBS-free DMEM. The particle concentration and protein content of the cdNV pellet and sn were

measured by NTA and with a micro-BCA assay (as described in chapter 2).

3.3.4. Sterile filtration of cdNVs

The particle solution was passed through a filter with 0.22 um pores for sterilization. Non-
resuspended aggregates were pelleted briefly by quick spin centrifugation for 5 sec using a
benchtop centrifuge (BlueSpin Mini; Serva Electrophoresis, Germany). The sn was then filtered
through a pre-wetted 0.22 pum filter with various membrane materials. The sterile filtration was

carried out aseptically under a laminar airflow cabinet (NuAir, USA).

3.3.5. RNA isolation

TRIzol reagent (ThermoFisher, USA) was used for total RNA isolation following the
manufacturer’s instructions. The vesicles were lysed with TRIzol directly in the Axygen reaction
tubes. A volume of chloroform equivalent to one-fifth of the total TRIzol volume was added to the
samples, which were then vigorously vortexed for 10 sec and incubated at room temperature for
10 minutes. The samples were then centrifuged for 20 min at 4 °C and 16’000 g with a benchtop
centrifuge. The upper phase was transferred to a new reaction tube and 1 pL glycogen (Merck

Millipore, USA), as well as one volume of isopropanol (Biosolve, Netherlands), were added prior
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to a 10 min incubation on ice for RNA precipitation. The RNA was pelleted by centrifugation for
10 min at 4 °C with a speed of 24°000 g. The sn was discarded, and the pellet was washed with 1
mL 70% EtOH in DEPC-treated (Carl Roth, Germany) MilliQ water. The ethanol washing was
repeated twice and the final pellet was resuspended, after 5 min of air drying, in DEPC-treated
MilliQ-water. Finally, the RNA concentration was measured using a NanoDrop (ThermoFisher,

USA).

3.3.6. Transmission electron microscopy (TEM)

The Microscopy Imaging Centre (MIC) of the University of Bern performed TEM. For imaging
of negatively stained samples, 5 pL of the vesicle suspension was adsorbed on glow-discharged
and carbon coated 400 mesh copper grids (Plano, Germany) for 3 min. After washing the grids 3
times by dipping them in pure water, grids were stained with 2% uranyl acetate in water (Electron
Microscopy Science, Switzerland) for 45 s. The excess fluid was removed by gently pushing them
sideways to filter paper. The samples were then examined at 80 kV with a transmission electron
microscope (Tecnai Spirit; FEI, USA) equipped with a digital camera (Veleta; Olympus Life

Science, Germany).

3.4. Results

3.4.1. Particle enrichment with DGC on an iodixanol gradient

Upon extrusion, freshly formed cdNVs are diluted in the formation buffer containing
contaminants from the cell cytosol, including soluble factors like proteins, peptides, nucleic acids,
as well as non-soluble aggregates such as cell debris and protein aggregates. Thus, the isolation
and enrichment of cdNVs from contaminants are essential to obtain a solution with a high particle
concentration. A concentrated particle solution is desired because SEC columns can only be loaded

with small volumes, and a highly concentrated solution is beneficial for cell culture assays in case
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the particles need to be diluted into DMEM, or if small volumes are used in cell culture plates so
that higher particle doses can be tested. To achieve an enrichment with purification, an OptiPrep
gradient was used with 50% (w/v) and 10% (w/v) 1odixanol. Iodixanol is non-ionic, non-toxic,
sterile, endotoxin-free, and metabolically inert!!*}]. Therefore, iodixanol has been employed in
various downstream processes for the purification and enrichment of cdNVs. Its ability to
preferentially enrich cdNVs in the 10% Iodixanol fraction, while simultaneously excluding

numerous soluble factors, has been reported in several studies!!% 109 110, 134]

A total of 5 mL of freshly extruded cdNVs were carefully pipetted onto an iodixanol cushion
consisting of 1 mL of a 10% (w/v) iodixanol solution layered on top of 1 mL of a 50% (w/v)
iodixanol solution (Figure 3.2a). The process was performed at 4 °C, as preliminary studies
revealed that the particles remain more stable on ice compared to room temperature (RT) (Figure
A3.1a). After DGC for 1 h at 100’000 g most of the solution became transparent, whereas
especially the 10% (w/v) 1odixanol fraction turned milky suggesting a high particle presence
(Figure 3.2b). Aggregates were visible at the interface of the solution to the 10% fraction and at
the interface of the 10% and 50% fractions, which were either already present in the extruded
sample and/or formed during DGC. One mL fractions were collected from the top to the bottom
and their particle and protein concentration was measured. Most of the particles were not in
fraction 2 as expected (DGC _2), but in fraction 3 (DGC_3) (Figure 3.2¢). The particles were found
to be mostly at the interface of DGC 3 and DGC 2 and depending on the collection they enriched
in fraction DGC_3 or DGC_2. DGC 1 and DGC 4 contained 13% respectively 7% of the cdNVs,
hinting that not all formed particles have the same density, whereas some particles could be
aggregates or other particles not surrounded by a lipid bilayer. The size distribution analysis

revealed that the particles in fractions DGC 1-4 were identical in size, while the few particles
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detected in the other fractions were slightly larger (Figure 3.2d). The soluble proteins were
distributed almost equally over all fractions with a slightly diminishing presence in iodixanol-
containing fractions, whereas it cannot be excluded that those proteins found in iodixanol entered
the iodixanol because they are associated with the particles. Achieving consistent results in
pipetting the gradient is challenging and requires experience. As a result, better recovery was

achieved with subsequent experiments, leading to some variability in the fractions obtained.
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Figure 3.2. Evaluation of density gradient ultracentrifugation (DGC).

a, Image of freshly extruded cell-derived nanovesicles (cdNVs) on top of an iodixanol cushion
and its schematic representation where the cdN'Vs are visualized as red dots. b, Image of a cdNV
sample after DGC and its schematic representation showing the presence of cdNVs. ¢, Particle
and protein recovery in different fractions (fraction 7 top fraction, fraction 1 50% iodixanol
fraction) after DGC of freshly extruded cdNVs normalized to values obtained after 10 pm
extrusion (mean + SD, n > 10). d, Size distribution profile of cdNVs in different fractions after
DGC (mean = SD, n = 3). e, cdNVs and protein yield in all DGC fractions compared to DGC
fraction 2 and 3 (mean = SD, n > 7).

Overall, all proteins and slightly over 80% of the total particles were recovered after DGC. The
DGC 3 and DGC 2 fractions contained the majority of the particles, accounting for 60% of the
total, with only 30% of the total protein amount (Figure 3.2¢). Thus, fractions DGC 2 and DGC 3

were collected and used for further downstream processing.
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In order to avoid potential issues during further purification, it was attempted to eliminate
aggregates that may cause clogging of the SEC column. Two approaches were employed: removal
of aggregates prior to DGC to determine if new aggregates formed and removal of aggregates after
DGC. The first method involved centrifugation at 9°000 g for 30 min, which effectively eliminated
the aggregates but also resulted in the removal of over 60% of cdNVs that may have pelleted
together with the aggregates (Figure A3.1b). Therefore, an alternative method using 0.22 pm
filters was adopted, which selectively excluded aggregates while allowing nano-sized cdNVs to
pass through. Six different hydrophilic membrane materials, including polypropylene (PP),
regenerated cellulose (RC), cellulose acetate (CA), polyvinylidene fluoride (PVDF), nylon, and
polyether sulfone (PES) were tested for filtration performance after serial extrusion. PP and nylon
were not suitable as they resulted in significant particle loss (=50%) (Figure 3.3a). The highest
particle recovery (90%) was observed with RC filters, followed by CA (85%), PVDF (84%), and
PES (80%). RC, CA, and PVDF filters also recovered 90% of the proteins, whereas PES only
recovered 65%, meaning that it not only removed aggregates but also purified the system from
proteins. However, due to the higher back-pressure observed, PES was excluded from further
experiments, and RC was selected. The filtration of cdN'Vs before and after DGC through a RC
membrane was compared showing that the recovery was slightly better if the filtration was
performed post-DGC (Figure 3.3b). Even though filtration pre-DGC removed aggregates,

aggregate formation still occurred during DGC. Hence, considering the aggregation formation
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during DGC and slightly better recovery of particles after filtration post-DGC, chose to filter the

particles post-DGC for aggregate removal prior to SEC.
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Figure 3.3. Effect of different membranes for sterile filtration on cell-derived nanovesicles
(cdNVs).

a, Particle and protein recovery after 0.22 pum sterile filtration of freshly extruded cdNVs
normalized to pre-filtration (mean = SD, n > 3). PP: polypropylene, RC: regenerated cellulose,
CA: cellulose acetate, PVDF: polyvinylidene fluoride, PES: polyether sulfone. b, Comparison
between the recovery of particles and proteins of cdNVs before and after density gradient
ultracentrifugation (DGC), using 0.22 um RC filtration (mean = SD, n = 3).

3.4.2. Purification of cdNVs by SEC

After removal of aggregates from the two main DGC fractions the cdNVs were further purified
by SEC. Therefore, an SEC column was prepared with a Sepharose Cl-2b matrix, as this matrix is
very suitable to separate particles with a diameter of 150-200 nm from proteins due to its pore size
of 75 nm!!%: 135 136] "Up to 2 mL of the sample could be loaded on the SEC, which was then eluted
with filtered and degassed PBS. The SEC purified solutions contained 2.3 x 10'' + 0.7 x 10'!
cdNVs and 1145.00 + 188.13 pg protein. The elution profile showed that almost all particles were
eluted in fractions 6 and 7 (Figure 3.4a). There was considerable variability, but this was due to
the manual collection of fractions. When both fractions were combined, the standard deviation was
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reduced (Table A3.1a). Additionally, proteins co-eluted with vesicles in fractions 6 and 7. These
proteins are presumed to be associated with the vesicles, possibly membrane proteins and/or
proteins absorbed on the particle surface forming a corona. Overall, over 90% of the particles and
73% of the proteins were recovered after SEC (Figure 3.4b), whereas 77% particles and only 8.7%
proteins were in fractions 6 and 7, indicating high purification of the sample (Table A3.1b). The
number of particles and proteins decreased progressively after fraction 7 until fraction 11, where
the remaining proteins started eluting. All particles eluted between fractions 5 and 9. Increasing
the loaded particle amount to 8.0 x 10!! particles with 2240 pg protein did not change the SEC

elution profile showing the scaling potential of the method (Figure A3.2.).

80
e cdNVs 1504
L pl‘OtelIlS

[}
[=

100

504

Normalized recovery [%o]
5
Normalized recovery [%o]

[N
[=

$¢ 7]
if _.g‘i. Tt
O—ii"I Eli',,,,,",."iiiiiigiiiii‘iii

L]
R N R

Eluted volume [mL]

Figure 3.4. Evaluation of size exclusion chromatography (SEC).

a, SEC elution profile of density gradient ultracentrifugation (DGC) pre-purified cell-derived
nanovesicles (cdNVs). The cdNV and protein amount was normalized to the loaded amounts
(mean = SD, n > 3). b, cdNV and protein recovery after SEC normalized to the loaded amounts

(mean + SD, n > 6). The particle recovery was 91.5% + 19.2% and the protein recovery was 73.2%
+12.7%.
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3.4.3. Particle enrichment through UC

The SEC method was successful in purifying the cdNV sample, but it also resulted in dilution of
the particles and the elution buffer was not suitable for cell culture experiments. To address this
issue, UC was performed to concentrate the particles and enable their direct resuspension in the
appropriate cell culture medium. Initially, different UC rotation speeds were evaluated first for
cdNV samples after DGC and secondly for samples after DGC + SEC, to determine the optimal
speed for particle and protein recovery in the pellet and supernatant (sn). The UC conditions were
setat4 °C and 2.5 h. Results indicated that speeds of 120’000 g or 140’000 g were optimal (Figure
3.5a), as lower speeds resulted in a significant number of particles remaining in the sn, and higher
speeds caused particle destruction (Figure A3.3a). Notably, more particles were recovered after
UC in the DGC pellet compared to the DGC + SEC pellet, possibly due to higher protein and
iodixanol levels in the DGC sample, which might stabilize the particles. Interestingly, more loaded
proteins were recovered after UC in the DGC + SEC pellet compared to the DGC pellet, even
though more protein was present in the DGC sample prior UC (Figure A3.3b). This suggested, as
hinted by the SEC elution profile, that these proteins are strongly associated with the particles as
part of the hard cdN'V corona and therefore pelleted together with the cdNVs. In contrast, the DGC
sample contained more proteins not associated with the particles, which had not been removed by
previous purification steps. Not all particles were recovered for both UC settings, indicating that
some particles may still have been destroyed, due to the high centrifugal forces, or lost through
aggregate formation. Therefore, to obtain a sterile and aggregate-free sample for treatments, the
0.22 um sterile filtration (with RC membrane) was performed as a final step after UC. The
recovery rate of particles post UC in the DGC sample was not affected by the speed of UC, but

more particles were recovered in the DGC + SEC sample at 140’000 g than at 120’000 g, where
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only 20% of the loaded particles were recovered. This cannot be due to the centrifugal force, as
they were bigger in the condition with 140’000 g. Overall, 40% of all formed particles and only
4.2% of the proteins were recovered in the pellet if UC was performed right after DGC (Figure
3.5b). The addition of SEC prior to UC removed 50% more protein recovering only 2% of the total
proteins present after 10 pm extrusion. However, also only 17% of the total cdNV's were recovered.
Hence, the decrease in protein could be a result of a smaller recovered cdNV amount. The
purification factor, which compares the ratio of particles to protein before and after purification
revealed that UC after DGC purified cdNVs had 10 times less protein per particle compared to
before purification, while addition of SEC led to a purification factor of 11.8, which was only

slightly higher than without SEC (Figure A3.3c).

As the upstream and downstream processes are quite lengthy, the stability of particles purified
using different processes was evaluated, and their stability was tested at 4 °C after DGC,
DGC+UC, and DGC+SEC+UC. The results showed that particles with higher purity were less
stable (Figure A3.3d), which is consistent with published findings that EVs are more stable in the
presence of proteins!'*”). Considering the minimal purity gain from SEC but also the additional
processing time, the decreased throughput, and the increased particle instability compared to using
DGC + UC only, it was decided to drop the SEC from the downstream pipeline. The final
purification process included DGC, UC and RC 0.22 um filtration. The purification process was
validated with cdNVs derived from differently pre-treated LX-2 cells. All cdNVs had the same
size distribution, showing no aggregates (Figure 3.5¢) and yielded 10* particles per LX-2 cell
(Figure 3.5d). Transmission electron microscopy confirmed the round shape and hydrodynamic
diameter obtained by NTA of cdNVs (Figure 3.5e). The sn contained fewer particles (~8x less

particles compared to the pellet), more protein (Figure A3.3e), and less RNA (Figure A3.3f).
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However, due to the presence of soluble factors such as particles, peptides, proteins, and nucleic

acids, the sn was kept as a control for cdNV activity studies.
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Figure 3.5. Evaluation of ultracentrifugation (UC).

a, Recovery of cell-derived nanovesicles (cdNVs) and proteins in the pellet and supernatant (sn)
of samples after UC at two different speeds (120'000 g and 140'000 g) that underwent pre-
purification by density gradient ultracentrifugation (DGC) alone and DGC followed by size
exclusion chromatography (DGC + SEC) (mean + SD, n > 3). The data was normalized to the
loaded amounts. b, Recovery of cdNVs and proteins after UC normalized to the amount obtained
after 10 um extrusion (mean = SD, n > 4) (Welch’s t-test for particle recovery between DGC pellet
and DGC + SEC pellet, p-value 0.0023). ¢, Size distribution profile of purified cdNVs derived
from differently pre-treated LX-2 cells (mean = SD, n = 3). d, Purified cdNV yield per cell of
differently pre-treated LX-2 cells (mean &= SD, n = 5). There was no significant difference between

the different conditions (Ordinary one-way ANOVA). e, TEM image of DGC + UC + 0.22 um
filter purified cdNVs derived from untreated LX-2 cells.
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3.5. Discussion and conclusion

Different purification methods and protocols were assessed to establish a downstream pipeline
for obtaining high yield and purity of cdNVs. The evaluated methods included density gradient
ultracentrifugation (DGC), size-exclusion chromatography (SEC), ultracentrifugation (UC), sterile
filtration, and high-speed centrifugation, either alone or in combination. Stability studies indicated
that purification processes should be performed at 4 °C as the particles were more stable at lower
temperatures. DGC was suitable for pre-purification after extrusion, as it did not only remove 70%
of the proteins while conserving 60% of the cdNVs but also enriched the particles. However,
particle recovery varied, and some particles were lost due to aggregation during DGC. The
variation came from the preparation of DGC. Forming the stack for DGC is not easy and requires
patients, as well as experience. Hence, with repetition, the particle yields also increased. The
majority of the particles were localized at the interface of the buffer and 10% iodixanol fraction.
Approximately 30% of the particles were detected in the 10% iodixanol fraction, as well as at the
interface of the 50% iodixanol fraction. Around 10% of the particles were found in the 50%
iodixanol fraction suggesting the presence of particles with varying densities. Hence, altering the
duration and velocity of the centrifugation, and introducing additional iodixanol fractions of
varying concentrations, may lead to the identification of particle subtypes generated by serial
extrusion, and enhance the yield, as not all particles are retrieved during DGC. Aggregates formed
during DGC were possibly caused by high centrifugal forces and the presence of soluble factors,
such as peptides, proteins, and nucleic acids. Therefore, DNase treatments may lower aggregation

during downstream processing and reduce DNA transfer risks, as demonstrated by other studies!.

To eliminate aggregates, high-speed benchtop centrifugation at 9°000 g for 30 min was evaluated.

Although via this approach all aggregates could be successfully removed, a significant amount of
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cdNVs were also discarded. This could be attributed to the co-precipitation of particles with
aggregates, as well as the potential loss of particles resulting from the execution at room
temperature. Hence, tested filtration through a membrane with 0.22 um pores and different
hydrophilic membrane materials. RC, CA, and PVDF were found to be suitable candidates as they
removed all aggregates and recovered approximately 90% of the particles. RC filters were selected
due to their slightly superior performance. Before filtration, it is important to consider the loading
factor of the used filter, as it indicates the number of particles that can be filtered per surface area
unit. For highly concentrated samples, a larger surface area has to be utilized to reduce the risk of
clogging and excessively high back pressure leading to membrane breakage. Other potential
approaches for aggregate removal include filtration through larger pore sizes, such as 0.45 um.
However, due to the unavailability of alternative sterilization methods like ionizing radiation, we
utilized the filters not only for aggregate removal but also for the sterilization of cdNVs and
therefore kept the filtration through 0.22 pm pores. As sterilization is needed for cell treatments,

it was decided to be done as the final step of the purification procedure.

The inclusion of SEC in the purification process was considered due to the difference in size
between cdNVs and proteins, making separation possible. Soluble proteins were removed from
cdNVs with an efficiency of nearly 100%, while 77% of particles were recovered in two main
fractions. SEC revealed the existence of strongly associated proteins that are either a constituent
of the hard protein corona and/or incorporated into the lipid bilayer as membrane proteins.
However, further experiments such as proteomics or protein digestion with proteinases would be
needed to confirm the association. Potentially, the recovery of particles could have been improved
if SEC had been conducted at 4 °C instead of room temperature, but this might also have slowed

down the elution.
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In order to test the biological effect of cdNVs on cells, it is required that they are resuspended
either in cell culture medium or present in a high concentration, which can be diluted into the
medium. A UC step was incorporated either directly after DGC or SEC to pellet the particles,
enabling the particles to be resuspended in low volumes of cell culture medium. The UC protocol
was standardized with a fixed temperature of 4 °C and a duration of 2.5 h, while varying rotational
speeds. Among the tested speeds, 140'000 g resulted in the highest recovery. However, recovery
differed when comparing samples before and after SEC. Results from the stability studies and UC
experiment revealed that DGC + SEC + UC-purified particles were less stable compared to those
purified only by DGC + UC, which was attributed to their lower content in protein. Therefore,
optimizing UC protocols according to the specific sample source is essential for maximal recovery.
Due to the lower yield of cdNVs obtained with SEC and the decreased stability of the particles,
the decision was made not to utilize SEC for downstream purification. Instead, the purification
process was concluded with DGC, followed by UC and sterile filtration (Figure 3.6.), recovering

40% of all particles while removing 95% of all proteins.

To fully validate the purification process, activity tests are required to measure if the fibrosis
resolving properties are retained in the pure cdNVs. Detailed information on the activity studies is
to be found in the next chapter. The soluble factors in the sn collected after UC were enriched and

used as a control treatment.
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Figure 3.6. Schematic visualization of formation and purification process for cell-derived

nanovesicles (cdNVs).

During the upstream process, LX-2 cells are expanded in 2D cell culture and cdNVs are formed by
serial extrusion. The downstream process consists of density gradient ultracentrifugation on an
iodixanol gradient followed by ultracentrifugation. The pellet as well as the supernatant are collected
and sterile filtered before application.
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4.1. Abstract

This study aims to address the lack of effective therapeutics for liver fibrosis, a reversible chronic
liver disease, by investigating the formation and purification of cell-derived nanovesicles (cdNVs)
from untreated, quiescent, and activated LX-2 cells, an immortalized human hepatic stellate cell
(HSC) line with key features of transdifferentiated HSCs. Treatment of naive and through
transforming growth factor beta 1 (TGF-B1) activated LX-2 cells with cdNVs results in a
concentration-dependent reduction in cell activation both phenotypically and genotypically. The
beneficial effects of cdNVs are linked to the functional corona on their surface. Liposomes formed
from lipids obtained through extraction from cdNVs show a reduced anti-fibrotic response in
perpetuated LX-2 cells and less efficient cellular uptake, whereas incubation with soluble factors
collected during purification results in a new surface corona restoring anti-fibrotic potential.
Overall, cdNVs exhibit encouraging therapeutic properties, making them a promising candidate

for the development of liver fibrosis resolving therapeutics.

Keywords: cell-derived nanovesicles (cdNVs), LX-2 cells, surface corona, anti-fibrotic potential

4.2. Introduction

138] clearance of

The liver is involved in various vital functions, such as vitamin storage,[
damaged erythrocytes,!'?! elimination of xenobiotics,!'**! synthesis of plasma proteins,!'*"! lipid
management,!'*!] immune response,'*?! and more. Injuries to this organ, caused e.g., by viral
infections, fatty diets and/or alcohol abuse!??! lead to the formation of extracellular matrix (ECM)

proteins,!'*}] which is an essential part of the wound-healing response. However, if the cause of

injury is not resolved, such as in chronic liver diseases, the reversible!??! fibrosis formation will be
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promoted leading eventually to irreversible liver cirrhosis, liver cancer and liver failure, due to
non-resolved excessive ECM protein production which leads to the formation of scars and loss of

144

organ function,!!**! where only a transplantation can save the patient, making the liver the second

%3] The development of liver fibrosis involves different

most transplanted solid organ worldwide.!
cell types, cytokines, and response cascades.*> %) Hepatic stellate cells (HSCs) have been
described to be the major driver of the fibrosis progression in the liver.l'”! During physiologically
healthy conditions, HSCs are in a quiescent (inactive) state in which they store vitamin A (retinol)
in cytoplasmic lipid droplets.['*] Upon activation, HSCs undergo a trans-differentiation into a
highly proliferative myofibroblast-like status.['*”> 1*1 In this activated state HSCs proliferate,
rapidly lose their ability to store lipid droplets and start producing a lot of ECM components, such
as alpha-smooth muscle actin (a®SMA), fibronectin, type I and III collagens, as well as the
profibrogenic cytokine transforming growth factor beta 1 (TGF-B1) which further activates other
HSCs !4 1471 The Global Burden of Diseases, Injuries, and Risk Factors Study 2017 (GBD 2017)
estimated that 1.5 billion people were suffering from chronic liver diseases worldwide!'*"! being
directly accounted for 2 million yearly deaths,!*’! with an increasing tendency. Concerning the

st>1 and the fact that only 11 high-income countries are

worldwide rising obesity and diabete
projected to be able to eliminate all hepatitis virus C infections by 2030,[>2 new effective therapies

are needed to fight the already present increase in patients reducing the need of lifesaving

transplantations.

Extracellular vesicles (EVs) have been extensively studied in the past two decades and show
great promise for both diagnostic and therapeutic purposes in a variety of diseases.!®!! Because of
their physicochemical properties, EVs can pass through biological barriers, elicit a low immune

response, and thus have a longer circulation time in vivo.l®¥ Proteins, peptides, nucleic acids,
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metabolites, and lipids can be carried by EVs and functionally transferred to target cells.[®¥

Expression of cell specific epitopes on the EV surface enhanced targeted administration in vivo!>-

133~ As a result, EVs released from various cell sources, such as hepatocytes,!'**! endothelial

156] [69, 156]
2

cells,['>71 fibrocytes,[!*! macrophages,!'*! mesenchymal stem cells (MSCs) induced
pluripotent!!4® 1561 and HSCs!>% 1581 have been used to treat liver fibrosis. Depending on the cell
state and harvesting point various outcomes can be obtained. For example, EVs from palmitic acid
(fibrotic)-treated hepatocytes!'>”! as well as EVs from injured hepatocytes!!>® 0 led to the
activation and progression of HSCs. Consequently, it is crucial to understand the source of the
EVs. Yet, the use of EVs do not results only in advantages but may also present drawbacks, which
makes the translation to clinical trials and thus to a valid biotherapeutic difficult. The main
limitations of EVs are their heterogenicity of the particles and the cargo, functional diversity,
scalability, lack of regulations!® 138 and ethical concerns, when stem cells such as mesenchymal
stem cells (MSC) are used as a source. Engineered nanovesicles inspired by the biology of natural
EVs have shown great promise in being a valid alternative,”® showing to be able to keep key

biological and therapeutical features while tackling issues in production, scalability, and

standardization.[3¢ 90 91, 161]

In a prior study conducted by our group, it was demonstrated that extracellular vesicles (EVs)
harvested from quiescent-like LX-2 cells, a human hepatic stellate cell (HSC) line with retained
key features of transdifferentiated human HSCs,** resulted in a phenotypical shift towards an anti-

18] Thus, it was hypothesized that the generation

fibrotic state upon administration to LX-2 cells.
of artificial EVs from quiescent LX-2 cells would retain the fibrosis-resolving properties of the

cells and may serve as a potential therapeutic agent against liver fibrosis. Particles generated

directly from cells have been described with different names in literature, such as artificial
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exosomes, % exosome mimetic nanovesicles,™! cell-engineered nanovesicles,!!%! nanoghost!'®%
etc., were named cell-derived nanovesicles (cdNVs) as previously described in other published

work.[*?]

To de-activate LX-2 cells and bring them to a state of quiescence, the cells were treated with
either retinol or palmitic acid, which have been established as the gold standard for in vitro fibrosis
resolution based on previous studies,’*¥ or with the polyenylphosphatidylcholine-rich (>75%) S80
liposomes, which have been demonstrated to exhibit anti-fibrotic effects on LX-2 cells!**!. To
produce highly fibrogenic, perpetuated LX-2 cells, TGF-B1 was utilized, as previously
described.>> 191 After formation of cdN'Vs by serial extrusion of differently pre-treated LX-2 cells
(antifibrotic/fibrotic), purified the cdNVs wusing a combination of density-gradient
ultracentrifugation, as well as standard ultracentrifugation. The formed cdNVs were characterized
by size, particle concentration, protein amount, and their biological activity on naive, as well as

through TGF-B: perpetuated LX-2 cells.

4.3. Results

4.3.1. Formation and purification of cell-derived nanovesicles

To establish the best working protocol formed cdNVs from expanded untreated (DMEM) LX-2
cells (3.0 x 10" LX-2 cells) and characterized the resulting particles in terms of size, yield,
morphology, protein content and zeta potential. As schematized in Figure 4.1., LX-2 cells were
harvested from T175 flasks and cdN'Vs were formed by serial extrusion. Subsequently, the formed
particles were purified by density gradient ultracentrifugation on a 50% (w/v) iodixanol and 10%

(w/v) iodixanol cushion, followed by ultracentrifugation. The resulting cdNV sample contained
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40% of the particle amount but less than 5% of the protein amount (Figure A4.2a). The soluble
factors, which are mostly peptides and proteins, ended up in the supernatant (sn).
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Figure 4.1. Formation and purification of cdNVs.

Illustration of the formation of cell-derived nanovesicles (cdNVs) from LX-2 cells. Untreated or treated LX-
2 cells are harvested and serially extruded to form cdNVs, which are then purified with density gradient
ultracentrifugation followed by ultracentrifugation. The supernatant (sn) was used as control in activity
experiments.

The formed cdNVs showed a hydrodynamic diameter below 200 nm from the first extrusion on
(Figure 4.2a), whereas further purification lowered the number of particles bigger than 200 nm
and increased the number of particles smaller than 200 nm (Figure 4.2b). The hydrodynamic
diameter of cdN'Vs was 175 nm and was constant over cdN'Vs derived from all tested LX-2 cells
pre-treatments (Figure A4.2b). The surface charge of cdNVs was -38 mV at neutral pH and did
not change with different LX-2 conditions (Figure A4.2¢). TEM images confirmed the spherical
morphology of the particles and the measured diameter (Figure 4.2¢). Different pre-treatments of
LX-2 cells prior cdNV formation did not change the size distribution (Figure 4.2d) nor
significantly changed the yield/cell (Figure 4.2¢) (Ordinary one-way ANOVA not significant (p

value>0.1)).
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Figure 4.2. Characterization of cdNVs.

a, Size distribution profile of cell-derived nanovesicles (cdNVs) after formation through serial
extrusion of untreated LX-2 cells (mean + SD, n = 3). b, Subtraction of the particle number after
purification (cdNV pellet) from the particle number after extrusion of untreated LX-2 cells (mean
+ SD, n = 3). ¢, TEM image of purified cdNVs derived from untreated LX-2 cells. d, Size
distribution profile of purified cdNVs derived from differently treated LX-2 cells (mean + SD, n
= 3). e, cdNVs derived from differently treated LX-2 cells yield normalized to the number of LX-
2 cells used for the formation. (mean + SD, n = 5).

4.3.2. Treatment of naive LX-2 cells with cell-derived nanovesicles obtained from LX-2
cells treated with either S80 or TGF-f1

As previously shown by our group, S80 liposomes have a beneficial effect on the resolution of
naive LX-2 cells,!*] whereas TGF-B1, a primary fibrotic cytokine in liver diseases,>! perpetuates

LX-2 cells by activation. Due to their opposite effect, S80 and TGF-f; were selected as pre-
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treatment for LX-2 cells. The formed cdN'Vs from fibrotic and quiescent (cdNV_TGF/ cdNV_S80)
origin were tested on naive LX-2 cells. First, the outcome of freshly formed cdNVs on the
metabolic activity of naive LX-2 cells was evaluated by resuspending the particles after
purification in cell medium to a final concentration of 4.5 x 10'° cdNVs/mL and incubating them
on the seeded naive LX-2 cells for 24 h. Treatment of naive LX-2 cells with 4.5 x 10'° cdNVs/mL
led to a 25% increase in metabolic activity for both cdNV_S80 and cdNV_TGF, showing no
toxicity (Figure A4.3a). This was more than the result obtained by direct treatments with TGF-f;

or S80 respectively, which both barely changed the cell metabolism.

Lipid droplets can be used to determine the phenotype of LX-2 cells.[*>3* 198 They are present
in a quiescent-like state, such as after treatment with retinol supplemented with palmitic acid, the
gold-standard for in vitro fibrosis resolution, and absent in naive or activated LX-2 cells.l*% 164
Lipid droplets can be stained with Oil Red O (ORO) and appear as red spots in fluorescent images
(ORO FL) or as brown spots in bright field images (ORO BF) under a fluorescent microscope.
Succeeding treatment with 4.5 x 10'° cdNVs/mL, we semi-quantified lipid droplets in naive LX-2
cells through normalization of the area of droplets by the number of cells (stained with DAPI)
(Figure 4.3a). No difference was observed in the amount of lipid droplets upon treatment with
cdNV _S80 and cdNV _TGF, suggesting an anti-fibrotic phenotype in LX-2 cells after
administration of both nanovesicle samples respectively (Figure 4.3b). The quiescent phenotype
observed in naive LX-2 cells after cdNV application was not as pronounced as with the anti-
fibrotic controls of direct treatment with 10 uM retinol and 300 uM palmitic acid or 5 mM S80

and was not significantly different from the vehicle control, where no lipid droplets were observed

(Figure 4.3a/b). However, if the S80 liposomes were diluted to reach the same particle
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concentration as in the cdNV treatment no difference in droplet presence was observed (ordinary

one-way ANOVA) (Figure A4.3b).

After observing a transformation of the naive LX-2 phenotype, wanted to confirm the quiescent-
like state by measuring the effect of cdNVs on the genotype of naive LX-2 cells by qPCR.
Therefore, three different fibrotic mRNA markers were analysed. The first gene of interest was
COLI1AI1, which codes for the pro-collagene-aplha-type-1 protein and which is upregulated in
activated hepatic stellate cells as a wound healing response.*> 33! The second analysed gene was
SPARC, which codes for the secreted protein acidic and cysteine rich (SPARC) protein, which is
upregulated in activated HSCs.['% 1651 The function of SPARC is to enhance cell migration to the
site of injury by binding and remodelling extracellular matrix proteins!'®’. The third studied gene
was PLIN2, which codes for the adipose differentiation related (ADRP) protein, enhanced in
quiescent cells and responsible for the regulation and lipolysis of lipid droplets.>* ®1 COL1A1
mRNA translation was decreased by 70% upon cdNV_S80 treatment and 50% upon cdNV_TGF
treatment (Figure 4.3c). SPARC mRNA translation was decreased 50% upon cdNV_S80 and 30%
upon cdNV_TGF treatments, respectively. PLIN2 mRNA translation was increased 50% after both
cdNV treatments. Hence, all three studied markers confirmed the anti-fibrotic potential of cdN'Vs.
Even though treating naive LX-2 cells with cdNV_S80 showed a more enhanced trend towards
quiescent transformation in naive LX-2 cells compared to cdNV_TGF, it is still unclear if the pre-
treatment of LX-2 cells prior cdNV formation influenced their outcome, as the difference was not
significant (ordinary one-way ANOVA). Also, if there was pre-treatment specificity, a pro-fibrotic
response would have been expected from cdNV_TGF. If the S80 liposomes were diluted to the
same particle concentration as in ¢cdNVs prior treatment, the same amount of lipid droplets and

PLIN2 mRNA expression was observed as upon cdNV administration (Figure A4.3c). However,
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a minimal effect on COL1A1, like the observed decrease after control treatment with 1 mM
HEPES, and no effect on SPARC was obtained. This indicates that the addition of specific lipids
and the resulting increase in PLIN2 mRNA transcription alone were not enough to trigger an anti-

fibrotic response and that therefore, other factors in the cdNVs impact the fibrosis regression.
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Figure 4.3. Effect of cdNVs on naive LX-2 cells.

a, Representative 10x microscopy images of lipid droplets stained with Oil red O (ORO) in
differently treated naive LX-2 cells. Lipid droplets in fluorescence (ORO FL) show in red (nuclei
counterstained with DAPI (blue)) and in bright field (ORO BF) show in brown. b, Graph showing
the ORO fluorescence normalized to the cell count in the DAPI field (FRI) and normalized to the
ORO FRI of DMEM (mean + SD, n < 3) (p-values from ordinary one-way ANOVA with post post-
hoc Tukey test in supplementary table S2). ¢, Relative mRNA transcription in naive LX-2 cells of
three fibrosis markers (COL1A1, SPARC, PLIN2) normalized to GAPDH mRNA transcription
and normalized to the DMEM condition after treatment with 4.5 x 10'° cell-derived nanovesicles
(cdNVs)/mL derived from S80 or TGF-f; treated LX-2 cells and the corresponding controls (mean
+ SD, n < 3) (p-values from ordinary one-way ANOVA with post post-hoc Tukey test in
supplementary tables S3/4/5).
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4.3.3. Treatment of TGF-P1 activated LX-2 cells with cell-derived nanovesicles derived
from LX-2 cells treated with DMEM, RolPA, S80, or TGF-p:

HSCs release TGF-f; in fibrosis development which leads to a strong activation of neighbouring
HSCs.!'% Therefore, the effect of cdNVs derived from untreated, RolPA, TGF-B1, and S80 treated
LX-2 cells on TGF-f; activated LX-2 cell viability was tested in a dose-dependent manner with
three different concentrations (A = 1.5 x 10'° ¢cdNVs/mL; B = 3.0 x 10% ¢cdNVs/mL; C = 6.0 x
10% cdNVs/mL) and compared to the direct treatments with DMEM, RolPA, TGF-B1, and S80, as
well as the sn collected during cdNV production diluted to the same protein amount as in the cdNV
samples (A =20 pg/mL; B=4.0 pg/mL, C=0.8 ug/mL) (Table A4.1.). The cells treated with the
highest concentration of cdNVs showed a higher cell viability compared to the direct treatments
DMEM, RolPA, TGF-Bi, and S80 (111% vs 100% for cdNV_DMEM _A; 121% vs 92% for
cdNV_RolPA A; 133% vs 95% for cdNV_ TGF_A; 109% vs 80% for cdNV_S80 A), whereas
only cdNV_ TGF A was significantly different from its direct treatment with TGF-f; (Ordinary
one-way ANOVA, p-value = 0.0006) (Figure 4.4a). The induced cell proliferation was observed
to be dose-dependent in all cdNV samples, wherein lower concentrations led to a smaller increase
and in case of cdNV_DMEM B, cdNV_DMEM C and cdNV_S80 C even a decrease in cell
viability was observed (88%, 92%, and 84%, respectively). The difference in cell viability
increases of cdNV_RoIPA and cdNV_TGF compared to cdNV_DMEM and cdNV_S80 were not
significant and might be explained due to general biological variations obtained in cell culture
experiments. Treatment with sn samples barely had an influence on the cell metabolism
sn_ DMEM and sn_S80 increase the metabolism by 10% in a concentration dependent manner,
whereas sn_RolPA had no effect at all an sn_ TGF decreased the viability by 10% for all tested

concentrations.

76



To further investigate the effect of cdNVs derived from differently pre-treated LX-2 cells on
TGF-Bi-activated LX-2 cells, we compared their influence on the translation of the same three

genes. Proliferated LX-2 cells showed a 6-fold and 2.5-fold increase in COL1A1 and SPARC
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Figure 4.4. Effect of cdNVs and sn on TGF-B1 activated LX-2 cells.

a, Cell viability of activated LX-2 cells treated with three different cell-derived nanovesicles
(cdNVs) concentrations (A = 1.5 x 10'° cdNVs/mL; B = 3.0 x 10® ¢cdNVs/mL; C = 6.0 x 10%
cdNVs/mL) derived from DMEM, RolPA, TGF-B1, or S80 treated LX-2 cells (mean = SD, n < 3)
and treated with the sn control kept during cdNV production (p-values from ordinary one-way
ANOVA with post post-hoc Tukey test in supplementary table S6). b, ¢, d, Relative mRNA
transcription in TGF-f; activated LX-2 cells of three fibrosis markers (COL1A1 (b), SPARC (¢),
PLIN2 (d)) normalized to GAPDH mRNA transcription and normalized to the DMEM condition
after treatment with three different cdN'V concentrations (A = 1.5 x 10'° cdNVs/mL; B = 3.0 x
10% cdNVs/mL; C = 6.0 x 10° cdNVs/mL) and three different sn protein concentrations (A = 20
png/mL; B =4.0 ug/mL, C = 0.8 ug/mL) derived from DMEM, RolPA, TGF-B1, or S80 treated
LX-2 cells (mean & SD, n < 3) (p-values from ordinary one-way ANOVA with post post-hoc Tukey
test in supplementary tables S7/8/9).
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mRNA levels respectively compared to DMEM treated naive LX-2 cells (Figure 4.3c). PLIN2
mRNA levels barely changed, consistently with a study performed by O’Mahony et al. in 2015
showing that PLIN2 levels remain constant upon LX-2 activation.!!”) The results show a dose-
dependent translational change of all tested fibrosis-specific genes for cdNVs derived from all
differently treated LX-2 cells (Figure 4.4b, ¢, d). The response is weakened upon dilution of
cdNVs till to the C dilution that drove no change in translation of the three investigated markers,
except for the lowest dose of cdNV_S80, which led to further perpetuation of the TGF-B activated
LX-2 cells by increasing COL1A1 mRNA translation 50% and increasing SPARC mRNA
translation 20% (no significant difference to other cdNV_C samples by ordinary one-way
ANOVA). The most pronounced effect of all tested cdNV samples was observed in
cdNV_DMEM A, however with a big standard deviation making it not significantly different from
the other cdNV_A treatments. All cdNV samples led to a smaller change in translation of the three
tested markers compared to direct RolPA treatment with the biggest difference in PLIN2 mRNA
transcription. On the other hand, treatment with 1.5 x 10'° ¢cdNVs/mL (cdNV_A) led to a more
pronounced decrease in SPARC and COL1A1 mRNA expression compared to direct S80
treatment. Even the PLIN2 mRNA transcription of perpetuated LX-2 cells after treatment with
S80 liposomes was not more enhanced than treatment with cdNVs if the same particle
concentration was administered (Figure A4.4.), except for cdNV_TGF which did not lead to an
increase in PLIN2 mRNA transcription. No investigation in the translation of PLIN2 mRNA to
ADRP protein was done, still those results suggest that the anti-fibrotic effect of cdNVs on LX-2
cells is not or only partially driven by ADRP and lipid droplet formation, which was shown by

Friedman et al. in 2010 to be an important driver in fibrosis resolution of HSCs!*¥l
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Direct S80 treatment, as well as direct RolPA treatment led to a 2.7-fold increase in PLIN2
mRNA translation. Still, RolPA treatment led to a bigger decreased in COL1A1 and SPARC
mRNA level compared to S80 treatment (51% vs 4% for COL1A1 mRNA and 52% vs 14% for
SPARC mRNA). Those results suggest different mechanisms responsible for fibrosis resolution
after RolPA or S80 treatments respectively. While direct RolPA treatment induced the same
relative change in mRNA translation of COL1A1, SPARC and PLIN2 in naive and TGF-f;
activated LX-2 cells, direct S80 treatment did show a smaller effect on TGF-B; activated LX-2
cells (24% to 4% decrease for COL1A1 mRNA and 27% to 14% decrease for SPARC mRNA)
(Figure 4.3c and Figure 4.4b) suggesting that the anti-fibrotic response of S80 is lower in

perpetuated LX-2 cells compared to naive LX-2 cells. However, over 150 HSC markers!!7"]

are
involved in fibrosis and therefore only looking at the full transcriptome and proteome could give

a clear answer on the activity of S80 liposomes in liver fibrosis.

The sn samples showed a very small transcriptional change on the three tested markers in
activated LX-2 cells for the highest tested concentration, which tended to turn in a pro-fibrotic
direction upon dilution, proving the presence of active molecules in the sn. Only on PLIN2 mRNA
expression no beneficial effect was observed after treatment with the highest tested sn
concentration. This indicates that the addition of specific lipids through the cdNV membrane had
an influence on the PLIN2 expression, whereas the decrease of COL1A1 and SPARC could have
been triggered more by the non-lipidic fraction present in the sn and in the cdNV sample. To test
if this hypothesis is correct, extracted lipids from cdNVs with the Bligh and Dyer total lipid

extraction protocol (see Material and Methods).
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4.3.4. Treatment of TGF-P1 activated LX-2 cells with liposomes composed of lipids
extracted from cell-derived nanovesicles derived from DMEM, RolPA, S80 or TGF-p:
treated LX-2 cells

After extracting lipids from cdNVs, lipid films were formed by evaporating the organic solvent
under nitrogen gas. Liposomes were formed by simple rehydration of the lipid films in 10 mM
HEPES for characterization experiment and in FBS-free high glucose DMEM for activity studies
and named cdNV-liposomes (cdNV-L). The formed cdNV-L showed a more negative zeta
potential, suggesting a charge masking effect on cdNVs through its membrane composition and
surface corona (Figure 4.5a). During lipid extraction, 93.5% + 8.7% of all protein was removed
indicating cdN'V-Ls that are almost purely composed of lipids (Figure 4.5b). As the rehydrated
lipids were neither freeze/thawed nor extruded but simply sterile filtered, they displayed an
increase in hydrodynamic diameter compared to cdNVs (Figure 4.5¢), explaining the average PDI

increased from 0.15 £ 0.03 for cdNVs to 0.26 & 0.05 for the liposomes.

The effect of the cdNV-L on TGF-fB; activated LX-2 cell viability was evaluated in a dose-
dependent manner using the same three concentrations A, B, and C (A = 1.5 x 10'° cdNV-L/mL;
B=3.0x 10 cdNV-L/mL; C = 6.0 x 10°® cdNV-L/mL) used above. The treated LX-2 cells hardly
showed a change in cell viability after treatment with all cdNV-L tested conditions (Figure 4.5d),
proving that the increase in cell metabolism after treatment with the highest cdNV concentration
depended not only on the lipids but on the entire cdNV corona, cdNV content and cdNV membrane
composition. Further the potency of cdNV-Ls was studied by investigating the expression of the

same three qPCR targets (COL1A1, SPARC, PLIN2) upon treatment of proliferated LX-2 cells.

The tested cdNV-L conditions did not influence the COL1A1 mRNA transcription, except for

cdNV-RolPA-L which led to a slight increase (not significantly different to DMEM control or
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other cdNV-L treatments (Ordinary one-way ANOVA)) (Figure 4.5¢). The SPARC mRNA
translation was increased by 20% after all cdNV-L treatments. However, no concentration
dependence was observed, suggesting that low amounts of extracted lipids led to a SPARC
transcription increase which plateaus at an increase of roughly 20%. Only the PLIN2 mRNA
transcription suggested that the treatment with cdNV-L could result in a genotype with reduced
fibrotic features. The cdN'V-Ls led to a concentration-dependent increase in PLIN2 mRNA levels,
similar to what observed with cdNVs. The difference in PLIN2 mRNA increase observed between
the different treatments (cdNV-DMEM-L/cdNV-S80-L ~20% increase, cdNV-RolPA-L/cdNV-
TGF-L ~50% increase) might be explained by the LX-2 cells used for the specific experiments, as
not all treatments were performed on the same set of cells. Direct S80 treatment showed highest
PLIN2 mRNA transcription in the replicate which represents the cells used for cdNV-RolPA-L
and cdNV-TGF-L treatments, and less high PLIN2 levels in the replicates which represents the

cells used for cdNV-DMEM-L and cdNV-S80-L treatments.
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Figure 4.5. Characterization and activity of liposomes derived from cdNV extracted lipids.
a, Zetapotential of cell-derived nanovesicle (cdNV) liposomes (cdNV-L) compared to cdNVs
(mean + SD, n = 3). b, Protein removal during the lipid extraction procedure (mean + SD, n = 6).
¢, Hydrodynamic diameter comparison of cdN'Vs with cdNV-L (mean &+ SD, n < 3). d, Cell viability
of activated LX-2 cells treated with three different cdNV-L concentrations (A = 1.5 x 10" cdNV-
L/mL; B =3.0 x 10% ¢cdNV-L/mL; C = 6.0 x 10°® cdNV-L/mL) (mean = SD, n = 3) e, Relative
mRNA transcription in TGF-B; activated LX-2 cells of three fibrosis markers (COL1A1, SPARC,
PLIN2) normalized to GAPDH mRNA transcription and normalized to the DMEM condition after
treatment with three cdN'V extracted lipid liposome concentrations (A = 1.5 x 10'° cdNV-L/mL; B
=3.0x 10% cdNV-L/mL; C = 6.0 x 10°® ¢cdNV-L/mL) (mean + SD, n = 3).
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Taken together, the results from treatments with extracted lipids from cdNV suggest that the lipid
component of the vesicles only exerts an effect on lipid droplets formation, as proven by the
increase in PLIN2 mRNA. We cannot exclude that the increase in PLIN2 mRNA upon cdNV-L
treatment was not enough to raise the ADRP to a level where it induces, according to a mechanism
still to be understood, a decrease in ECM as described by Friedman et al. in 2010.°% Hence, the
non-lipid membrane components, such as membrane proteins, the membrane structure, as well as
potentially the cdNV content, play an important role in the modulation of trans-differentiation of
HSCs induced by cdNVs. Additionally, the cdNV might be beneficial by simply offering a
membrane surface for soluble factors, as well as hydrophobic molecules, to form a functional

corona, which leads to functional changes in a recipient cell, as described in previous studies.l'’"

172]

4.3.5. Treatment of TGF-P1 activated LX-2 cells with proteoliposomes formed through
reconstitution of soluble factors on the cdNV-Liposome surface

To address the effect of protein corona on the activity of cdNVs, reconstituted the soluble factors
of the sn on cdNV-Ls by incubation for 1 h at 37 °C in FBS-free DMEM medium. The sn and
cdNV-L were derived from DMEM treated LX-2 cells and the formed particles were termed
proteoliposomes (PL). The sn and cdNV-L concentrations were chosen to form PLs with the same
protein amount per particle as for cdNVs (Table A4.1.). Also tested proteoliposomes with 200
pg/mL of protein on 1.5 x 10!° cdNV-L/mL termed PL_200. A concentration of 200 pg/mL protein
was used, as an increase of the protein amount in sn led to an increased fibrosis resolving activity,
even though the linear correlation was not as high as for cdNVs high (Figure A4.5a, b).
Physicochemical characterization of the PL and PL 200 samples by NTA did not show a

difference in the size distribution compared to cdNV-Ls (Figure A4.6.). On the other hand,
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addition of soluble factors on the cdNV-L surface lowered the surface charge (Figure 4.6a). The
zeta potential of PLs was less negative compared to cdNV-L, even though not significant (Ordinary
one-way ANOVA), restoring the surface charge values measured for cdNVs (~-40 mV). Addition
of more proteins further decreased the surface charge to -22 mV for PL_200 (Ordinary one-way

ANOVA, p-value = 0.0001 vs cdNV-L, p-value = 0.0005 vs PL).

Cell viability studies showed that none of the tested protein and particle concentrations in the sn
and PL samples had an influence on the cell metabolism (Figure 4.6b). Hence, the observed
concentration dependent increase in cell viability after treatment with cdNVs (Figure 4.6a) must
be influenced not just by a corona but by its composition and structure, as well as other membrane
components which are not present in the sn. Addition of sn or PL did not significantly change the
expression of COL1A1, SPARC and PLIN2 mRNA transcription in perpetuated LX-2 cells
compared to DMEM treatment (Figure 4.6¢). However, the increase in SPARC mRNA
transcription that was observed after cdNV-L treatment was not observed in PL, hinting to a
beneficial effect coming from the protein corona. PL did not show the same increase in PLIN2

mRNA transcription as observed after cdNV-L treatment.

On the other hand, sn_200, as well as PL._200 did lead to an anti-fibrotic response of perpetuated
LX-2 cells upon treatment (Figure 4.6d). COL1A1 mRNA transcription was decreased by 20%
after PL 200 treatment which was almost as much as observed after cdNV treatment. The
treatment with sn_200 did not change the COL1A1 mRNA transcription. Howbeit, SPARC mRNA
transcription was decreased by 40% after PL 200 and sn 200 treatment, which was a more
enhanced decreased than obtained after cdNV treatment (Ordinary one-way ANOVA, PL._200 vs.
cdNV_A p-value = 0.0486; sn 200 vs. cdNV_A p-value = 0.0566). The PLIN2 mRNA did not

increase after sn_200 treatment but almost 30% after PL_200 treatment because of the addition of
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lipids through the cdNV-L in PL_200. Hence, the anti-fibrotic potential in the sn can be enhanced
with the presence of lipid particles due to the formation of a protein corona on the particles leading

to a synergistic effect of proteins and vesicles.
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Figure 4.6. Characterization and activity of proteoliposomes.

a, Zeta potential of cdNV-L compared to PL and PL 200 (mean + SD, n = 6) (p-values from
ordinary one-way ANOVA with post post-hoc Tukey test in supplementary table S10). b, Cell
viability of activated LX-2 cells treated with three different PL concentrations and the
corresponding sn (A = 1.5 x 10'® cdNV-L/mL + 20 pg/mL; B = 3.0 x 10 ¢dNV-L/mL + 4.0
pg/mL; C = 6.0 x 10% cdNV-L/mL + 0.8 pg/mL) and PL 200 and the corresponding sn (A= 1.5
x 10'° cdNV-L/mL + 200 pg/mL) (mean + SD, n = 3) ¢, Relative mRNA transcription in TGF-p;
activated LX-2 cells of three fibrosis markers (COL1A1, SPARC, PLIN2) normalized to GAPDH
mRNA transcription and normalized to the DMEM condition after treatment with the same three
PL concentrations and the corresponding sn (mean + SD, n = 3). d, Relative mRNA transcription
in TGF-B1 activated LX-2 cells after treatment with PL._200 and the corresponding sn (mean + SD,
n = 3) (p-values from ordinary one-way ANOVA with post post-hoc Tukey test in supplementary
tables S11/12).



4.3.6. Cellular uptake of particles
Even though controversial, there is evidence of homing function in EVs due to their natural

m.77-173- 1741 Artificial EVs have been previously described to preserve the targeting capacity

tropis
of natural EVs.38 %01 To evaluate if cdNVs show an enhanced uptake in LX-2 cells and to determine
whether it is attributed to the membrane components and structure, a comparison was made
between the uptake of cell-derived nanovesicles (cdNV), liposomes formed from cdNV extracted
lipids (cdNV-L), proteoliposomes formed by incubation of cdNV-L with sn (PL), and
proteoliposomes with 200 pg/mL proteins (PL_200) by LX-2 cells after 24 h. The particles were
labelled with the hydrophobic nonexchangeable dye DiR and the uptake was measured via flow
cytometry. The labelling efficiency with the hydrophobic dye was similar between cdNV and

cdNV-L with encapsulation efficiencies of 65-70% (Figure 4.7a). After 24 h cdNV showed an

almost 3-fold higher uptake in naive LX-2 cells compared to cdNV-L (Figure 4.7b).

Addition of proteins on the cdNV-L surface did not increase the particle uptake. Hence, the
increased particle uptake observed in cdNVs must be due to a specific surface corona and
membrane proteins. Glycosylation of the cdNV membrane should not be neglected as it might play
an important role in the enhanced uptake. Glycosylation was shown to be involved in interactions
of EVs with cell surfaces and represent the first contact points of cells with particles.!'”> If the LX-
2 cells were perpetuated with TGF-B; prior cellular uptake experiments, an enhanced uptake was
observed for all particles even though it was not significantly different compared to naive cells
(Figure 4.7b). The reason for the observed enhancement of uptake in highly active LX-2 cells
compared to mildly activated naive cells remains unknown. Since all particles demonstrated an
increased uptake, it is possible that this may not be a specific mechanism and therefore could be

due to a slight increase in membrane fluidity after TGF-B; treatment.[*’] Additionally, flow
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cytometry cannot discriminate between internalized particles and particles adsorbed to the cell
surface. Addition of proteins to the cdNV-L surface initially decreased the cellular uptake in
perpetuated LX-2 cells before increasing it again. Those observed uptake results correlate with the
observed increase in PLIN2 mRNA transcription after treatment of perpetuated LX-2 cells (Figure
A4.1b). Even though the PLIN2 mRNA expression changes were not significant and not as
enhanced as the cellular uptake changes, it shows that for lipid droplet formation lipids have to be

taken up and internalized.
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Figure 4.7. Cellular particle uptake.

a, Encapsulation efficiency of the hydrophobic DiR-dye in cell-derived nanovesicles (cdNVs) and
cdNV liposomes (cdNV-L) (mean = SD, n = 6). The encapsulation efficiency was calculated by
division of the fluorescent intensity of the particles after removal of free drug by size exclusion
chromatography (SEC) by the fluorescent intensity of the particles prior SEC. b, Cellular uptake
of cdNVs, cdNV-Ls, proteoliposomes with low protein amount (PL), and proteoliposomes with
high protein amounts (PL 200) in naive (n) and perpetuated (p) LX-2 cells analysed by flow
cytometry. LX-2 cells were seeded on 12-well plates at 1.2 x 10° cells/well. DiR-labelled particles
were added to the cells at 4.2 x 10* particles/cell concentration and incubated at 37 °C for 24 h.
The fluorescence intensity was measured using a flow cytometer to determine the uptake efficiency
and the mean of all positive cells was normalized to the fluorescence of the particles
(MFI/fluorescence) (mean + SD, n < 3) (p-values from ordinary one-way ANOVA with post post-
hoc Tukey test in supplementary table S13).
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4.4. Discussion and Conclusion

We described a method to generate and purify cell-derived nanovesicles from untreated,
quiescent, and fibrotic LX-2 cells. The purification, involving density-gradient ultracentrifugation
on an iodixanol cushion followed by ultracentrifugation removed over 95% of the proteins while
preserving 40% of all cdNV particles. Still a big variation in particle yield was observed which
originated from the variability obtained after extrusion showing an improvement potential at the
formation step. Introduction of a pre-lysis, such as through sonication or freeze/thawing could be
beneficial to facilitate extrusion. Also, the addition of more extrusion cycles, as well as extrusion
through membranes with smaller pores should be considered, as it has already successfully been
done by other groups.”® %% 1%l TEM microscopy, as well as physicochemical characterization,
revealed a spherical shape of the particles with a nano ranged diameter and narrow size
distribution. The cdNVs derived from all tested conditions induced a concentration-dependent
phenotypical change in naive and TGF-B; activated LX-2 cells, restoring parts of the lost lipid
droplets, and decreasing COL1AI1, as well as SPARC mRNA transcription, whereas no pre-
treatment specificity was observed. This led us to believe that the de-activation of LX-2 may be
induced from molecules that are unaffected by the pre-treatment and not from nucleic acids or

proteins/peptides that are expressed only after a specific pre-treatment.

Liposomes formed with extracted lipids from cdNV (cdNV-L) revealed that the lipids were not
the reason for the decrease in COL1A1 and SPARC mRNA expression, but that they play an
important role, through a mechanism yet to be understood, in the formation of new lipid droplets
and the increase in PLIN2 mRNA transcription. Proteoliposomes were successfully formed by
incubation of the supernatant, containing soluble factors, with cdNV-L, as shown by the decrease

in zeta potential. Restoring the same number of proteins on cdNV-L as present in cdNV did not
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restore any anti-fibrotic activity. However, increasing the protein amount further up to 200 ug/mL
recovered fibrosis-resolving potential, showing a synergistic effect of particles and soluble factors.
Further studies are needed to fully understand the role of lipids and proteins in the trans-
differentiation of activated LX-2 cells to a less active state, as the proteins in the sn and the proteins
in/on the cdNV membrane are not necessarily the same. Additionally, the membrane composition
and structure might also play an important role in the activity of cdNVs which is totally lost upon
cdNV-L formation. Therefore, the purification process needs to be selected wisely, as it has an
influence on the soft particle corona.l'”!! There needs to be a prioritization of functionality over
purity, as discussed by the International Society of Extracellular Vesicles in 2022, as long as safety
guidelines on GMP by the FDA and efficacy can be guaranteed.!'’®! Additionally, a switch from
harsh purification techniques such as ultracentrifugation to more gentle and scalable techniques,
such as tangential flow filtration (TFF) needs to progress, which already started in the EV and EV-

mimetic field.[9% 177, 178]

Cellular uptake studies revealed that the cdNV membrane composition plays an integral role.
Forming cdNV-Ls showed an almost 50% decreased uptake in perpetuated LX-2 cells compared
to cdNVs, reflecting the different response observed on the expression of PLIN2 mRNA. Addition
of proteins on the cdNV-L surface did not increase the particle uptake, but even decreased it with
small protein concentrations. The particles were preferentially internalized by highly active HSCs,

providing an advantage as these cells are the primary target for fibrosis resolution.

Our results show the possibility to form, out of LX-2 cells, nanoparticles with antifibrotic
potential and enhanced uptake in fibrotic LX-2 cells. The vesicles are presenting a functional
corona to the perpetuated cells proving a synergistic effect of lipid particles and corona. However,

to achieve a complete and thorough comprehension of the cdNVs further investigations will be
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needed on the treated cells, nanoparticles as well as sn, which should mostly reflect the LX-2
cytosol. One important aspect is to assess if cdNV-treated LX-2 cells remain less active over time
and if they can be further deactivated by repeated doses. To understand if the cdNVs would show
an increased uptake in activated LX-2 cells in presence of other cell types, especially hepatocytes
and Kupffer cells, co-culture models and/or in vivo models need to be considered. /n vivo tests do
not only reveal if a homing effect is preserved in cdN'Vs but if a low immunogenicity, and therefore

an extended half-life in circulation is observed.

In conclusion, we believe that our research, helps understanding bio-derived vesicles and
contributes to the field of personalized medicine against liver diseases, which we believe is an
important approach against liver fibrosis with the potential to positively impact millions of

individuals globally and alleviate the rising demand for liver transplantation procedures.

4.5. Experimental Section

4.5.1. Liposome preparation

Liposomal formulations with soybean phospholipids with 75% phosphatidylcholine (S80;
Lipoid, Germany) were prepared by the thin film hydration method. The calculated amount of
lipids was weighed and dissolved with chloroform (Biosolve, Netherlands) in a round bottom glass
flask. The organic solvent was evaporated under N> stream and the lipid film was dried overnight
in a desiccator. The lipid film was then rehydrated with 10 mM HEPES (Carl Roth, Germany) and
extruded 10 times through a 0.2 um polycarbonate membrane (Sterlitech, USA) with a LIPEX
extruder (Evonik, Canada). The particles' size distribution (polydispersity index, PDI) and

hydrodynamic diameter were measured using a Litesizer 500 (Anton Paar, Austria).
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4.5.2. Cell culture

LX-2 cells were cultured in high glucose (4.5 g/L) DMEM (Carl Roth, Germany) supplemented
with 10’000 units/L of penicillin and streptomycin (P/S; Gibco, USA), 200 mM L-Glutamine
(Sigma, USA), and 2% (v/v) of sterile filtered (0.2 um, cellulose acetate membrane) fetal bovine
serum (FBS; Merck Millipore, USA) at 37 °C in a humidified atmosphere containing 5% CO2.
The cells were treated with 10 uM retinol (Merck Millipore, USA) and 300 uM palmitic acid
(RolPA; Merck Millipore, USA), 10 ng/mL TGF-B; (BioVendor, USA), or 5 mM S80 liposomes
in serum-free DMEM for 24 h. After treatment, the cells were detached with 2 mL Accutase®

(Merck Millipore, USA) per flask and incubated for 4 min at 37 °C.

4.5.3. Cell-derived nanovesicle formation

(Pre-treated) LX-2 cells were washed with pre-heated (37 °C) PBS (Carl Roth, Germany) and
were detached as described above. The total cell amount was counted mixing a small aliquot 1:1
with trypan blue (Thermo Fisher Scientific, USA) and a 0.100 mm Neubauer chamber (Hecht
Assistant, Germany). LX-2 cells were washed by discarding the supernatant after centrifugation
for 3 min at 500 g. The pellets were resuspended to reach a desired concentration between 1 — 10
x 108 LX-2/mL with fresh PBS. LX-2 cells were extruded serially 5 times through a 10 uM, 5 uM
and 1 uM polycarbonate membrane (Sterlitech, USA) with a LIPEX extruder. The formed cdNVs

were stored on ice till further procedure.

4.5.4. Cell-derived nanovesicle purification

In a thick wall 10 mL PC centrifugal tube (Beckman Coulter, USA), 1 mL of cold (4 °C) 10%
(w/v) iodixanol (Alere Technologies AS, Norway) was stacked on top of 1 mL cold 50% (w/v)
iodixanol. Then, a cdNV solution (5 mL) was carefully pipetted on top of the iodixanol sandwich

by holding the tube almost flat (75°) while pipetting. The tubes were centrifuged for 1 h at 4 °C
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and 100°000 g in an Optima L-90K Ultracentrifuge (Beckman Coulter, USA), and 1 mL fractions
were collected in pre-cooled Axygen reaction tubes (Corning, USA). The cdNV fractions were
mixed, diluted to 8 mL with PBS, and ultracentrifuged for 2.5 h at 4 °C with a speed of 140°000
g. The supernatant (sn) was enriched using a 10°000 MWCO Amicon Ultra-4 Centrifugal Filter
Unit (Merck Millipore, USA), and the pellet was resuspended in FBS-free DMEM and sterilized
by filtration through a 0.22 um regenerated cellulose (RC) syringe filter (ThermoFisher, USA)
after being vigorously vortexed and pipetted. Nanoparticle tracking analysis (NTA, ZetaView
8.05.05 SP2, Particle Metrix, Germany; Sensitivity: 70.0; Shutter: 100) was used to determine size
distribution, yield, and zeta potential of cdNVs. The protein content was measured using a micro-
BCA protein assay kit (ThermoFisher, USA) following the manufacturer’s instructions, and RNA

content was measured using a Nanodrop (ThermoFisher, USA).

4.5.5. Transmission electron microscopy (TEM)

TEM was performed by the Microscopy Imaging Centre (MIC) of the University of Bern. Briefly,
for imaging of negatively stained samples, 5 pL of the vesicle suspension was adsorbed on glow
discharged and carbon coated 400 mesh copper grids (Plano, Germany) for 3 minutes. Grids were
washed and stained with 2% uranyl acetate in water (Electron Microscopy Science, Switzerland)
for 45 s. The excess fluid was removed by gently pushing them sideways to filter paper. Samples
were then examined with a transmission electron microscope (Tecnai Spirit; FEI, USA) at 80 kV

and equipped with a digital camera (Veleta; Olympus Life Science, Germany).

4.5.6. General design of cell assays
LX-2 cells were seeded in cell culture plates in high glucose DMEM supplemented with 10’000

units/L of P/S, 200 mM L-Glutamine, and 2% (v/v) FBS. After 18 h the medium was discarded

and cells were washed with PBS. Either treatments were performed for 24 h directly on naive LX-
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2 cells in FBS-free medium, or the fibrotic LX-2 cells were perpetuated with 10 ng/mL TGF-f;

for 24 h prior the treatments.!!”]

4.5.7. Quantitation of viable cell number in cytotoxicity assays

10°000 LX-2 cells were seeded in a 96-well plate (Faust, Switzerland). The CCK-8 assay (Merck
Millipore, USA) was used to determine cell viability following the manufacturer’s instructions.
Briefly, the cells were washed after treatment with PBS and 90 uLL FBS-free medium + 10 pL
CCK-8 solution was added to each well. After further 2 h of incubation at 37 °C and 5% CO,, the
absorbance at 450 nm was measured with a plate reader (Infinite MNanof; Tecan, Switzerland).

The cell viability was calculated with following equation:

treatment

oD
Cell viability [%] = o0 * 100
DMEM

where “OD treatment” refers to the optical density of the LX-2 cells treated with the specific
treatment and “OD DMEM?” refers to the optical density of LX-2 cells treated with the vehicle

(FBS-free DMEM).

4.5.8. Lipid droplet content analysis

30°000 LX-2 cells were seeded in a 48-well plate (Faust, Switzerland) and the lipid droplet
analysis was performed as described before with slight adjustments!*’!. Briefly, the treated cells
were washed and fixed with 200 pL/well Roti®-Histofix 4% (Carl Roth, Germany) for 10 min at
RT, and washed once with 1 mL/well deionized MilliQ water. LX-2 cells were stained with 200
pL/well of a filtered (0.45 pm, PVDF; Merck Millipore, USA) Oil Red O (ORO, 0.5% w/v; Merck
Millipore, USA) solution in propylene glycol for 15 min at RT. The remaining ORO was removed
and cells were washed twice with PBS. Nuclei were counterstained with 200 pL/well of a 4 uM

DAPI solution (ThermoFisher, USA) in PBS for 5 min at RT. Afterwards, cells were rinsed with
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PBS and acquired phase contrast (bright field, BF) as well as fluorescent images using an inverted
Nikon Ti-U microscope (Nikon Instruments, Japan) equipped with a Plan Fluor DL WD 15.2 10x,
with a numerical aperture of 0.3 (Nikon instruments, Japan), DAPI filter (ex 360, em 460, 100 ms

exposure) and Texas Red filter (ex 560, em 645, 300 ms exposure).

The fluorescent binary area and the cell count were performed with the open-source FIJI software
using a script. The fluorescent binary area was then divided by the cell count to analyse how much

lipid droplets [um?] per cell are present.

4.5.9. mRNA transcription

In a 24-well plate (Faust, Switzerland) 60’000 LX-2 cells were seeded. After treatment total
RNA was isolated using TRIzol reagent (ThermoFisher, USA) following the manufacturer’s
instructions. Briefly, cells were lysed with TRIzol (ThermoFisher, USA) directly in the plate and
transferred them to Axygen reaction tubes (Corning, USA). A volume of chloroform equivalent to
one-fifth of the total TRIzol volume was added to the samples. The tube was vortexed vigorously
for 10 sec and was incubated at room temperature for 10 min., before being centrifuged for 20 min
at 4°C and 16’000 g with a Hermle Z 366 K centrifuge (Faust, Switzerland). The upper phase was
transferred to a new reaction tube and 1 uL glycogen (Merck Millipore, USA) as well as 1 volume
of isopropanol (Biosolve, Netherlands) was added, prior RNA precipitation on ice for 10 min. the
RNA was pelleted by centrifugation for 10 min at 4 °C and 24’000 g. The supernatant was
discarded, and the pellet was washed with 1 mL 70% EtOH in DEPC-treated MilliQ-water (Carl
Roth, Germany). The centrifugation was repeated twice and the final pellet was resuspended in
DEPC-treated MilliQ-water. The RNA concentration was measured with a NanoDrop

(ThermoFisher, USA).
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The isolated RNA was reverse transcribed into cDNA. Briefly, 1000 ng of RNA were diluted
in DEPC-treated MilliQ-water and were incubated for 5 min at 65 °C after addition of 3 uL of a
150 ng/uL random hexamer (Microsynth, Switzerland). After 10 min incubation at RT 13.5 pL of
pre-mixed master mix was added (Table 4.1.) and the samples were incubated for another 10 min
at RT, followed by a 1 h incubation at 50 °C and 20 min incubation at 75 °C. DEPC-treated MilliQ-
water was added to reach a theoretical concentration of 8 ng/uL cDNA.

Table 4.1. Reverse transcription master mix composition.

1x master mix
reverse transcriptase buffer 10x Agilent 5 uL
DTT 100 mM Stratagene 5 uL
dNTPs 10 mM ThermoFisher 2 uL
40 U/uL RiboLock RNase inhibitor Fermentas 0.5 uL
reverse transcriptase 200 rxn Agilent 1 uL
total volume 13.5 uL

Table 4.2. Overview of the used primer pairs for gPCR.

Primer Source Sequence
fwd GAPDH Muhlemann 5-GAG TCA ACG GAT TTG GTC G-3'
rev GAPDH Muhlemann 5-GAG GTC AAT GAA GGG GTC AT-3'
fwd PLIN2 OriGene, HP205000 5'-GAT GGC AGA GAA CGG TGT GAA G-3'
rev PLIN2 OriGene, HP205000 5'-CAG GCA TAG GTATTG GCA ACT GC-3'
fwd COL1A1 Thermo, Hs00521314_CE 5-GTT CAG TTT GGG TTG CTT GTC T-3'
rev COL1A1 Thermo, Hs00521314_CE 5'-CCT GCC CAT CAT CGA TGT G-3'
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fwd SPARC OriGene, NM_003118 5-TGC CTG ATG AGA CAG AGG TGG T-3'

rev SPARC OriGene, NM_003118 5-CTT CGG TTT CCT CTG CAC CAT C-3'

The primers (Table 4.2.) were diluted in MilliQ to a primer pair solution of 2.5 uM of forward
and reverse primer each. The remaining molecules (polymerase, nucleotides, buffer, fluorophore)
for gPCR were in the Brilliant III Ultra-fast SYBR Green qPCR master mix (MM; Agilent, USA).
The cDNA samples were measured in triplicates or duplicate for each gene and cDNA dilution. A
water control was added to see potential contaminations of the reagents. A pipetting robot (Qiagen,
Germany) was used to pipette the samples (3 pL cDNA, 7.5 uL 2x MM, 3 pL primer mix, 1.5 pL
water). After the samples were ready, they were transferred into the qPCR analyser centrifuge
(Qiagen, Germany) which performed 40 cycles of amplification at 95 °C and 60 °C, whereas the
fluorescence was always measured at 60 °C (ex.: 470 nm, em.: 510 nm). After the 40 cycles a
melting curve of each sample was measured. The data were analysed using the Rotor Gene Q
software and excel. The gPCR data was analysed using the delta delta CT method'*°!. GAPDH

was used as a normalizer gene.

4.5.10. Lipid extraction

The LX-2 cells were pelleted and resuspended in 0.8 mL PBS before being transferred to a glass
centrifuge tube with a Teflon cap. Ice-cold 1:2 (v/v) chloroform/methanol (Biosolve, Netherlands)
was added (3 mL) and the tube was vigorously vortexed. After a 5 min incubation on ice, 1 mL of
chloroform and 1 mL of PBS were added to the tube, mixed well, and centrifuged for 2 min at
1’000 g to induce phase separation. The lower phase was then collected with a Pasteur pipette and
transferred into a round bottom glass flask. The organic solvent was evaporated under an N> stream

and the lipid film was dried overnight in a desiccator. The lipid film was rehydrated in FBS-free
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DMEM medium and the formed liposomes (cdNV-L) were sterilized by filtration through a 0.22
um RC syringe filter. The cells were then treated with cdNV-Ls as described above. The size
distribution and hydrodynamic diameter of the particles were measured using a Litesizer 500

(Anton Paar, Austria).

4.5.11. Protein corona reconstitution

Proteoliposomes (PL) with the same protein amount per particle as cdNVs or 10x more (PL_200)
were formed by incubating cdN'V-Ls with enriched supernatant collected during cdNV purification
in PBS for 1 h at 37 °C. The formed PLs were then diluted in FBS-free DMEM medium to reach
the desired particle concentrations. To determine the size distribution and zeta potential of PLs,
nanoparticle tracking analysis (NTA, ZetaView 8.05.05 SP2-; Particle Metrix, Germany;

Sensitivity: 70.0; Shutter: 100) was performed.

4.5.12. Cellular particle uptake

In the uptake studies, 120’000 LX-2 cells were seeded in a 12-well plate (Faust, Switzerland).
DiR-labelled cdNVs and cdNV-Ls were prepared by incubating 5.0 x 10'* particles with 10 uM
DiR (ThermoFisher Scientific, USA) in 2% (v/v) EtOH for 1 h at 37 °C. For the activated cells,
the seeded cells were treated with 10 ng/mL of TGF-B; for 24 h before particle administration.
Control particles were incubated with 2% (v/v) EtOH for 1 h at 37 °C. The labelled particles were
purified from free drug using a PD MiniTrap Sephadex G-25 resin desalting column (Cytiva, USA)
and normalized to their concentration using nanoparticle tracking analysis (Sensitivity: 70.0;
Shutter: 100). PL and PL_200 were generated as described above and LX-2 cells were treated for
24 h in FBS-free DMEM medium with 4.2 x 10* particles/cell. The cells were detached with 100
uL Accutase/well for 5 min at 37 °C, and cell viability was determined with Pi staining. The

fluorescent intensity of the cells was analyzed using FACS LSR II (BD, USA) and the mean of all
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APC-Cy7 positive cells was normalized to the fluorescence of the particles that was measured with
an Infinite® 200 PRO MNano plate reader (Tecan, Switzerland) after the particles were diluted 1:1
in MeOH (excitation 750 nm, emission 780 nm). The cells were washed with FACS buffer (PBS
+ 2% (v/v) FBS) before analysis. The results were analyzed with FlowJo software (version 10.8;
BD, USA) and at least 20’000 events were recorded per sample using FCS (370 volt), SSC (240
volt), Pi (410 volt), and APC-Cy7 (360 volt) filters. The gating strategy used is described in the

Supplementary information (Figure A4.1a).

4.5.13. Statistical analysis

Statistics were made with the software GraphPad Prism v. 7.05. If not stated otherwise,
performed an ordinary one-way ANOVA test. If a significant difference was observed performed
a post-hoc Tukey test comparing all groups. All p-values of post-hoc Tukey tests can be found
under https://doi.org/10.5281/zenodo.7794261 (* represents p-value < 0.05; ** represents p-value

<0.01; *** represent p-value < 0.001; **** represents p-value < 0.0001).
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5.1. Abstract

This study presents a method for reproducible production of biodegradable and biorthogonal
hydrogel microbeads for intraperitoneal (IP) drug delivery, to overcome current limitations of fast
clearance of small molecules and pharmacokinetic which have limited the utilization of IP
administration. The system presented here uses additive manufacturing to entrap multilamellar
vesicles (MLVs) and small unilamellar vesicles from synthetic and extracted phospholipids,
avoiding rapid clearance of the lipid system. Gefitinib, a small hydrophobic anti-cancer
pharmaceutical, was used as a model drug and was successfully encapsulated into MLVs entrapped
into microbeads. A sustained release of gefitinib from microbeads for up to 3 days was
demonstrated, and the microbeads induced concentration-dependent cell death in Huh-7 cells, an
immortalized human hepatic cancer cell line, in vitro. These results demonstrate the potential of
3D-printed alginate microbeads for delivering a wide range of small hydrophilic and hydrophobic

drug compounds into the peritoneum, overcoming previous limitations of IP injection.

Key words: intraperitoneal drug delivery, additive manufacturing, hydrogel microbeads, sustained
drug release

5.2. Introduction

The peritoneal cavity is a space within the abdomen, bound by thin membranes, that contains the
liver, the spleen, the stomach, and the intestines and therefore offers an attractive administration

route to target diseases such as peritoneal carcinomatosis, endometriosis, and peritoneal fibrosis,

181

which are challenging to treat with current drug delivery approaches!'®!. However, it is hard to

achieve a uniform drug distribution throughout the entire peritoneal space which potentially leads

s!1821 This is mainly due to the high clearance observed

to subtherapeutic drug levels in target tissue
in the peritoneum. Small drug compounds, as well as drug carriers such as liposomes with a size
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below 1 um are cleared very efficiently from the peritoneum through the lymph- and blood
system!!3]. More frequent dosage or higher dosage to overcome the limited drug distribution and
high clearance rate only increases the risk of undesired side effects. Hence, new drug delivery
approaches are needed for peritoneal administration, improving drug distribution, reducing side

effects, and providing new therapeutic options for patients with peritoneal diseases.

When developing new drug delivery systems for the treatment of peritoneal diseases, several
properties can enhance effectiveness and convenience for patients. Among these, a sustained drug
release is of particular importance, as it enables long-lasting drug release, reducing the need for
frequent or repeated administrations. Slowing down clearance is another crucial feature, as it
allows for a higher concentration of the drug to remain in the peritoneal cavity, thereby improving
treatment efficacy. A third important factor is a patient centric administration of the drug delivery
system, such as delivery through a peritoneal port, injection, or post-surgery before suturing, to

name a few.

Gefitinib is a small hydrophobic tyrosine kinase inhibitor that interrupts signaling through the
epidermal growth factor receptor (EGFR), which is overexpressed in many types of cancer!'%4!. By
binding EGFR, gefitinib can inhibit cancer cell proliferation and cancer survival. Hence, the drug
has been approved for the treatment of non-small cell lung cancer (NSCLC) that show specific

1851 Recent studies have shown the treatment potential of gefitinib

mutations in the EGFR genel
for peritoneal metastasis from various cancer types, such as ovarian and gastric cancer, as well as
the potential against peritoneal adhesions that are a common complication occurring after

abdominal surgery!'*®). Due to its hydrophobicity, small size, and relative long half-life gefitinib

shows suitable properties for encapsulation into lipidic systems, enabling a sustained drug-
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release!'®”l. Additionally, gefitinib has been shown to be well-tolerated barely leading to serious

(1881 'Because of those properties, as well as the fact that

side effect according to clinical trials
peritoneal metastasis and post-surgical adhesions are common complications of several types of

cancer, gefitinib is a perfect drug candidate for the development of a new drug delivery platform

in the peritoneum!' 4.

An extension of gefitinib presence in the peritoneum can be achieved by entrapping it into a gel
scaffold. Among all available polymers alginate can be cross-linked with divalent cations, such as
Ca2+ or Mg2+, which are both present in the peritoneal fluid at a concentration high enough to

stabilize the biodegradable alginate-based hydrogels!!®% 1901,

Moreover, 3D printing has been identified as a suitable approach for formulating alginate
hydrogels, due to its ability to create complex and precise structures with ease. It offers several
advantages in drug development, including the ability to create customized drug delivery systems,
faster prototyping, and reduced cost. With 3D printing, drug prototypes can be developed more
quickly and efficiently, allowing for faster iterations and improvements to the drug design. The
technology also enables the creation of complex drug delivery systems, such as microbeads which

can improve, ultimately leading to better patient outcomes.

To produce a drug delivery platform for peritoneal applications, encapsulated gefitinib in several
liposome types were mixed with an alginate solution to form an ink. This ink was used for the
formation of micro-size hydrogel beads by 3D printing using an electromagnetic droplet (EMD)
printhead which enables drop-on-demand formation. Additive manufacturing enables reproducible
and scalable hydrogel production. The formed hydrogel beads entrapping gefitinib liposomes

allow for a sustained gefitinib release. The liposomes and microbeads were physiochemically
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characterized. Additionally, the drug and lipid release from the hydrogel beads was measured in
peritoneal simulation fluid (PSF). Optimized gefitinib-loaded hydrogel beads were further tested
in an in vitro cell culture assay to correlate the in vitro release of gefitinib with its anti-cancer

function of inducing cell death in Huh-7 cells, an immortalized human hepatocarcinoma cell line.

5.3. Material and methods

5.3.1. Liposome preparation

Liposomal formulations were prepared by the thin film hydration method. Briefly, a proper
amount of S80 (Lipoid, Germany) or DPPC (Lipoid, Germany) lipids was weighed and dissolved
with chloroform (Biosolve, Netherlands) in a glass flask. The organic solvent was evaporated
under N> stream, and the lipid film was dried overnight in a desiccator. The lipid film was then
rehydrated with an aqueous buffer (pH 7.1, 50 mM HEPES (Merck Millipore, USA), 110 mM
NaCl (Carl Roth, Germany)) forming multilamellar vesicles (MLVs). For the formation of small
unilamellar vesicles (SUVs), the MLVs were freeze/thawed 6x with liquid nitrogen (1 min) and a
room temperature waterbath (5 min) and extruded 10x through a 0.2 um polycarbonate membrane
(Sterlitech, USA) with a LIPEX extruder (Evonik, Canada). The particles' size distribution
(polydispersity index, PDI) and hydrodynamic diameter were measured using a Litesizer 500
(Anton Paar, Austria).
5.3.2. Gefitinib stock preparation

Different Gefitinib stocks were prepared depending on the experiments. For liposome
preparation, gefitinib free base (LC Laboratories, USA) was dissolved in chloroform (Biosolve,
Netherlands) at 100 mM. To assess the kinetic solubility of gefitinib in peritoneal simulation fluid

(PSF, pH 7.1, 50 mM HEPES (Merck Millipore, USA), 110 mM NaCl (Carl Roth, Germany), 5
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mM Glucose (Carl Roth, Germany) and 1.68 mM CaCl; (Carl Roth, Germany)) incl. 20% DMSO
(Carl Roth, Germany) gefitinib was dissolved in DMSO (Carl Roth, Germany) at 25 mM. Kinetic
solubility was assessed by adding an excessive amount of gefitinib (10 puL) to PSF incl. 20%
DMSO (990 pL). The mixture was further vortexed for 2 h, at 37 °C allowing the exceeding
gefitinib to precipitate. After reaching an equilibrium, the samples were centrifuged (Hermle,
Germany) at 12'000 g. A volume of 200 pL of supernatant was measured on a plate reader (Infinite
MNano; Tecan, Switzerland) at an absorbance of 334 nm. While kinetic solubility refers to the
maximum amount of a solid substance that can dissolve PSF incl. 20% DMSO under conditions
where the dissolution rate is determined by the rate of mass transfer (diffusion) thermodynamic
solubility determines dissolution by the equilibrium solubility. Thermodynamic solubility
measurement method was derived from USP 1236 — Solubility measurements. In brief, an excess
of gefitinib loaded microbeads were added to PSF incl. 20% DMSO. To facilitate dissolution of
gefitinib, the suspension was actively mixed and incubated at 37 °C for 24 h. Equilibration time
(+ 5%) was verified after another 24 h. The samples were centrifuged at 12'000 g. A volume of
200 uL of supernatant was measured on a plate reader at an absorbance of 334 nm.

5.3.3. Gefitinib encapsulation into MLVs

Different lipid-to-drug ratios were tested keeping the gefitinib concentration constant (0.5 mM).
Briefly, appropriate amounts of gefitinib stock dissolved in chloroform were added to the dissolved
lipids. Liposomes were formed as described and the particles were purified from free drug using a
PD MiniTrap Sephadex G-25 resin desalting column (Cytiva, USA). The purified particles were
destroyed in DMSO and the drug concentration was measured with a plate reader at an absorbance

of 334 nm. The encapsulation efficiency (EE) was calculated with following equation:

Ajz34(purified)

0/ —
EE % = Az3z4(preG25)

*100%
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where “Asz4(purified)” refers to the optical density of the drug after purification with the G-25
column and “A334(preG25)” refers to the optical density of the drug before free drug removal by

the G-25 column.

5.3.4. Additive manufacturing of microbeads

Alginate (Carl Roth, Germany) was dissolved in an aqueous solution (pH 7.1, 50 mM HEPES,
110 mM NaCl) overnight under stirring to reach a homogenous solution with 6% (w/V) alginate.
Gefitinib liposomes and alginate solution were mixed in a ratio of 1:1 using two syringes (B.
Braun, Germany) connected with a female-female combifix adapter (B. Braun, Germany) by
pushing the solution back and forth. The freshly formed ink was loaded into a cartridge (Cellink,
Sweden) and was printed for crosslinking, using a Bio X Bioprinter (Cellink, Sweden) equipped
with an Electro-Magnetic Droplet (EMD) printhead (Cellink, Sweden), which enables contactless
jetting (drop-on-demand) into a 135 mM calcium chloride solution (+ 50 mM HEPES, 110 mM
NaCl) in which the microbeads were stored upon further usage. The formed microbeads were
characterized by size, shape and morphology using light microscopy (Zeiss, Germany) and
scanning electron microscopy (Gemini 450, Zeiss, Germany).
5.3.5. Lipid entrapment and cumulative release from microbeads

Liposomes were formed as described before with the addition of 0.05 mol% DiD (ThermoFisher,
USA). To calculate the entrapment efficiency of the lipids into the microbeads, the lipid content
before and after crosslinking the alginate ink was measured by fluorescence of DiD with a plate
reader at an emission of 672 nm after the dye was excited at 630 nm. Therefore, the hydrogel beads
were dissolved in extraction buffer (100 mM EDTA (Carl Roth, Germany) and 200 mM sodium
citrate (Merck Millipore, USA)). The extracted solution was further dissolved in DMSO to destroy

the liposomes and then DiD fluorescence was measured as described above. Cumulative lipid
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release was measured by horizontal incubation of DiD-liposome loaded microbeads into a 15 mL
tube containing 10 mL PSF at 37 °C and 200 rpm. At different time points, 1 mL was sampled and
replaced with 1 mL fresh PSF. The fluorescence of the collected sample was measured with a plate
reader as described above. The cumulative release was normalized to the total retrieved DiD

amount in the microbeads.

5.3.6. Cumulative gefitinib release from microbeads

Microbeads containing either gefitinib loaded MLVs or just gefitinib were formed as described
above. Cumulative gefitinib release was measured by horizontal incubation of the loaded
microbeads into a 15 mL tube containing 10 mL PSF at 37 °C and 200 rpm. At different time
points, 1 mL was sampled and replaced with 1 mL fresh PSF. The drug concentration was
measured as described. The cumulative drug release was normalized to the total amount of drug
in microbeads at to. Therefore, the drug was extracted following an established extraction protocol.
In brief, extraction buffer was added to microbeads and vortexed for 20 min. To facilitate the
dissolution of the microbeads the suspension was exposed to a water bath at 65 °C for 5 min.
Dissolved beads were diluted (DF: 5) with DMSO:Chloroform (9:1) and once again vortexed for
15 min. After sonication for 10 min in a 65 °C water bath, samples were centrifuged at 12'000 g
and the supernatant was measured as described.
5.3.7. Stability

Lipid stability and drug encapsulation was assessed over a period of 7 days. To assess the stability
of the respective lipids, liposome aliquots (250 uL) were taken after purification form free drug
for analysis using an HPLC equipped with a charged aerosol detector (CAD, Ultimate 3000,
Thermo Fisher Scientific, USA) at to and t7. Lipid content and chromatograms were compared to

detect potential degradation. Phosphatidic acid (Merck Millipore, USA) was used as internal
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standard to evaluate lipid contents. Microbeads were prepared and gefitinib extracted and analysed
as described above at to and t7 respectively using the same liposome stock hydrated at to. Gefitinib
content retrieved at to and t; were compared to evaluate drug degradation or diffusion into aqueous
phase of the hydrated liposomes during storage at 4°C.
5.3.8. Cell culture

Huh-7 cells (RRID:CVCL 0336) were cultured in low glucose (1.0 g/L) DMEM (Carl Roth,
Germany) supplemented with 10’000 units/L of penicillin and streptomycin (P/S; Gibco, USA),
200 mM L-Glutamine (Sigma, USA), and 10% (V/V) of sterile filtered (0.2 um, cellulose acetate
membrane) fetal bovine serum (FBS; Merck Millipore, USA) at 37 °C in a humidified atmosphere
containing 5% CO.. For cell splits, the cells were washed with PBS, detached with 2 mL Trypsin-
EDTA (0.25%) (Thermo Fisher, USA) per flask and incubated for 4 min at 37 °C.
5.3.9. Quantitation of viable cell number in cytotoxicity assays

Huh-7 cells were seeded at a density of 25’000 cells in a 48-well plate (Faust, Switzerland).
Inserts for 48-well plates (CellCrown, Merck-Millipore, USA) were combined with polyamide
membranes with 50 pm pores (A. Hartenstein, Germany). Cells were treated with free gefitinib (5,
20, 50, 100 uM), different amounts of gefitinib beads (corresponding to 5, 20, 50, and 100 uM
gefitinib), and empty alginate beads for 24 h at 37 °C in a humidified atmosphere containing 5%
COz. To solubilize the free drug, 0.5% (V/V) of DMSO was added. The CCK-8 assay (Merck
Millipore, USA) was used to determine cell viability following the manufacturer’s instructions.
Briefly, the inserts were removed, the cells were washed with PBS and 180 uL medium + 20 pL
CCK-8 solution was added to each well. After further 2 h of incubation at 37 °C and 5% CO,, the
absorbance at 450 nm was measured with a plate reader. The cell viability was calculated with

following equation:
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Cell viability % = 22treatment , 150,
ODpMEM

where “OD treatment” refers to the optical density of the Huh-7 cells treated with the specific
treatment and “OD DMEM?” refers to the optical density of Huh-7 cells treated with the vehicle

(DMEM).

109



5.4. Results

Hydrogel microbeads with two different lipid formulations encapsulating the drug gefitinib were
prepared and evaluated for their suitability for IP administration. Hydrogel microbeads containing
free drug were used as a comparison. Different alginate concentrations were screened and
combined with different lipid formulations. The microbeads were characterized for their
physiochemical characteristics. To determine drug release, peritoneal simulant fluid (PSF) was
used. Proof of concept was performed using Huh-7 cells, an immortalized human hepatic

carcinoma cell line, to determine the dose-dependent cell viability for the drug delivery system.

5.4.1. Microbeads synthesis and physiochemical characterization

Liposomes are often used in the delivery of poorly soluble compounds such as gefitinib. While
these systems are beneficial carriers for poorly soluble drugs the nano scale of said systems is not
suited for an environment with high clearance such as the peritoneal space!'®}l. To reduce the
clearance, larger depot systems within the peritoneum can be used. Alginate hydrogels are
bioorthogonal and biodegradable built by a cross-linked mesh allowing entrapment of liposomal
systems which makes them a suitable candidate. The preparation of these microbeads is presented

in scheme 5.1.
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Hydrogel

Liosome + API Mixing 3D printing Micro Beads

Scheme 5.1. Preparation of microbeads by mixing alginate hydrogel with liposomes
encapsulating gefitinib and 3D printing the formulation.

Liposomes encapsulating the hydrophobic drug were prepared using thin-film method. After
hydration, excessive gefitinib was removed from liposomes using SEC. The main fraction
containing the liposomes was used for further processing (Figure AS.1.). Liposomes were
characterized in terms of their size, PDI, zeta potential and EE%, whereas PDI values indicate a
broad size distribution. This is due to the fact that MLVs are prepared. While size and PDI could
have been more closely controlled by producing SUVs following F/T cycles and extrusion, MLV
have advantageous characteristics. For one, due to the hydrophobic nature of the drug, low
drug:lipid ratios yield high EE% since MLV systems offer many hydrophobic areas to encapsulate
the lipophilic drug within their lamellas. Further, the large size of the MLVs is potentially
beneficial considering the entrapment of the particles within the hydrogel. With the hydrogel
having an average mesh size ranging from 10-100 nm['°! particles with bigger diameters should
be tighter entrapped within the gel. In addition to DPPC, MLVs were also formed from S80, an

essential phospholipid extract from soybean containing 73-79% phosphatidylcholine, for drug
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encapsulation. The reason for using S80 was its cost-effectiveness compared to DPPC, as well as
its fibrosis resolving features, which may be advantageous, particularly following abdominal
surgery®l. Different lipid:drug ratios were evaluated for S80 and DPPC respectively of which low
drug-to-lipid ratios manifested better EE% for the hydrophobic agent as indicated in Figure 5.1A.
Further, comparing the EE% of the different lipids the results indicate a more efficient
encapsulation of the drug for S80 at lower drug:lipid ratios. Hence, the drug-to-lipid ratio had a
bigger influence on the gefitinib encapsulation, compared to the choice of lipids. Nevertheless,
S80 MLVs encapsulated 90% of gefitinib for the 1:30 ratio which is higher than the 75%
encapsulation efficiency obtained with DPPC MLVs. The reason for the better encapsulation
efficiency in S80 MLVs might be due to the presence of non-saturated phospholipids in the
mixture, which make the lipid bilayers more fluid. Hence, a stronger interaction between the drug
and the S80 lipid bilayer might be facilitated leading to an enhanced EE%. Even though, smaller
drug-to-lipid ratios than 1:30 would likely lead to higher encapsulations of gefitinib it would also
hinder the scaling potential, as increasing the gefitinib concentration in the MLVs would lead to
huge lipid amounts rending the liposome formation harder and eventually lead to printing issues
due to the high viscosity. Drug-loaded liposomes were mixed with alginate (3% w/V) after a
screening of different alginate concentrations identified a 3% w/V concentration as most suited for
3D printing. The entrapment efficiency of gefitinib-loaded liposomes in alginate beads is close to
100% for both, S80 and DPPC, as displayed in Figure 5.1B. This indicates that a neglectable
amount of gefitinib was lost during the production process and the entire drug amount was
retrieved. The low entrapment efficiency for free drug (FD) in alginate is most likely due to the
hydrophobicity of the drug. Making it challenging to prepare a hydrophobic agent in a hydrogel

without any suitable carrier. However, this once more indicates the importance of a suitable carrier
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to enable delivery of hydrophobic drugs such as gefitinib. Further, the stability of the lipids, the
drug, and its encapsulation over a period of 7 days was investigated, although liposomes used for
production were always prepared freshly. Regarding lipid stability for DPPC and S80, no lipid
degradation was identified over the studied period of 7 days for both lipids respectively (Figure
AS5.2.). Also, considering the stability of gefitinib and its encapsulation no drug degradation nor

loss in encapsulation within 7 days was detected (Figure AS.2C).
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Figure 5.1. A: 1Encapsulation efficiency (EE%) of gefitinib in DPPC or S80 MLVs with
different drug-to-lipid ratios (mean + SD, n = 4). B: Entrapment efficiency of gefitinib loaded
beads (mean = SD, n = 3).
Further, microbeads were characterized in size, shape, and appearance. Microscopic
measurements of the microbead’s diameter revealed the size distribution as visualized in Figure

5.2. and Table 5.1. The distribution suggests homogeneous distribution during the production and

a favourable reproducibility which is promising considering scaling up the process. Nevertheless,
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the presence of different lipids has an influence on the printability and hence on the size of the
microbeads. This is potentially due to the lipid’s influence on the rheological properties of the ink.
The surface-to-volume ratio (SVR) provides a measure of surface per amount of volume. For a
system with a large SVR such as for S80 microbeads, one would expect a higher surface area and
hence potentially faster release while systems with lower SVR such as DPPC microbeads are
potentially capable to sustain the drug longer. This is mainly due to the exposed surface area and

the diffusion distance a drug needs to travel before reaching the release media.
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Figure 5.2. 2 Microbead diameter for assessed formulations used to calculate the surface to
volume ratio with following formula: SVR = 1/rV. Data represented in as a violin plot (n=60).

Table 5.1. Dimensional characteristics of microbeads.

Bead Diameter [um] SVR | pm_l]
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S80 686 +49 8743 £71

DPPC 712 £43 8424 +61

Empty 714 +86 8404 +20

The morphological difference of the prepared formulation can be observed in Figure 5.3. It is
apparent that S80 and DPPC microbeads have a spherical shape while the shape of the FD
microbeads has minor misshaped areas. Further, the colour of the beads seems to be influenced by
the lipid formulation used. Also, for a minor amount of microbeads air bubbles were entrapped
into the beads as seen in Figure 5.3B. All irregularities on the surface of the microbeads influences
the SVR and thereby potentially the release of the drug since a different amount of surface is
exposed to the release media. Beads were further quantitatively assessed visually for injectability
through an 18G needle within which no differences or irregularities were observed indicating that
the system is suitable for injections (Figure AS.3.). While it is undeniable that injectability is a
favourable feature for such a system one needs to keep in mind that the microbeads can also be
administered directly after necessary surgical removal of metastasis before suturing the wound or
via a peritoneal port ID>10 mm that is introduced after many surgeries of this kind!'*?. For such
routes of administration, the sheer stress to which the microbeads are exposed can be estimated as

low as to be neglectable.

115



40 pm

Figure 5.3.3 Images of microeas afteD priing. A: S80 microbeads (15 mM SO; 3% Alg;
0.5 mM gefitinib). B: DPPC microbeads (15 mM DPPC; 3% Alg; 0.5 mM gefitinib). C: FD
microbeads (3% Alg; 0.5 mM gefitinib). SEM images of dried microbead (15 mM S80; 3% Alg;
0.5 mM gefitinib). D: Surface image of microbeads at a macro scale. E: Micro scale of surface
area shows homogeneous distribution of pores over surface area. F: Pores with a diameter of
~100nm on the surface.

SEM images of the microbeads as shown in Figure 5.3. provide detailed impressions of the
microbead’s surface. While the beads show minor irregularities at the macroscale (D) which might
be caused during printing, the surface at a microlevel (E) seems homogeneous. Zooming in on the
surface area of the beads pores were identified with a diameter of approximately 100 nm (F) which
is in line with previous reporting!!®’l. It is assumed that said pores are small enough to allow
surrounding release media to enter the beads, further increasing the exposed surface area of the
bead. But at the same time, pores of 100 nm are likely capable to entrap larger MLVs and thereby

hinder the lipids to be directly released for the system!*4],
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5.4.2. Drug solubility

The solubility of gefitinib in peritoneal simulation fluid (PSF) provides information on the

limitations of drug release from the delivery system. Commonly, liberation from liposomes is

governed by the availability of suitable binding partners that solubilize the drug in its

microenvironment!!°> 16 Hence, 20% DMSO was added to PSF used to measure the solubility of

gefitinib at physiological temperature (37°C) following a kinetic and a thermodynamic approach

(Table 5.2.). The PSF simulates the peritoneal fluid of a healthy individual regarding, pH, buffer

capacity, glucose, MgCl> and CaCl, content!!®. Considering the nature of gefitinib, pH and

glucose content are drivers of solubility, besides DMSO, as preliminary studies indicated. Further,

it was observed that highest solubilities were achieved when using an excessive amount of gefitinib

that was first encapsulated in liposomes and entrapped in microbeads rather than dissolving an

excessive amount of free gefitinib powder.

Table 5.2. Kinetic solubility of gefitinib vs. Thermodynamic solubility of gefitinib obtained
from release system (Microbeads; 15 mM S80; 3% Alg; 0.5 mM gefitinib). Solubility
assessments were conducted in PSF with or without 20% DMSO (mean + SD, n > 3).

Media Procedure pH Gefitinib solubility [~7]
PSF +20% DMSO Thermodynamic 7.1 23.53 £1.25

PSF +20% DMSO Thermodynamic 7.8 9.22 £2.03

PSF Thermodynamic 7.1 5.20+0.12

PSF + 20% DMSO Kinetic 7.1 13.89 +£1.07

PSF Kinetic 7.1 0.58 £0.25
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5.4.3. Release

To study the microbead’s capability to entrap the loaded liposomes, the lipid release of the system
was measured. DiD, a dye with similar lipophilic characteristics as the evaluated drug, was
encapsulated in liposomes and entrapped in microbeads. Due to the hydrophobic nature of DiD,
said dye remains entrapped in the lipid bilayer and is hence an indicator of lipid release. Figure
5.4. indicates neglectable amounts (<0.1%) of lipid release for both assessed lipids over a period
of 9 days. Similar results were obtained with microbeads filled with 200 nm SUVs, showing a
neglectable liposome release (Figure AS.4.). This finding provides further evidence supporting
the previously proposed assumption that the nanopores, which are approximately 100 nm in size,
on the surface of the microbeads are capable of effectively retaining the MLVs within the alginate
beads. As previously discussed, the retention of liposomes within the microbeads is advantageous

due to the high clearance rate small particles (<1 pm) face within the peritoneum.

Drug release from microbeads was studied in PSF with 20% DMSO at physiological temperature
of 37°C and horizontal shaking to simulate the movement within the peritoneum. Microbeads
entrapping DPPC and S80 liposomes each encapsulating gefitinib were tested. As a control, FD
entrapped in microbeads was used. FD microbeads manifest a burst release of the drug within the
first 4-5 h as indicated in Figure 5.4C. The gefitinib release from DPPC microbeads was sustained
over 3 days, with reaching ~100% and ~80% drug release for DPPC and S80 respectively, after an
initial burst release of approximately 70% within the first 3 h. The retention of gefitinib in the S80
system might be caused by a stronger interaction between the drug and the S80 lipid bilayer and
was not overcome through the slightly bigger SVR compared to DPPC. This would be congruent

with the trend observed in EE%. When comparing the drug release results to the lipid release
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results it is undeniable that the drug leaves the lipidic environment and diffuses through the

alginate into the release media.
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Figure 5.44. A: S80 MLV release from microbeads measured by DiD fluorescence (15 mM S80;
3% Alg; 5 nM DiD). B: DPPC MLYV release from microbeads measured by DiD fluorescence
(15 mM S80; 3% Alg; 5 nM DiD). Results normalized to cumulative content after recovery of
the lipids (mean + SD, n > 3). C: Drug release from 3D printed microbeads (15 mM Lipid; 3%
Alg; 0.5 mM gefitinib) in PSF (mean = SD, n > 3).

Surgical and locoregional treatment of peritoneal metastasis, such as those originating from
colorectal cancer, has gained widespread acceptance following the publication of favourable

patient outcomes by various groups worldwide!!*

. However, the peritoneum can become
damaged due to various factors such as surgical trauma, infection, or exposure to peritoneal
dialysis fluid following said surgical interventions treating peritoneal metastasis!!®” 181, Under

such circumstances, fibroblasts may attach to the fibrin and produce collagen, leading to the

formation of adhesive fibrotic tissuel'””> 181, Hence, the use of S80 is further beneficial due to its
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antifibrotic behaviour as reported by our group!*l. Further, the high availability and low cost of

S80 make it a desirable candidate for further drug development and scale-up.

5.4.4. In vitro

Different concentrations of gefitinib were applied to Huh-7 cells, an immortalized human hepatic
carcinoma cell line, either as free drug in DMEM + 0.5% (V/V) DMSO, or encapsulated in MLVs
entrapped in alginate microbeads without DMSO addition. Hence, for experiments in DMEM, the
solubility did not allow the testing under sink conditions. Further, the presence of Ca*" in all release
media should be highlighted. Considering the crosslinking capabilities of said divalent cation its
presence contributes to the stability of the sodium alginate microbeads within the release media.
Therefore, fast solvation of alginate and thereby burst release of the liposomes was avoided.
Thereby, the integrity of the system was ensured during its lifecycle providing controlled release
and avoiding fast clearance. The cells were treated for 24 h and their viability was measured after
removal of the beads. To avoid unwanted toxicity due to contact between beads and cells inserts
were used to physically separate the beads from the cells, while still ensuring gefitinib to pass

through the insert membrane and be absorbed by the Huh-7 cells.

Concentration-dependent Huh-7 cell death was observed with the gefitinib, both when in its free
form and when released from the microbeads (Figure 5.5.). Higher cell death was obtained if the
drug was released from the microbeads, which can be explained due to cytotoxicity of the beads
themselves, but also due to the solubility of the drug as discussed previously. No DMSO was
needed to help gefitinib be released from the microbeads and transported to the Huh-7 cells. The
sustained released might be enough to avoid having an excessive high free gefitinib concentration

which would lead to precipitation, whereas albumin, the main component of FBS, probably
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facilitated gefitinib transport due to its ability of binding small hydrophobic compounds!®® 20,

Those results lay the foundation for in vivo studies with gefitinib-loaded microbeads, as these
results demonstrate that drug release can induce cell death without the use of an organic solvent to

aid in the solubilization of gefitinib.
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Figure 5.5. 5Cell toxicity of different gefitinib (Gef) concentration on Huh-7 cells (mean &+ SD,
n = 3). Gefitinib was either administered as free drug in presence of 0.5% (V/V) DMSO, or
encapsulated in MLVs entrapped in microbeads, where no DMSO had to be added.

5.5. Conclusion

This study describes a scalable, reproducible, and affordable manufacturing of microbeads
entrapping liposomes loaded with a hydrophobic anti-cancer drug gefitinib. Further, the
microbeads were characterized and found to have nanopores on their surface, which allowed for

drug release while effectively entrapping MLVs. Drug release was assessed in peritoneal
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simulation fluid for two lipids respectively which controlled drug release over a period of 3 days.
Also, the system was tested on relevant cancer cells, potentially present in the peritoneal space.
Test revealed dose dependent cell viability indicating the systems potential to be used as secondary
treatment against adhesion after surgical removal of peritoneal carcinoma and as primary treatment
against cancer and metastasis within the peritoneal space. Hence, microbeads encapsulating
gefitinib-loaded liposomes are a potential alternative to current treatment methods since a
sustained gefitinib release can be achieved in the peritoneum. Furthermore, the liposome-loaded
microbeads are a potential delivery platform for a variety of different drugs or drug combinations,
potentially reducing the cost and time required for drug development and clinical trials. This is
especially relevant considering drugs with challenging physiochemical characteristics such as
hydrophobicity. In conclusion, this study demonstrates the potential of microbeads encapsulating
liposomes loaded with gefitinib as an alternative to current treatment methods, and a versatile

platform for various drugs or drug combinations, ultimately benefiting cancer patients worldwide.
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Chapter 6.

Final Remarks and Future Perspectives
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In our fast-paced society, it is common to experience long and stressful days that leave us tired
and exhausted. As a result, many of us may turn to highly processed foods like fast food or reach
for a glass of wine or beer to relax. While this may not seem like a big issue, if done on a regular
basis, these habits can have significant long-term consequences for our health. The impact of
Western lifestyle and diet on health has been significantly associated with the incidence of chronic
inflammation, obesity, and diabetes!?’!). All these, together with viral infections, autoimmune
diseases, and metabolic disorders are part of the reasons why chronic liver diseases affect over 1.5
billion people worldwide (any stage of disease severity) ending deadly in almost 2 million cases

per year with an increasing tendency!?3: 2022041,

Non-resolved chronic liver injuries lead to liver fibrosis. While early-stage liver fibrosis has been
described to be reversible, there is still a lack of effective treatments available. If left unresolved,
liver fibrosis progresses to liver cirrhosis, liver failure, or even liver cancer, where only a liver
transplantation can save the patient. Hence, there is an urgent need for novel and effective therapies

for fibrosis resolution.

Hepatic stellate cells have been identified as the key player in fibrosis progression due to their
excessive production of extracellular matrix upon activation. This makes them interesting from
both a therapeutic and a diagnostic perspective. Our group developed polyenephosphatidylcholine-
rich formulations (S80-based) that showed beneficial effect in fibrosis resolution in an in vitro
model of human liver fibrosis!*’l. Building upon those finding, our group demonstrated differently
released EVs from LX-2 cells (immortalized human HSCs) and fibrosis-resolving potential in EV's

released from S80 treated HSCs%!,

We aimed with the present work to create a feasible bioderived therapeutic for chronic liver

diseases inspired by EVs. Therefore, we formed artificial EVs, termed cell-derived nanovesicles
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(cdNVs) from differently pre-treated LX-2 cells and checked if they preserve the fibrosis-resolving

features as observed for EVs.

In Chapter 2 we established, through systematically testing different cell lysis methods, an
upstream pipeline for the formation of cdNVs. Characterization by DLS and NTA revealed the
formation of nanosized particles with a homogenous size distribution and a negative surface
charge. The upstream process was applicable on differently pre-treated LX-2 cells resulting in
particles with the same physical characteristics. Generated particle amount could be increased by
increasing the starting cell concentration pre-lysis. Genotypical assessing of cdNV treated LX-2
cells revealed the formation of lipid droplets, hinting a quiescent-like transformation, implying
preserved activity after formation. Dilution experiments showed a moderate correlation between
lipid droplet formation and particle concentration. However, anti-fibrotic pre-treatment of LX-2
cells prior cdNV formation did not seem to enhance fibrosis resolving potential. But before further
activity investigations could be performed, a downstream pipeline for the purification of cdNVs

had to be established.

Chapter 3 describes the establishment of a purification and enrichment procedure of freshly
formed cdNVs. The process resulted in retainment of 40% of freshly formed cdNVs, while
removing over 95% of the proteins, and sterilize the particles. Additionally, pelleting the cdNVs
did allow to rehydrate them in the medium/buffer of choice with different volumes, depending on
the targeted final concentration. Transmission electron microscopy confirmed a round morphology
of the particles. Physicochemical characterization showed a homogenous nano-sized population
and the presence of particle associated proteins and nucleic acids. The purification process was
reproducible with cdNVs derived from differently pre-treated LX-2 cells yielding approximately

10°000 cdNVs/LX-2 cells in all tested conditions. Together with Chapter 2, Chapter 3 laid the
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foundation required for more comprehensive and in-depth activity studies on cdNV treated LX-2

cells.

Built upon the formation and purification of cdNVs, in Chapter 4 we were able to genotypically
and phenotypically assess fibrosis resolving potential of cdNVs from differently pre-treated LX-2
sources. Naive LX-2 cells restored lipid droplets upon treatment with cdN'Vs. The quiescent-like
genotype was confirmed phenotypically by qPCR, observing an increase in PLIN2 mRNA
transcription, which codes for the adipose differentiation-related protein involved in the storage of
lipid droplets. Additionally, a decreased expression in the two fibrotic mRNA markers COL1A1
and SPARC was detected. The change in fibrotic markers was also observed upon cdNV treatment
of perpetuated LX-2 cells. The activity was found to be concentration dependent with a bigger

effect for higher cdNV doses.

Treatment of perpetuated LX-2 cells with sn after normalizing the protein concentration in the
soluble factors, collected during purification, to the protein concentration in the used cdNV doses
did not result in transcriptional change of the selected markers. However, we measured a
concentration-dependent change in fibrotic markers when testing higher amounts of soluble

factors, indicating the presence of biologically active molecules in the sn.

We evaluated the role of the cdNV lipids in the fibrosis resolving activity. Therefore, we formed
cdNV-liposomes (cdNV-L) from cdNV extracted lipids which showed (almost) no protein content.
Treatment of perpetuated LX-2 cells with cdNV-Ls did lead to a small increase in PLIN2 mRNA.
However, this was not enough to trigger an anti-fibrotic response, even though it was described as
a fibrosis resolving driver by Friedman in 201054, On the contrary, while the COL1A1 mRNA
expression was not affected, an increase in SPARC mRNA transcription was observed for all tested

cdNV-L concentrations. Moreover, cdNV-L showed a significantly lower uptake into LX-2 cells
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compared to cdNVs, proving the importance of the membrane composition for particle uptake
making a strong case for a preserved homing effect in cdNVs. Particle uptake was increased upon
perpetuation of LX-2 cells which might be related to a slight increase in cell membrane fluidity

compared to naive cells*’].

Restoring a surface corona on cdNV-Ls by incubating them with the soluble factors of the sn did
not increase the particle uptake, but if a high protein concentration (~10x higher than on cdNVs)
was used, anti-fibrotic properties were restored underlined by a decrease in COL1A1 and SPARC
mRNA transcription. Thereby, a synergistic effect of soluble factors and particles was detected, as
the fibrosis-resolving properties of the sn were enhanced in presence of the particles. Hence, it
seems that the surface corona is mainly responsible for the transcriptional changes in perpetuated
LX-2 cells, whereas the vesicles are important for the presentation of this surface corona, as the
soluble factors in absence of particles lead to a smaller effect. Further, the lipids of the cdN'Vs have

a beneficial effect by enhancing the PLIN2 mRNA expression in treated LX-2 cells.

LX-2 cells display different expression profiles of fibrotic markers upon treatments with DMEM,
RolPA, S80, or TGF-B:1. However, despite the different cdNV conditions tested, the transcriptional
changes measured in LX-2 cells upon administration were similar. Although there were minor
differences between the treatments, these variations were likely due to the inherent biological
variability of the treated cells rather than the origin of the cdNVs. The reason for this is unclear,
still, it highlights the importance of comprehending the underlying factors responsible for the

fibrosis-resolving activity.

Our results unveil promise in using cdNVs for chronic liver diseases, linking their activity to a

functional corona, contributing to the research on artificial EVs for regenerative medicine.

127



Nevertheless, there are various needs of follow-ups of this work to understand the full potential of

c¢dNVs for chronic liver diseases.

Aggregation and variability of cdNV formation indicate that the upstream process can be
optimized. Performing the extrusion at 4 °C, as well as introducing smaller pore sizes during serial
extrusion might increase the yield. Besides, the effect of freeze/thawing and sonication on the
activity of cdNVs should be explored to understand if the activity is altered, as those two
techniques proved to enhance the formation procedure. Due to the limitations of simple 2D cell
culture, such as insufficient cell expansion, a scalable upstream pipeline for cdNV production
requires investment in bioreactors. Optimization of the downstream purification procedure can be
considered as well. Almost all proteins were removed, however observing the importance of the
surface corona for cdNV activity calls for gentle purification techniques, as well as potentially the
use of less pure samples. Understanding which proteins are crucial for the activity would help
optimize a purification protocol, trying to ensure that those proteins remain on the particle. Further,
UC as well as DGC are not very suitable for up-scaling to an industrial level. Continuous flow
ultracentrifugation can improve the scalability, but the most suitable technique for a gentle and

scalable purification allowing the process of thousands of litres is TFF.

However, most of the follow-ups are needed in the activity studies of cdNVs. We do not know
for how long the transcriptional changes remain in LX-2 cells and to which extent resolution can
be achieved. Also, we looked at lipid droplets and three fibrotic markers to assess the cell state,
but in reality, more than 150 genes are altered in HSCs upon fibrosis formation'% 7!, Hence, to
really understand the state in which LX-2 cells are upon treatment with cdN'Vs transcriptomics, as
well as proteomics would be needed. This should also answer the question if cdNVs from

differently pre-treated LX-2 cells lead to different outcomes in treated LX-2 cells.
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Further characterization of ¢cdNVs is needed to understand what the active molecule(s) are.
Lipidomics, transcriptomics, proteomics, and glycomics would help identify active compounds

which could be enriched by adjusting the upstream and downstream procedures accordingly.

The observed homing effect would have to be confirmed by in vivo studies which can also reveal
if other beneficial properties of EVs, such as low immunogenicity and increased bioavailability,

are preserved.

Although a high cdNV concentration was necessary to induce a translational change, making it
unsuitable for human therapy, cdNVs' potential homing effect makes them an interesting carrier
for transporting potent drugs, siRNAs, miRNA, or other beneficial molecules in fibrosis resolution
to HSCs. As a result, further experiments into the use of cdNVs as a drug delivery system could
help the development of effective anti-fibrotic therapies. The particles can be loaded with drugs
post purification, such as performed with DiR in this study, if very hydrophobic molecules are
used. Passive encapsulation of small molecules during the serial extrusion procedure or, more
complicated, engineering of the originating LX-2 cell leading to the overexpression of specific
molecules, can be performed. Loading of small RNAs could be achieved e.g., by electroporation
as already performed for EVsi2%®l. The negative surface charge of cdNVs could also be exploited
for encapsulation, as it is usually easier to incorporate drugs, nucleic acids, and proteins into
liposomes, which if positively charged can be fused with the cdNVs leading to hybrid particles.

Of course, additional studies would be needed to see how those particles behave in vivo.

Even though, still at a very early research state, I believe that artificially created extracellular
vesicles will play an important role in personalized regenerative medicine. Gaining more and more

knowledge on EVs, which are able to functionally transport a variety of molecules throughout the
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body, coupled with decades of research on synthetic nanoparticles, holds great promise for the

creation of hybrid particles with the potential to cure various diseases.

A very promising study for future usage of cell-derived nanoparticles in medicine was published
on December 25, 2022. In this study, a scalable and GMP-compliant pipeline was established for
the formation of cdNVs from mesenchymal stem cells using serial extrusion and TFF®°!, This kind
of publication will drive the field in the right direction enabling more and more clinical studies to
be started involving artificial EVs and hybrid particles with the goal to cure patients from various

diseases.

Additionally, we created a platform for the delivery of various compounds to the peritoneum
using adaptive manufacturing, which enables a scalable, fast, and highly reproducible production.
The printed bioorthogonal and biodegradable microbeads did not release any liposomes, no matter
which size was tested, but still allowed for a sustainable drug release. Gefitinib was used as a
model drug and concentration-dependent cell death in the hepatocarcinoma cell line Huh-7 could
be shown. Varying the alginate concentration could be used to change the release profile of lipids
and drugs, but further testing is needed to fully understand the influence of the alginate
concentration on the release and stability. The platform can be used to target the liver via the
peritoneum with different compounds. For example, while HSCs are targeted by cdNVs through
the systemic circulation other compounds could be released in the peritoneum targeting e.g.,
hepatocytes leading to a simultaneous fibrosis-resolving effect in several cell types involved in
fibrosis. But the potential of this platform is not only suitable for liver fibrosis, but generally for
peritoneal fibrosis and all other diseases, such as endometriosis and metastatic cancer, that can be

targeted through the peritoneum.
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Figure A2.1. Cell-derived nanovesicles (cdNVs) formed through serial extrusion.

a, Particle concentration obtained after serial extrusion (5x 10 um, 5x Spum, 5x 1 pum) normalized to
the starting amount of LX-2 cells (mean + SD, n > 2). For this experiment the Lipex extruder was
used, as it was almost impossible to extrude more than 5x10° cells/mL by hand. Even with the Lipex
extruder the pressure increased almost to 50 bar for the extrusion of 10x10° cells/mL, therefore
observed a bigger variation in particle yield. b, Sample weight loss during serial extrusion with the
hand extruder normalized to the starting weight of the non-lysed sample (mean + SD, n = 4). For this
experiment 5.0 x 10° cells/mL were used.
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Microscopy image analysis

Microscopy images were analysed using the open-source FIJI software with scripts programmed
with Java language. First, the images obtained from the Nikon Ti-U microscope were split into the
three separate channels (DAPI, TXxRED, Bright Field (BF)) and saved separately as Tiff using

following script:

input_path = getDir("choose directory"); //raw image files

locationDAPI = getDir("choose directory"); //folder to save channel 1 (DAPI)
locationTxRED = getDir("choose directory"); //folder to save channel 2 (TXRED)
locationBF = getDir("choose directory"); //folder to save channel 3 (BF)

fileList = getFileList(input_path);

for (i = 0; i < fileList.length ; i++) {
complete_path = input_path + fileList[i];

non

run("Bio-Formats", "open=[complete_path] autoscale color_mode=Default rois_import=[ROlI manager]
view=Hyperstack stack_order=XYCZT");

title = getTitle(); //gets the name of the image

print("title: " + title);

run("Split Channels"); // splits image into separate channels

selectWindow("C1-"+ title);

saveAs("Tiff",locationDAPI + title + " _DAPI"); //adds " _DAPI" to the name of the image for channel 1
selectWindow("C2-"+ title);

saveAs("Tiff",locationTxRED + title + "_TxRED"); //adds "_TxRED" to the name of the image for ch. 2
selectWindow("C3-"+ title);

saveAs("Tiff",locationBF + title+ "_BF"); //adds "_BF" to the name of the image for ch. 3

run("Close All"); //closes all windows opened by Fiji

After the images were separated into each channel, the histogram of every single TXRED image

was checked. To get all histograms and save them as csv files following script was used:
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nBins = 256;
input_path = getDir("choose directory"); //folder with the images of the corresponding channel
locationHistogram = getDir("choose directory"); //folder were all the histogram files should be saved (csv)

fileList = getFileList(input_path);

for (a = 0; a < fileList.length ; a++) {
complete_path = input_path + fileList[a];
open(complete_path);
title = getTitle();

print("title: " + title);

run("Clear Results");
row =0;
getHistogram(values, counts, nBins); //Histograms for all images are gathered
for (i=0; i<nBins; i++) {
setResult("Value", row, valuesli]);
setResult("Count", row, countsli]);
row++;
}
updateResults();
saveAs("Results", locationHistogram + fileList[a] + " _histogram.csv"); //histograms are saved as csv

}

run("Close All");

The collected histograms were used to normalize the images by setting the max value (always
background) to the value of 1300 [a.u.] (only for 10x images). Afterwards, the normalized images

were used to analyse the total area of lipid droplets using following script:

title2 = "NVAXXX"; //name of experiment
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input_path = getDir("choose directory"); // Folder with the normalized TxRED images

location = getDir("choose outputDir"); // Folder to save the result file (single images, as well as summary) (csv)
location1 = getDir("choose outputDir"); // Folder to save the mask created out of the image by Fiji

fileList = getFileList(input_path);

min_value = 1800; //min value of Threshold

max_value = 60000; //max value of Threshold

for (i = 0; i < fileList.length; i++) {
complete_path = input_path + fileList[i];
open(complete_path);
title = getTitle();
print("title: " + title);
setAutoThreshold("Default");
run("Threshold...");
setThreshold(min_value, max_value);
setOption("BlackBackground", false);
run("Convert to Mask"); //creates a mask to measure the average of the surface that is included in the threshold
selectWindow(title);
run("Analyze Particles...", "size=12-3000 pixel show=0utlines display clear summarize");
selectWindow(title);
saveAs("Tiff",locationl + title);
saveAs("results", location + fileList[i] + "_results.csv"); //saves the area of lipid droplets for each single image as csv
run("Close All");
1
Table.rename("Summary", "results");

saveAs("results", location + title2 + "_summary.csv"); //saves the area of lipid droplets for each single image in one
summary csv file
The cell number was counted by using the DAPI channel images with following script:

title2 = "NVAXXX"; //name of experiment
input_path = getDir("choose directory"); // Folder with the DAPI images

location = getDir("choose outputDir"); // Folder to save the result file (single masks, as well as summary) (tif/csv)
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location1 = getDir("choose outputDir"); // Folder to save the drawings created out of the image by Fiji

fileList = getFileList(input_path);

for (i = 0; i < fileList.length; i++) {
complete_path = input_path + fileList[i];
open(complete_path);

title = getTitle();

print("title: " + title);

setAutoThreshold("Huang dark");

setOption("BlackBackground", false);

run("Convert to Mask");

run("Fill Holes");

run("Watershed");

run("Analyze Particles...", "size=12-Infinity pixel show=0utlines display clear summarize");

saveAs("Tiff" locationl + title + "_drawing");

close();

selectWindow(title);

saveAs("Tiff" location + title);

close();

1

Table.rename("Summary", "results");

saveAs("results", location + title2 + "_summary.csv");

Finally, to calculate to analyse how much lipid droplets [um?] per cell was present (ORO FRI),
the total area of lipid droplets was divided by the cell count of each single image. By using
scripts, the image analysis could be scaled without losing time through manual processing.
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Figure A3.1. cell-derived nanovesicles (cdNV)stability and recovery after high-speed centrifugation.

a, Freshly extruded cdNVs were filtered (0.22 um, regenerated cellulose) and stored in Axygen
reaction tubes on ice or at room temperature (RT). The cdNV concentration was measured every 30
min and normalized to the starting amount. Particles are more stable on ice than at RT (mean = SD, n
=2). b, cdNVs were centrifuged at 9°000 g for 30 min to remove aggregates. The pellet concentration
was normalized to the starting amount (mean = SD, n = 10). The particle recovery was very low, this
could have several reasons such as coprecipitation during centrifugation. Also, the centrifuge could
not be cooled and had to be performed at RT. Hence, after 30 min at least 25% particle removal was
to be expected.
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Table A3.1. Particle and protein recovery after size exclusion chromatography (SEC).

a
Average [%] SD [%] SD% n
fr. 6 32.6 15.6 47.8 9
fr. 7 44 .4 19.7 442 9
fr. 8 8.4 6.7 79.6 9
fr.6+7 77.0 16.7 21.7 9

b
Average [%] SD [%] SD% n
fr. 6 4.2 1.6 36.8 8
fr.7 5.1 1.6 322 8
fr. 8 2.1 1.0 49.4 8
fr.6+7 8.7 2.5 28.5 8

a, The recovery of cell-derived nanovesicles (cdNVs) after size exclusion
chromatography (SEC) in the three primary particle fractions (fractions 6-8) was
measured. The average and standard deviation (SD) of nine replicates are presented along
with the percentage value of the SD from the average (SD/average * 100%) to illustrate
that the SD was small when fractions 6 and 7 were combined, and that the variation in
individual fractions was primarily due to manual fraction collection. b, The protein
recovery was evaluated in the three primary particle fractions (fractions 6-8) after size
exclusion chromatography (SEC). The low protein content indicated effective particle
purification. The protein levels appeared to be associated with the particles, as they
declined and then increased again from fraction 11 onwards.
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Figure A3.2. Scaling of size exclusion chromatography (SEC).

By maintaining the loading volume at 2 mL, the loaded particle and protein amount was augmented
from 2.3 x 10'! £ 0.7 x 10" cell-derived nanovesicles (cdNVs) and 1145.00 + 188.13 g protein to
8.0x 10! cdNVs and 2240 pg protein, indicating that SEC can separate soluble proteins from particles
even at high concentrations (mean = SD, n = 2-3).
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Figure A3.3. Evaluation of ultracentrifugation (UC).

a, Recovery of cell-derived nanovesicles (cdNVs) and proteins in the pellet and supernatant (sn) of
samples after UC at two different speeds (100'000 g and 170'000 g) that underwent pre-purification
by density gradient ultracentrifugation (DGC) (n = 1). UC with 100°000 g led to most particles
remaining in the sn and UC with 170’000 g led to particle bursting. b, Protein concentration in the
sample after DGC and after DGC + size exclusion chromatography (SEC) prior UC (mean + SD, n =
3). ¢, The purification factor (pf) was calculated with following formula:
cdNVs(pre purification)
pf = protein (pre purification)[ug]

cdNVs(post purification)

protein (post purification)|[ug]

With the pf the purification efficiency of the two purification processes could be compared. Including
SEC in the purification process barely increased the pf, this was due to the decreased particle yield
compared to DGC + UC only (mean + SD, n > 3) (Welch’s t-test). d, The stability of cell-derived
nanovesicles (cdNVs), which were filtered (0.22 um regenerated cellulose), was investigated after
subjecting them to DGC, DGC + UC (DGC pellet), and DGC + SEC + UC (DGC + SEC pellet)
purification processes. The concentration of cdNVs was measured before and after 14 h (overnight)
of storage at 4 °C. The results indicate that the purity of cdNVs is inversely proportional to their
stability (mean = SD, n > 4) (Ordinary one-way ANOVA with Tukey post hoc test; ** p- value =
0.0097). e, The protein content in the pellet and sn obtained after DGC and UC was measured and
normalized to the number of LX-2 cells used. The sn showed a higher protein content compared to
the cdNV pellet. (mean + SD, n = 3) (Ordinary one-way ANOVA with Tukey post hoc test; ** p-
value = 0.007). f, The RNA content in the pellet and sn obtained after DGC and UC was measured
and normalized to the number of LX-2 cells used. The cdNV pellet tends to have a higher RNA content
compared to the sn. (mean + SD, n = 3) (Ordinary one-way ANOVA).
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Figure A4.1. Cellular particle uptake.

a, Gating strategy used to analyse the FACS data by FlowJo. First plotted SSC-A vs FSC-A to select
the LX-2 cells (in gate: 75.7% + 4.9% for naive cells; 73.5% + 4.5% for perpetuated cells). Secondly,
selected the alive cells by plotting PI-A against FSC-A (in gate: 94.0% = 10.4% for naive cells; 96.4%
+ 4.0% for perpetuated cells) Thirdly excluded all aggregates by selectin only single cells through
plotting FSC-W against FSC-A (in gate: 92.0% + 1.6% for naive cells; 94.8% + 1.5% for perpetuated
cells). Last, plotted the DiR positive cells in a histogram against APC-Cy7-A. To select the DiR-
positive cells, treated LX-2 cells with non-labelled particles and therefore measured no fluorescence
with the APC-CyT7 filter. b, Comparison of the PLIN2 mRNA transcription change in perpetuated LX-
2 cells after treatment with cdNV, cdNV-L, PL, and PL 200 with the cellular particle uptake
differences in perpetuated LX-2 cells. Enhanced particle uptake led to bigger PLIN2 mRNA
expression increase (mean = SD, n < 3).
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Figure A4.2. Purification and characterization of cdNVs.

a, Particle and protein recovery during purification of cdN'Vs normalized to values obtained after 10
um extrusion (dgUC, density-gradient ultracentrifugation fractions) (mean = SD, n < 6). b, Mean
diameter of purified cdNVs derived from differently treated LX-2 cells (mean = SD, n < 4). ¢, Zeta
potential of purified cdNVs derived from differently treated LX-2 cells (mean + SD, n = 4).
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Figure A4.3. Effect of cdNVs on naive LX-2 cells.

a, Cell viability of naive LX-2 cells treated with 4.5 x 10'° cdNVs/mL derived from TGF-B1 or S80
treated LX-2 cells (mean + SD, n < 3) (p-values from ordinary one-way ANOVA with post post-hoc
Tukey test in supplementary table SY5) b, ORO fluorescence normalized to the cell count in the DAPI
field (FRI) and normalized to the ORO FRI of DMEM. Comparison of naive LX-2 cells treated either
with 4.5 x 10'° S80 liposomes/mL, or with 4.5 x 10'° cdNVs/mL (mean + SD, n < 4) (p-values from
ordinary one-way ANOVA with post post-hoc Tukey test in supplementary table SY) ¢, Relative
mRNA transcription in naive LX-2 cells of three fibrosis markers (COL1A1, SPARC, PLIN2)
normalized to GAPDH mRNA transcription and normalized to the DMEM condition after treatment
with either 4.5 x 10'° cdNVs/mL or 4.5 x 10'° S80 liposomes/mL (mean = SD, n < 3) (p-values from
ordinary one-way ANOVA with post post-hoc Tukey test in supplementary tables SY2/3/4)
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Table A4.1. Protein amount of cdNV particles.

c¢dNVs/mL Protein concentration [ng/mL] SD [pg/mL] Protein [ng] SD [pg]
A L.SE+10 195 6.7 9.8 3.4
B 3.0E+09 3.9 1.3 2.0 0.7
C 6.0E+08 0.8 0.3 0.4 0.1

The amount of protein present in each of the three tested cdNV dosages (mean + SD, n = 13). Total
protein amount of cdNVs, obtained with a micro-BCA assay kit, was divided by the total particle
amount of cdNVs, obtained through NTA, and multiplied by the particle amount of the respective
dosages A, B, and C.
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Figure A4.4. Comparison of cdNVs and S80 liposomes induced response in activated LX-2 cells.
Relative mRNA transcription in TGF-B1 activated LX-2 cells of three fibrosis markers (COL1AI,
SPARC, PLIN2) normalized to GAPDH mRNA transcription and normalized to the DMEM condition
after treatment with three different cdNV and S80 liposome concentrations (A = 1.5 x 10!
particles/mL; B = 3.0 x 10% particles/mL; C = 6.0 x 10 particles/mL) (mean £ SD, n < 3) (p-values
from ordinary one-way ANOVA with post post-hoc Tukey test in supplementary tables SZ2/3/4)

The anti-fibrotic response in activated LX-2 cells is stronger after cdNV treatment compared to S80
liposome treatment.
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Figure A4.5. Correlation between mRNA expression and sn respectively cdNV concentration.
a, Linear correlation of relative mRNA transcription in TGF-B1 activated LX-2 cells of three fibrosis
markers (COL1A1, SPARC, PLIN2) normalized to GAPDH mRNA transcription and normalized to
the DMEM condition after treatment with sn containing increasing protein amounts (mean = SD, n <
3).

b, Linear correlation of relative mRNA transcription in TGF-B1 activated LX-2 cells of three fibrosis
markers (COL1A1, SPARC, PLIN2) normalized to GAPDH mRNA transcription and normalized to
the DMEM condition after treatment with three different cdNV concentrations (A = 1.5 x 10'°
cdNVs/mL; B =3.0 x 10% ¢cdNVs/mL; C = 6.0 x 10°® cdNVs/mL) (mean + SD, n = 3).

Overall, cdNVs show a higher correlation compared to sn. As the mechanism of activity and active
substances are unknown a linear correlation based on protein concentration alone might not be the
best fit for the sn.

145



<
()
21001 1007 — cdNV-L
>
X 807 801
g ] ]
2 601 601
) ] ]
() J i
N 1 ]
= 407 40
S ] ]
S i 4
e 207 201
- 1 4
) ] |
‘g 0 T T 0' T T T T T T
= 10 100 1000 10000 10 100 1000 10000
z
Size [nm ] Size [nm ]

Figure A4.6. Characterization and activity of proteoliposomes.
Size distribution of cell-derived nanovesicle (cdNV) liposomes (cdNV-L) compared to
proteoliposomes with low and high protein corona contents (PL and PL_200) (mean + SD, n = 3).

Statistics

All p-values of post-hoc Tukey tests are found under https://doi.org/10.5281/zenodo.7794261.
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Figure AS.1. Elution profile of Liposomes (MLVs) and gefitinib from G-25 column (mean +
SD, n > 3).
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Figure AS5.2. A: Stability studies of S80 MLVs. B: Stability studies of DPPC MLVs. C:
Encapsulation efficiency of gefitinib over time.
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Figure A5.3. 6Injectability of beads, A: 3D printed beads (0.5 mM gefitinib; 15 mM S80; 3% Alg)
before injecting. B: 3D printed beads (0.5 mM gefitinib; 15 mM S80; 3% Alg) after injection
through an 18G needle.
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Figure A5.4. A: S80 SUV release from microbeads measured by DiD fluorescence (15 mM S80;
3% Alg; 5 nM DiD). B: DPPC MLYV release from microbeads measured by DiD fluorescence
(15 mM S80; 3% Alg; 5 nM DiD). Results normalized to cumulative content after recovery of
the lipids (mean = SD, n > 3).
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Abbreviations

Adipose differentiation-related protein
Cell-derived Nanovesicles

Collagen Type I Alpha 1 Chain
4',6-diamidino-2-phenylindole

Density gradient ultracentrifugation
Dynamic light scattering
Dipalmitoylphosphatidylcholin
Extracellular vesicles

Fetal Bovine serum

Glyceraldehyde 3-phosphate dehydrogenase
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer
Hepatic stellate cells

Intraperitoneal

Non-alcoholic fatty liver disease
Non-alcoholic steatohepatitis

Nanoparticle tracking analysis

Oil Red O
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sn
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S&0
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Treatment: DMEM

Treatment: HEPES

Treatment: PBS

Treatment: RolPA

Treatment: S80

Treatment: TGF-;

UC

Phosphate buffered saline

Perilipin 2

Peritoneal simulation fluid

Regenerated cellulose

Retinol + palmitic acid

Size-exclusion chromatography

Supernatant

Secreted protein acidic and rich in cysteine

Soybean phospholipid with >75% PC

Transforming growth factor beta 1

Serum free cell culture medium

HEPES 1 mM in DMEM, negative control to S80

PBS in DMEM, negative control to supernatant

10/300 uM Rol/PA in DMEM

S80 5 mM S80 in DMEM

10 ng/mL TGF-B1 in DMEM

Ultracentrifugation
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