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Introduction

Myocardial infarction (MI) is one of the leading causes of death in the western world!. MI is
induced by occlusion of one or more coronary arteries that supply oxygen to the heart, resulting
in necrosis and apoptosis of cardiomyocytes that are highly dependent of oxygen. As a result,
different molecular and cellular mechanisms are activated roughly in two phases. First, as
necrotic cardiomyocytes release danger signals into the myocardium, the immune system is
activated via toll-like receptors and complement activation®. This inflammatory response causes
the attraction of neutrophils and monocytes to the infarcted area and is necessary to remove
cellular debris. An overactive immune system can promote further tissue damage and infarct
expansion®. The second step is a reparative phase characterized by activated fibroblasts
(myofibroblasts) that produce excessive amounts of extracellular matrix, resulting in the
formation of scar tissue®. Initially this scar tissue replaces the lost cardiomyocytes and provides
strength to the heart to maintain its integrity, however, later progressive matrix deposition by
activated myofibroblasts might lead to myocardial stiffening and impaired contraction. Since the
initial myocardial damage is caused by a perfusion defect, stimulating neovessel formation or
promoting arteriogenesis could contribute to cardiac regeneration®®. Cardiac repair mechanisms
may be improved by interfering in these reparative mechanisms that play a role after MI by
down-tuning the dentrimental processes, such as cardiomyocyte apoptosis, the inflammatory
response, and fibrosis, and promoting further reparative signals like angiogenesis (Figure 1).

Of all patients that suffer from MI, approximately 25% will develop heart failure within one year’.
Currently, the only long-term treatment option for heart failure patients is heart transplantation,
but donor availability is limited. Although patients waiting for heart transplantation can benefit
from a left ventricular assist device (LVAD) taking over the pump function of the heart, this is
usually a temporary solution®. Therefore, new treatment options are explored to replace the lost
cardiomyocytes and improve contractility in cardiac diseases, especially for heart failure patients.



Diseased heart Healthy heart

Lower inﬂammatory response

o

Cardiomyocyte survival Vessel formation Fibrosis reduction

Figure 1 Processes that need additional adaptations to further induce cardiac repair after myocardial
infarction. Adjusted from Servier Medical Art at www.Servier.com, licensed under a Creative Commons Attribution 3.0
Unported License.

Cardiac progenitor cells as potent potential cell type for myocardial repair

One of the first authors describing the existence of cardiomyocyte regeneration was Oberpriller
et al’. Amputation of the ventricular apex of the newt heart resulted in the renewal of
cardiomyocytes by re-entry into the cell cycle and proper engraftment in the myocardium. Also
resection of the ventricular apex in zebrafish resulted in complete apical regeneration, mainly
due to proliferation of progenitor cells in the heart and possibly also by dedifferentiation of
residing cardiomyocytes'*'".

For decades it was believed that the mammalian heart had no regenerative capacity. Recent
studies provided evidence for a limited but true regenerative potential of the heart™™.
Bergmann et al. demonstrated the ability of the heart to regenerate by quantifying carbon-14
incorporation into the DNA of human cardiomyocytes®. Approximately 1% of the
cardiomyocytes is renewed at an age of 25; this capacity is fast reduced upon aging and in sharp
contrast to cardiac resident non-cardiomyocytes with a renewel rate of approximately 15%".
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Recently, a human case study of a newborn reported functional recovery of the human heart
suffering from MI at this early age'®. As a result of these observations, several new strategies
have been explored to stimulate the regenerative capacity of the mammalian heart.

One of the strategies is the use of progenitor cell treatment as potential therapy to improve
cardiac repair and prevent further damage in cardiac diseases. Several cell sources have been
studied over the years and used to stimulate myocardial repair; these so-called first generation

7719 and mesenchymal

patient-derived cells include bone-marrow mononuclear cells (BM-MNCs)
progenitor cells (MSCs)?®?'. The use of BM-MNCs and MSCs for cardiac repair are explored
extensively due to their quick and relative easy clinical application. Furthermore, large numbers
of cells could be achieved by culturing MSCs under good manufacturing practice conditions for
clinical use??’. Meta-analysis of pre-clinical and clinical studies showed that injection of MSCs,
in contrast to BM-MNCs, resulted in beneficial effects on cardiac function®**. MSC therapy was,
however, limited to its potential to activate endogenous repair systems in the heart®. More
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recently, second-generation cells, including cardiac-derived progenitor cells (CPCs)
induced pluripotent stem cell (iPSC)-derived cardiomyocytes®™, have gained interest as a cell
source for myocardial repair, mainly because of their promising regeneration capacity and their
intrinsic ability to form contractile cells. iPSC-derived cardiomyocytes are cardiomyocytes
generated by reprogramming fibroblasts to pluripotent stem cells using several transcription
factors®™*. Despite their true potential to form cardiomyocytes, the main effect of second-
generation cells, observed upon cardiac transplantation, has been of paracrine origin. Excellent
recent reviews describing the most relevant results and current limitations of cell-based
therapies have been recently reported®>**,

The existence of progenitor cells in the heart was first described by Beltrami et al.”®, but since
then several cardiac progenitor cell populations have been identified®®>°. CPCs are potentially
the most promising adult cells for cardiac therapy as they can generate all cardiovascular
lineages in vitro and in vivo’’*>?®. Since they originate from the heart itself, CPCs may be
destined to activate endogenous repair mechanisms. Therefore, CPCs hold greater cardiac

regeneration potential compared to BM-MNCs or MSCs.

In different animal models for myocardial infarction, injection of CPCs increased cardiac
performance® . However, although cardiac function was improved, cell engraftment of the
injected cells in the myocardium was low, as indicated before for BM-MNC and MSCs. To
stimulate cell survival upon myocardial injection, pre-treatment of CPCs with e.g. pim-1 or
necrostatin-1 before CPC injection has been investigated*"*>. To further improve cell retention
and prevent immediate flush-out®, different approaches have been investigated, e.g. the use of
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cell clusters or a combination of cells with microcarriers™*. These approaches resulted in



increased cell retention and survival, however, the additional beneficial effects on cardiac
function was minimal.

Comparison of CPC types

Although the heart has poor regenerative potential, many cardiac progenitor cell types have
been identified based on marker expression/morphology, including Scal+, c-kit+, cardiosphere-
derived cells (CDCs) and cardiospheres (CSPs), and all these types can be isolated from the heart
successfully’®>°. As the existence of so many CPC populations is counterintuitive, Gaetani et al.
have compared the different CPC types®. Using their individual isolation methods, several of
these progenitor cell types have been cultured and the gene expression profiles were compared
to define differences between culture propagated CPCs. The gene expression profile of CSPs was
most distinct from the Scal+, c-kit+, and CDCs, most likely due to the monolayer and 3D culture
conditions. Additionally, the difference between individual patients was larger than differences
between different cell types from a single individual and expression partners are highly
overlapping. Interestingly, when these cells were freshly isolated directly from the rodent heart
some differences could be observed, indicating that c-kit positive cells were the most primitive
progenitor cell”’. However, this difference is abolished upon culture propagation. Furthermore,
Zwetsloot et al. recently compared effect sizes of different types of CPCs*, and observed that
small differences in effect size can be found based on cell type; CSP treatment resulted in the
largest increase in ejection fraction after injection in different animal models compared to e.g.
Scal+ and c-kit+ CPCs, that showed a lower increase in cardiac function. Therefore, the mode of
action of different CPC types on the myocardium is largely similar, although slight variations in
effect size and transcriptome are described. Interestingly, a strong drop in functional benefit was
observed upon their use in rodent and preclinical large animal models.

To date, two clinical trials have used CPCs as cell type for cardiac repair after MI. The SCIPIO (c-
kit+ CPC)s and CADUCEUS trial (CDCs) showed that intracoronary infusion of CPCs is safe in
patients and led to enhanced cardiac function***°. Therefore, CPCs are a promising cell type for
stem cell therapeutics.

Paracrine secretion

Originally, the concept for myocardial repair by progenitor cells was that they would engraft in
the infarcted area and differentiate into functional cardiomyocytes upon injection. Recently, it
has become more and more clear from both animal studies and clinical trials that injected
progenitor cells do not engraft properly in the cardiac tissue, despite beneficial effects on
cardiac function®”*****°_ Moreover, cardiomyocyte, endothelial, and blood vessel numbers were
increased, which led to the hypothesis that the injected progenitor cells exert their effect via
release of factors into their environment, called paracrine factors®’***!. To study the effect of



paracrine secretions, Timmers et al. injected MSC conditioned medium intravenously at the
moment of reperfusion in pigs after MI and showed that MSC secretions could mimic the
increased cardiac function®’. This paracrine effect was observed for bone-marrow derived-, and
mesenchymal progenitors, but also CPC secretions have these effects. CPC conditioned medium
lowered cardiomyocyte apoptosis, stimulated endothelial cell migration, and increased tube

formation of endothelial cells in vitro*®#>3>4,

In addition to paracrine molecules, the release of extracellular membrane vesicles such as
exosomes are of increasing interest. Besides their use as biomarkers to detect early diseases™,
these nano-sized vesicles have also shown to be important mediators in repair after cardiac
injury. Upon receiving stress signals, cells can influence their communication to other cells by
adjusting membrane markers and vesicle content. Interestingly, Lai et al. identified the active
cardioprotective component in the conditioned medium of MSCs to be exosomes®. They
showed that upon separation of MSC conditioned medium in fractions of different sizes, the
beneficial effects on ischemia/reperfusion injury observed after injection with fractionated MSC
conditioned medium could only be reproduced by injecting the fraction containing complexes
larger than 1000 kDa. Since progenitor-derived exosomes were found to be the paracrine
factors mainly responsible for the observed beneficial effects after progenitor cell injection®*,
the idea that CPC exosomes could be used for this purposes have emerged as potential off-the-

shelf therapeutics.

CPC exosomes carry a variety of different proteins, growth factors, mRNAs, and microRNAs
(miRNAs). MiRNAs are small non-coding RNAs that can inhibit or degrade mRNA, thereby
preventing protein translation. Studies that investigate the effect of CPC exosomes on cardiac
repair in vitro and in vivo are described below.

Functional benefits of CPC exosome treatment

To study the functional benefits of CPC exosomes, CPC exosomes were intramyocardially
injected in mice undergoing ischemia-reperfusion of the left coronary artery®. Injection of CPC
exosomes reduced cardiomyocyte apoptosis by 53%. In addition, Barile et al. showed that
intramyocardial injection of CPC exosomes in mice improved cardiac function after MI*.
Morphological analysis after CPC exosome treatment in the myocardium revealed reduced scar
tissue, lowered cardiomyocyte apoptosis, and increased blood vessel density.

Injection of exosomes from autologous CPCs requires cell expansion in vitro, therefore, injection
in the chronic phase is more clinically relevant. Therefore, while most studies investigate the
effect of CPC exosomes in the acute setting after MI (within a few hours), Tang et al. studied the
effect of CPC exosome treatment of an old infarct®. Intracoronary infusion of autologous CPC
exosomes in rats one month after MI resulted in less fibrotic tissue and improved cardiac



function. The fact that CPC exosomes still seem to have regenerative effects after a longer time
period is promising for patients with chronic cardiac diseases.

To investigate if the release of exosomes from CPCs is critical for cardiac repair in vivo, Ibrahim
et al. treated CPCs with GW4869, a reversible inhibitor of neutral sphingomyelinase that blocks,
among others, exosome production®. The CPC-mediated benefits in mice after MI were
completely abolished after treatment with GW4869, indicating that exosome release from CPCs
is necessary to accomplish the beneficial effects on cardiac function. Altogether, these in vivo
studies suggest that CPC exosomes induce cardiac repair, by interfering in processes such as
cardiomyocyte apoptosis, fibrosis, and vessel formation. The following in vitro studies aim to
identify the key cardioprotective processes stimulated by CPC exosomes.

Key mechanisms targeted by CPC exosomes

Targeting the different processes that either prevent or reduce cardiac injury or contribute to
cardiac regeneration after MI might lead to new treatment options. As described before, MI
induces a cascade of molecular and cellular mechanisms in mainly two phases. The first phase is
characterized by cardiomyocyte apoptosis and subsequent activation of the immune system.
Cardiomyocyte apoptosis is a large contributor to impaired cardiac function after MI, as the
major loss of contracting cells is responsible for the reduced contraction capacity of the heart.
Preventing cardiomyocyte apoptosis could therefore be one of the mechanisms to improve
cardiac injury. Interestingly, CPC exosomes have shown to have anti-apoptotic effects. Chen et
al., for example, showed that CPC exosomes prevent apoptosis of H,O,-treated cardiomyocytes
in vitro®. Caspase 3/7 activity in cardiomyocytes was lowered after treatment with CPC
exosomes, which is an important mediator of H,O,-induced apoptosis. To further identify how
CPC exosomes affect oxidative-stress related apoptosis of cardiomyocytes, Xiao et al. focused on
exosomal-derived miRNAs®. They found that miRNA-21 is upregulated in CPC exosomes
exposed to oxidative stress compared to non-exposed CPC exosomes. Interestingly, miRNA-21
targets programmed cell death 4 (PDCD4) in cardiomyocytes, thereby reducing oxidative-stress
related apoptosis. Furthermore, miRNA analysis revealed that miRNA-210, miRNA-132, and
miRNA-146a are highly enriched in CPC exosomes compared to fibroblast exosomes®. By
inhibiting downstream targets such as RasGAP-p120, ephrin A3, and PTP1lb, these miRNAs
inhibit cardiomyocyte apoptosis and enhance endothelial migration after ML Likewise, CDC and
CSP-derived exosomes promote cardiac regeneration, as was shown after injection of these
exosomes in the ischemic myocardium®. MIRNA analysis comparing CDC exosomes to
fibroblast-derived exosomes revealed that miRNA-146a was the most highly enriched in CDC
exosomes. Reduced cardiac function after MI was observed for miRNA-146a knockout mice
compared to wild-type mice, indicating a role for miRNA-146a in cardiac repair. Pathway
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analysis revealed that miRNA-146a is involved in cell survival, cell cycle, and cellular
organization, which are important processes involved in cardiac injury.

Upon MI, necrotic/apoptotic cardiomyocytes release danger signals into the environment,
thereby activating the immune system via complement activation and toll-like receptors®.
Although the immune response is required to clear tissue debris after M, an overactive immune
system might aggravate cardiac damage and infarct size’. Therefore, modulating the immune
response might prevent/reduce cardiac injury. Progenitor exosomes might be able to modulate
this balance in immune responses after MI by delivery of miRNAs, anti-inflammatory cytokines,
or other molecules involved in inflammation. This anti-inflammatory response was described for
MSC exosomes, as MSC exosomes were capable of switching the macrophage phenotype from
the pro-inflammatory M1 to the anti-inflammatory M2 phenotype and suppress T-cell
activation®. Until now, the immune-modulating properties of CPC exosomes have not been
described in literature yet.

The second phase after MI involves myofibroblasts that are responsible for reorganizing the
structure of the heart, a process called remodeling. Reducing the fibrotic tissue may be a
promising way to improve cardiac repair, however, as fibrosis is initially a reparative response, a
fine balance between pro- and anti-fibrotic factors is needed. Interestingly, the physiological
state of CPCs can influence the secretion and cargo of CPC exosomes. Culturing CPC exosomes
under hypoxic conditions resulted in higher tube formation and lowered pro-fibrotic gene
expression compared to exosomes cultured under normoxic conditions®. Indeed, administration
of hypoxic CPC exosomes in mice reduced fibrosis and increased cardiac function compared to
normoxic CPC exosomes in an ischemia-reperfusion model. Microarray analysis revealed that
eleven miRNAs with anti-fibrotic and pro-angiogenic properties were upregulated compared to
normoxic exosomes. Whether the observed beneficial effects of hypoxic CPC exosomes on
cardiac function are established through these miRNAs only or if other molecules are also
involved needs to be investigated®. Although several in vivo studies indeed observed anti-

2
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fibrotic effects of CPC exosome treatment after MI**™, to our knowledge there are no further

studies addressing the possible anti-fibrotic mechanism of CPC exosomes so far.

Other cardioprotective mechanisms that could be important for cardiac regeneration are
stimulating angiogenesis or arteriogenesis, since the initial myocardial injury is due to a
perfusion defect>®. Progenitor exosomes derived from several cell sources have been described
to have pro-angiogenic effects. Sahoo et al., for example, showed that exosomes from human
CD34+ progenitor cells mediate their pro-angiogenic activity’’. After adding exosomes, derived
from CD34+ progenitor cells to endothelial cells in vitro, they observed increased viability,
proliferation, and tube formation of endothelial cells. Furthermore, subcutaneous injection of a
matrigel plug containing CD34+ exosomes in mice showed higher vessel formation compared
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to injection of a matrigel plug alone. They found that the presence of a pro-angiogenic protein
in CD34+ exosomes, sonic hedgehoc, was largely responsible for the preserved cardiac function
after MI’®,

This pro-angiogenic property of exosomes was also observed for CPC-derived exosomes. Vrijsen
et al. reported that CPC exosomes stimulated migration of endothelial cells in a wound scratch
assay>>. Analyzing the presence of pro-angiogenic factors in CPC exosomes revealed high
expression levels of extracellular matrix metalloproteinase inducer (EMMPRIN), which is present
on the exosomal membrane. The migration of endothelial cells upon stimulation with CPC
exosomes was not observed upon stimulation with exosomes depleted for EMMPRIN (KD
EMMPRIN exosomes). Furthermore, KD EMMPRIN exosomes also inhibited angiogenesis in vivo,
demonstrated by a reduced influx of cells into a matrigel plug compared to control exosomes
after application in mice®. Therefore, EMMPRIN is an important mediator of the pro-angiogenic
effect of CPC exosomes.

CPC exosomes EMMPRIN
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Inhibition of cardiomyocyte apoptosis

Figure 2 Key mechanisms targeted by CPC exosomes. Adjusted from Servier Medical Art at www.Servier.com,
licensed under a Creative Commons Attribution 3.0 Unported License.
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Future perspectives

Altogether, these studies provide insights into the ability of CPC exosomes to enhance cardiac
repair after injury and the involved mechanisms. The key mechanisms that are influenced by CPC
exosomes described so far are neovessel formation and cardiomyocyte apoptosis (Figure 2).
Despite considerable efforts have been made to study the effect of CPC exosomes on cardiac
repair, many challenges have to be overcome before deployment of exosomes in clinical trials.
Firstly, most of the described studies investigated the effect of CPC exosomes on the acute
setting after MI*®**°. Due to better revascularization therapy and medication planning, the
survival of patients after acute MI is increased last decades. These surviving patients, however,
have a higher chance to develop a more chronic disease like heart failure. From a clinical
perspective it would therefore be useful to study regeneration by CPC exosomes in these more
chronic phases after cardiac injury. Another important challenge is retention of exosomes after
injection. van den Akker et al. performed intramyocardial injection of stem cells and observed
immediate flush-out of the cells upon injection®. It is thus likely that the same flush-out can be
expected upon exosome injection into the myocardium, since the exosomes sizes are even
smaller (30-100 nm) compared to cells (8-12 um). Furthermore, accurate mapping of the in vivo
biodistribution of exosomes after systemic injection is also an important objective before using
exosomes in clinical trials. Lai et al. developed an excellent technique to allow multimodal
imaging of exosomes in vivo. Membrane-bound Gaussia luciferase was combined with
metabolic biotinylation to visualize exosomes after systemic injection in athymic nude mice via
bioluminescent signals®. The highest uptake of exosomes was observed in the liver and spleen,
therefore, systemic administration of exosomes might require targeted therapy towards the
injured heart. Aiming to target exosomes to the brain, Alvarez-Erviti et al., engineered cells to
express an exosomal membrane protein (lysosome-associated membrane glycoprotein 2b)
fused to a brain-specific peptide that targets the acetylcholine receptor®. They showed
increased delivery of functional exosomes to the brain. Thus, although some achievements have
been made to engineer exosomes in a way that they target tissues aimed for, by using specific
ligands, non-specific accumulation of exosomes in other tissues remains an issue to be solved®”
%7 Lastly, to cover the high demand of exosomes needed for clinical application, a reproducible
and standardized exosome isolation technique is required that allows for upscaling®. In
addition, the characteristics of exosome-based therapeutics have to be defined properly, which
requires more in-depth research into the mechanism of how exosomes exert their therapeutic
effects. Nonetheless, CPC exosomes can be considered as potential off-the-shelf therapeutics, as
they are able to stimulate the regenerative capacity of the heart mainly by increasing vessel
density and lowering apoptosis of cardiomyocytes.
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Thesis outline

Extracellular vesicles (EVs) are nano-sized lipid bilayer-enclosed particles that are released by
every cell type of the human body studied to date. Mammalian EVs can be classified in three
major subclasses according to their intracellular origin®. Larger vesicles are generally more
heterogeneous in size (50-1000 nm) and are referred to as microvesicles or ectosomes. These
microvesicles are formed through direct budding from the plasma membrane. The smaller
vesicle population (40-100 nm) is referred to as exosomes, which originate from intraluminal
budding of multivesiclar endosomes (MVE) and are released upon fusion with the plasma
membrane. The last subclass is also more heterogeneous in size (50 nm — 5000 nm) and consists
of vesicles that are released when cells are compelled to undergo apoptosis, which are named
apoptotic bodies. Despite differences in origin, these subclasses show overlapping
characteristics in terms of size, and they lack subtype-specific markers as of yet. As a result, it
remains difficult to purify these subpopulations and therefore no uniform nomenclature is
currently used’®. In this thesis, we will use the term ‘extracellular vesicles' from now on, to refer
to all vesicle subtypes.

The aim of this thesis was to investigate if CPC-derived extracellular vesicles (CPC-EVs) can be
used for cardiac repair, and to optimize EV production and delivery processes that could allow
for faster clinical application of EV therapeutics.

An overview describing the potential of CPC-EVs as therapeutics post MI was provided in
chapter 1. Moving towards the use of EVs for therapeutic applications, several aspects need to
be addressed that will accelerate their clinical adoption. First, we need a standardized and
scalable isolation method that yields sufficient amounts of EVs with maintained functionality. We
hypothesized that EV isolation method could affect their functionality. Therefore, in chapter 2
we compared physiochemical characteristics, as well as in vitro functionality of
ultracentrifugation-isolated EVs (UC-EV) and ultrafiltration combined with size-exclusion
chromatography-isolated EVs (SEC-EV). To validate our in vitro findings, we compared UC-EV
and SEC-EV in a permanent ligation mouse model, as well as an I/R injury mouse model, in
chapter 3. We assessed short term infarct size, myocardial deformation parameters, and plasma
levels of troponin I after treatment with UC-EV or SEC-EV when compared to PBS treatment.

Strategies are being developed to prolong EV exposure to target organs in order to achieve
optimal therapeutic effects. One promising approach to achieve this is using EV-loaded
injectable hydrogels. In chapter 4 we investigated if EV release can be prolonged using a pH
switchable ureidopyrimidinone (UPy) hydrogel. First, we investigated the kinetics of EV release
from UPy-hydrogel in vitro. Next, we explored if this UPy-hydrogel can be used to increase EV
retention in vivo.
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For clinical application of EV therapeutics, the ability to store EVs at different conditions is an
important aspect. Currently, there is little information on the effect of storage on EV
functionality. Therefore, in chapter 5 we directly compared the functionality of CPC-EV that
were stored at 4°C and -80°C. We first compared physiochemical characteristics of freshly
isolated EVs to EVs stored at 4°C or -80°C. Additionally, we assessed EV functionality after
different storage temperatures using in vitro and in vivo angiogenesis assays. Finally, chapter 6
provides a summary and general discussion of the work presented in this thesis.
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Abstract

Extracellular vesicles (EVs) are nano-sized, lipid bilayer-enclosed particles involved in intercellular
communication. EVs are increasingly being considered as drug delivery vehicles or as cell-free
approach to regenerative medicine. However, one of the major challenges for their clinical
application is finding a scalable EV isolation method that yields functional EVs. Although the
golden standard for EV isolation is ultracentrifugation (UC), a recent study suggested that
isolation using size-exclusion chromatography (SEC) yielded EVs with more intact biophysical
properties. Whether this also leads to differences in functionality remained to be investigated.
Therefore, we investigated possible differences in functionality of cardiomyocyte progenitor cell-
derived EVs isolated using UC and SEC. Western blot analysis showed higher pERK/ERK ratios
after stimulation with SEC-EVs compared to UC-EVs, indicating that SEC-EVs bear higher
functionality. Therefore, we propose to use SEC-EVs for further investigation of EVs' therapeutic
potential. Further optimization of isolation protocols may accelerate clinical adoption of
therapeutic EVs.
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Background

Extracellular vesicles (EVs) are nano-sized endogenous messengers containing a plethora of
biological cargo including proteins and RNA, reflecting the content of the secreting cell. By
mediating intercellular communication, EVs can influence recipient cell behavior, and affect
physiological and pathological processes’™. For this reason, EVs are increasingly being
considered for therapeutic purposes, including cell-free approaches for regenerative medicine
and drug delivery*®. The interest in using EVs for cardiac therapy increased after it became clear
that the beneficial effects of stem cell therapy after a myocardial infarction (MI) were mainly due
to paracrine actions’. EVs were identified to be the major component of the stem cell secretome
responsible for the observed increase in cardiac function®. Therefore, using EVs as an off-the-
shelf therapeutic may circumvent some of the drawbacks of cell based therapy, such as cell
survival, retention, rejection, and the use of replicating cells.

One of the major challenges for implementation of EVs as therapeutics is the development of a
scalable, reproducible, and standardisable isolation method that results in an acceptable yield of
EVs. To date, the most common EV isolation method is differential ultracentrifugation (UC). This
method relies on sedimentation at high speed for separating EVs from other (extra)cellular
components. Although the UC protocol is relatively straightforward, it is also time consuming,
and may yield aggregated EVs after pelleting®®°. Furthermore, UC isolation results in low and
operator-dependent yields and EVs can be damaged due to shearing forces, as a result of
centrifugation at high speeds™?. An additional method for EV isolation, based on ultrafiltration
and size-exclusion chromatography (SEC) to separate EVs from other media components, was
recently suggested by Nordin et al'’. EVs isolated using chromatography (SEC-EVs) are more
intact than EVs isolated using UC (UC-EVs), likely due to the absence of centrifugation at high
speeds. Whether this also leads to differences in functionality of SEC- and UC-EVs remained to
be investigated.

Results

In order to investigate whether the isolation protocol affects EV functionality, EVs derived from
cardiomyocyte progenitor cells (CPCs) were isolated using UC and SEC. CPCs are being
intensively investigated for cardiac-related therapies, and CPC-derived EVs have previously been
shown to bear pro-angiogenic properties'*™®. A schematic representation of the UC and SEC
isolation protocols used in this study is shown in Figure 1.
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Figure 1 Schematic overview of EV isolation protocols used in this study. Abbreviations: CM = conditioned
medium, SEC = size-exclusion chromatography, UC = ultracentrifugation.

First, EV yield was compared by quantification of EV protein content and number of particles, as
shown in Figure 2A. No significant differences in total EV protein or particle yield between UC
and SEC were found. This is in contrast with previous observations showing that SEC isolation

B3] This may be explained by variation

results in a higher EV yield compared to UC isolation.
between cell types or due to slight differences in UC or SEC isolation procedure (e.g. rotor/filter
type or pore size). Next, UC-EVs and SEC-EVs were characterized based on size distribution,
morphology, and the presence or absence of protein markers. Figure 2B shows a representative
size distribution profile of UC-EVs and SEC-EVs based on Nanoparticle Tracking Analysis. SEC-
EVs had a smaller size distribution with the highest peak at approximately 90 nm, compared to a
broader size range for UC-EVs, peaking at approximately 100 nm. Transmission electron
microscopy analysis showed no major morphological differences between UC-EVs and SEC-EVs,
as both preparations contained both smaller and larger vesicles (Figure 2C). Western Blot
analysis revealed that both UC-EVs and SEC-EVs were enriched for EV marker proteins Alix and
CD63, but not TSG101 (Figure 2C). Although the expected band for Alix (96 kDa) was present for
both UC-EVs and SEC-EVs, an extra band at 90 kDa was observed in the UC-EV preparation. The
presence of double bands for Alix may be explained by differential phosphorylation status, as
Alix is known to have multiple phosphorylation sites'’. Why this second band was exclusively
found in UC-EVs remains unclear, but might suggest a different vesicle sub-class or activation
status. The endoplasmatic reticulum protein calnexin was only detected in the cell lysate,
confirming the absence of contamination with other membrane compartments in EVs. B-actin
was found in similar levels in EVs and cell lysate.
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Figure 2 Characterization of UC-EVs and SEC-EVs. A) EV yield as determined by microBCA analysis (EV protein,
upper panel) and Nanoparticle Tracking Analysis (NTA) (EV particle number, lower panel). Statistical analysis was
performed using an unpaired student’s t-test. B) Size distribution profile of UC-EVs and SEC-EVs as determined by
NTA. C) Transmission electron microscopy pictures of UC-EVs and SEC-EVs. Scale bar = 100 nm. D) Western Blot of
UC-EVs, SEC-EVs and cell lysate (CL). Abbreviations: CL = cell lysate, MW = molecular weight, SEC = size-exclusion
chromatography, UC = ultracentrifugation.

CPC-derived EVs have previously been shown to stimulate migration of human microvascular
endothelial cells (HMECs) in a scratch wound assay®. As the mitogen-activated protein
kinasel/2 (MAPK1/2) — extracellular signal-regulated kinasel/2 (ERK1/2) pathway is known to

18-20

1

EV-induced ERK1/2 phosphorylation was used as a read-out to evaluate the possible differences
in functionality of UC-EVs and SEC-EVs. To investigate the functionality of EV preparations,
HMECs were stimulated with UC-EVs and SEC-EVs (Figure 3A).

play an important role in cell survival, migration and angiogenesis during wound healing
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Due to a lack of consensus in the EV-field on the most accurate method for EV quantification,
HMECs were stimulated with both equal amounts of UC-EV and SEC-EV protein (Figure 3B), and
equal numbers of EV particles (Figure 3C). Levels of phosphorylated ERK1/2 and total ERK1/2
were determined using western blotting, after which pERK/ERK ratios were calculated. A dose-
dependent increase in ERK phosphorylation was observed for SEC-EVs, as treatment with 3 ug
SEC-EVs led to a higher pERK/ERK ratio compared to 1 ug SEC-EVs (2.1+0.3 for 3 ug SEC-EVs vs
1.2+0.2 for 1 pg SEC-EVs). Moreover, stimulation with 3 ug SEC-EVs resulted in a higher
PERK/ERK ratio compared to stimulation with 3 pg of UC-EVs (2.1+0.3 for SEC-EVs vs 1.0+0.2 for
UC-EVs). The same trend was observed after adding equal numbers of EV particles to HMECs
(Figure 3C). Stimulation of HMECs with 6.10" SEC-EVs resulted in higher pERK/ERK ratio
compared to 6.10" UC-EVs (3.56+1.29 for SEC particles vs 1.42+0.24 for UC particles). These
results show that CPC-derived SEC-EVs have higher functionality compared to UC-EVs.
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Figure 3 Assessment of UC-EV and SEC-EV functionality. A) HMECs were stimulated with EVs for 30 minutes, after
which phosphorylated ERK1/2 and total ERK1/2 protein levels were determined using Western Blotting. B) Stimulation
of HMECs with equal amounts of UC-EV and SEC-EV protein. C) Stimulation with equal numbers of UC-EV and SEC-EV
particles. Abbreviations: ERK = extracellular signal-regulated kinase, SEC = size-exclusion chromatography, UC =
ultracentrifugation.

Discussion

The striking difference in functionality between UC-EVs and SEC-EVs may result from the high
shear forces that are applied during high speed centrifugation during UC isolation. These may
detrimentally affect signaling molecules on the EV surface, thereby preventing UC-EVs to
activate, bind to or be taken up by recipient cells. Indeed, UC-EVs have previously been
described to appear ruptured when studied using transmission electron microscopy and
fluorescence correlation spectroscopy®™. Furthermore, the size distribution profile of SEC-EVs
also differed from UC-EVs, as SEC-EVs were found to be smaller in size compared to UC-EVs.
The apparent larger size may be the result of aggregation or fusion of EVs during UC, as also
suggested by others”'* Alternatively, UC isolation may enrich for larger EVs that sediment
more efficiently. Whether and how this contributes to EV functionality remains to be
investigated. Furthermore, as characteristics of isolated EVs vary between cell types, differences
in functionality between SEC-EVs and UC-EVs may be cell type-dependent. This needs to be
addressed in future studies.

In this study, we used induction of ERK phosphorylation as an outcome parameter to assess EV
functionality, as activation of HMECs via pERK has been shown to be indicative for the
angiogenic potential of EVs™. One could argue that SEC-EVs may be contaminated with other
soluble materials that affect ERK phosphorylation. Although we cannot exclude this completely,
Western Blot analyses as well as protein and particle number measurements indicate that SEC
isolation allows for EV preparations with similar purity as UC (Figure 1A,D). Additionally, CPC-EVs
may affect other processes involved in cardiac disease, as treatment with CPC-EVs has been
shown to result in increased cardiac function after MI in mice by enhancing angiogenesis, as well
as reducing cardiomyocyte apoptosis'®. Whether SEC-EVs display increased functionality for
cardiac repair in vivo, as well as for other therapeutic strategies, therefore remains to be
investigated.

In conclusion, one of the major challenges for developing EV therapeutics is finding a scalable
isolation method that yields EVs with high functionality. Although previous reports already
suggested that EV function might be affected by the isolation procedure, to our knowledge, we
are the first to show that EV isolation technique can actually affect their functionality. SEC
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isolation results in more functional EVs compared to UC isolation, which is especially important
when developing EVs as therapeutics.
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Supplementary materials
Cell culture

CPCs and HMECs were cultured in the appropriate cell culture medium'?. For EV isolation,
CPCs were cultured for 3 days, after which medium was replaced with serum-free Medium 199
(Gibco, 31150-022). Conditioned medium (CM) from approximately 400 million cells was
collected after 24 hours. Cells were passaged at 80-90% confluency using 0.25% trypsin
digestion, and all cells were incubated at 37°C (5% CO; and 20% O,).

EV isolation protocol

EVs were isolated using ultracentrifugation (UC) and ultrafiltration combined with size-exclusion
chromatography (SEC). Cell culture CM was precleared from debris by centrifugation at 2000 x g
for 15 min, followed by filtration (0.45 pm). Next, CM was divided for the two isolation
techniques. For UC, CM was centrifuged using a type 50.2 Ti fixed-angle rotor for 1 hour at
100.000 x g to pellet EVs, and washed with phosphate buffer by centrifugation at 100.000 x g
subsequently. For SEC, CM was concentrated using 100-kDA molecular weight cut-off (MWCO)
Amicon spin filters (Merck Millipore). Subsequently, concentrated CM was loaded onto a S400
highprep column (GE Healthcare, Uppsala, Sweden) using an AKTAStart (GE Healthcare)
containing a UV 280nm flow cell. The EV-containing fractions were pooled after elution and
concentrated using a 100-kDa MWCO Amicon spin filter. Both EV preparations were filtered
(045 pm) afterwards. The particle amount and size distribution were measured using
Nanoparticle Tracking Analysis (Nanosight NS500, Malvern) with the camera level set at 15, and
the detection threshold at 5. Protein content was determined using a microBCA protein assay
kit™ (Thermo Scientific). Transmission electon microscopy pictures were made with a FEI
Tecnai™ transmission electron microscope.

Assessment of EV functionality

First, HMECs were starved in basal MCDB-131 medium for 3 hours. Next, HMECs were either
stimulated with equal amounts EV protein (1 or 3 ug) or equal amounts of EV particles (2 x 10"
or 6 x 10" particles) for 30 minutes, after which cells were lysed using lysis buffer (Roche,
04719964000). Cell lysates were centrifuged for 10 minutes at 14.000 x g, and phosphorylated
ERK1/2 and total ERK1/2 protein levels were determined using Western Blotting.
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Western blotting

Proteins were loaded on pre-casted Bis-Tris protein gels (ThermoFischer, NW04125BOX) for 1
hour at 160V, after which proteins were transferred to PVDF membranes (Millipore, IPVH00010).
After incubation with antibodies for 42/44 pERK1/2 (Cell Signaling, 43705), 42/44 ERK1/2 (Cell
Signaling, 91025), Alix (Abcam, 177840), TSG101 (Abcam, 30871), CD63 (Abcam, 8219), Calnexin
(Tebu-bio, GTX101676), or B-actin (Sigma, A5441) a chemiluminescent peroxidase substrate
(Sigma, CPS1120) was used to visualize the proteins. Quantification of the images was
performed using Image) software (1.47V).

Statistical analysis

Data are presented as mean + SEM. Student'’s t-test was used for comparison of two groups. A
significance level of p<0.05 was used for the analysis.
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Abstract

Introduction  Local injection of extracellular vesicles (EVs) is a potential cell-free therapeutic
approach for cardiac repair after myocardial infarction (MI). The enhanced cardiac function after
progenitor cell transplantation is mainly ascribed to EVs released by the injected cells,
containing bioactive paracrine factors. Previously, cardiac progenitor derived (CPC)-EVs have
been shown to reduce infarct size 2 days after experimentally induced MI in mice. Ultrafiltration
combined with size-exclusion chromatography (SEC) is a scalable EV isolation method that could
potentially be used for the production of clinical-grade EVs. Recently, we have demonstrated
that EVs isolated using size-exclusion chromatography-isolated EVs (SEC-EV) display enhanced
functionality in vitro as compared to ultracentrifugation-isolated EVs (UC-EV). Here, we aimed to
investigate whether SEC-EVs also have improved therapeutic efficacy when compared to UC-EVs
in vivo, using two different preclinical models of ML

Methods CPCs were cultured in serum-free medium for 24 hours after which CPC-EVs were
isolated using either UC or ultrafiltration, combined with SEC. Severe Combined
Immunodeficient (SCID) mice underwent either a permanent ligation of the left anterior
descending artery or ligation followed by reperfusion after 1 hour of ischemia and received
treatment with UC-EVs or SEC-EVs by intramyocardial injection. After 2 days, a double blinded
analysis was performed to assess infarct size (IS) and area at risk (AAR). Levels of plasma
Troponin I and global longitudinal and reverse longitudinal strain rates were also measured. To
confirm if the injected EVs displayed functionality in vitro, EVs were added to human
microvascular endothelial cells (HMEC-1) in vitro and activation of extracellular signal regulated
kinase 1/2 (ERK1/2) pathway was assessed.

Results The isolated EVs were bioactive as shown by their ability to activate the ERK1/2
pathway in HMEC-1 cells in vitro. However, upon injection of either UC-EVs or SEC-EVs post M],
IS analysis showed no change in IS/left ventricular area 2 days after treatment in the permanent
ligation model and the reperfusion infarct model, in which also IS/AAR did not change
compared to PBS injected animals. Furthermore, strain analysis showed no significant
differences in global or reverse longitudinal strain values between PBS, UC-EV, or SEC-EV treated
groups in the reperfusion model. Plasma levels of Troponin I did not significantly differ between
the groups in either infarct model.

Conclusion  As no change in infarct size was observed 2 days after treatment with UC-EV or
SEC-EV compared to PBS in two different infarct models, we were not able to determine if the
choice of EV isolation method influences therapeutic efficacy of EVs in vivo. These results are in
contrast with previously reported studies using CPC-EVs that demonstrated reduced infarct size
at 2 days post ML Future studies should address if potential differences between CPC clones,
culture media, or dosing could explain these different outcomes.
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Introduction

Cardiovascular disease (CVD) is one of the most prevalent causes of death worldwide, with
myocardial infarction (MI) accounting for one third of all deaths by CVD'. Although acute
mortality decreased due to improved arterial reperfusion strategies, this also induces additional
damage, referred to as ischemia-reperfusion (I/R) injury. Approximately 25% of patients that
survive a MI are known to develop heart failure (HF)Z Currently, there is no curative treatment
available for chronic heart failure patients besides heart transplantation. Progenitor cell therapy
has been proposed as potential therapy to prevent HF development by reducing I/R injury and
reducing infarct size. While cell types of different origins (e.g. mesenchymal stromal cells, bone
marrow derived mononuclear cells) have been used, cardiac progenitors have gained attention
because of their cardiac origin and the possibility to differentiate in all cardiac cell types®*. CPC
therapy in mice has been shown to increase ejection fraction and inhibit adverse ventricular
remodeling post-MP°. However, despite functional improvement, a low cell engraftment was
observed after intramyocardial injection. This could be due to an immediate wash-out of cells
through the venous drainage after intramyocardial injection, which we previously described®.
Using carriers such as gelatin microspheres reduced this wash-out of cells, but did not translate
into increased beneficial effects on cardiac function’. Given the low retention despite functional
improvement, it has been suggested that paracrine factors secreted by CPCs cause this
beneficial effect on cardiac function. Indeed, administration of conditioned medium from
progenitor cells also preserved cardiac function post-MI, thus resembling studies injecting the
cells themselves®. Further studies showed that extracellular vesicles (EVs) are important carriers
of bioactive paracrine factors responsible for this beneficial effect”™.

EVs are nanosized lipid bi-layered particles that play important roles in intercellular
communication in both health and disease. After internalization by recipient cells, EVs are able
to transfer their biological cargo (e.g. mRNAs, small RNAs, proteins, and lipids), resulting in
phenotypical changes™ ™. Recently, we demonstrated that EV secretion from CPCs is essential to
reduce infarct size™®, since Rab27A knock down-CPCs were not able to reduce infarct size in mice
after 2 days as compared to control CPCs. Indeed, direct CPC-EV treatment reduced infarct size
2 days after permanent ligation of the left anterior descending artery (LAD)'. Thus, CPC-EVs
may be a potential off-the-shelf therapy to induce cardiac repair, aiming to treat chronically
diseased patients.

Currently, ultracentrifugation, based on high-speed sedimentation, is the most commonly used
isolation method for EVs. Although widely used, EV isolation using UC is a labor intensive
method, yield is operator dependent, and is limited in its ability to isolate a sufficient numbers

17,18

of EVs for clinical application”"™°. In contrast, ultrafiltration combined with size-exclusion

chromatography (SEC) is a scalable method that could potentially be used for clinical-grade
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production of EVs'. Moreover, we have previously shown that isolating EVs using SEC yields EVs
with a higher bioactivity compared to UC in a functional assay in vitro®. To investigate whether
these differences also translate to distinct behavior in vivo, we here sought to determine
whether UC-EV and SEC-EV have different therapeutic efficacy in two commonly used infarct
models in mice.

Material and Methods
Cell culture

Human microvascular endothelial cells (HMEC-1 cells) were cultured in HMEC-1 medium (83,8%
MCDB-131 (Invitrogen, 10372019), 0.1% human EGF (Peprotech/Invitrogen, 016100-15-A,), 0.1%
Hydrocortison (Sigma, H6909-10), 1% Penicillin/Streptomycin (Invitrogen, 15140122), 10% fetal
bovine serum (FBS) (Life-Tech, 10270), and 5% L-glutamine (Invitrogen, 25030024). Human fetal
heart tissue was obtained by individual permission using standard written informed consent
procedures and prior approval of the ethics committee of the Leiden University Medical Center,
the Netherlands. This is in accordance with the principles outlined in the Declaration of Helsinki
for the use of human tissue or subjects. Cardiac progenitor cells (CPCs) were cultured in SP++
medium (22% EGM-2 (Lonza, CC-4176), 66% Medium 199 (Gibco, 31150-022), 10% FBS (Life-
Tech, 10270), 1% Penicillin/Streptomycin (Invitrogen, 15140122), and 1% MEM nonessential
amino acids (Gibco, 11140), as described before®. Cells were incubated at 37°C with 5% CO, and
20% O, and passaged at 80-90% confluency after digestion with 0.25% trypsin-EDTA. Before EV
collection, CPCs were cultured for 3 days on SP++ medium until 80-90% confluency, followed by
24 hours of culture on Medium 199 without any additives.

EV isolation

EV isolation was performed as described before®. In brief, conditioned medium (CM) was
collected after 24 hours of culture in Medium 199 without any additives, centrifuged for 15 min
at 2000 x g and passed through a 0.45 pm filter (0.45 uym Nalgene filter bottles) to remove cell
debris. Next, the CM was equally divided, and half was used for EV isolation using
ultracentrifugation (UC), and the other half for EV isolation using ultrafiltration followed by size-
exclusion chromatography (SEC). For UC, EVs were pelleted by a 1 hour centrifugation at
100.000 x g using a type 50.2 Ti fixed-angle rotor. EVs were washed with PBS, followed by a
second 100.000 x g centrifugation step. For SEC, CM was concentrated first using 100-kDA
molecular weight cut-off (MWCO) Amicon spin filters (Merck Millipore). Next, the concentrated
CM was loaded onto a S400 high-prep column (GE Healthcare, Uppsala, Sweden) using an
AKTAStart (GE Healthcare) containing an UV 280nm flow cell. The fractions containing the EVs
were pooled and again concentrated using a 100-kDA MWCO Amicon spin filter. After isolation,
both EV preparations were passed through a 0.45 um filter. Number of particles was determined
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using Nanoparticle Tracking Analysis (Nanosight NS500, Malvern), using a camera level of 15
and a detection threshold of 5.

EV functionality

1.2 x 10° HMEC-1 cells were plated into a 48-wells plate the day before stimulation. HMEC-1
cells were starved using basal MCDB131 medium for 3 hours before stimulation. To stimulate
HMEC-1 cells, 6 x 10™ EVs were added for 30 minutes to the starvation medium, unless stated
otherwise. Cells were put on ice, lysed using lysis buffer (Roche, 04719964000), and centrifuged
at 14.000 x g for 10 minutes to remove cell debris. Protein levels of phosphorylated extracellular
signal regulated kinase 1/2 (pERK1/2) and total ERK 1/2 (ERK1/2) were determined using
Western Blotting as described below.

Western blotting

Lysates were loaded onto pre-casted 4-12% Bis-Tris protein gels (ThermoFisher, NW04125BOX).
The gels were run for 1 hour at 160V, followed by blotting of the proteins on PVDF membranes
(Millipore, IPVH00010). Membranes were blocked with 5% BSA in TBS and incubated with
antibodies against 42/44 pERK1/2 (1:1000) (Cell Signaling, 43705) or 42/44 ERK1/2 (1:1000) (Cell
Signaling, 91025) dissolved in 0.5% BSA in TBS for 1 hour. Membranes were washed 3 times for
5 minutes with TBS-0.1%Tween, followed by incubation with secondary goat anti-rabbit HRP
antibody (Dako, P0448) dissolved in 5% milk in TBS-0.1%Tween for 1 hour. Next, membranes
were washed with TBS for 30 minutes and the proteins were detected with chemiluminescent
peroxidase substrate (Sigma, CPS1120) using a Chemi Doc™ XRS+ system (Bio-Rad) and Image
Lab™ software.

Animal experiments

All animal experiments were performed conform the 'Guide for the Care and Use of Laboratory
Animals’ and carried out after approval by the Animal Ethical Experimentation Committee,
Utrecht University, the Netherlands. Healthy male NOD.CB17-Prkdcscid/NCrHsd mice (age 10-14
weeks, weight 20-30g) were obtained from Envigo and received standard chow and water ad
libitum and were housed under standard conditions with 12-h light/dark cycles until
experimental procedures. Animals were randomized to one of the three groups and all
operators were blinded during surgery, intramyocardial injections, and subsequent analyses.

Induction of myocardial infarction and EV therapy

Mice were anesthetized by intraperitoneal injection of medetomidine (0.05 mg/kg body weight),
midazolam (5 mg/kg) and fentanyl (0.5 mg/kg), followed by intubation and connection to a
respirator with a 1:1 oxygen-air ratio (times/min). Body temperature was maintained at 37 °C
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during surgery using an automatic heating blanket. Left lateral thoracotomy was performed to
access the heart. For permanent ligation, the LAD was ligated using an 8-0 Ethilon suture
(Ethicon). For ischemia/reperfusion, the LAD was ligated for 1 hour using an 8-0 Ethilon suture
(Ethicon) and a polyethylene-10 tube to ensure easy removal of the suture. Ischemia was
confirmed by observing immediate blanching of the cardiac tissue upon LAD ligation. Two times
five ul of either PBS, UC-EVs, or SEC-EVs were intramyocardially injected into the border zone
using a 30G needle, either 15 min after permanent ligation or at the moment of reperfusion. The
injected EV dose was 10 x 10 particles. All surgeries and injections were performed by blinded
operators. Next, the surgical wounds were closed, followed by a subcutaneous injection of
antagonist consisting of atipamezole hydrochloride (3.3 mg/kg), flumazenil (0.5 mg/kg), and
buprenorphine (0.15 mg/kg) as pain relief.

Termination

2 days post-injection, mice were euthanized after being anesthetized using sodium
pentobarbital (60.0 g/kg). For the I/R injury model, blood was collected in EDTA tubes through
orbital puncture. Next, the LAD was again ligated at the same place as MI induction. The
thoracic aorta was cannulated with a 21-24G catheter (Abbocath) using a 1 ml syringe. 4% of
Evans Blue dye was injected until a clear demarcation between area-at-risk and healthy tissue
was apparent. The heart was removed and washed with PBS several times to remove excess dye.
Heart weight and tibia length were assessed.

For permanent ligation, mice were euthanized after being anesthetized using sodium
pentobarbital (60.0 g/kg). Blood was collected through orbital puncture in EDTA tubes to
determine plasma levels of Troponin L. The heart was flushed through the right ventricle using 5
mL of PBS. Heart weight and tibia length were assessed.

Infarct size

To determine infarct size, the hearts were cut into 3-4 equal slices using razor blades. Next, slices
were incubated with 1% TTC solution at 37°C for 15-20 minutes followed by incubation in
formalin for 5-10 minutes. Slices were weighed to be able to correct for differences in slice size.
Images were taken using a SZH10 Olympus Zoom Stereo Microscope and IC Capture software,
version 24. For ischemia-reperfusion injury, the infarct area (white), area-at-risk (red), and
healthy area (blue) were assessed to calculate infarct size. Infarct size (IS) was expressed as a
percentage of area-at-risk (AAR) and total left ventricle (LV). For permanent ligation, infarct area
(white) and healthy area (red) were used to determine infarct size. Infarct size was expressed as
percentage of total left ventricle.
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Echocardiography

At baseline and 2 days after I/R injury, anesthesia was induced by inhalation of 2.0% isoflurane in
a mixture of oxygen/air (1:1). Echocardiography was used to determine global longitudinal strain
and reverse strain rate. Heart rate, respiration, and rectal temperature were constantly
monitored, and body temperature was maintained at 36-38°C using heat lamps. Images were
taken and analyzed using the Vevo 2100 System and Vevolab Software (Fujifilm VisualSonics
Inc,, Toronto, Canada).

Statistical analysis

Statistical analysis were performed using SPSS and Graphpad Prism. Data are presented as mean
+ SD. Data were tested for normal distribution. One-way ANOVA was used to compare multiple
groups and data was corrected for multiple testing using Tukey post-hoc test.

Results

Previously, we have shown that EV isolation technique can affect their functionality in vitro, as
SEC isolation resulted in more functional EVs compared to UC isolation®. To investigate if the
choice of EV isolation method also affects EVs' therapeutic efficacy in vivo, mice were subjected
to permanent ligation (Figure 1A) and treated with either UC-EVs or SEC-EVs 15 minutes after
ischemia induction. After 48 hours, surprisingly, infarct size as determined by IS/LV did not differ
between PBS and SEC-EV-treated groups (32.6 + 12.0 vs 29.1 + 11.1%, p = 0.73; Figure 1B+QC)
nor between UC-EV and SEC-EV-treated groups (28.7 + 8.7 vs 29.1 + 11.1%, p=0.99). Next, in
order to investigate if EVs potentially affect a different mechanism, mice were subjected to 60
minutes of ischemia, followed by reperfusion and treatment with either UC-EVs or SEC-EVs
(Figure 1D). Also in this model, infarct size after I/R injury, as assessed by IS/AAR, did not differ
between PBS and SEC-EV treated groups (46.9 + 13.6 vs 49.4 + 8.8%, respectively, p=0.92;
Figure 1E+F) nor between UC-EV and SEC-EV treated groups (50.0 + 20.2 vs 494 + 8.8%,
respectively, p=0.99). In addition, IS/LV was comparable between all groups (19.1 + 7.9 for PBS
vs 17.0 + 8.8% for SEC-EV, p=0.88 and 22.3 + 7.9 for UC-EV vs 17.0 + 8.8% for SEC-EV, p=0.36;
Figure 1G), as was AAR/LV (42.6 + 15.5 for PBS vs 36.1 + 22.7% for SEC-EV, p=0.67 and 45.3 +
9.7 for UC-EV vs 36.1 + 22.7% for SEC-EV, p=0.48; Figure 1H).
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Figure 1 Infarct size is not affected by treatment with UC-EVs or SEC-EVs after experimentally induced
ischemia in two mouse infarct models. A) Timeline and experimental set-up of the permanent ligation model. B)
Representative images of TTC stained heart sections. C) Infarct size was not different between PBS, UC-EV or SEC-EV
treated groups after permanent ligation. D) Timeline and experimental set-up of the ischemia-reperfusion injury
model. E) Representative images of Evans Blue and TTC stained heart sections. F) Infarct size expressed as IS/AAR was
comparable between all the groups, as was IS/LV (G) and AAR/LV (H).

While volume measurements are used to assess cardiac function at a later stage, speckle
tracking analysis is more sensitive to detect early myocardial deformations. Therefore, global
longitudinal strain (GLS) and reverse longitudinal strain rates (rLSR) were assessed to evaluate
myocardial contractility 2 days post-I/R injury. GLS did not differ between PBS and SEC-EV
treated groups (-12.5 + 5.1 vs -12.1 + 3.9, p=0.99; Figure 2A) nor between UC-EV and SEC-EV
treated groups (-10.7 + 7.5 vs. -12.1 + 3.9, p=0.85). Furthermore, also rLSR, a measure of

37



diastolic dysfunction, was comparable between the groups (5.9 + 3.5 for PBS vs 4.2 + 2.3 for
SEC-EV, p=0.62 and 6.0 + 4.9 for UC-EV vs 4.2 + 2.3 for SEC-EV, p=0.57). In summary, we did not
observe early functional improvement after treatment with EVs.
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Figure 2 Global longitudinal strain and reverse longitudinal strain rate are unaffected after treatment with UC-
EVs or SEC-EVs. Strain analysis was performed 2 days post-I/R injury. No functional improvement was observed after
treatment with either UC-EV's or SEC-EVs as assessed by global longitudinal strain (A) and reverse strain rate (B).

Cardiac troponin I is a well-known biomarker used for detection of acute myocardial injury.
Therefore, plasma levels of cardiac troponin I were assessed to evaluate the amount of cardiac
muscle damage in all three groups 2 days post-ML Troponin I levels did not differ between PBS
and SEC-EV treated groups in the permanent ligation model (41811 + 18539 vs 34369 + 16174
ng/L, respectively, p = 0.67; Figure 3A) nor between UC-EV and SEC-EV treated groups (44311 +
27372 vs 34369 + 16174 ng/L, respectively, p=0.51). Similar findings were observed for the I/R
injury model (95.3 + 78.0 for PBS vs 189.9 + 291.7 ng/L for SEC-EV, p = 0.90 and 401.6 + 824.7
for UC-EV vs 189.9 + 291.7 ng/L for SEC-EV, p=0.62; Figure 3B). Next, the ratio between heart
weight/tibia length (HW/TL) was calculated for each group. Interestingly, a significant decrease
in HW/TL ratio was observed for the SEC-EV-treated group compared to PBS- and UC-EV-
treated groups after permanent ligation (9.6 + 1.2 for PBS vs 8.6 + 0.7 for SEC-EV, p<0.05 and
9.7 £ 1.0 for UC-EV vs 8.6 + 0.7 for SEC-EV, p<0.05; Figure 4A). Moreover, a similar trend was
observed for SEC-EVs after I/R injury (7.2 + 0.6 for PBS vs 6.8 + 0.4 for SEC-EVs, p = 0.25 and 7.2
+ 0.6 for UC-EV vs 6.8 + 0.4 for SEC-EV, p=0.29; Figure 4B).
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Figure 3 Plasma levels of Troponin I are unaffected by UC-EV or SEC-EV treatment. Plasma levels of troponin I
were determined 2 days post-MI. A) Plasma levels of troponin I after UC-EV or SEC-EV treatment are comparable to
those after PBS treatment 2 days after permanent ligation. B) Plasma levels of troponin I were not different between
groups 2 days post-I/R injury.
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Figure 4 HW/TL ratio is decreased after treatment with SEC-EVs. HW/TL ratio was calculated for all three groups.
A) A significant decrease in HW/TL ratio is observed after treatment with SEC-EVs as compared to PBS and UC-EVs. B)
A lower HW/TL ratio is observed after treatment with SEC-EVs in I/R injury, although not significant.

Since we observed that infarct size is not affected by SEC-EV or UC-EV treatment, we questioned
whether the injected EV batches were indeed functional, also in an in vitro setting. HMEC-1 cells
were stimulated with 6 x 10'° UC-EVs or SEC-EVs or PBS for 30 min to assess ERK1/2 activation.
Comparable to our previous study”, SEC-EV stimulation resulted in higher ERK1/2
phosphorylation, as compared to UC-EVs, thereby confirming their functionality in vitro (Figure
5).
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Figure 5 EVs' bioactivity is confirmed in vitro. A) Bioactivity of all three EV batches was assessed using an in vitro
assay. HMEC-1 were stimulated with 6 x 10*° EVs for 30 minutes, after which pERK1/2/ERK1/2 ratio was determined
using western blotting. All three SEC-EV batches show increased ERK1/2 activation compared to PBS and UC-EV. *
indicates the use of an EV dose of 0.95 x 10™°EVs to stimulate HMEC-1. B) The two batches of EVs used in I/R injury
were tested for their ability to activate ERK1/2. Due to a too low amount of SEC-EVs left for in vitro studies, this value
is missing for SEC-EV in batch 1. SEC-EVs were able to activate ERK to a higher extent compared to PBS and UC-EV.

Discussion

Cellular therapeutics have been developed aiming to replace and/or repair the damaged
myocardium after ML Injection of CPC into the myocardium resulted in beneficial effects on
cardiac function despite low cell engraftment, indicating the involvement of paracrine
mediators®. CPC-EVs have been identified as paracrine secretions from CPC carrying important
bioactive factors. Indeed, CPC-EV treatment resulted in significant reduction in infarct size 2 days
after permanent ligation of the LAD in mice'®. Hence, moving towards the use of EVs for
therapeutic application, large scale production of EVs with maintained functionality is crucial.
Therefore, standardized protocols and scalable isolation methods are needed. Previously, we
have shown that isolation method can influence EV functionality in vitro, as SEC isolation
resulted in more functional EVs compared to UC®. With the aim to investigate possible
differences in functionality between EVs isolated with UC or SEC in vivo, we assessed infarct size
after PBS, UC-EV, or SEC-EV treatment 2 days after permanent ligation or I/R injury in mice.
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Surprisingly, EV treatments were not successful in exerting therapeutic effects since infarct sizes
were comparable between UC-EV, SEC-EV and PBS treated groups after permanent ligation as
well as after I/R injury. To investigate if EV treatment led to early functional differences, we
measured GLS and rLSR, parameters that are considered to be sensitive measures of early
myocardial deformation®. Similar to infarct size measurements, no functional improvements
were detected upon treatment with EVs based on global longitudinal strain and reverse strain
rate. Interestingly, we did observe a significant difference in HW/TL ratio after SEC-EV treatment
compared to PBS and UC-EV in the permanent ligation model. Moreover, the same trend was
visible after I/R injury. HW/TL ratio is a measure of cardiac hypertrophy, as an increased ratio
could indicate that hearts are compensating for volume lost by necrotic cardiomyocytes after
MI**%, Previous studies reported increased HW/TL ratios when measured 1 to 4 weeks post-MI,
and in those studies effective treatment was able to reduce HW/TL ratios**?’. Although our
study used a more acute time point, this may indicate that SEC-EV have effects on edema
formation and/or inflammation. Future studies should be performed to investigate the role of
SEC-EVs in this process in more detail.

Our data is in contrast with previous reports that did show reduced infarct size upon CPC-EV
treatment®. There are several possible explanations for these different observations. First, we
observed high variability in infarct size within the PBS treated group for both MI models. One
might argue that detecting a small beneficial effect after EV treatment is difficult when such a
high variability is present between initial infarct sizes. However, when comparing troponin levels,
infarct sizes, and strain values to other reports, similar variability is generally observed®#7!,
Secondly, we employed a different CPC clone compared to our previous study'®. Different Scal+
CPC subpopulations have been discovered within the human heart that are either more
committed to the vascular (N-glycosylated PECAM1+ CPC) or cardiomyocyte lineage (N-
glycosylated GRP78+ CPC)***. Future studies should reveal if the CPC clone used in our current
and previous studies represent different CPC subpopulations and if that could explain the
differences in functional efficacy. Thirdly, differences in culture protocol could influence
outcome. In order to make our EV preparation suitable for future human application, we isolated
EVs from serum-free basal medium, which is different from other studies that mostly use 'EV-
depleted’ FBS-containing medium. In those studies, EVs are depleted from serum before
culturing via an overnight ultracentrifugation step. Doubts have been raised on whether
ultracentrifugation leads to efficient removal of serum-derived EVs and extracellular RNA**™.
Indeed, although ultracentrifugation highly reduced the amount of RNAs present in FBS, residual
serum-derived RNAs could still be detected in EV preparations from EV-depleted FBS-containing
medium®!. Hence, serum RNA and/or proteins may be co-isolated when associated to other
macromolecules that have similar sizes as EVs. Furthermore, it has been reported for
neuroblastoma-derived EVs that serum-free culturing alters protein composition of EVs®®

Whether CPCs produce EVs with different cargo in response to serum-free medium compared to
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EV-depleted medium remains unclear to date. Future research should reveal if this change to
serum-free culture media in our study is responsible for the observed differences in functional
outcome compared to other studies.

Alternatively, differences in EV dose could explain our findings, despite the fact that our EV dose
correlates to the amount of EV protein used in previous studies and that therapeutic effects
have been obtained using similar numbers of EVs'*'''®. The optimal EV dose needed for
therapeutic efficacy post-MI has not been adequately covered by previous studies. Thus, in our
study we may administer either too low or too high doses in order to achieve therapeutic
benefits post-ML Future studies should therefore focus on determining dose-response curves
for EV therapeutics.

When assessing the functionality of the used EV batches in vitro, we found that SEC-EV were still
able to activate ERK1/2 to a higher extent than PBS and UC-EV, which is in agreement with our
previously reported study®, thereby indicating some level of functionality before injection in
vivo. Yet, one could question the predictive value of this in vitro assay for EV functionality in vivo,
since our in vitro results do not correspond to our in vivo data. To date, we are not aware of an
in vitro assay that is able to assess and predict EV functionality in vivo. The development of such
an assay would be a valuable contribution when exploring the use of EV therapeutics after ML

In conclusion, we observed no difference in infarct size between PBS, UC-EV and SEC-EV treated
groups after permanent ligation nor after I/R injury, which is in contrast to previously reported
studies. Future studies should address whether high variability within the MI models, or
differences in CPC clones, serum-free culture media, or dosing could explain these differences.
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Abstract

Extracellular vesicles (EVs) are small vesicles secreted by cells and have gained increasing interest
as both drug delivery vehicles or as cell-free therapeutics for regenerative medicine. To achieve
optimal therapeutic effects, strategies are being developed to prolong EV exposure to target
organs. One promising approach to achieve this is through EV-loaded injectable hydrogels. In
this study, the use of a hydrogel based on ureido-pyrimidinone (UPy) units coupled to
poly(ethylene glycol) chains (UPy-hydrogel) is examined as potential delivery platform for EVs.
UPy-hydrogel undergoes a solution-to-gel transition upon switching from a high to neutral pH,
allowing immediate gelation upon administration into physiological systems. Here, we show
sustained EV release from UPy-hydrogel measured over a period of 4 days. Importantly, EVs
retained their functional capacity after release. Upon local administration of fluorescently
labeled EVs incorporated in a UPy-hydrogel in vivo, EVs were still detected in the UPy-hydrogel
after 3 days, whereas in the absence of a hydrogel, EVs were internalized by fat and skin tissue
near the injection site. Together, these data demonstrate that UPy-hydrogels provide sustained
EV release over time and enhance local EV retention in vivo, which could contribute to improved
therapeutic efficacy upon local delivery and translation towards new applications.
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Main text

Extracellular vesicles (EVs) are nano-sized lipid bilayer-enclosed particles that play major roles in
cell to cell communication and tissue homeostasis’. EVs contain specific cargo including
genetic material (MRNA, miRNA, IncRNA), proteins, and lipids®. They are released by every cell
type of the human body studied to date. The ability of EVs to naturally target and cross
membrane barriers and deliver their biological cargo intracellularly makes them potentially
useful as drug delivery vehicles®®. Moreover, EVs have also gained interest as potential off-the-
shelf therapeutics for regenerative medicine applications, since the beneficial effect of
progenitor cell therapy has been ascribed to paracrine factors including EVs, mainly due to their
anti-inflammatory, anti-fibrotic, pro-proliferative and pro-angiogenic characteristics’®. For
regenerative medicine applications, EVs may be derived from various cell sources, including
mesenchymal stromal cells (MSC), tissue-specific progenitor cells, or induced pluripotent stem
cells (iPSC)' ™. Furthermore, EVs have been considered for application in different patient
categories, including peripheral artery disease, cardiomyopathies, chronic kidney disease and
osteoporosis/cartilage degradation™ ",

Often, injection of cellular therapeutics demonstrated only modest beneficial outcomes in
different patients groups, as a result of retention problems®™°. One example is the randomized,
controlled BOne marrOw transfer to enhance ST-elevation infarct regeneration (BOOST) trial,
where an intracoronary infusion of a single dose of bone marrow cells (BMCs) was performed in
patients with acute myocardial infarction®®. They found an improved cardiac function after 6
months, however, this beneficial effect was lost after 18 months. Further studies showed that
only 5% of the BMCs were retained in the heart after intracoronary infusion, indicating potential
retention problems with cellular therapeutics®. Similarly, strategies to enhance EV delivery in
chronically diseased patients and prolong exposure of EV therapeutics have yet to be optimized
to achieve their full potential for true therapeutic efficacy.

Several EV administration routes have been investigated to date, of which intravenous injection
is the most widely studied. Unfortunately, intravenously injected EVs are rapidly taken up by the
liver and spleen, thereby hampering delivery to other tissues?’?°. On the other hand, local
administration into the diseased organs could be a valuable approach to enhance tissue-specific
EV delivery, thereby improving their efficiency and safety profile. However, when investigating
cell retention after local injection into porcine hearts®®, we previously observed an immediate
wash-out of almost all cells via the venous drainage system, resulting in a substantial cell loss.
Furthermore, Beegle et al. investigated the retention of VEGF-overexpressing MSC after local
intramuscular injection into the hindlimb using bioluminescent imaging®, and found that the
cell numbers after injection rapidly declined over time, and only less than 0.1% of the total
number of injected MSC could be detected after a period of 28 days.
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Given this immediate wash-out of cells, which may also be expected for EVs and will lead to
decreased therapeutic exposure, the usage of patches, injectable microcarriers or hydrogels is
intensively studied, aiming for increased retention of therapeutics®* . A recent example is the
study from Nikravesh et al., showing controlled release of osteoblast-derived EVs using two
alginate-based microgels®. In addition, the EV release profile was tunable based on physical
structuring of the alginate polymers. Incorporation of EVs in a hydrogel could allow for
controlled EV release over longer periods, which could even further enhance therapeutic
exposure, maximizing their efficacy.

Injectable hydrogels are among the most promising candidate systems to increase EV local
retention. These systems are either based on natural (e.g. extracellular matrix-derived, or
collagen/fibrin-based) materials, that closely mimic the host tissue, or synthetic materials (e.g.
poly(ethylene glycol) (PEG) or poly(N-isopropylacrylamide)-based), that are easily tunable, have
controllable biochemical properties, and might be less vulnerable to batch-to-batch
variation®**’. Moreover, various injectable hydrogels are available that differ in composition and
mechanical and gelation properties induced by changes in physiological conditions such as
temperature, ionic strength, and pH?’.

One highly potential injectable material is the ureido-pyrimidinone (UPy) supramolecular
hydrogelator (UPy-hydrogel)®®. This gel consists of polymers comprising a poly(ethylene glycol)
(PEG) backbone telechelically coupled to two UPy-units that can form transient supramolecular
networks by dimerization of the UPy-moieties by four-fold hydrogen-bonding and concomitant
stacking into nanofibrous structures. This nanofiber formation is facilitated by additional urea
groups introducing lateral hydrogen bonding in a hydrophobic pocket provided by additional
akyl spacers. The nanofibrous structures form the transient network by entanglements and
supramolecular crosslinking between the nanofibers®. The UPy-hydrogel undergoes a solution-
to-gel transition when the pH is switched from high to neutral, i.e. from basic to neutral
environment, with a threshold at ~pH 8.5, dependent on the concentration of UPy-polymers.
This unique property allows gelation upon injection into physiological systems. The molecular
weight of the PEG polymer can also be tuned, resulting in UPy-hydrogels with different
functional properties®, of which the characteristics have been reported extensively before®® ™,
Over the past years, UPy-hydrogels have also been investigated as controlled release system for
different applications, including for growth factor and miRNA delivery*®*. Here, we investigated
the use of UPy-hydrogel as a platform for EV delivery, aiming to prolong local delivery of EVs to
targeted organs.

To investigate if EV delivery can be prolonged when EVs are incorporated into UPy-hydrogels,

we used EVs released from cardiac-derived progenitor cells as they have well-known

21,43-45

functionalities . EV preparations were characterized based on size distribution profile,
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measured by Nanoparticle Tracking Analysis (NTA) before encapsulation as well as after release
from UPy-hydrogel, and by expression of EV markers (Figure 1A+B). According to NTA, EVs
displayed a classical size distribution profile peaking at 100 nm, as we have seen before®.
Moreover, encapsulation and release of EVs from UPy-hydrogels did not affect their size
distribution profile. Western blot analysis showed an enrichment of typical EV markers such as
Alix, CD81, and CD63 as compared to cell lysates. In contrast, calnexin, an endoplasmatic
reticulum marker, was undetectable in EVs, confirming a lack of contamination with other
membrane compartments.

To study the use of UPy-hydrogels for sustained EV delivery, EVs were loaded into UPy-
hydrogels and transferred to an insert of a transwell system containing medium in the bottom
compartment. In order to determine the kinetics of EV release from UPy-hydrogels, conditioned
medium was sampled at several time points. Subsequently, a bead capture assay was performed
to measure EV release in the conditioned medium. When using magnetic beads coated with
antibodies directed against the EV markers CD9, CD81, or CD63 and their corresponding
fluorescent detection antibodies, we were able to detect different EV marker proteins being
released from CPC (Supplemental Figure 1). To assess EV release from UPy-hydrogels, EVs were
captured using CD63 antibody-coated magnetic beads and fluorescently labeled with antibodies
directed against CD63 (Figure 1C).

The molecular weight of the PEG block within UPy-hydrogels can be varied which may result in
different kinetics of release. Therefore, first, EV release patterns from UPy-hydrogels with a PEG
block of 10 kg mol™ (UPy10k) or 20 kg mol™ (UPy20k) were compared, which revealed a
delayed EV release from the UPylOk-hydrogels as compared to UPy20k-hydrogels
(Supplemental Figure 2)*. Moreover, the release pattern of the UPy10k-hydrogels showed less
variation. Therefore, we decided to continue with the UPy10k-hydrogels for future experiments.
Next, EV signals in conditioned medium were assessed for UPy-hydrogels with and without EVs
at different time points (Figure 1D). The percentage of EVs that was released from the gel after 4
days was estimated to be approximately 10%, as assessed using a standard curve of known EV
concentrations. A gradual and sustained release of EVs from UPy-hydrogel was observed over a
period of several days rather than an immediate burst of EVs, indicating its potential to prolong
EV delivery. When measuring long-term release of EVs from UPy-hydrogels, we found that EVs
are continuously released from the hydrogel for up to 2.5 weeks (Supplemental Figure 3). In
contrast, Hernandez et al. investigated EV release from extracellular matrix-derived (ECM)
hydrogels and found that the majority of released EVs were already detected 1 day after
encapsulation, thus the release profile of EVs from our UPy-hydrogel seems favourable as
compared to EV release from ECM hydrogels®. EV release from ECM hydrogels varied from 25-
45% after 3 days, depending on hydrogel tissue source. Furthermore, when incorporating
miRNA or antimiR molecules in UPy-hydrogels, Bakker et al. observed near complete release
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from UPy-hydrogels within 2 days*. This release could be delayed by using cholesterol-
conjugated molecules, suggesting an affinity of cholesterol to the UPy-hydrogel network. EVs
are much larger in size and also contain high levels of cholesterol, which could possibly explain
the more gradual release of EVs compared to miRNA or antimiR molecules. Since our method of
EV detection is based on the expression of CD63, we cannot exclude a bias for a specific EV
population. However, since we were able to detect multiple EV markers using this method
(Supplemental Figure 1), and as we are mainly interested in release of EVs from UPy-hydrogels
and its application in vivo in general, we assume the release profile is similar for other EV
populations of the same size and composition.
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Figure 1 Sustained release of EVs from UPy-hydrogel in vitro. CPC-derived EVs were isolated using ultrafiltration
followed by size-exclusion chromatography. A) Nanoparticle Tracking Analysis (NTA) was performed to show EVs' size
distribution before encapsulation and after release from UPy-hydrogel. NTA revealed an average EV size of 100 nm,
which was not affected by incorporation into and release from UPy-hydrogels. Results are presented as mean + SD
(black line and dotted line, respectively). B) The presence of typical EV markers CD81, Alix, CD63, in our EV preparation
was confirmed using Western Blot analysis. The endoplasmic reticulum membrane protein calnexin was not present in

50



our EVs. C) To evaluate EV release from UPy-hydrogel, conditioned medium containing the released EVs were
collected at several time points up to 4 days. An EV bead capture assay was performed to assess EV release based on
CD63+fluorescent intensity. D) Approximately 10% of the initial EVs were released from UPy-hydrogel after 4 days,
calculated by using a standard curve of multiple known EV concentrations. Data are displayed as mean + SD of three
replicate experiments. Abbreviations: CL = cell lysate, CPC = cardiac progenitor cell, MW = molecular weight.

Importantly, to achieve EVs' full therapeutic potential, they should remain biologically active
after release from hydrogels. EVs have the ability to transfer their biological cargo, including
proteins and RNA, between cells after EV uptake by the recipient cell*®. Therefore, to ensure that
EVs maintain their integrity after release from UPy-hydrogels, we assessed EV uptake by HMEC-1
cells. Moreover, since CPC-EVs that were used in this study, have been shown to induce
phosphorylation of ERK1/2, we used ERK1/2 activation in HMEC-1 as a second outcome
parameter to determine EV functionality®’. PKH26-labeled EVs were loaded into UPy-hydrogels,
placed in a transwell insert and co-cultured with HMEC-1 in the bottom well (Figure 2A). After 4
days, PKH26-labeled EVs were visible in the HMEC-1 co-cultured with EV-loaded UPy-hydrogels,
whereas UPy-hydrogels without EVs did not show any positive PKH26-staining (Figure 2B). In
addition, we evaluated if EVs maintained their functional ability to activate signaling pathways in
targeted HMEC-1 after being released from UPy-hydrogel. Medium containing EVs released
from UPy-hydrogels, collected after 1 week but also after 2 weeks, retained the ability to activate
ERK signaling as evidenced by an increased pERK/ERK ratio in HMEC-1 upon exposure (Figure
2C). When compared to fresh EVs, EVs released after 1 week can activate ERK1/2 to the same
extent as fresh EVs (Supplemental Figure 4). When released after 2 weeks, EVs still retain the
ability to activate ERK signaling, although to a lower extent than fresh EVs, which should be
further investigated in future studies. Together, these data indicate that EV function is preserved
after release from UPy-hydrogels. We showed that after release from UPy-hydrogels EVs retain
the ability to be taken up by recipient cells and activate internal signaling pathways, indicating a
preserved biological function of EVs.
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Figure 2 EVs retain their functionality after release from UPy-hydrogel. A) In vitro set-up to determine uptake of
PKH26-labeled EVs by HMEC-1 after release from UPy-hydrogels. B) Fluorescent image of HMEC-1 co-cultured with
either empty or EV-loaded UPy-hydrogels showing that EVs can be taken up by HMEC-1 after release from UPy-
hydrogel. C) In vitro set-up to determine if EVs maintain their ability to activate ERK signaling. D) EVs collected after 1
or 2 weeks after release retain the ability to induce phosphorylation of ERK1/2. Data are displayed as mean + SD. *
represents p < 0.05 and ** p < 0.01 using an unpaired Student's t test. Abbreviations: ERK1/2 = extracellular signal-
regulated kinase 1/2, HMEC-1 = human microvascular endothelial cells.

The abovementioned results confirmed a sustained EV release from UPy-hydrogels in vitro. To
achieve increased therapeutic exposure in vivo however, improving local EV retention would also
be of great importance. Therefore, we evaluated the feasibility of UPy-hydrogel to improve local
retention of EVs in an in vivo model. UPy-hydrogel loaded with fluorescently-labeled EVs (UPy +
EV) or fluorescently-labeled EVs alone (EV) were injected subcutaneously in mice. Solid-like UPy-
hydrogels could be detected in all mice 3 days after subcutaneous injection (Figure 3A + Figure
S5). UPy-hydrogels, skin, and fat tissue near the injection site were excised and fluorescent
signals (800 nm) were visualized using a Pearl Imager (Li-cor). In the UPy + EV group, most of

52



the fluorescent signal could be detected within the UPy-hydrogel, whereas in the EV group
highest fluorescent signals were present in surrounding tissues including skin and subcutaneous
fat tissue (Figure 3B). These data clearly show that EV retention in vivo can be improved by
encapsulating EVs in UPy-hydrogels compared to EV treatment alone.
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Figure 3 In vivo retention of EVs in UPy-hydrogels. A) Subcutaneously injected UPy-hydrogel can be detected as a
solid-like gel 3 days after administration. B) Fluorescent images of skin, fat or UPy-hydrogel from mice treated with
either EV alone or UPy + EV. In the EV group, most of the fluorescent signal was present in surrounding skin and fat,
whereas in the UPy + EV group EVs were retained in the UPy-hydrogel.

Our study may also potentially be extended to other biomedical applications, such as
therapeutic drug delivery, where EVs are regularly being used as drug carriers”’*®. The injectable
nature of UPy-hydrogels makes them an attractive candidate for local clinical applications. For
example, Bastings et al. showed that growth factor-loaded UPy-hydrogels could be delivered
into the infarcted myocardium by catheter-guided injections™. Furthermore, the ability to
visualize a Gadolinium(Ill)-DOTA labeled UPy-hydrogel with contrast enhanced MRI could
enhance injection accuracy when applying this to patients, emphasizing feasibility of UPy-
hydrogels for translational purposes*.
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Near-infrared fluorescently labeled-EVs were used in this study, which allows for studying their
biodistribution in different tissues in vivo, but does not allow true quantification. A study by
Royo et al. used radioactive labeling of EVs with Na[124I]I and detection with PET to quantify EV
biodistribution in vivo®. The use of radioactive labeled EVs to investigate in vivo biodistribution
will make quantification possible, however, this method requires specific technologies to be
available. EV release kinetics from UPy-hydrogel in vivo therefore remains to be investigated.

Interestingly, Gangadaran et al. observed an additional beneficial effect on blood perfusion and
formation of new blood vessels in a hind-limb ischemia model when treated with mesenchymal
stromal cell derived-EVs (MSC-EV) in Matrigel compared to MSC-EV alone®. In addition, when
combining endothelial progenitor-derived EVs with a shear-thinning hydrogel, Chen et al.
showed increased therapeutic efficacy after myocardial infarction compared to EV treatment
alone™. These studies indicate the potential additional value of sustained EV release on tissue
repair. Whether sustained EV release from UPy-hydrogels increases therapeutic efficacy in vivo
compared to a single EV dose remains to be investigated.

In conclusion, this study shows that EVs are gradually released from UPy-hydrogels and remain
associated with hydrogels upon injection in vivo. Furthermore, EVs keep their functionality after
release in vitro. Therefore, EV delivery to specific sites may be prolonged using UPy-hydrogel,
which could contribute to higher therapeutic effects upon local delivery and translation towards
new applications.

Materials and Methods
Cell culture

Cardiac progenitor cells (CPC) and human microvascular endothelial cells (HMEC-1) were
cultured as described before***°. Cells were incubated at 37°C (5% CO, and 20% O,) and
passaged at 80-90% confluency using 0.25% trypsin digestion. For EV isolation, CPCs were
cultured for 3 days, after which medium was replaced with serum-free Medium 199 (Gibco,
31150-022). After 24 hours, conditioned medium (CM) was collected.

EV isolation protocol

EVs were isolated using ultrafiltration combined with size-exclusion chromatography (SEC)®.
First, cell culture CM was centrifuged at 2000 x g for 15 min, followed by 0.45 um filtration to
remove residual cell debris. Subsequently, CM was concentrated using 100 kDa molecular
weight cut-off Amicon spin filters (Merck Millipore), after which it was loaded onto a S400
highprep column (GE Healthcare, Uppsala, Sweden) and fractionated using an AKTAStart (GE
Healthcare) system equipped with an UV 280nm flow cell. After elution from the column, EV-
containing fractions were pooled, 0.45 um filtered, and concentrated using a 100-kDa Amicon
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spin filter. EV particle number and size distribution were determined using Nanoparticle Tracking
Analysis (Nanosight NS500, Malvern). The camera level was set at 15 and the detection
threshold at 5.

EV labeling

For in vitro experiments, EVs were labeled with PKH-26 using a red fluorescent cell linker kit
(Sigma, PKH26GL) according to the manufacturer's protocol. In short, EVs were diluted with
Diluent C, followed by incubation with 5 uM dye for 15 minutes at room temperature in the
dark. Next, free dye was removed using a Sepharose CL-4B column coupled to an AKTAStart,
followed by concentration of EV-containing fractions with a 100-kDa Amicon spin filter. For in
vivo studies, EVs were labeled with Alexa Fluor 790 NHS Ester dyes (ThermoFisher, A37569). EVs
were incubated with 30 uM reactive dye in 0.1 M NaHCOs; in PBS and incubated for 45 min at
37°C while shaking at 450 rpm. After labeling, dye was quenched using a final concentration of
50 mM Tris-HCI for 30 min and free dye was removed using a Sepharose CL-4B column coupled
to an AKTAStart. EV-containing fractions were concentrated using a 100-kDa Amicon spin filter.

UPy-PEG hydrogel preparation and EV loading

The UPy-PEG polymers with a 10k and 20k PEG-spacer were synthesized as described before
(SyMO-Chem BV, Eindhoven, The Netherlands)®®. The hydrogelator powder was dissolved at a
high pH (11.7) in PBS to the appropriate concentration. The mixture was vigorously shaken for 1
hour at 70 °C until a homogenous mixture was obtained. Subsequently, the mixture was cooled
down to RT and pH was confirmed to be approximately 9.

EV release studies

UPy-hydrogels (10% w/w) of 100 pl were mixed with 10 x 10'°EVs in PBS of pH 9 to prevent pre-
solidification. Liquid UPy-hydrogels were transferred to transwell inserts with 8 um pore size
(Greiner, 662638) and solidified by raising pH to 7.4. Release of EVs from UPy-hydrogels was
examined by placing the transwell inserts in wells containing 1 mL of medium. Next, 200 pL of
conditioned medium was collected at 6h, 24h, and 4 days and replaced with new medium after
each time point. Release kinetics were assessed using flow cytometry after capturing EVs with
antibody-coated magnetic beads, as described before®. In short, EV-containing medium was
incubated O/N with either, CD9-, CD81-, or CD63-antibody coated magnetic beads (ExoCap, JSR
Life Sciences) and washed with 2% BSA in PBS. Subsequently, CD9-, CD81-, or CD63-Alexa647
antibody (CD9, BD Bioscience, 341648, clone M-L13; CD81, BD Biosciences, 551112, clone JS-81;
CD63, BD Biosciences, 561983, clone H5C6) in PBS was added and incubated for 2 hours at RT
while shaking. After washing with 2% BSA in PBS, samples were resuspended in 0.25% BSA in
PBS for analysis. Mean fluorescence intensity (MFI) of bead-captured EVs was measured using
flow cytometry (BD FACSCanto II).
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EV functionality

For EV uptake experiments, PKH26-labeled EVs (22 x 10'%) were loaded into an UPy-hydrogel
and placed into transwell inserts as described above. 1.2 x 10° HMEC-1 cells were plated in the
lower compartment. After 4 days, EV uptake by HMEC-1 cells was determined using fluorescent
microscopy. Cells were fixed using 4% PFA and incubated with a primary antibody for B-actin
(1:1000) (Sigma, A5441) at RT for 1 hour, followed by incubation with Alexa Fluor 488 goat anti-
mouse secondary antibody (1:2000) (Invitrogen, A11001). Nuclei were stained using TO-PRO-3
Iodide (ThermoFischer, T3605). Fluorescent images were taken using a confocal microscope
(Zeiss, LSM 700).

EV functionality was also assessed by determining their effect on ERK1/2 phosphorylation as
described before®**™*_In short, 1.2 x 10° HMEC-1 cells were starved for 3 hours using basal
MCDB131-medium, after which conditioned medium from EV-loaded UPy-hydrogels was added
and incubated for 30 minutes. Cells were lysed using lysis buffer (Roche, 04719964000), followed
by centrifugation at 14,000 x g for 10 minutes. Protein levels of phosphorylated ERK1/2 and total
ERK1/2 were assessed using Western Blotting.

Western blotting

Protein lysates were loaded on pre-casted Bis-Tris protein gels (ThermoFischer, NW04125BOX)
and run for 1 hour at 160V. Next, proteins were transferred to PVDF membranes (Millipore,
IPVH00010), followed by incubation with antibodies for 42/44 pERK1/2 (1:1000) (Cell Signaling,
43705), 42/44 ERK1/2 (1:1000) (Cell Signaling, 91025), Alix (1:1000) (Abcam, 177840), CD81
(1:1000) (Santa Cruz, sc-166029), CD63 (1:1000) (Abcam, 8219), Calnexin (1:1000) (Tebu-bio,
GTX101676), or B-actin (1:7500) (Sigma, A5441). To visualize proteins a chemiluminescent
peroxidase substrate (Sigma, CPS1120) was used. Quantification of the images was performed
using ImageJ software (1.47V).

In vivo studies

Female Balb/CAnnCrl mice (age 10-12 weeks, weight 20-30 g), originally obtained from the
Jackson Laboratory and kept in our own breeding facility, were housed under standard
conditions with 12-h light/dark cycles and received standard chow and water ad libitum. All
experiments were carried out according to the ‘Guide for the Care and Use of Laboratory
Animals’, with prior approval by the Animal Ethical Experimentation Committee, Utrecht
University, the Netherlands.

Mice were anesthetized by inhalation of 2.0% isoflurane in a mixture of oxygen/air (1:1).
Subsequently, 350 uL of 4 x 10° EVs (N=2) or 4 x 10° EV-loaded UPy-hydrogels (N=4) were
injected subcutaneously in the right flank using a 25 Gy needle. The amount of EVs that were
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injected was 4 x 10°. The needle was slowly retracted 30 seconds after injection to prevent any
leakage from the injection site. Mice were euthanized three days after subcutaneous injection
using sodium pentobarbital (60.0 g/kg). Skin and fat tissue around the injection site and UPy-
hydrogels were excised and fluorescent images were acquired using a Pearl Impulse Imager (Li-
cor), as described before®.

Statistical analysis

Data are presented as mean = SD. Unpaired student’s t test was used for comparison of two
groups. Significance levels were set as p < 0.05 or p < 0.01 as indicated.
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Supplemental Figure 1 EV derived from CPC can be captured using different markers. Conditioned medium (50,
100, and 200 pl) was collected from CPC and a bead capture assay was performed using magnetic beads coated with
EV markers CD9, CD81, or CD63 and detected with its corresponding fluorescent antibody. Moreover, increasing
volumes of conditioned medium results in higher fluorescent signals, indicating this assay may be used for semi-
quantitation of EV release. Mean fluorescence intensity of negative- and isotype control are both at background level.
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Supplemental Figure 2 Prolonged EV release using UPy10k-hydrogels compared to UPy20k. EV release patterns
from UPy-hydrogels with a PEG block of 10 kg mol™ (UPy10k) or 20 kg mol™ (UPy20k) were compared. A prolonged
and less variable EV release was observed when using UPy10k-hydrogels.
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Supplemental Figure 3 Representative image of EV release from UPy-hydrogels measured for up to 2.5 weeks.
EVs are continuously released from UPy-hydrogels when measured over a period of 2.5 weeks.
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Supplemental Figure 4 Functionality of released EVs compared to fresh EVs. EVs released after 1 week still retain
the ability to activate ERK to the same extent as fresh EVs. When released after 2 weeks, EVs still activate ERK

signaling, although to a lower extent than fresh EVs.

Supplemental Figure 5 Solid-like gels could be detected in all mice after subcutaneous injection. EV-loaded

UPy-hydrogels were subcutaneously injected in mice. 3 days after subcutaneous injection, UPy-hydrogels containing

EVs were excised. In all mice we could detect the UPy-hydrogels (N=4 in total).
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Abstract

Extracellular vesicles (EVs) are double-layered membrane particles secreted by cells that have
attained increasing interest as disease biomarkers and therapeutic agents. Currently, we lack
consensus on how to properly store EVs for different applications. While most studies
investigated the effect of storage conditions on physiochemical properties of EVs, fewer studies
have assessed if storage conditions affect EV functionality. In this study, we investigated
physiochemical properties of cardiac progenitor (CPC)-derived EVs 1 day after storage at -80°C
or 4°C, and assessed the effect on EV functionality in both in vitro and in vivo angiogenesis
assays. Here, we show maintained EV size and protein marker expression after -80°C and 4°C
storage when compared to freshly isolated EVs, while particle concentration slightly decreased
after -80°C storage. Furthermore, we found no apparent difference between -80°C and 4°C-
stored EVs in vitro, as assessed by ERK1/2 activation in human microvascular endothelial (HMEC-
1) cells and wound closure capacity in a scratch migration assay. In addition, we assessed EV
functionality in a subcutaneous Matrigel plug assay in vivo by quantification of the number of
infiltrating CD31+ cells and total cell counts. We found similar numbers of infiltrating CD31+
cells between EV-loaded plugs when compared to PBS-loaded Matrigel plugs, although some
plugs had increased numbers of CD31+ cells. In addition, total cell infiltration was non-
homogenously increased upon loading with -80°C and 4°C stored EVs when compared to PBS.
No apparent difference was observed between -80°C and 4°C storage. Together, our results
indicate preserved physiochemical properties and functionality after short-term CPC-EV storage,
which could enable faster translation of EV-based therapeutics towards clinical application.
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Introduction

Extracellular vesicles (EVs) are nano-sized, phospholipid bilayer enclosed endogenous
messengers, containing a range of biological cargo including proteins, lipids, and RNA. The
exact makeup and effects of EVs highly depend on the secreting cell type and external stimuli.
Being part of the intercellular communication machinery, EVs can influence the cellular
microenvironment and mediate both physiological and pathological processes. These combined
properties make EVs an interesting source for both diagnostic and therapeutic applications™2

To date, many reports have described EVs' therapeutic functionality both in in vitro and in vivo
studies. At the same time, there is little information or consensus on how to best store them for
different applications®®. Recent studies have suggested that storage temperature affects EVs'
physicochemical characteristics, such as size, morphological features, and protein content™™,
While most studies have focused on the effect of storage conditions on physiochemical

properties, little is known about the effect on EV functionality in vitro and in vivo.

To study the effect of storage temperatures on EVs' functionality, read-outs to assess EVs'
biological effects are required. Previously, we have shown that cardiac progenitor cell (CPC)-
derived EVs have a pro-angiogenic effect on endothelial cells in vitro, as determined by
increased wound closure in a scratch migration assay and higher extracellular signal regulated
kinase (ERK) activation in human microvascular endothelial cells (HMEC-1)*'*13 In addition,
CPC-EVs stimulate angiogenesis in Matrigel plug assays in vivo®. To date, no direct comparative
studies of different storage conditions on EV functionality have been performed in vivo. As we
move towards employment of EVs for therapeutic use, the appropriate storage conditions to
maintain EV functionality have to be established. Here, we evaluated potential storage mediated
effects on CPC-EV functionality. EVs were characterized after overnight storage at -80°C or 4°C
after which EV functionality was investigated in both in vitro and in vivo angiogenesis assays.

Materials and methods
Cell culture

Human fetal heart tissue was obtained by individual permission using standard procedures for
written informed consent and prior approval of the ethics committee of the Leiden University
Medical Center, the Netherlands. This is in accordance with the principles outlined in the
Declaration of Helsinki for the use of human tissue. Cells were cultured on 0.1% gelatin-coated
culture flasks. Human cardiac progenitor cells (CPCs) were cultured using SP++ medium (EGM-2
(Lonza, CC-3162) with 66% M199 (Gibco, 31150-030)) supplemented with 10% fetal bovine
serum (Biowest, S1810-500), 1% Penicillin-Streptomycin (Gibco, 15140-122), and 1x MEM Non-
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Essential Amino Acids Solution (Gibco, 11140-035), as described before**. Human microvascular
endothelial cells (HMEC-1) were cultured in MCDB-131 (Gibco, 10372-019) with 10 ng/mL
human Epidermal Growth Factor (EGF) (Peprotech/Invitrogen 016100-15-A), 1 pg/mL
Hydrocortisone (Sigma H6909-10), supplemented with 10% fetal bovine serum (Biowest, S1810-
500), and 10 mM L-Glutamine (Gibco, 25030-024) freshly added. All cell lines were maintained at
37°C and 5% CO2 in a humidified incubator.

EV isolation and characterization

CPCs were grown until 80-90% confluency in SP++ culture medium, after which cells were
washed with PBS and Medium 199 (M199) was added to collect cell secretions. After 24 hours,
conditioned medium (CM) was collected and cleared from large debris by centrifugation at 2000
x g for 15 min, followed by filtration (0.45 pm). Next, CM was concentrated using 100 kDa
molecular weight cut-off (MWCO) Amicon spin filters (Merck Millipore) and loaded onto a S400
highprep column (GE Healthcare, Uppsala, Sweden) using an AKTAStart (GE Healthcare)
containing a UV 280nm flow cell. After elution, the EV-containing fractions were pooled, 0.45 um
filtered, and concentrated using a 100-kDa MWCO Amicon spin filter. Particle concentration and
size distribution were analyzed fresh or after storage using Nanoparticle Tracking Analysis
(Nanosight NS500, Malvern). Measurements were performed using a camera level of 15, and a
detection threshold of 5. To assess protein marker expression, EVs were lysed using RIPA Lysis
buffer (Sigma, 20-188). EV protein concentration was determined after storage using a
microBCA protein assay kit (Thermo Scientific, 23235).

HMEC-1 stimulation

1.2 x 10° HMEC-1 were starved in basal MCDB-131 medium for 3 hours. Next, HMECs were
stimulated with 2 x 10 EV particles for 30 minutes, after which cells were lysed using lysis buffer
(Roche, 04719964000). Cell lysates were centrifuged for 10 minutes at 14.000 x g, and
phosphorylated ERK1/2 and Akt, as well as total ERK1/2 and Akt protein levels were determined
using Western Blotting.

Western blotting

Proteins were loaded on pre-casted Bis-Tris protein gels (ThermoFischer, NW04125BOX) and run
for 1 hour at 160V, after which proteins were transferred to PVDF membranes (Invitrogen,
IB401031). After incubation with antibodies for pERK1/2 (Cell Signaling, 43705), ERK1/2 (Cell
Signaling, 91025), pAkt (Serd473) (Cell Signaling, 4060S), Akt (Cell Signaling, 9272S), Alix (1:1000)
(Abcam, 177840), CD81 (1:1000) (Santa Cruz, sc-166029), CD63 (1:1000) (Abcam, 8219), CD9
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(1:1000) (Abcam, ab92726), Calnexin (1:1000) (Tebu-bio, GTX101676), or B-actin (1:7500) (Sigma,
A5441) a chemiluminescent peroxidase substrate (Sigma, CPS1120) was used to visualize the
proteins. Quantification of the images was performed using ImageJ software (1.47V).

Scratch Assay

HMEC-1 were seeded in 48 well plates and grown overnight to 90-100% confluency. Cell
monolayer was scratched in a straight line using a sterile 200 pl pipet tip. Cells were washed with
MCDB-131 and treated with: 1) 20% FBS in MCDB-131 (positive control), 2) MCDB-131 (negative
control), 3) EVs in MCDB-131. Two distinct images per well were taken immediately and after 6
hours at 4x magnification (n=4). To quantify the scratch closure over time, images acquired
from each sample were further analyzed using Adobe Photoshop CS6. All analyses were
performed blinded for treatment.

In vivo Matrigel plug assay

Male Balb/CAnnCrl mice (age 10-14 weeks, weight 20-30 g), originally obtained from the
Jackson Laboratory and kept in our own breeding facility, were housed under standard
conditions with 12-h light/dark cycles and received standard chow and water ad libitum. All
experiments were carried out according to the ‘Guide for the Care and Use of Laboratory
Animals’, with prior approval by the Animal Ethical Experimentation Committee, Utrecht
University, the Netherlands. Mice were anesthetized by inhalation of 2.0% isoflurane in a mixture
of oxygen/air (1:1). Subsequently, 350 yL of Matrigel was injected subcutaneously in the left
flank using a 25 Gy needle. The Matrigel plugs were loaded with 1.5 x 10™ EVs stored at either
4°C (N=6) or -80°C (N=6), or with PBS (N=4). The needle was slowly retracted 30 seconds after
injection to prevent any leakage from the injection site. Mice were euthanized 14 days after
subcutaneous injection using sodium pentobarbital (60.0 g/kg). Matrigel plugs were excised and
divided in two halves. One half was used for hemoglobin measurements and the other half for
immunohistochemistry.

Hemoglobin measurements

Hemoglobin (Hb) levels in the plugs were assessed using QuantiChrom Hemoglobin Assay Kit
(DIHB-250, BioAssay Systems). In short, plugs were incubated in RIPA buffer for 10 minutes at
4°C, followed by centrifugation at 9280 x g for 6 minutes at 4°C. Supernatant was collected and
200 pL of QuantiChrom Reagent was added. OD values were measured at 390-405 nm and
hemoglobin levels were calculated using blanks and calibrators (100 mg/dL). Hb levels were
corrected for plug weight and expressed as mg/dL per mg Matrigel.
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Immunohistochemistry

Matrigel plugs were fixed with formalin and embedded in paraffin. Plugs were sectioned and
three sections at different tissue depths were selected for further staining and analysis. Slides
were stained by haematoxylin and eosin (H&E). For detection of CD31+ cells, adjacent slides
were stained using antibodies for CD31 (Santa Cruz Biotechnology, sc-1506-R), Goat o Rabbit
Biotin (Vector, Bal000), Streptavidin Alexa Fluor 555 Conjugate (Invitrogen, S21381), and
counterstained with Hoechst 33342 dye (Invitrogen) for detection of total cell infiltration. Total
cell infiltration was assessed by whole section scanning at a 4x magnification using CellSens
software. Total cell infiltration was normalized to the PBS-loaded plugs, corrected for plug size,
and expressed as total cell infiltration/mm2. To assess the number of CD31 positive cells, three
representative images were taken at a 20x magnification for each plug depth and manually
counted by two independent and blinded observers. CD31+ cell numbers were normalized to
the PBS-loaded plugs and expressed as CD31+ cells per hpf.

Statistical Analysis

All data are presented as mean + SD. Statistical analysis was performed using SPSS and
Graphpad Prism. Samples were tested for normal distribution. Comparison between multiple
groups was analyzed using one-way ANOVA and corrected for multiple comparisons by Tukey
post-hoc testing.

Results

The aim of this study was to evaluate storage-mediated effects on EV characteristics and
functionality. For this purpose, CPC-derived EVs were isolated and stored overnight at -80°C or
4°C. Mode size (Figure 1A) and mean size (Figure 1B) of freshly isolated EVs were approximately
90 nm, matching the classical size for EVs. This was not affected by overnight storage at either
temperature. Particle numbers, however, decreased slightly following overnight storage at -80°C
compared to freshly isolated EVs (Figure 1C), although the degree of particle loss varied
between individual isolations (Supplemental Figure 1). Western blot analysis confirmed
enrichment of EV markers CD63, CD81, CD9, and Alix in the EV isolates compared to cell lysate
(Figure 1D). Expression of all EV markers was comparable between freshly isolated EVs, -80°C
and 4°C stored EVs. B-actin was similarly expressed among all EV storage conditions and also
present in cell lysate. ER marker protein calnexin was, as expected, only evident in cell lysate.
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Figure 1 Characterization of freshly isolated EVs and EVs after storage at -80°C and 4°C. Mode size (A) and mean
size (B) of freshly isolated EVs compared to EVs stored overnight at -80°C and 4°C as determined by Nanoparticle
Tracking Analysis. Mode and mean size of EVs was not affected by overnight storage at -80°C and 4°C. Data are
displayed as mean * SD of three replicate experiments. C) Particle numbers decreased slightly after storage at -80°C
compared to freshly isolated EVs and EV storage at 4°C. Data are displayed as mean = SD of three replicate
experiments. D) EV protein expression was determined using Western blotting. Samples were normalized for protein
concentration determined after storage. Western blot analysis showed enrichment of common EV proteins CD81,
CD63, CD9, and Alix in our EV preparation. EV markers were expressed similarly between EV storage conditions. -
actin was expressed in all EV conditions and in cell lysate. As expected, ER marker calnexin was only expressed in cell
lysate. CL = cell lysate

Since CPC-EVs have been described to stimulate endothelial cell migration and activate
endothelial cell signaling pathways, we used these two functional read-outs to compare the
effect of storage conditions on EV functionality in vitro. HMEC-1 showed increased ERK 1/2 and
Akt phosphorylation upon stimulation with EVs compared to PBS stimulation, regardless of
storage condition (Figure 2A+B, full, uncropped blots in Supplemental Figure 2).
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Figure 2 EVs, stored at 4°C and -80°C, showed no difference in functionality in vitro. A) HMECs were stimulated
with 2x10' EVs for 30 min, after which phosphorylated ERK1/2 and Akt as wells as total ERK1/2 and Akt protein levels
were determined using western blotting. (B) Ratios of pERK/ERK and pAkt/Akt were increased upon stimulation with
EVs. No marked difference was observed between -80°C and 4°C stored EVs. (C) Scratch migration assay showed
increased wound closure upon EV stimulation with no marked storage-mediated differences.

The second angiogenic assay we used to study the effect of storage temperature on EV
functionality in vitro was a scratch migration assay. Percentage of wound closure was
determined at baseline and after 6 hours follow-up (Figure 2C). After low dose EV stimulation (2
x 10, the percentage of wound closure increased to 40.5% + 3.1% for 4°C-stored EVs and 43.9
+ 6.8% in the presence of -80°C-stored EVs, as compared to the negative control (32.6% * 5.7%,
p=0.05) (Figure 2D). Thus, no apparent differences between -80°C and 4°C storage could be
observed (p=0.72). When stimulating with a higher EV dose (6 x 10'°), no additional increase in
wound closure was observed compared to stimulation with a low EV dose (43.9 + 6.8% + for low
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dose -80°C vs 46,17 + 10,06 for high dose -80°C (p=0.996)). Moreover, also here no difference
could be observed between the -80°C and 4°C stored EVs (p=0.82).

Moving towards therapeutic applications of EVs, the effect of storage temperature on EV
functionality should be studied in vivo, especially as the field increasingly recognizes that in vitro
potency assays do not predict in vivo efficacy yet. Here, we investigated in vivo functionality of
stored EVs using a subcutaneous Matrigel plug assay. Their angiogenic effect was assessed by
determining hemoglobin levels in the plugs and infiltration of CD31+ cells after 14 days.
Unfortunately, hemoglobin levels in all plugs did not exceed background levels, indicating that
only low levels of hemoglobin were present inside the plugs (Supplemental Figure 3).
Angiogenesis is marked by the in-situ proliferation and migration of resident endothelial cells.
Therefore, CD31+ cell infiltration was used as a gauge for endothelial cell infiltration.
Interestingly, the number of CD31+ cells per hpf was similar for EV-loaded (1.6 fold for -80°C
stored EVs, p=0.54, 1.2 fold for 4°C stored EVs, p=0.94) and PBS-loaded Matrigel plugs
(normalized to 1), although some plugs did show higher numbers of CD31+ cells when loaded
with EVs compared to PBS (Figure 3B). Furthermore, there was no difference in the number of
CD31+ cells between EVs stored at 4°C and -80°C (p=0.70). We also assessed total cell
infiltration in Matrigel plugs, as we observed visual differences in cell counts between plugs. A
non-homogenous increase of total number of cells was observed in plugs loaded with 4°C
stored EVs (1.5 fold, p = 0.1) and in plugs loaded with -80°C stored EVs (1.3 fold, p =0.39) when
compared to PBS control (normalized to 1) (Figure 3C). No apparent difference was observed
between the two storage conditions (p=0.61). Images of all Matrigel plugs are depicted in
Supplemental Figure 4.
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Figure 3 EVs increase cell infiltration into Matrigel plugs in vivo independently of storage condition. A)
Representative images of Matrigel plugs loaded with PBS, 4°C stored EVs, and -80°C stored EVs. H&E staining was
performed to visualize the Matrigel plugs. Immunofluorescent images were taken at 4x magnification to assess
cell infiltration per mm2 in the plug using whole slide scanning. Scale bar = 500 um. The borders of the plugs are
indicated with a white line. The amount of CD31+ cells are displayed per hpf at 20x magnification in red. Scale bar
= 50 ym. B) Quantification of the number of CD31+ cells per hpf. The number of CD31+ cells was similar between
all groups. C) Quantification of total cells per mm2. The amount of total cell infiltration in the plugs was higher
when loaded with EVs stored at 4°C and -80°C compared to PBS-loaded Matrigel plugs. There was no marked
difference in total cell infiltration between storage conditions.

Discussion

EVs are endogenous messengers that have been implicated to contribute to various
physiological and pathological processes. Therefore, EVs are increasingly being studied for
both therapeutic and diagnostic purposes. Currently reported studies use EVs either fresh,
stored at 4°C, frozen at -20°C or -80°C and thawed, or lyophilized for experiments, indicating
that a golden standard is lacking. Recent studies have shown that storage temperature can
influence EV characteristics such as size, number, and biological function, as assessed by in
vitro studies®™!. To ensure consistency between studies, it is important to assess the effect of
EV storage condition on EV functionality for future work. The aim of this study was to directly
compare characteristics and functionality of CPC-EVs, stored at 4°C and -80°C, using both in
vitro and (n vivo angiogenesis assays.

When assessing storage-mediated effects on EV characteristics, we observed that average EV
sizes remained similar after storage at 4°C and -80°C, as compared to freshly isolated EVs.
This finding is comparable to other studies that also showed no difference in EV size 1 day
post storage at 4°C or -80°C'**. However, when stored for a period of 4 days at 4°C and -
80°C, Maroto et al. observed a size shift towards larger EVs®. This could indicate that swelling,
fusion or aggregation occurs when EVs are stored for longer time periods. Park et al., on the
other hand, showed that median EV size decreased over time when stored for longer periods
at 4°C and -80°C™. The reason for this apparent discrepancy is unclear, therefore future
studies should determine if storage for longer periods of time affects size of other EV types,
or that specifically used buffers are affecting EVs, and if this would have an effect on EV
functionality in vitro and in vivo.

Next, we determined particle numbers directly after isolation and compared those to particle
numbers after storage at 4°C and -80°C. Particle numbers slightly decreased after -80°C
storage, although some variation was observed between individual isolations. A decrease in
particle number could be the result of aggregation upon storage at -80°C, however, this
should be reflected in a larger average EV size, which was not observed in our study. Other
explanations may be that EVs adhere to the Eppendorf storage tubes, resulting in an
apparent quantitative loss, or that EVs completely destabilize during the freeze-thawing
process. There is some controversy regarding EV numbers after storage in current literature.
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While some studies do show reduced particle numbers 1 day after 4°C storage, but not at -
80°C", others do not detect differences in particle number when stored for longer periods at
both 4°C and -80°C*. Ideally, when experimental dosing is based on particle number, particle
numbers should be assessed on the day of experiments, to avoid inaccurate dosing due to
under- or overestimation of particle count.

When comparing the expression of EV marker proteins CD81, CD9, Alix, and CD63, we found
that protein marker expression was not different between 4°C and -80°C stored EVs nor when
compared to freshly isolated EVs. Similarly, Park et al. observed preservation of the EV
markers CD63 and CD81 at 4°C and -80°C for up to 25 days after EV storage®. Our results
indicate that storage temperature at 4°C or -80°C for 1 day resulted in a maintained protein
marker expression.

We used known angiogenic properties of CPC-EVs to investigate the effect of storage
temperatures on EV functionality in vitro®®****. Our findings show no apparent difference
between 4°C and -80°C stored EVs, as assessed by ERK1/2 and Akt activation upon
stimulation with EVs. In addition, the increase in wound closure after stimulation with EVs was
similar for both storage conditions, suggesting preserved functionality after EV storage. We,
however, did not observe a dose-dependent increase in wound closure upon stimulation with
higher EV doses. This could indicate that the maximum EV dose to induce angiogenic effects
is already reached at a lower dose. The study by Park et al. supports our findings, as
maintained functionality of Kaposi's sarcoma-associated herpesvirus infected human
endothelial cell-derived EVs on complement activation 1 day after storage at 4°C and -80°C
was shown, with slightly higher biological activity of 4°C stored EVs™. In contrast, the
antibacterial capacity of human neutrophilic granulocyte-derived EVs on S. aureus was
impaired 1 day after storage at 4°C compared to fresh EVs''. Also for -80°C stored EVs, a
trend towards reduced antibacterial capacity was observed over time. These discrepancies
between EV preparations from different cell sources suggest that EV functionality should be
individually assessed for different cell-derived EVs, since the effect of storage temperatures
on different biological functions could be varying between EV types due to different
mechanisms of action. Our results indicate that, at least for a short period, CPC-EVs' pro-
angiogenic functionality does not appear to be altered upon storage at 4°C or -80°C.

To our knowledge, we are the first to perform a direct comparative study of different storage
conditions on EV functionality in vivo. We found no difference in the number of CD31+ cells
between PBS-loaded and EV-loaded Matrigel plugs. Some EV-loaded plugs, however, did
show higher numbers of CD31+ cells when compared to PBS-loaded plugs. Furthermore, we
observed elevated non-homogenous cell infiltration in Matrigel plugs loaded with EVs
compared to PBS, indicating no apparent differences between 4°C and -80°C stored EVs. This
finding supports prior studies that have shown functional benefits after treatment with CPC-
EVs stored at -80°C post-MI, although in these studies efficacy was not directly compared to
freshly isolated EVs or EVs stored at 4°C>*.
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The observation that increased total cell numbers in our study did not correlate with
increased numbers of CD31+ cells may be explained by differences in experimental
procedures. We assessed the number of CD31+ cells using representative images within the
total plug area, while for quantification of total cell numbers we used whole slide scanning.
As the highest number of infiltrating cells were detected at the borders of the plugs, the
largest difference in infiltrating CD31+ cells might also be expected in these areas. Also, we
observed only weak fluorescent staining of CD31, which might indicate we assessed CD31
expression close to the detection limit. Although this should be resembled in all conditions, it
may have affected our ability to detect small differences. Other quantification methods have
become available which allow for fast and straightforward quantification of cellular infiltrates
in Matrigel plugs using multiple markers simultaneously®. Thus, future research should focus
on optimization of the staining protocol or the quantification method.

Even though CD31 is often used as endothelial marker, it is not the only available marker for
endothelial cells. Other proteins that are expressed in vascular networks and are regularly
used as markers to assess cell infiltration in Matrigel plugs are CD34, o Smooth Muscle Actin,
VE cadherin, and Von Willebrand factor®**®, Furthermore, an interesting study has shown
that early infiltrating cells in FGF2-loaded Matrigel plugs removed after 5 days represented a
population of pericytes (based on expression of NG2, desmin, and PDGFbR), rather than an
endothelial cell population (based on CD31 expression)'’. After 9 days they found the
majority of infiltrating cells formed vessel-like structures positive for NG2 and CD31, markers
for cell types that together form mature blood vessels. Although we assessed the number of
infiltrating cells at a relatively late time point (14 days), we could speculate that the increased
cellular infiltrate in EV-loaded plugs may represent an early angiogenic infiltrating population
rather than a mature population. Therefore, assessing multiple different vascular markers
would be useful to better identify infiltrating cell types.

A different explanation for the observed increase in total cell infiltration, but not in absolute
numbers of CD31+ cells, could be that the infiltrating cells are of different, non-vascular
origin. In this study, we performed xenotransplantation of human-derived EVs in an
immunocompetent mouse, raising the question whether the increased cell populations might
be inflammatory cells. Proteomics analysis of our EV preparation indeed showed presence of
human leukocyte antigens (HLA) class I proteins (data not shown), however, whether these
proteins are functionally capable to allocate an immune reaction remains to be investigated.
Future studies should focus on determining expression of additional markers to characterize
angiogenic or other cell populations that infiltrate into EV-loaded Matrigel plugs in our study.

In conclusion, our results showed similar physiochemical properties for EVs stored at 4°C and
-80°C when compared to freshly isolated EVs, and no apparent difference in EV functionality
in vitro and in vivo. Thus, our findings provide useful information for appropriate short-term
storage of CPC-EVs, which could contribute to faster clinical adoption of EV therapeutics.
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Supplemental Figure 1 Particle numbers of individual EV isolations. Mean particle numbers decreased upon
storage at -80°C compared to freshly isolated EVs, although this varied between individual isolations.
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Supplemental Figure 2 Original image of western blot. Original image of western blot showing increased
ERK1/2 and Akt activation upon stimulation with EVs.
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Supplemental Figure 3 Hemoglobin levels in the Matrigel plugs. Hemoglobin levels were too low to detect
differences between EV-loaded and PBS-loaded Matrigel plugs.
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Supplemental Figure 4 Fluorescent images of all Matrigel plugs stained for nuclei.
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Chapter 6

Summary and general discussion

Extracellular vesicles for cardiac repair

Cardiovascular disease (CVD) is the number one cause of death worldwide, accounting for
32% of death worldwide’. Ischemic heart disease has an estimated death rate of >9 million
people a year. Over the last decade, acute mortality after MI has decreased due to better
strategies including timely reperfusion. However, at the same time, approximately 25% of
people that survive this initial ischemic event will develop heart failure (HF), which is
characterized by the inability of the heart to provide a sufficient amount of blood to the
body??. For this chronically ill patient population, no curative treatments are available besides
heart transplantation. Therefore, other treatment options are needed and being explored that
either focus on preventing the development towards HF, or, focus on treatment of this
chronic HF-patient population. The use of progenitor cells as a regenerative therapy to
restore the initial cell loss after MI has been a huge focus area for the last decade.

Different types of progenitor cells have been considered as potential mediators of cardiac
repair. Cardiac-derived progenitor cells (CPC) could be an attractive cell type to induce
cardiac repair, since they originate from the heart itself and might be predisposed to activate
internal cardiac reparative pathways. Furthermore, CPC are able to differentiate in all needed
cardiac cell types®®. Interestingly, direct injection of CPC into the damaged myocardium
resulted in improved cardiac function after MI, despite only 3-4% engraftment of these
transplanted cells®. An immediate wash-out of cells through the venous drainage system was
observed, indicating involvement of paracrine factors’. When injecting conditioned medium
from mesenchymal stromal cells (MSC), Timmers et al. found the same benefit in infarct
reduction as compared to cell injection®. After separating the conditioned medium into
fractions smaller and larger than 1000 kDa, it was observed that only fractions larger than
1000 kDa were responsible for infarct reduction upon MI’. In depth research on the
secretome of progenitor cells identified extracellular vesicles (EVs) as important components
of conditioned medium carrying reparative properties’. EVs are nanosized, lipid bilayer-
enclosed particles that play important roles in intercellular communication in both health and
disease, which makes them an interesting source for therapeutic applications. Progenitor-cell
derived EVs have been shown to provide endogenous protection after MI by transferring
their cargo, e.g. miRNAs, lipds, and proteins, to cardiac cell types, thereby stimulating repair
processes in the ischemic myocardium' ™. An overview describing the potential of cardiac
progenitor cell-derived extracellular vesicles (CPC-EVs) as therapeutics post MI was provided
in chapter 1.

This thesis described the potential use of these cardiac progenitor-derived extracellular
vesicles for cardiac repair and focused on translational aspects that could accelerate clinical
implementation of EV-based therapeutics.
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Optimization of EV production processes
EV isolation method

While EVs are increasingly being considered as potential therapeutics, some important
aspects have to be addressed before their use as a product in clinical studies. First, one of the
prerequisites for clinical application of EVs is a standardized, reproducible, and scalable
isolation method®'’. The most widely used EV isolation method and the current golden
standard is differential ultracentrifugation (UC). However, this method is time consuming, has
a limited scalability, and EV vyield is operator-dependent™®®. Furthermore, recent literature
suggested that high speed centrifugation may induce aggregation and/or disruption of EVs

2021 For this reason,

due to high shearing forces, which might affect EV functionality
alternative EV isolation methods are currently being explored, one of which is ultrafiltration
combined with size-exclusion chromatography (SEC)*2. This size-based separation of EVs
from other media components is more standardized and highly scalable for clinical
production. In order to assess if EV isolation method leads to differences in EV functionality,
we compared EVs isolated with ultracentrifugation (UC-EV) to EVs isolated with
chromatography (SEC-EV) in vitro in chapter 2. Here, we used CPC-EV-induced extracellular
signal regulated kinase (ERK) phosphorylation in endothelial cells as read-out to investigate
possible differences in EV functionality”®. We found that SEC-EV resulted in higher
functionality compared to UC-EV, indicated by more pronounced ERK activation in
endothelial cells. This may be a consequence of the high shear forces that UC-EV have to
withstand during high speed centrifugation. Consequently, signaling molecules on the UC-EV
surface may be destroyed, thereby preventing their ability to activate, bind, or be taken up by
recipient cells.

In order to validate our in vitro results in an in vivo model, we compared functionality of EVs
obtained using different isolation methods, in a permanent ligation model, as well as an I/R
injury model (chapter 3). To our surprise, we observed no difference in infarct size between
PBS, UC-EV, and SEC-EV treated groups after permanent ligation nor after I/R injury,
indicating the absence of a therapeutic effect upon EV injection. As a result, we were not able
to assess if EV isolation influenced EV functionality in vivo. Our data is in contrast with
previously reported studies that did observe reduced infarct size upon treatment with CPC-
derived EVs”?. A recent meta-analysis of controlled animal studies showed that EVs derived
from several types of progenitor cells reduced infarct size and improved cardiac function®.
Therefore, finding the primary driving factor for this difference is of great importance for
future employment of EV-based therapeutics. There are several possible explanations for the
observed discrepancy, which will be discussed in separate subheadings below.

Cell source

As mentioned before, EVs derived from different progenitor cells have been used for cardiac
repair’®. MSC-derived EVs have been shown to exert beneficial effects after MI in multiple
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studies® %%

. MSCs can be obtained from bone-marrow or blood, allowing for clinical
translation. However, MSC-EV have their own technical limitations, as, in our hands, MSCs
cultured in serum-free medium fail to produce sufficient numbers of EVs for further analysis.
Furthermore, a cell population originating from the heart itself, such as CPCs, might be more
inclined to excrete beneficial mediators for the heart. Thus, although MSCs could be an
interesting cell source, in this thesis we have focused on the use of CPC-EVs for cardiac

repair.

CPCs can be isolated from human biopsies using different methodologies that are either
based on surface markers (Scal®™-CPC or c-kit"™-CPC) directly, or via explant culture
(cardiosphere-derived cells (CDC))*?**. When comparing the gene expression profiles of
multiple CPC types, isolated using these different methodologies, no major differences were
found between these CPC types®. Interestingly, small differences were mainly related to
individual CPC clones rather than CPC isolation methodology. One main difference between
our study and a previously reported study by Maring et al. was the use of a different Scal”
CPC clone for the in vivo studies®. Within the heart, multiple Scal* CPC subpopulations have
been discovered, which can be detected using different antibodies recognizing a
glycosylation variant of their respective epitopes®. As different subpopulations may have
different therapeutic efficacy, we compared the CPC clone used in our study to the CPC clone
from the study by Maring et al. in a mouse study with long-term follow-up®. However,
treatment with neither of the CPC clones was able to improve cardiac function 1 and 4 weeks
after MI, suggesting this possibility is unlikely to explain the different outcomes (data not
shown).

Culture methods

Another potential explanation could be differences in culture methods. In order to purify our
EV population and optimize our culture procedure for future human application, we cultured
our cells in serum-free culture media before EV collection, whereas cells were previously
cultured in ‘EV-depleted’ FBS-containing medium®. EV-depleted serum is obtained via
overnight ultracentrifugation of serum in order to deplete it from serum-derived EVs. It has
been suggested that ultracentrifugation of serum does not deplete all serum-derived EVs,
RNAs, and proteins®***. Therefore, a possible explanation could be that serum-derived EVs,
proteins and/or RNA are co-isolated when EV-depleted medium is used. This may, on its turn,
be responsible for the observed functional difference of both EV types.

In order to investigate if differences in the presence of serum components could be the key
explanation for the observed differences, we performed a pilot study. Here, we isolated CPC-
EVs from either EV-depleted serum-containing medium (EV + serum) or serum-free medium
(EV - serum) using ultracentrifugation and assessed EV purity and their biological effects
using two in vitro angiogenesis assays (see Appendix). Our data suggest at least similar purity
of EV + serum and EV - serum, as assessed by a similar ratio in particle number per 1 ug
protein®. In terms of function, biological activity of EV - serum was slightly increased when
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compared to EV + serum, as assessed by two different in vitro angiogenesis assays. Therefore,
these data are in contrast to our hypothesis that co-isolation of EV-depleted serum
components could explain the observed differences in functional outcome in vivo. Yet, we
may question the predictive value of these in vitro assays for therapeutic efficacy in vivo,
since we observed no therapeutic benefits when injecting EVs derived from serum-free
cultured cells after ML

One important aspect that remains to be addressed, however, is the possibility that serum-
free culturing might alter the composition and content of EVs, leading to reduced therapeutic
efficacy in vivo. It has been described that EV content can be altered after stimulation of cells
with different environmental cues, for example hypoxia, TNF-a stimulation, high glucose
concentrations, or serum-free culturing® . Thus, serum-free culturing of CPC may alter the
content of CPC-EVs, reducing levels of key components needed to exert functional effects in
post-MI models in vivo. Proteomic analysis of EV - serum and EV + serum could reveal
possible differences in protein composition between EVs obtained from cells with different
culture methods and could provide insights on how intracellular signaling pathways are
potentially affected by serum-free cell culture, which eventually might lead to altered EV
protein content.

There is much more diversity in culture and isolation methods when we examined studies in
literature. One of these differences is the time after which conditioned medium is being
collected. While we collected conditioned medium after culturing cells for 24 hours, other
studies cultured cells in serum-free medium for 48 hours, or for even longer periods of 7 or
15 days'**#*#>4°_ Culturing cells in serum-free medium for such a long period of time should
raise concerns about whether these cells are alive and healthy, and whether the EV isolates
do not comprise apoptotic bodies. Furthermore, a variety of EV isolation methods are
currently used to isolate EVs. Most studies either use ultracentrifugation, which is the current
golden standard, or ultrafiltration to isolate EVs for assessing their therapeutic efficacy in in
vivo studies®™*?° However, some reported studies have used ExoQuick or similar poly-
ethylene glycol (PEG) solutions to precipitate EVs'*?*. While this method is simple and quick,
there are concerns that this isolation method does not yield a pure population of EVs*.
Moreover, differences can even be found within one isolation method. Although 1 hour of
ultracentrifugation is sufficient to pellet EVs, some studies collect EVs after 4 hours of
centrifugation, which should also raise concerns on the purity of the isolated EV population.
Altogether, as there are many different methods to obtain EVs, examining their effect on
functionality in vivo is key to accelerate clinical adoption of EV therapeutics.

In conclusion, a variety of culture methods are used to culture cells before EV collection.
Although our data do not support the hypothesis that co-isolation of EV-depleted serum
components would explain our differences in therapeutic efficacy in vivo, we should examine
whether serum-free culturing alters EV composition and content. Furthermore, future studies
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should focus on the effect of different culture methods on EV functionality in vivo before
clinical application of EVs.

Ml model

An alternative explanation could be provided by differences in the experimentally induced MI
model. Currently, we lack a standardized MI model to evaluate efficacy of new therapeutic
strategies. As a result, reported studies that assess CPC-EVs' therapeutic efficacy have used a
variety of MI models. For example, experiments have been performed in different animal
species, have used a ligation or cryoinjury to induce cardiac damage, have used a permanent
ligation model or I/R injury model, have been using different times of ischemia before
reperfusion, or have been using a different time window or dosing regime. In addition, a
plethora of different read-outs have been used to assess therapeutic efficacy, for example
based on cardiac function or infarct size, which have in addition been assessed after different
periods of time. Comparing all those different studies with one another and assessing the
most potent therapeutic strategy is therefore a huge challenge.

In our study, we observed high variability in infarct sizes within the PBS treated group. We
could speculate that picking up small differences is difficult with such high variations in initial
infarct sizes. However, similar variabilities in infarct size have been observed in other
studies®*™*. Therefore, technical differences in the experimentally induced MI model might
not be the most likely explanation for the observed lack of therapeutic efficacy.

Dosing and timing of treatment

One of the challenges in EV research is to accurately quantify the number of EVs after
isolation, which has resulted in the development of a large variety of technologies for EV
quantification. Consequently, this has led to differences between studies with regards to the
quantification method of EV dosing. Thus, while some studies applied an EV dose based on
only the number of producing cells and not by a quantitative analysis, others based EV
dosing on the number of particles, or amount of protein. The EV dose we employed differs
from previously reported mouse studies using CPC-EV treatment after MI. Some examples
are an EV dose of 2.8 x 10° particles'’, 6.5 x 10® particles®, or an EV dose based on protein
levels®. Generally, when comparing our EV dosing (10 x 10 particles per injection) to
previous studies, we used higher particle numbers. Thus, in our study we may have
administered too high doses, thereby failing to achieve therapeutic benefits post-MIL
Reduced therapeutic effects have previously been observed in vitro when using a high EV
dose of CPC-EVs when compared to a lower EV dose'. Although dose-dependency was only
tested in vitro, this could indicate that overdosing may be important issue in vivo as well.
However, a critical note is that particle numbers and protein concentration of EV preparations
are dependent on their purity upon isolation, making a direct comparison very challenging.

Another explanation could be differences in the time of EV administration after ML In our
study, we performed intramyocardial injection of EVs 15 min after permanent ligation, while
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others perform intramyocardial injections after 60 minutes**?. In our I/R model, we applied
EV treatment at the moment of reperfusion, which is similar to one study“, but differs from
another study that administered EVs 30 minutes after reperfusion®. The optimal EV dose and
timing of treatment needed for therapeutic efficacy post-MI has not been adequately
covered by previous studies, and is therefore an important topic for future research. These
variables can only be eliminated when performing dose-response experiments and
investigating differences in timing of treatment in in vivo models of ML

Altogether, several variables could be explaining the observed differences in therapeutic
efficacy among studies. Future studies should focus on whether cell culture method, dosing,
or timing of treatment could explain these apparent discrepancies. Once we have identified
these key factor(s), we can proceed to validate if EV isolation methods lead to differences in
EV functionality in vivo. For further investigation of EVs' therapeutic potential we propose to
isolate EVs using SEC, although we were not able to assess if SEC-EVs have a beneficial
therapeutic potential in vivo when compared to UC-EVs yet. Nevertheless, the biological
activity of SEC-EVs has shown to be beneficial when compared to UC-EVs in multiple in vitro
assays. Furthermore, EV isolation using SEC is a highly standardized, reproducible, and
scalable method, which is essential to pursue EV therapeutics for clinical use.

EV storage

For therapeutic application, EVs have to be stored after isolation in order to use them
immediately when required. The ability to store EVs upon isolation while maintaining their
functionality is indispensable for future clinical application of EVs. Therefore, another
important aspect to address within the EV production process is the effect of storage
conditions on EV functionality. Currently, most studies describing the effect of storage on EVs
have focused on physiochemical properties, while few studies are available that have
assessed the effect of storage on EV functionality*®®’. Therefore, in chapter 5 we investigated
the effect of storage conditions on EV physiochemical properties such as size and
concentration, and EV functionality in vitro and in vivo. Physiochemical characteristics of 4°C
or -80°C stored EVs were similar 1 day after storage when compared to freshly isolated EVs.
Furthermore, we found no apparent differences between 4°C stored EVs and -80°C stored
EVs, as assessed by in vitro angiogenesis assays. In contrast, other studies showed altered
physiochemical properties and impaired function of EVs in vitro after storage at 4°C or -80°C
for periods varying between 1 to 25 days*®™*®. These differences may have been the result of
differences in storage buffers, freeze-thawing procedures, or cellular mechanisms of action
when using EVs derived from different cell types. Moving towards therapeutic applications of
EVs, the effect of storage temperature on EV functionality should be studied in vivo,
especially as the field increasingly recognizes that in vitro potency assays do not predict in
vivo efficacy yet. We studied the effect of different storage conditions on EV functionality in
vivo using a Matrigel plug assay. We found no statistically significant difference in the
number of CD31+ cells between PBS-loaded and EV-loaded Matrigel plugs although some

85



EV-loaded plugs did show higher numbers of CD31+ cells. Furthermore, we observed
elevated non-homogenous cell infiltration in Matrigel plugs loaded with 4°C or -80°C stored
EVs when compared to PBS, indicating no apparent differences between 4°C and -80°C
stored EVs. We have previously shown that CPC-EVs have strong pro-angiogenic effects, both
in vitro and in vivo™*. However, the increased total cell numbers in our study did not
correlate with increased numbers of CD31+ cells. Possible explanations for this disparity
could be that the infiltration cells are vascular cells, but we do not detect them as such due to
technical limitations, or that the infiltrating cells express other vascular markers. Alternatively,
these infiltrating cells could be of a different, non-vascular, origin. We should first investigate
these two potential explanations and validate our in vivo findings in a larger number of
animals to be able to draw definite conclusions. However, altogether, our data suggest that
short-term storage of EVs at -80°C does not affect functionality of CPC-EVs when compared
to storage at 4°C, which is useful information that could eventually contribute to faster
clinical adoption of EV therapeutics.

EV retention

The injection of cellular therapeutics has often demonstrated only modest beneficial effects
in different patients groups, as a result of retention problems®>*. Similarly, strategies to
enhance EV delivery in chronically diseased patients and prolong exposure of EV therapeutics
have yet to be optimized to achieve their full potential for therapeutic efficacy. Given the
immediate flush-out of cells after intramyocardial injection’, which may also be expected for
EVs, strategies are being developed aiming to increase retention of therapeutics. A potential
method for sustained EV release and to prolong therapeutic exposure is provided in chapter
4. Here, we evaluated the use of a hydrogel based on ureido-pyrimidinone (UPy) units
coupled to poly(ethylene glycol) chains (UPy-hydrogel) as potential gradual release system
for EVs. We found that UPy-hydrogels provide gradual release of EVs in vitro measured over a
period of 4 days and that EVs retained their biological activity after release from UPy-
hydrogel. In addition, we showed that UPy-hydrogel enhanced local EV retention in vivo after
subcutaneous application. Another potential delivery platform for EVs are porcine-derived
decellularized extracellular matrix (ECM) hydrogels®. Here, the majority of released EVs were
detected 1 day after encapsulation®. Ultimately, we aim to investigate if EV-loaded hydrogels
can enhance retention of EVs upon intramyocardial delivery and whether sustained EV
release could increase therapeutic efficacy after MI compared to a single EV dose. However,
examining EV retention in the mouse heart is still limited by the fact that accurate injection of
such a small volume is challenging. Thus, when exploring the use of UPy-hydrogel to enhance
EV retention upon intramyocardial delivery in future studies, we might be dependent on
controllable infusion pumps that can accurately administer small volumes into the
myocardium or on the use of larger animal models. Ultimately, this could contribute to
improved efficacy upon local delivery of EV therapeutics.
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Challenges in the translation of EV therapeutics

Since the discovery that EVs have potential reparative and/or regenerative capacity in
multiple fields, the interest in EV therapeutics has expanded rapidly. However, as we move
towards standardization and optimization of EV production processes and have successfully
increased purity of our EV preparations, we are facing several challenges in translating these
optimized preparations into therapeutically effective products on at least two different levels
(Figure 1). Successful clinical translation starts with the discovery and assessment of EVs'
biological effect using in vitro assays, followed by validation of these findings in preclinical
animal models. In chapter 3, we showed that CPC-EVs were not able to reduce infarct size in
two mouse models of ML However, when assessing the functionality of the used CPC-EVs in
vitro, we found that EVs were still able to activate ERK in endothelial cells, indicating some
level of functionality in vitro. Therefore, one could question the predictive value of this in vitro
assay. This lack of correlation between in vitro and in vivo functionality is one of the major
challenges in the field of EV therapeutics, as we are currently not aware of an in vitro assay
that is able to predict EV functionality in vivo for myocardial repair. Therefore, more effort in
developing in vitro assays that are able to predict whether EVs induce cardiac repair in vivo is
essential. Given that the therapeutic mode of action will likely be different and specific for
each disease condition, we may need distinct in vitro assays for different therapeutic
applications. Improving our understanding of CPC-EVs' mechanism of action (MoA) is
essential for this. Functional assays are fundamental in order to proceed towards clinical use
of EVs, as we must establish standardized validation methods of EVs' biological activity to be
able to assess EV quality and batch-to-batch differences. To address these issues, members
of four societies (SOCRATES, ISEV, ISCT, ISBT) proposed a potential quantifiable metrics to
harmonize the definition of MSC-EVs and provide a guide to enable the comparison of EV
manufacturing and define key physical and biological characteristics of MSC-EVs®. These
criteria included that the MSC-EV preparation must be defined according to their cellular
origin, the presence of membrane lipid vesicles, physical and biochemical integrity of the
vesicles, and biological activity. The development of such standardized quality assurance
assays is fundamental to characterize and compare EV preparations and to ensure further
translation of EV therapeutics.

An additional challenge in the translation of EV therapeutics is that EVs' therapeutic effect
may not be as robust as was initially anticipated on®®, as it may be dependent on factors as
culture methods, MI models, or dosages. This scenario might remind us of the stem cell
therapy 'hype’. The major initial promise of stem cells to favorably alter the clinical course of
major cardiovascular disease has quickly led to progression into huge and costly clinical trials,
without proper understanding of their biological mechanism. Although stem cell therapy was
found to be safe, these studies mostly found contradictory results in terms of efficacy® .
Thus, as EV-based therapeutics are of somewhat similar complexity as stem cell therapeutics,
we may take this as an example and improve understanding of CPC-EVs' mechanism of

action before moving forward into clinical trials.
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Moreover, exploring EVs' mechanism of action is essential for further clinical translation with
respect to regulatory aspects®’. With regards to the pharmaceutical classification of EV
therapeutics derived from unmodified cells, EV therapeutics can be defined as biological
medicines. Regulatory classification of drugs and most biological products is dependent on
their pharmaceutically active substance. In contrast to pharmaceutical drugs, the active
substance of cellular therapeutics does not necessarily have to be a defined molecule, but it
can be defined as the cells themselves®. In that respect, the same definition could be applied
to EV-based therapeutics. Although the MoA of EV-based therapeutics does not have to be
sorted out completely before the start of the first clinical trials, an overview of a plausible
hypothesized MoA must be provided when EV-based therapeutics are applied in the
clinic®®*. Therefore, although EV therapeutics still hold enormous potential, we must improve
upon our understanding of their biology and mechanism of action in order to further pursue
use of EV-therapeutics in clinical trials.

Future perspectives
Unraveling CPC-EVs’ mechanism of action

As touched upon in the previous paragraph, understanding the mechanism by which CPC-
EVs exert therapeutic benefits after MI is essential for moving towards translational use of
EVs. In chapter 1, we have described four processes that can be targeted by new therapeutic
strategies to stimulate cardiac repair after MI, which are: preventing cardiomyocyte apoptosis,
regulating the immune response, stimulating vessel formation/angiogenesis, and reducing
fibrosis. Furthermore, we mentioned the key mechanisms by which CPC-EVs are able to
stimulate cardiac repair, of which the most well studied mechanisms of action are inhibition
of cardiomyocyte apoptosis and stimulation of angiogenesis.

More recently, a few new studies were reported that showed the potential cardioprotective
capacity of CPC-EVs. One of those studies showed that CPC-EVs were able to suppress
proliferation of activated T cells, indicating their potential to balance the immune response
after MI®. Furthermore, the ability of CPC-EVs to lower cardiac fibroblast activation was
shown in a 3D human fibrotic model®. Lastly, a surface protein with anti-apoptotic properties
was recently discovered in CPC-EVs called pregnancy associated plasma protein A (PAPP-A).
PAPP-A is a protease and has been demonstrated to release bioactive insulin growth factor-1
(IGF-1) via proteolytic cleavage of IGF-binding protein-4 (IGFBP-4). The release of IGF-1
subsequently activates the IGF-1 receptor, which triggers intracellular ERK1/2 and Akt
activation in HL-1 cardiomyocytes, leading to decreased caspase activity and reduced
cardiomyocyte apoptosis. siRNA-knockdown of PAPP-A in CPC-EVs reduced the functional
benefit after permanent MI in rats when compared to control CPC-EVs, indicating a
cardioprotective role for PAPP-A™,

It is generally assumed that EVs exert their therapeutic effect via a combination of bioactive
molecules, including e.g. miRNAs and proteins. However, an interesting study by Toh et al.
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showed that it is not likely that the MoA of EVs is regulated via miRNAs, as the number of
functional miRNA copies per EV is probably too low to exert a therapeutic effect®. In
contrast, proteins are usually present in a biologically relevant concentration, indicating that
it is more likely that EVs exert their effect via a protein-based MoA. Therefore, future studies
should focus more on this aspect. To date, most information on EVs' mechanism has been
gathered by using proteomics or miRNA enrichment analysis, however, these analyses are
usually limited by a lack of causal relation between the presence of the protein or miRNA and
functional efficacy in vitro and in vivo. Two exceptions are studies on PAPP-A and on
EMMPRIN that used knock-down experiments to show a causal relation between these
proteins and a therapeutic effect’***. Ultimately, we are aiming to unravel the MoA by which
CPC-EVs provide cardioprotection after ML For that reason, we developed a protocol to
perform single cell sequencing of the mouse heart which may potentially be used to identify
the specific cardiac cell types and affected mechanisms upon EV uptake. This could provide
insights into the MoA of CPC-EVs’ upon ML

EV-mimetic therapeutics

Interestingly, we have the ability to engineer EVs' surface and cargo through chemical and
biological techniques, which is already extensively explored in the drug delivery field®*®. If we
are able to identify EVs' effector molecules in the coming years, we could use this knowledge
to engineer EVs with more favorable characteristics. Furthermore, engineering cardiac
homing peptides on EVs could lead to improved targeting to cardiac tissue. Ultimately, this
may allow us to create unique EV-mimetic populations e.g. by engineering liposomes to carry
cardioprotective molecules and targeting moieties. By using EV-mimetics, we could eliminate
effects induced by culture conditions as a factor that can influence EV cargo. Furthermore,
EV-mimetic therapeutics would contribute to enhanced standardization, scalability, and
reproducibility for clinical application.

Importance of standardization in science

Chapter 3 in this thesis described results with an unexpected negative outcome. A potential
contributor to this outcome may have been lack of standardization of experimental
processes. This thesis described many discrepancies between reported studies on cell culture
method, culturing time, EV isolation method, and MI models. As there are so many different
variables introduced by using different experimental methods that could alter therapeutic
outcome, this stresses the need to improve upon standardization of these processes.

Thus, when exploring innovative EV-based therapeutics for cardiac repair, we should
standardize our EV production methods and establish a standardized and widely accepted MI

model. Although this concept is widely acknowledged by others®" "

, major complications
include the lack of understanding of the optimal culture conditions for EV collection, or the
most optimal MI model. A worldwide collaboration of key opinion leaders would be required

to develop such standardized recommendations. For EVs, first steps have already been made
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by the International Society for Extracellular Vesicles to improve standardization by
introducing guidelines on e.g. EV characterization, EV separation, and concentration'”’*. More
effort must be put in development of - and adherence to those guidelines for cell culture
methods, EV isolation method, purity, quantity, and MI models. Eventually, this could
contribute to improved translation of innovative EV-based therapeutic strategies towards

future clinical application.

Conclusions

In this thesis, the first steps have been made in optimizing EV production processes such as
EV isolation and storage, in order to accelerate clinical adoption of EV therapeutics. However,
we did not observe therapeutic efficacy of our CPC-EV treatment after MI, which is in contrast
to previously reported studies. Thus, future studies should focus on exploring the cause of
this discrepancy. While CPC-EVs hold great potential to serve as cell-free therapeutic for
cardiac repair, more effort must be put in understanding EVs' mechanism of action and
increasing standardization of EV production processes in order to allow for further

employment of EV-based therapeutics.
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Appendix

In this pilot study, we aimed to investigate if co-isolation of serum-derived components when
using EV-depleted serum-containing culture medium could explain the differences in
therapeutic efficacy we found in comparison to the previous reported study by Maring et al®.
Therefore, we isolated CPC-EVs either from cells cultured in EV-depleted serum-containing
medium (EV + serum) or serum-free medium (EV - serum) using ultracentrifugation. To assess
if serum components are isolated from EV-depleted culture medium, we used non-
conditioned EV-depleted serum-containing medium (medium ctrl) that underwent
ultracentrifugation steps similar to conditioned medium as additional control. First, we
assessed the purity of EV - serum and EV + serum, expressed by the ratio of the number of
EV particles in 1 ug EV protein, as described before®®. EV + serum and EV - serum displayed
no major difference in ratio between particle number per 1 ug protein, indicating comparable
EV purity.

Particle number (*10'% /1 ug protein
T

Supplemental Figure 1 Assessment of EV purity. EV purity of serum-free medium derived EVs (EV - serum) and
EV-depleted serum-containing derived EVs (EV + serum), expressed as particle number per 1 ug EV protein.

To compare EV functionality of both preparations of EVs, we used two in vitro angiogenesis
assays. We assessed the ability of EV + serum and EV - serum to activate both ERK and Akt
and performed a scratch migration assay in endothelial cells. As shown in Figure 2, EV -
serum activated ERK and Akt to a higher extent than EV + serum and medium ctrl (Figure 2A-
D). Similarly, EV - serum treatment resulted in higher percentage of wound closure when
compared to EV + serum and medium ctrl (Figure 2E+F). Therefore, biological activity of EV -
serum was higher when compared to EV + serum and medium ctrl. These results indicate
that, despite our expectation, co-isolation of serum components after culturing with EV-
depleted medium would not explain the observed differences in functional outcome in vivo.
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Supplemental Figure 2 Comparison of serum-free medium derived EVs (EV - serum) and EV-depleted
serum-containing medium derived EVs (EV + serum) using in vitro angiogenesis assays. Non-conditioned
serum-containing medium (medium ctrl) was used as additional control. A-B) HMEC-1 were stimulated with EVs,
after which phosphorylation of ERK and Akt as well as total ERK and Akt were assessed using Western blotting.
EVs were either normalized for similar number of particles (A) or similar protein content (B). C-D) Quantification of
ratio pERK/ERK and pAkt/Akt for both particle and protein EV normalization. E) A scratch migration assay was
performed in HMEC-1 and percentage of wound closure was assessed at baseline (T=0) and after 6 hours (T=6). F)
Quantification of percentage of wound closure.
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Supplemental methods
Cell culture

Human fetal heart tissue was obtained by individual permission using standard procedures
for written informed consent and prior approval of the ethics committee of the University
Medical Center Utrecht, the Netherlands. This is in accordance with the principles outlined in
the Declaration of Helsinki for the use of human tissue. Cells were cultured on 0.1% gelatin-
coated culture flasks. Human cardiac progenitor cells (CPCs) were cultured using EGM-2
(Lonza, CC-3162), with M199 (Gibco, 31150-030)) supplemented with 10% fetal bovine serum
(Biowest, S1810-500), 1% Penicillin-Streptomycin (Gibco, 15140-122), and 1x MEM Non-
Essential Amino Acids Solution (Gibco, 11140-035), as described before>. Human
microvascular endothelial cells (HMEC-1) were cultured in MCDB-131 (Gibco, 10372-019) with
10 ng/mL human Epidermal Growth Factor (EGF) (Peprotech/ Invitrogen 016100-15-A), 1
pug/mL Hydrocortisone (Sigma H6909-10), supplemented with 10% fetal bovine serum
(Biowest, S1810-500), and 10 mM L-Glutamine (Gibco, 25030-024). HL-1 mouse
cardiomyocytes were cultured using Claycomb medium (Sigma, 51800C), supplemented with
10% FBS, 1% Glutamax, 1% Penicillin-Streptomycin (Gibco, 15140-122), 0.3 mM Vitamin C
(Sigma, A4034), and 0.1 mM Phenylenephrine. Cells were incubated at 37°C with 5% CO, and
20% O, and passaged at 80-90% confluency after digestion with 0.25% trypsin.

Collection of conditioned medium

Conditioned medium (CM) was collected either from CPCs cultured in serum-free medium for
24 hours or from CPCs cultured in EV-depleted FBS-containing medium for 3 days. EV-
depleted FBS-containing medium was prepared as follows. First, 33% FBS was mixed with
67% Medium 199, followed by centrifugation at 120.000 x g using a type 50.2 Ti fixed-angle
rotor for 16 hours. Next, additional M199, EGM2, 1% Penicillin-Streptomycin and 1% MEM
Non-Essential Amino Acids Solution were added. As an additional control, non-conditioned
EV-depleted FBS-containing medium was kept for 3 days at 37°C, followed by similar
isolation procedures, to assess if additional media components were isolated.

EV isolation

EVs were isolation using ultracentrifugation. First, conditioned medium was centrifuged for
15 min at 2000 x g and 0.45 pum filtered (0.45 Nalgene filter bottles) to remove cell debris.
Next, EVs were pelleted by a 1 hour centrifugation at 100.000 x g using a type 50.2 Ti fixed-
angle rotor. EVs were filtered (0.45 pm) and washed by a second 100.000 x g centrifugation
step. EV pellets were dissolved in PBS, after which particle count was determined using
Nanoparticle Tracking Analysis (Nanosight NS500, Malvern), using a camera level of 15 and a
detection threshold of 5. EV protein levels were determined using a microBCA assay kit
(Thermo Scientific, 23235).
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Angiogenesis assays

Methods of the ERK/Akt activation assay and scratch migration assay are described in

chapter 5.
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