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As key mediators of intercellular communication, extracellular vesicles (EVs) have
emerged as a new therapeutic modality, specifically via a microRNA (miRNA) transfer
mechanism. Unlike synthetic carriers and liposomes, EVs can evade endosomal
degradation, show low immunogenicity, and are able to cross biological barriers.
Despite the advantages of using EVs as therapeutic carriers, there remain several
obstacles to clinical translation. Intrinsic RNA levels in EVs are low and current
exogenous loading methods are inefficient and may damage EVs or their nucleic acid
cargo, which can ultimately impair bioactivity. Even if the therapeutic cargo can be
loaded effectively, the stability of these formulations must be evaluated and improved
to preserve potency after storage for use in clinical settings. Thus, we hypothesize that
studying and developing new methods to load and store EVs can enhance our

understanding of EVs and improve the delivery of nucleic acid cargo. Here, we develop



two techniques for loading nucleic acid cargo into extracellular vesicles and assess the
impact of different storage conditions on EV stability. Sonication was shown to be a
viable method for cargo loading without inducing cargo and vesicle aggregation. Next,
the stability of both endogenously therapeutic EVs and those loaded with cargo via
sonication was assessed. -80°C storage preserved EV activity and -20°C or lyophilized
EVs stored at room temperature were shown to be comparable. However, EVs loaded
via sonication saw a loss in cargo retention within a week of storage. Lastly, we
developed a novel method for loading based on the creation of a pH-gradient within
EVs. This allowed for enhanced passive incorporation of negatively charged cargo into
vesicles without perturbing the membrane. Collectively, the work in this dissertation
improves our understanding of the methods used to preserve and enhance the potency
of extracellular vesicle therapeutics. This information provides new knowledge on the
nature of EVs and their durability, enhancing their potential as an important delivery

vehicle.
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Chapter 1: Introduction

Nucleic acid-based therapies, including DNA and various types of RNA, have emerged
as a promising therapeutic approach [1-3]. However, unprotected nucleic acids quickly
face degradation, ultimately limiting therapeutic outcomes [4]. A number of
approaches have been explored to protect and delivery nucleic acid cargoes including
viral and non-viral vectors. Yet, these approached still face a number of challenges in
overcoming physiological barriers and ensuring effective delivery [5]. One potential
way to address many of these challenges is through the use of extracellular vesicles

(EVs).

EVs are natural carriers of information between cells and have demonstrated an ability
to cross biological barriers, avoid endosomal degradation, and have low
immunogenicity. Thus, EVs can combine the benefits of cell therapies and an advanced
drug delivery system while avoiding many of the limitations of both. Thus, there has
been an exponential increase in research focused on ways to use EVs as a therapeutic
device (Figure 1.1). However, there remain many open questions and obstacles to

eventual large-scale clinical translation of this technology.
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Figure 1.1. Extracellular vesicle publications indexed on PubMed each year. (A) In 2007, Valadi
et al. published the first report of EVs mediating the transfer of RNA between cells (B) In 2011,
Alvarez-Erviti et al. demonstrated the first proof of concept study for delivery of exogenous siRNA via
EVs.

For example, therapeutic activity of EVs is often attributed to a microRNA (miRNA)

transfer mechanism [6,7]. However, miRNA content in EVs may conform to a low
occupancy model [8], potentially resulting in limited potency or an issue with dosage
consistency upon clinical translation. By actively loading EVs with cargo, we can
controllably deliver therapeutically relevant amounts of cargo and achieve a therapeutic
effect with lower EV dosages. Further, it is unclear how stable EV-associated miRNAs
are, with prior experience with cell-based products suggestive of specialized storage
needs for preservation of function. If EV formulations are not stable in more
conventional methods of storage than -80°C, then this technology cannot become
widespread. Further, due to the nature of shipping and handling of materials, EVs may
undergo an undetermined number of freeze-thaw cycles. Understanding the effects of
these conditions as well as improving the stability is essential for clinical translation.

Without improved stability, EV therapies will remain limited.



Thus, better ways to enhance and preserve the potency of these vesicles can improve
their clinical relevance. The work in this dissertation combines molecular biology and
engineering techniques in both cell and animal models to study methods of enhancing
EV potency. Knowledge from lipid-based drug delivery and cell therapies were used

to develop novel modes of cargo loading and evaluate storage conditions.

The following chapter, Chapter 2, provides an overview of extracellular vesicles,
beginning with their innate functions in physiological processes and reviewing studies
taking advantage of EV properties for therapeutic applications. Chapter 3 investigates
the use of sonication as a method to load cargo, in particular nucleic acids, into EVs.
Chapter 4 evaluates the potency of innate and loaded EV function after storage at
various conditions to determine the optimal storage conditions for eventual clinical use.
Chapter S explores a novel loading method based on creating a pH-gradient in EVs.
This method removes the need for a harsh physical force for cargo loading,
consequently limiting the potential for cargo degradation. Chapter 6 provides a
summary of the work accomplished in this dissertation, the contributions to the field,
and the future research directions necessary to further the field before EVs become a
clinically viable therapy. Lastly, the Appendix contains ongoing work addressing EV

delivery.



Chapter 2: Function and therapeutic potential of extracellular

vesicles

Biotherapeutics, including proteins, nucleic acids, and cells, have emerged as powerful
players in treating numerous diseases. However, due to their labile nature, these
molecules require protection to ameliorate the risks of degradation upon
administration. Thus, delivery systems such as liposomes and polymer carriers have
been successfully developed; for example, there are currently 15 liposomal drug
formulations approved for clinical use [9—11]. Yet, even these established approaches
must overcome hurdles including cytotoxicity, immunogenicity, endosomal
degradation, and biological barriers [5]. Once these concerns are addressed, it is still a
monumental challenge to achieve therapeutic delivery in sufficient quantities at the
correct target sites of action in the desired time frame to induce the desired effect [5].
Thus, there remains a significant need for developing effective delivery systems for

biotherapeutics.

Many of these obstacles can be addressed by extracellular vesicles (EVs), which have
emerged as promising alternatives to synthetic drug delivery systems. Studies have
shown that EVs mediate the paracrine activity of cell therapies by transferring nucleic
acids and proteins protected by a lipid membrane [12]. Due to this natural function of
cargo transport, EVs may not require any engineering to promote endosomal escape

[13] and can surmount biological barriers to delivery [14,15]. EVs have also been
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shown to have low toxicity and immunogenicity [14,16]. Certain EVs, such as those
derived from antigen presenting cells, have been shown to avoid complement-mediated

EV lysis [17], improving their circulation time.

However, EVs have weaknesses of their own — including low levels of endogenous
cargo and unknown stability. Addressing these weaknesses will allow for production
of EVs as a promising therapeutic delivery system. To consider how to accomplish this,
it is useful to first assess the physiological function of EVs to understand how these
characteristics contribute to their advantages as delivery vehicles and then explore the

current state of research pertaining to cargo loading and EV storage.

2.1 EVs and their functions in the body

Extracellular vesicles (EVs) are cell-derived lipid vesicles that play a major role in cell-
cell communication. They were first described in 1983 as part of a disposal mechanism
to discard unwanted materials from cells [18], but later determined to be important
mediators of intercellular communication in normal physiological processes and
disease progression [19]. The term extracellular vesicles encompasses a number of
vesicles secreted by cells, including apoptotic bodies, microvesicles, and exosomes
(Figure 2.1). Apoptotic bodies originate from the outward blebbing of apoptotic cell
membranes and range from 500-2000nm [20]. These vesicles contain nuclear fractions
and organelles of the apoptotic cell. Microvesicles are also believed to originate from
the cell surface, but of non-apoptotic cells. While some report microvesicles to range

50-1000 nm in size [20], others report 200-1000 nm [21]. This inconsistency is partly
5



due to lack of established methods for isolation and incomplete studies of EV
subpopulations. The smallest and most studied of these vesicles are exosomes, which
are estimated to range 50-200 nm. Both microvesicle and exosome populations have
been investigated for therapeutic interest. Although certain markers are enriched in
particular EV groups, they may still be present in other types of vesicles as well, making
them difficult to differentiate. Due to the unclear composition of purified vesicle
populations, we cannot confirm a homogenous population of EV group only. Thus, I
will refer to the vesicles used in this dissertation by the broader term extracellular

vesicles, unless referring to a specific mode of biogenesis.

Apoptotic Bodies Microvesicles
origin: outward blebbing of apoptotic i origin: outward blebbing of cell membrane
cell membrane i size: 100-1000 nm
size: 500-2000 nm i markers: integrins; selectins; CD40
markers: extensive amounts of | i contents: mMRNA; miRNA; non-coding RNAs;
gﬂgagn]a{lldyl serine; histones; cytoplasmic and membrang proteins

contents: nuclear fractions; cell organelles

Exosomes

o;igins:oegggsomal pathway; fusion of multivesicular body with cell membrane

size: 50- nm

markers: tetraspanins (CD9, CD63, CD81); ESCRT proteins; TSG101; Alix )

contents: mMRNA; miRNA; nop-coding RNAs; cytoplasmic and membrane proteins;
MHC molecules; DNA

Figure 2.1. Types of extracellular vesicles and their characteristics. The term EV encompasses
apoptotic bodies, microvesicles, and exosomes. They can be distinguished by their origin and particular
markers.



2.1.1 Biogenesis and release

Although extracellular vesicle classification is based on mode of biogenesis, these
mechanisms are not fully understood [22,23]. In general, exosomes are formed by
inward-budding within the endocytic system, while microvesicles are formed from the

outward budding from the plasma membrane [22-27].

Exosome biogenesis begins with the inward budding of an endosome membrane to
form intraluminal vesicles (ILVs). At this point the endosome is termed a
multivesicular endosome (MVE) or multivesicular body (MVB) due to the presence of
multiple vesicles within the endosome. Finally, the fusion of the MVEs with the plasma
membrane releases the contents — exosomes. Several mechanisms have been described
to explain the mechanisms of exosome biogenesis, but none are fully understood. The
best characterized method of biogenesis involves the endosomal sorting complex
required for transport (ESCRT) [28]. ESCRT machinery is an assembly of protein sub-
complexes that along with accessory proteins mediates the scission of cellular
membranes into vesicles [29]. ESCRT-0 is involved in MVE formation and the
recruitment of the ESCRT machinery. Binding of the ESCRT-0 protein HRS to
phosphatidylinositol 3-phosphate (PI3P) initiates ESCRT activity. ESCRT-I and -II
mainly function in protein sorting and the recruitment of ESCRT-III. ESCRT-III
coordinates the membrane severing which results in vesicle formation. Depletion of
ESCRT components in cells via silencing mechanisms has shown impaired exosome
release confirming their role in exosome biogenesis [30]. However, a number of studies

show that inhibiting ESCRT components does not prevent the formation of MVEs [31]



or the release of exosomes, indicating that other mechanisms may be at play as well.
These mixed results could be due to limitations of isolation methods and
characterization techniques in differentiating between EV populations. Additionally,
these results suggest that there may be multiple modes of exosome release within a cell
population. Less characterized modes of biogenesis involve methods mediated by
lipids and tetraspanins. Lipids can self-organize into specific subdomains on cellular
membranes, including that of MVEs. The endosomal pathway for proteolipid protein
(PLP) packaging into Oli-neu cell derived exosomes does not require ESCRT and is
instead mediated by ceramide, which can induce the coalescence of small
microdomains into larger domains. This consequently produces domain-induced
budding of vesicles [32]. Tetraspanins are proteins with four transmembrane domains,
that have both amino- and carboxyl- termini facing the cytoplasm. They can interact
with themselves and other proteins to organize tetraspanin-enriched microdomains
(TEMs). Certain tetraspanins have been shown to be required for the incorporation of
certain cargo into exosomes and thus it is believed that they play a role in biogenesis
[33], but the exact mechanism is unknown. Exosomes are released upon MVE fusion
with the cell’s plasma membrane. The Rab family of small GTPase proteins mediate
the steps of intracellular vesicle trafficking that ultimately lead to docking of the MVEs
to the plasma membrane [27,30,34]. After docking, SNARE (soluble NSF-attachment
protein receptor) complexes may allow fusion of the MVB to the membrane and

facilitate release [30].



The mechanisms behind microvesicle biogenesis are even less studied than those
responsible for the formation of exosomes. One potential pathway begins with the
clustering of transmembrane proteins and lipids in distinct domains. Tetraspanins may
be involved in sorting of components similarly to exosomes. The accumulation of
calcium ions and a degradation of cytoskeletal components while phosphatidylserine
moves to the extracellular domain promotes an outward budding of the membrane.
Budding and pinching off of the membrane may occur via the ESCRT machinery
described above or by a signaling cascade initiated by the GTP-binding domain protein

ARF6 [26].

It still remains to be determined whether the specific steps and components involved in
exosome and microvesicle biogenesis are conserved across cell-types or function
specific [22]. Studies suggest that the mode of biogenesis is likely a factor in
determining EV cargo content [23]. Alix, an accessory protein of ESCRT involved with
biogenesis, has been shown to be integral to exosomal miRNA enrichment of adult
human liver stem-cell-like cells [35]. The RNA binding protein SYNCRIP
(synaptotagmin-binding cytoplasmic RNA-interacting protein) shuttles miRNA with a
specific motif into hepatocyte exosomes, but does not indicate any dependence with
biogenesis pathway [36]. Further research is necessary to elucidate how different types
of EVs are formed and the impact that this has on the cargo. As mentioned before, due
to uncertainty in the purity of EV populations we cannot accurately use the terms
exosome or microvesicle for the vesicles used in the project until this is well

understood.
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Figure 2.2. Biogenesis, uptake, and contents of extracellular vesicles. (A) EVs are released either from
budding of the plasma membrane or through the fusion of a multivesicular body to the plasma membrane.
Once they reach a target cell, EVs can interact with cell surface receptors or delivery cargo to the interior
of the cell via membrane fusion or endocytosis. (B) EVs are composed of a lipid bilayer containing various
membrane proteins. They can also contain protein as well as nucleic acids in their interior.

2.1.2 EV components

Although the source cell can dictate EV composition, the two are not identical. [36,37].
In general, particular proteins, lipids, and nucleic acids are enriched or not present in

EVs compared to cells. The contents of EVs can reflect the nature and state of the
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parent cell. The specific sorting of protein and RNA into exosomes is controlled by
several pathways which are not fully understood. As shown in Figure 2.2, once released
from the source cells, the EVs impart an effect on the target cell either by delivering
internal cargo or by interacting via surface proteins. Thus, exosome composition

determines the outcome of communication.

Proteins

EVs contain a specific subset of cellular proteins, some of which depend on the cell
type that secretes them, while others are found in most EVs regardless of cell type.
Since exosomes originate via the endocytic pathway, they have been shown to contain
proteins involved in MVE formation in various cell types. [26]. Microvesicle-enriched
proteins have been less studied than exosomes and are largely cell type dependent.
They include matrix metalloproteinases (MMPs), glycoproteins, and integrins [22].
Many use CD63, CD9, TSG101 and Alix as exosomal markers. However, while these
proteins are enriched in exosomes, it may not be accurate to call them markers since
different subsets of EVs may contain common markers. Due to overlap and
discrepancies in the protein content of exosomes and microvesicles, proteins
specifically expressed in one class versus the other have yet to be identified. Thus there
is no consensus on markers to distinguish the classes of vesicles once they have been
secreted by cells [38]. Therefore, the International Society of Extracellular Vesicles
recommends reporting the amount of three or more proteins expected to be present in

the EV population of interest [39].
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Lipids

Though there appear to be differences in lipid composition among EVs derived from
different cell types, most exosomes seem to be enriched in phosphatidylserine,
sphingomyelin, and saturated fatty acids [26] as well as GM3 and ceramide in
comparison to source cells [19]. The lipid composition of the vesicles as well as lipid-
raft-associated proteins provide the EVs with structural stability. Additionally, they can
be involved in the biological activity of EVs. The angiogenic activity of tumor derived

EVs can be mediated by sphingomyelin levels [40].

Nucleic acids

It was not until 2007 that it was discovered that EVs carry nucleic acids, namely
mRNA and microRNA (miRNA) [41]. Further, Deregibus et al. showed that the
angiogenic functional activity of endothelial progenitor cell-derived EVs is dependent
upon the RNA they contain [7]. This shed new light on EVs as carriers of genetic
information between cells. Among the molecules carried by EVs, miRNA have
gained increasing attention due to their role in regulatory roles in gene expression.
Some of these miRNAs were not expressed in the donor cell indicated that the RA
was specifically targeted to EVs through a selective mechanism [41]. Some studies
claim that a specific motif (GGAG) controls the loading of miRNAs into exosomes
by binding to the heterogenous ribonucleoprotein A2B1 [37]. Annexin-2 is an
alternative mechanism believed to sort specific miRNAs into EVs [42—44]. Like in

the case of biogenesis, these mechanisms have not been fully understood and are not
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the only ones. Further research is necessary to determine the involvement of

additional RNA-binding proteins and specific RNA motifs that facilitate this transfer.

2.1.3 EV uptake

Just as there are many modes of biogenesis, there exist several methods of EV uptake
by recipient cells. The uptake mechanism of EVs appears to be dependent on the mode
of biogenesis. Protein interactions between the EVs in part mediate their uptake. These
proteins include tetraspanins, integrins, immunoglobulins, proteoglycans, and lectins.
After these interactions, EVs are taken up by either fusing with the cell membrane of
by endocytosis. Upon endocytosis, the EVs fuse with the endocytic membrane,

releasing their contents into the cytoplasm.

2.1.4 EV function in normal physiological and pathophysiological processes

By being taken up by recipient cells, EVs transfer their nucleic acid and protein content,
which in turn affects the target cell. These vesicles have been extensively studied in the
context of cancer progression. The communication of cancer cell-derived EVs with
local and distant microenvironments plays a role in developing a pre-metastatic niche
[45,46] in addition to promoting cancer cell growth and survival [47]. These EVs can
also mediate chemoresistance by the transfer of particular miRNAs [48]. Beyond
cancer, EVs have been shown to mediate airway inflammation and allergic reactions in
the lungs [49] and are involved in regulating asthma. RNA transfer mediated by EVs
in the brain Is believed to be involved in neurodegenerative disease [50]. Not only do
EVs promote disease progression, but also, they play a prominent role in maintaining

normal physiological processes. EVs have been implicated in neuronal development,
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synaptic activity, and nerve regeneration They are also able to mediate cardiovascular
health [51]. Due to these wide range of EV roles in the body, they have great potential

in both diagnostics and therapeutics.

2.2 Isolation and characterization of EVs

Exosomes can be isolated using various techniques, but there is no established gold
standard for isolation. The most common method of isolation is differential
centrifugation [38,52]. In this process, cellular debris, apoptotic bodies, and
microvesicles are removed in succession as they are pelleted in increasing centrifugal
speed spins. Lastly, exosomes are believed to be pelleted using high speed
ultracentrifugation. However, since this isolation method is based on size, smaller
microvesicles as well as other contaminants (proteins, viral particles, etc.) may also be
isolated along with exosomes. Thus, it is inaccurate to claim pure isolation of EVs until
confirmation of biogenesis mode. Additionally, this procedure may result co-
precipitation of protein aggregates and there are risks of EV aggregation, fusion, or
disruption [53,54]. An alternative method to isolate based on size is size exclusion via
the use of filters or chromatography [53,55]. One study demonstrates that using
ultrafiltration combined with size exclusion liquid chromatography results in EVs with
a different in vivo biodistribution than EVs isolated by ultracentrifugation due to a
decrease in aggregates [53]. Further studies are necessary to develop a reproducible
protocol. EVs can also be isolated by using flotation density gradients of either sucrose
or commercial gradients. This will allow the separation of vesicles from protein and

RNA aggregates based on their buoyancy. Immunoaftinity isolation is based on using
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characteristic surface proteins on certain EV classes to isolate that group of vesicles. In
this method, antibodies for surface proteins are used to select the desired EV population
or trap unwanted populations. These antibodies are generally associated with beads or
other matrices to facilitate physical separation. While immunoaffinity isolation has the
potential for high EV specificity and purity, better characterization of EV populations
and knowledge of what population is desired is necessary. Polymeric precipitation
mixtures, such as the commercial ExoQuick system, are relatively simple to perform,
but there are concerns about the purity of the product like other methods. Microfluidics
have also recently been studied as a method of EV isolation, but yield is a limitation

[56].

Despite all these studies, to date there exists no isolation method which guarantees
isolation of a pure single class of EVs. Thus, it is important to be precise when
describing the isolated EV population. The subsequent work in this dissertation will
use differential centrifugation since it the best characterized isolation method and most

widely used.

2.3 EVs as therapeutics

2.3.1 Endogenous bioactivity of EVs

Due to the presence of numerous bioactive molecules mentioned previously, some EVs
have the intrinsic potential to modulate the phenotype and function of a recipient cell.

This can be exploited for therapeutic functions. EVs can have an effect based on (1)
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receptor-ligand interactions at the cell surface which can trigger a cell signaling

pathway and (2) transfer of contents after cell uptake.

Cardiovascular and immune therapies are two areas of great interest in EV therapeutics
research. EVs present an alternative for dendritic cell-based vaccinations against
cancer. One of the first therapeutic applications of EVs was in the form of a cancer
vaccine [56,57]. Antigen presenting cells, including dendritic cells (DCs), have
antigen-loaded MHC I and II complexes as well as co-stimulatory factors that can
activate T cells. DC-derived exosome therapies are in clinical trials for cancer
immunotherapies [58]. The therapeutic potential of EVs in the heart was highlighted
by reports of bioactivity from cardiac progenitor cell-derived EVs [59] as well as
identification of EVs as the key bioactive factors of CD34+ angiogenic cells
responsible for promoting vascular regeneration [12]. Other work has shown
therapeutic bioactivity of EVs isolated from other cell types of interest for cardiac

therapy, such as mesenchymal stem cells [60—62].

2.3.2 Delivering exogenous therapeutic cargo via EVs

The natural involvement of EVs in cell-to-cell communication makes them attractive
carriers of exogenous therapeutic molecules. The structure of EVs can protect
encapsulated cargo and their size minimizes recognition by the phagocytic cells of the
immune system. Further, their lipid composition stabilizes the vesicles in blood

circulation and improves uptake by cells in comparison to many synthetic particles.
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They also have a natural ability to pass through biological barriers. Thus, there is

interest in incorporating cargo into these vesicles for drug and gene delivery.

2.3.3 Modulating EV cargo by manipulating source cells

EVs can be loaded with exogenous cargo either before or after isolation from cells, as
illustrated in Figure 2.3. Mesenchymal stem cells incubated with the chemotherapeutic
Paclitaxel can produce EVs loaded with the drug, preserving its anti-tumor properties
[63]. While simple incubation is enough to load some molecules into cells (and
subsequently EVs), incorporating nucleic acids requires an active approach. One such
method is simple overexpression of desired cargo by transfection [64]. This can be done
by either transfecting the desired oligonucleotides or a plasmid that will express them
in the cells. The main obstacle to this approach is that the mechanisms of cellular
sorting into EVs are not fully understood. To overcome this, some groups have
identified particular motif sequences that are enriched in miRNAs highly expressed in
EVs. Thus, transfecting cargo with these sequences added can enhance cargo loading
in EVs. Alternatively, targeted loading can be achieved by fusion of cargo with
constitutive EV proteins. Transfection of a plasmid can also be used for loading a
desired protein, by fusion of a desired protein with constitutive EV proteins [14,65—
67]. However, this requires making a vector for each fusion protein and thus can be

laborious if loading various different proteins.
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2.3.4 Loading cargo into EVs after isolation
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Figure 2.3. Extracellular vesicle cargo loading techniques. EVs can be loaded either by manipulating
the source cell or by modifying EVs after isolation. Both techniques can be used to load nucleic acids,
proteins, or small molecules.

Passive incubation

As the sorting and packaging mechanism of cargo into EVs is not fully understood,
there is interest in post-isolation loading of EVs. In the cases of some hydrophobic
cargos, EVs can be loaded by incubation with the cargo [68,69]. Curcumin,
doxorubicin, and paclitaxel have been successfully loaded into EVs and delivered as
therapeutics [68—70]. However, this method is not applicable to hydrophilic
compounds, including nucleic acids, which cannot spontaneously cross the lipid

bilayer.



Cargo modification

Nucleic acid cargo can be modified to promote EV loading. Cholesterol conjugation
involves covalently bonding cholesterol to the therapeutic oligonucleotide. In this case,
the nucleic acids are associated on the outside of the EVs. Chemically modifying
huntingtin gene (Htt) siRNA to conjugate with cholesterol improved association with
the EV membrane [71]. Cholesterol-conjugated siRNA was loaded into glioblastoma
cells by incubation at 37°C for 90 minutes [72]. Another study showed that although
cholesterol-tagged siRNA can be effectively loaded onto EVs, functional siRNA could
not be delivered in vitro [73]. Although this is a simple and effective method of loading,
the cargo is still exposed and subject to degradation. Thus, it is preferable to ensure

loading of the cargo within the vesicle.

Electroporation

Most studies with exogenously loaded EVs employ electroporation as a means to
incorporate cargo into the vesicles [14,74,75]. In this method, EVs are mixed with the
therapeutic cargo in an electroporation buffer and then electroporated to disrupt the
EV’s surface structure. The formation of pores in the membrane allow cargo to be
incorporated into the EVs. Electroporation was used to successfully load siRNA into
dendritic cell derived exosomes for delivery to the brain and showed a comparable
efficiency to commercial cationic liposome transfection reagent, Lipofectamine [14].
Our lab has demonstrated that various nucleic acids can be loaded into EVs at, on
average, hundreds of molecules per vesicle. The loading efficiency is dependent on

both nucleic acid and EV size [76]. Despite some successes, groups have demonstrated
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that electroporation may not work well in all cases [77]. Also, while electroporation
may not significantly damage ligands and receptors on the EV surface or the membrane
[78] it induces significant aggregation of RNA cargo (Figure 2.4) and changes EV
morphology [79]. As with liposomes, electroporation can also induce aggregation and

fusion of EVs [78]. Thus, there is a need for improved methods of loading.

. . extracellular
) ‘”. vesicles

. prev
= o SIRNA electroporation

new insights

)

=1

(=]
M

250 o
200 +
150 -

1004 #

mE L

+DNase | -DNasel DNAonly +DNasel -DNasel

DNA (ng per 3 x 108 EVs) >

<@

Electroporation  No Electroporation

Figure 2.4. Aggregation of nucleic acid after electroporation may lead to falsely high loading
efficiencies. (A) While previous reports suggested that electroporation can be an effective method for
loading nucleic acids into EVs, Kooijmans et al. demonstrated that aggregation led to inaccurate
quantification of loading. Reprinted with permission from Kooijmans et al. Journal of Controlled Release.
Copyright 2013. (B) Lamichhane et al. demonstrated that treating EVs with DNase I after electroporation
loading shows that 80% of the DNA quantified was not adequately protected by EVs. Reprinted with
permission from Lamichhane et al. Molecular pharmaceutics. Copyright 2015. American Chemical
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Chemical transfection

Commercial reagents have been shown to have improved loading of siRNA compared
to electroporation [80]. However, purchasing reagents can be expensive and a limiting
factor for scale-up. Additionally, depending on the commercial reagents used it may be
unfeasible to separate the EVs from the micelles of the transfection reagent that contain
the desired RNA [75]. Thus, in these cases it is difficult to distinguish which component

is leading to the functional result [81].

Saponin

Other methods of permeabilizing the EV membrane include saponin-mediated loading
and hypotonic dialysis. The addition of saponin [82,83], a detergent-like molecule that
removes cholesterol from the membrane, results in pore formation. This is performed
by incubating the EVs and cargo with saponin. While saponin loading has demonstrated
high loading efficiency without compromising drug delivery abilities in vitro [82,83],
difficulty in removing the molecule from EV preparations could pose problems in

uptake and stability.

Hypotonic dialysis

In the hypotonic dialysis method, EVs are disperse in a hypotonic solution, causing
them to swell and form pores, making the membrane permeable for soluble therapeutic
molecules to enter the vesicles via osmosis. After this step, the loaded vesicles are then

put in an isotonic solution restoring EVs and resulting in cargo encapsulation. While
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this method has shown a higher loading than passive incubation or electroporation, its
modifies EV size and charge, which ultimately inhibited cellular uptake [83]. The
results from this study convey the importance of preserving EV integrity after loading

cargo. EV integrity is also modified extrusion and freeze-thaw loading methods.

2.3.5 Limitations and areas for improvement

While there are a number of methods used for loading cargo into extracellular vesicles,
there is no consensus on the best method of loading for nucleic acids. Many researchers
have explored loading cargo into cells before EV isolation; however, loading may vary
greatly for each producer cell type and each cargo due to variations in biogenesis among
cell populations. This may also contribute to increased variation in loading efficiency.
Further, this requires modification of source cells each time loading a different cargo
molecule is desired. Thus, in such cases, loading EVs after isolation is advantageous.
Although, scalability of EVs loaded by cell manipulation can be achieved using
techniques for mass production of EVs, scalability for loading post-isolation will vary
with method and must be considered. While many methods have emerged for loading,
purifying the sample is a problem with chemical transfection and saponin loading.
Though cargo modification has emerged as an effective method of nucleic acid loading,
each type of cargo would have to be modified before being able to load and adds an
extra step of complexity to the process. Electroporation is a simple and straightforward
processes, but it has been shown to induce aggregation of RNA cargo leading to
misleading results of loading efficiency. Thus, there is a need to develop easy to use

and scalable methods of loading that do not degrade nucleic acid cargo.
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2.4 Preservation and storage stability of extracellular vesicles for therapeutic

applications”

As with cells and other cell-derived products (proteins, etc.), maintenance of EV
biological activity during storage is both critical and challenging. Yet, little has been
reported about EV preservation. Though storage of EV-based therapeutics is not
expected to be as difficult as cell-based therapy preservation, some limitations will
undoubtedly apply. Ultimately, effective preservation and storage of EVs will be
critical in determining the scope of their therapeutic application. Here, I summarize
current knowledge of EV preservation and storage techniques in the context of their
uses as primary biotherapeutics as well as drug carriers. I further highlight critical areas
for future study towards overcoming current limitations to enable effective preservation

and storage of therapeutic EVs.

2.4.1 EVs as primary biotherapeutics — EVs isolated from biofluids

As EVs are released in the body as a form of cell-cell communication, they can be
isolated from biofluid samples for therapeutic applications. In many cases, it is not
practical or most useful to isolate EVs from a patient sample immediately after biofluid
collection. Studies have shown that the biofluid storage method can impact EV yield,

composition, and function (summarized in Table 1). It is important to understand what

" Adapted by permission from Springer Nature The AAPS Journal: Jeyaram A, and Jay SM.
"Preservation and storage stability of extracellular vesicles for therapeutic applications." The AAPS
journal 20.1 (Copyright 2018): 1.
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these changes are and how to avoid them for reproducible therapeutic outcomes, which

are essential for clinical translation.

Table 2.1. Summary of tested storage conditions for various biofluid samples and the impact on

EVs.
. . . Physical . .
Biofluid Storage Time Contents Activity Other
features
No change No change | No change
2 years [84] [84] [84] -
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Semen

Seminal EVs have been demonstrated as potentially useful in the development of new
prostate cancer diagnostics [100] and have recently been shown to possess anti-HIV-1
activity [101]. However, it is often not possible to isolate EVs immediately upon
collection of clinical samples, thus studies investigating sample storage methods are
vital to enabling therapeutic use of semen-derived EVs. To this end, Madison et al.
showed that human seminal plasma or blood serum samples could be stored at -80°C
for short periods of time without significantly impacting EV yield or bioactivity
[101,102]. Welch et al. showed preservation of semen EV physical properties,
including morphology, concentration, and size after short (2 years) and prolonged
freezing (30 years) at -80°C [84]. The prolonged freezing of the semen also did not
significantly alter EV total RNA content. The protein concentrations and proteome
profiles of these EVs as determined by Bradford analyses and protein-footprinting

(silver stain), respectively, were also independent of length of freezing.
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However, while semen EV morphology remained preserved, there was a significant
decrease of EV-associated acetylcholine-esterase (AChE) activity after prolonged
freezing. AChE is a plasma membrane protein incorporated into EVs during biogenesis,
making AChE enzymatic activity a commonly used marker for EVs. This decrease in
AChE activity may have important functional and biological effects. Welch et. al.
demonstrated that while freezing for two years did not significantly impact semen EV
bioactivity, prolonged freezing of the semen before EV isolation impaired the ability
of EVs to prevent HIV-1 infection of cells [84]. The significant correlation between
decreased AChE activity and absence of HIV-1 inhibition suggests that prolonged
freezing of biofluids can impair critical therapeutic bioactivity of isolated EVs,
depending on the mechanism of action. Although the small sample size limits
conclusions, this report suggests the need for additional studies on the effects of

biofluid storage prior to EV isolation.

Urine

EV collection from urine is of great interest for biomarker development, and this
biofluid may also serve as a convenient medium for collection of EVs to be re-tasked
for therapeutic purposes via drug loading methods [103—105]. Zhou and colleagues
showed that storage temperature is critical, EVs were effectively preserved at -80°C,
whereas storage at -20°C resulted in a significant loss of EVs compared to fresh urine.
EV recovery after freezing could be maximized by intensive vortexing of the samples
after thawing, resulting in 87.4% and 100% recovery from -20°C and -80°C storage,

respectively [86]. Further studies suggest EV degradation can occur within two hours
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of urine collection and confirmed that the optimal storage of urine samples for EV

preservation is -80°C with the addition of protease inhibitors [85].

Milk

Milk-derived EVs have already been utilized as drug carriers and are also reported to
have intrinsic therapeutic properties [89,90,106]. Bovine milk-derived EVs have been
stored at -80°C for four weeks without any changes in physical properties, and percent
loading of paclitaxel in these EVs also remained stable over this time [88]. Milk EVs
stored at -80°C also remained mostly free of coagulation for several months and
showed minimal loss of activity [90]. Others have found that storing unprocessed breast
milk at -80°C or 4°C causes the death of cells present in breast milk and results in
contamination of the breast milk EV population, with the majority EVs formed after
storage-induced stress on the cells [87]. These findings are particularly critical given

the surge of interest in the potential therapeutic applications of milk-derived EVs.

Blood components

EVs isolated from various components of the blood, including plasma, platelets, and
serum, have been employed for a variety of diagnostic and therapeutic purposes
[91,107]. In contrast to other biofluids, one study showed that long-term storage and
freeze-thaw have been reported to not have a critical impact on EV yield [108], while
another demonstrated that platelet samples stored as a liquid at room temperature
yielded less EVs with decreased procoagulant activity than those frozen with 6%

DMSO as a cryoprotectant [93]. This effect may be due to effects on EV-associated
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proteins, which are reported to be sensitive to acute sample storage temperature as well
as the period of time before initial sample processing [108]. Interestingly, separate
studies showed that storage of plasma at 4°C,-20°C, or -80°C as well as two freeze-
thaw cycles, did not result in significant degradation of EV-associated RNA [95,96].
An additional report detailed that even after storage of plasma samples at room
temperature for over 42 hours or -80°C for 12 years, EVs could still be isolated without
degraded RNA levels [94]. DNA contained in serum EVs also remained stable in
different environments, including one week at 4°C, one day at room temperature and
after repeated freeze-thaw cycles [92]. Despite this apparent stability of blood
component EV-associated nucleic acids after freezing, fresh plasma yielded a more
pure sample of EVs than those isolated from frozen and thawed plasma samples [98]
as well as a higher yield of vesicles [97]. Additionally, protein and nucleic acid
aggregation was observed after 7 years of storage at -80°C [98]. Kalra et al. took a
different approach to evaluating the stability of EVs in plasma [109]. LIM 1863
colorectal cancer cell-line derived EVs were spiked into plasma and stored at 4°C, -
20°C, and -80°C, with or without protease inhibitors. Immunoblotting showed the EV
marker TSG101 to be present up to 90 days at all storage conditions, but varying
intensities indicate greater stability at -80°C. Samples stored at 4°C had a decreased
yield in EVs compared to both -20°C and -80°C. While protease inhibitor did not

impact protein expression in this study, it did reduce EV aggregation.

Saliva
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Studies have emerged suggesting that saliva can be a non-invasive alternative sample
for diagnostics. Kechik et al. demonstrated that salivary EVs can be stable when stored
without protease inhibitor [110]. However, the different storage temperatures were not
compared at the same time points. Samples were evaluated at either 4°C for 1 hour, -
20°C for 1 week, or -80°C for 1 month. Total protein concentration of the samples was
the same at all of these conditions, but at -20°C for 1 week, there is decreased intensity
of CD63 expression, as shown via immunoblotting. To better understand the effect of
storage on salivary EVs, samples at each temperature need to be analyzed at the same
time. Understanding the effect of storage on the RNA content and additional proteins
will also be important for evaluating if storage can impair the use of these EVs in

diagnostics.

Broncheoalveolar lavage fluid (BALF)

There is growing interest in the use of airway EVs for treating pulmonary diseases,
including asthma and chronic obstructive pulmonary disease (COPD), Airway EVs can
be isolated from BALF, however, as with other biofluids, there is limited knowledge
on the effect of storage conditions on the integrity of these EVs. Maroto et al. concluded
that storage conditions can significantly destabilize surface characteristics,
morphological features, and protein content of BALF derived EVs [99]. Importantly,
this study demonstrates that storage conditions impact the proteomic content of the
EVs, with distinct populations being lost during storage at 4°C as well as -80°C. Maroto
et al. hypothesized that these differences are most likely due to the dissociation of

membrane-integrated proteins, rather than the loss of internal EV proteins. This change

31



in protein composition and morphology after -80°C is contradictory to the results of
studies in frozen whole plasma [96], likely due to concentrated plasma proteins
minimizing freezing effects. Overall, this study highlights the importance of

understanding the impact of storage of different biofluids on EV populations.

2.4.2 EVs as primary biotherapeutics — EVs isolated from conditioned medium

In addition to biofluids, EVs can also be isolated from conditioned medium of cell
cultures. To our knowledge, there are no studies reporting the impact of storage of
conditioned medium before EV isolation, although it is notable that the International
Society for Extracellular Vesicles (ISEV) recommends storage of EVs in phosphate
buffered saline at -80°C in siliconized vessels to prevent adherence of EVs to surfaces
[38]. There have, however, been some studies on the impacts of storage conditions on
EVs after isolation from conditioned medium. In a patent owned by Capricor
Therapeutics detailing the process for producing EV formulations from cardiosphere-
derived cells [111], EV concentration was determined to remain stable after one week
of storage at 4°C, -20°C, and -80°C, as quantified by Nanoparticle Tracking Analysis.
Despite this stability in size over one week, miRNA levels decreased during this period
when EVs were stored at 4°C or -20°C and continued to decrease over 90 days. Within
30 days, the EV miRNA content dropped to below 50% of the initial amount at both
4°C and -20°C. miRNA levels when stored at -80°C showed little change over 90 days.
The reduction of miRNA when stored at lower temperatures was ameliorated by using
Plasmalyte A, Ringers, and Plasmalyte A + Dextrose, although initial buffer content

was not reported. The Plasmalyte A-containing buffer yielded EVs with the highest
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bioactivity, as assessed by changes in macrophage phenotype after treatment with EVs.
While lyophilization was not directly compared to storage in the various buffers, the
process did not cause any significant reduction in in vitro or in vivo bioactivity in
comparison to EVs that had not been lyophilized. Further, lyophilization and
rehydration of EVs did not result in substantial losses of miRNAs. While this patent
includes some of the most extensive studies on EV stability reported to date, it remains

unknown whether this information can be translated to EVs from other source cells,
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Figure 2.5. Effect of storage conditions on number and antibacterial capacity of neutrophilic
granulocyte-derived EVs. (A) Changes in EV number after storage in comparison to a fresh
sample were evaluated by flow cytometry. EVs were stored at + 20, + 4, — 20, or at — 80°C for up
to 28 days (n =4-8, *p <0.05 by ¢ test). EV number decreased significantly at + 20 and + 4°C, but
not at —20 or at — 80°C. (B) Bioactivity after storage was evaluated by incubating bacteria with
either fresh or stored samples of EVs. Heat-denatured EVs (iEV) were used as a negative control.
Storage conditions of +20, +4, — 20, and — 80°C were assessed up to 28 days, with a decrease in
bioactivity observed with increased length of storage. (n =4-6, *p <0.05 by ¢ test). Adapted via
open access from © 2014 Akos M. Lérincz et al.

which will vary in surface lipid and protein composition as well as cargo content. This
potential variability is reinforced by studies of liposome stability, which show that the
specific surface composition has a critical role [112]. Further, it would be useful to
determine if the EV concentrations and overall bioactivity remain stable beyond seven

days.
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Lorincz et al., provide a convincing argument that storage significantly alters both the
physical and functional properties of antibacterial EVs derived from human
neutrophilic granulocytes [113]. Storage at 4°C for just a single day was shown by flow
cytometry to result in significantly decreased EV number and antibacterial effect. Upon
storage at -20°C, EV number was preserved, but a shift in size as well as almost
complete loss of antibacterial function by 28 days were observed. In contrast, storage
at -80°C prevented significant changes in physical and functional properties at 28 days

(Figure 2.5).

In total, these studies confirm that storage conditions are critical to EV function.
Specifically, they agree that -80°C storage is optimal for preserving isolated EV
samples, which is unfavorable due to increased costs and limitations in transportation.
Also, the mechanism of storage-induced changes in EV bioactivity remains unclear.
Further understanding of this mechanism may allow for rational design of improved
strategies to prevent loss of function of EVs in storage, which would significantly

broaden the potential therapeutic applications for EVs.

2.4.3 EVs as drug delivery vehicles

Most methods of exogenous EV loading involve manipulation of the EV structures to
introduce cargo into the vesicles, potentially altering the stability of these vesicles in
comparison to those that are endogenously bioactive. Currently, to our knowledge,

there are no published studies on the storage stability of exogenously loaded EVs and
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their cargo. However, there is evidence that the mechanism of loading can alter EV
properties. A commonly used method of cargo loading for EV-based gene and drug
delivery is electroporation [114], a process in which the temporary formation of pores
in the EV membranes allows for cargo diffusion into the vesicles. Although this method
is widely used, it has been shown to induce precipitation of nucleic acids, such as
siRNA, and yield low siRNA incorporation into EVs [79]. While endogenous in vitro
functionality of the EVs remains unchanged, Johnsen et al. reported that electroporation
can induce EV aggregation [115]. This same study also demonstrated that RNA may
appear to be released from the EVs or degraded after electroporation based on buffer
choice, but further studies are necessary to confirm this and to clarify the dynamic
nature of any cargo loss or degradation. These effects also remain to be characterized
for additional methods of EV loading. Overall, potency and morphology of cargo-
loaded EVs after storage must be evaluated prior to their translation as drug delivery

vehicles.

2.4.4 Future directions

EVs have tremendous potential to alter the biotherapeutic landscape and impact
treatment of myriad diseases and injuries. However, before this potential can be
realized, a systematic understanding of how to best preserve the function of EVs during
storage must be developed. Adverse effects of storage on EV function reported in the
studies cited herein suggest the need for controlling and improving storage conditions
to preserve EV therapeutic utility. One potential approach to accomplish this is the use

of disaccharide stabilizers in EV storage buffers [116,117]. For example, trehalose is a
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natural, non-toxic sugar widely used as a protein stabilizer and cryoprotectant by both
the food and drug industries and has been validated as a cryo-preservative for labile
proteins, vaccines, and liposomes as well as cells and organs for transplant. It works by
decreasing intracellular ice formation during freezing and preventing protein
aggregation [118]. Bosch et al. have demonstrated that 25mM of trehalose in PBS
(TRE) may be an attractive way to protect EVs during storage [119]. TRE itself was
shown to not alter any physical characteristics of the EVs, the RNA or protein profiles,
or typical EV markers. However, there was a significantly higher particle count in TRE
compared to PBS, along with reduced mean size and size distribution. This translated
into higher purity (ratio of particle to protein concentration) of reconstituted EV
formulations with TRE, possibly via reduced EV aggregation as the result of trehalose
interference with interparticular attractive forces. This report indicates that further

study of trehalose and related stabilizers, such as sucrose, is warranted.

To date, a primary limitation to studying EV storage effects and mechanisms has been
inconsistency in EV characterization and analysis. While one study showed that NTA
and electron microscopy analysis illustrated no change in vesicle size from 1 to 10
freeze-thaw cycles (-20°C) [120], another reported that once isolated, a single freeze-
thaw cycle lowered the EV count by 10-15%, as detected via flow cytometry [121].
Elsewhere, Almizraq et al. demonstrated that red blood cell-derived EV characteristics
varied after storage based on the method of detection [122]; a comparison of tunable
resistive pulse sensing, flow cytometry, and dynamic light scattering showed varying

changes in EV concentration after storage. Thus, utilization of standardized EV
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characterization methods, such as those recommended by ISEV [38], would aid

progress in this area.

2.4.5 Conclusions

The most promising mode of storage remains -80°C; however, availability may be
limited by cost [95,123] and poses challenges in transportation. Thus, alternatives such
as lyophilization and the incorporation of additives may be necessary to improve EV
storage stability. Without advances in this area, EV therapies will be limited to
personalized settings requiring expensive preparation processes by highly skilled
personnel. Increased understanding of how to best store therapeutic EVs would allow
EV-based approaches to meet their full versatile potential as a new class of promising

therapeutics and drug carriers.

2.5 Clinical outlook for EV therapeutics

EVs have the potential to join antibodies and cell therapies as the next breakthrough in
medical treatment [124]. As mentioned, they have shown great promise, both due to
their innate therapeutic activity and as delivery vehicles. There are currently seven
clinical trials either active, recruiting, or not yet recruiting that are focused on using
extracellular vesicles as a therapeutic intervention. Of these seven studies, one is using
EVs that are loaded with exogenous nucleic acid. This group from MD Anderson
Cancer Center has engineered EVs to delivery siRNA against oncogenic KRASY!?P. I

vitro and in vivo studies in mice have shown the ability to inhibit metastasis and
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increase survival in a mouse model of pancreatic cancer [125,126]. Additionally, three
phase I trials have been completed using either autologous EVs from immature
dendritic cells and ascites and two phase 2 trials have been completed using autologous
EVs from mature dendritic cells and allogenic EVs from mesenchymal stem cells [124].
There are also a number of companies that have emerged with either unmodified or
engineered EVs as their therapeutic platform. For these technologies to reach the
patients and be widespread, many challenges remain to be addressed. Such challenges
include manufacturing, characterization, delivery, cargo loading, stability, and cell
culturing conditions among others. In the following chapters we focus on cargo loading

and EV stability.
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Chapter 3: Active loading of nucleic acid cargo into

extracellular vesicles by sonication

3.1 Introduction*

Extracellular vesicles have emerged as potential drug carriers for a wide variety of
therapeutic applications. These cell-derived lipid vesicles play critical roles in
intercellular communication by acting as vehicles for biomolecule transfer between
cells [20,103,127] and may overcome biological hurdles that hinder the effectiveness
of synthetic drug delivery systems[128]. In particular, EVs have been identified as
potential therapeutics via an RNA transfer mechanism [6,7], leading to their emergence
as promising vehicles for therapeutic RNA delivery. However, intrinsic RNA levels in
EVs are relatively low, raising questions about EV therapeutic potency and sparking

investigations into methods to increase levels of specific RNAs in EVs.

To enhance therapeutic RNA levels in EVs, approaches have focused on modification
of parent cells as well as exogenous loading of fully formed EVs after isolation, as
mentioned in Chapter 2. The former has been successfully employed [64,67,129—131],

however this general strategy may hinder translation due to safety and scalability

T A portion of this work is adapted with permission from Springer Nature Cellular and Molecular
Bioengineering: Lamichhane TN, Jeyaram A, Patel DB, Parajuli B, Livingston NK, Arumugasaamy
N, Schardt JS, Jay SM. “Oncogene knockdown via active loading of small RNAs into extracellular
vesicles by sonication.” Cellular and molecular bioengineering. Copyright 2016 Sep 1;9(3):315-24.
 The introduction is adapted from Jeyaram A, Lamichhane TN, Wang S, Zou L, Dahal E, Parajuli B,
Knudsen DR, Chao W, Jay SM. “Enhanced loading of functional miRNA cargo via pH-gradient
modification of extracellular vesicles.” Molecular Therapy. (Submitted 2019)
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concerns and also would not be applicable for EVs isolated from blood or biological
fluids. Several exogenous loading techniques have been reported, including active
methods such as electroporation and sonication. In particular, electroporation remains
amongst the most commonly reported approaches to EV loading
[14,74,75,125,126,132]. However, literature reports of successes with this method must
be balanced against studies noting limitations such as induction of significant
aggregation of RNA cargo and changes to EV morphology [76,79]. Moreover, as with
liposomes, electroporation can also induce aggregation and fusion of EVs [78].
Additionally, heat shock has been used to enable functional miRNA mimic loading
[133], but this may also lead to nucleic acid destabilization and could impact EV
membrane fluidity. Passive loading methods that do not involve exposing EVs and
nucleic acid cargo to external force have also been explored. Notably, chemical
modification of siRNAs [71,134,135] has enabled high levels of functional loading.
This approach is promising, but requires specific modification of each prospective
cargo molecule. Each of these strategies has strengths and weaknesses, but none has
been established as universally applicable for unlocking the full therapeutic potential
of nucleic acid delivery via EVs. Therefore, there remains a need to develop additional

nucleic acid loading methods for EVs.

In this study, we explored sonication as a method for loading nucleic acids, in particular
small RNAs, into EVs. While this technique has been used successfully to load small
molecule drugs, such as paclitaxel, into EVs [136], its effectiveness for loading nucleic

acid cargo remains unknown. Here, we demonstrate the ability to load various nucleic
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acid cargos into EVs by sonication and evaluate functionality in multiple in vitro assays
using different cargos. Further, we explore the impact of sonication on the endogenous

function of EVs and evaluate the potential to load multiple cargos simultaneously.

3.2 Methods

3.2.1 EV isolation and characterization

EVs were isolated from either HEK 293T cells (ATCC CRL-3216), MCF-7 (ATCC),
or bone marrow-derived MSCs (ATCC PC-500-012). Cells were cultured in EV
depleted media until 90% confluency, when the conditioned media was collected and
subjected to differential centrifugation as described previously. After spinning at 300xg
for 10 min, the supernatant was then centrifuged at 2000 x g for 20 min followed by
10,000 x g for 30 min. Lastly EVs were pelleted by spinning for 2 hours at 118,000 x
g using Optiseal tubes (Beckman Coulter) in a Type 70 Ti ultracentrifuge rotor
(Beckman Coulter). All centrifugation steps were carried out at 4 °C. EVs were then
resuspended in 1X PBS and washed using 300 kDa MWCO filters and. Total protein
concentration was measured by bicinchoninic acid (BCA) assay. EV size and
concentration were assess by nanoparticle tracking analysis (NTA) via NanoSight.
Isolated EVs were diluted 20-fold in PBS before analysis in three different fields of
view (1 min acquisition time with at least 100 particle tracks) and analyzed with NTA

2.1 software. All experiments were independently replicated with n = 3.
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EVs were also assessed via immunoblotting using standard approaches to determine
the presence of EV-specific markers (Alix and TSG101). RIPA buffer was used for EV
lysis and a 1:1 ratio of PBS to Odyssey Blocking Buffer reagent was employed as the
blocking buffer. Antibodies were obtained from Cell Signaling Technologies unless
indicated; primary antibodies anti-Alix (2171) and anti-TSG101 (sc-7964; Santa Cruz
Biotechnology) were used at a 1:500 dilution; anti-GAPDH (2118) was used at a
1:2000 dilution. The secondary antibody was goat anti-rabbit IRDye 800CW (956579-
01-4; LI-COR), used at a dilution of 1:10,000. Bands were detected with a LI-COR

Odyssey CLX Imager and the data were quantified using its associated software.

3.2.2 Sonication parameter optimization and EV loading

siRNA sequence: 5'-GGUGCCAGUUCUCCAAGAUUdTAT-3" (Dharmacon GE Life
Sciences CTM-120916)

miRNA sequence: 5'-CAA AGU GCU GUU CGU GCA GGU AG-3’ (Dharmacon
GE Life Sciences CTM-197815)

ssDNA sequence: 5'-TGCTAGCTATCTAGTAGCCTAGTTA-3' (Integrated DNA

Technologies)

For cargo loading, 1000 pmole of nucleic acid cargo was incubated with 100 pg of EVs
(as determined by BCA) in 100 pL total volume. The samples were incubated at room
temperature for 30 minutes before sonication in a water bath sonicator VWR®

symphony™; cat# 97043-964, 2.8 L capacity, dimensions 24 L x 14 W x 10 D cm) at
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35 kHz for 30 s total duration unless otherwise indicated. For each indicated time, the

samples were placed on ice for 1 min halfway through the total sonication duration.

In quantification experiments, nucleic acids were labeled before loading by mixing
with dye reagent according to the manufacturer’s instructions for Quant-iT PicoGreen
Assay Kits (ThermoFisher Scientific, cat# P11496) or Quant-iT™ microRNA Assay
Kits (ThermoFisher Scientific, cat# Q32882). Nucleic acid loading was quantified
using Quant-iT™ kits following extensive washing using a 300 kDa MWCO filter to
remove excess unincorporated nucleic acids as previously described [76]. Samples
were compared to a standard curve to quantify EV-associated cargo. In the case of
DNA oligo encapsulation, samples were digested with DNase I prior to extensive
washing and inactivation as described in our previous work [76]. However, this step
was unable to be carried out for RNA encapsulation due to inability to successfully
inactivate RNase A, potentially due to a high binding affinity of this enzyme to EV

lipids.

3.2.3 Electroporation

Electroporation of EVs was carried out as previously described [76]. EVs were mixed
with cargo in electroporation buffer (1.15 mM potassium phosphate, pH 7.2, 25 mM
potassium chloride, 21% Optiprep) and electroporation was carried out at 400 V and
125 pF with two pulses using Gene Pulser/Micropulser Cuvettes (Bio-Rad #165-2089)
in a GenePulser Xcell electroporator (Bio-Rad). Samples were then washed (300 kDa

MWCO; Pall #0D300C33) to remove free cargo and buffer components and 1 mM
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EDTA was added [79]. After incubation at room temperature for 15 min, samples were

washed again in 300 kDa MWCO filters.

3.2.4 Nucleic acid aggregation

Fluorescently labeled ssDNA (sequence above in section 3.2.2) was either sonicated or
electroporated as described above. To assess aggregation, the samples were then
washed in 300 kDa MWCO filters with 1XPBS to remove unaggregated ssDNA. The
aggregates of size greater than 300 kDa were left behind in the filter. Aggregation level
was quantified using a SpectraMax Gemini plate reader (excitation =480 nm; emission

=520 nm).

3.2.5 EV uptake analysis by flow cytometry

Uptake was assessed for unmodified, sonicated, and electroporated. HEK293T-derived
EVs were labeled with the green fluorescent membrane dye PKH67 (Sigma-Aldrich).
EVs were loaded with Cy3- labeled siRNA. EVs were resuspended in diluent C
solution (Sigma-Aldrich). PKH67, diluted to 4 uM in diluent C, and EVs (800 pg/mL)
were combined at 1:1 ratio for 5 min with frequent mixing, followed by the addition of
EV-depleted FBS at a 1:2 ratio of FBS to PKH67-EV mixture for 1 min. Labeled EVs

were filtered again using Nanosep 300 kDa spin columns and resuspended in PBS.

PKH67-labeled EVs (25 ng) were added to 100,000 HEK293T cells in a 12 well plate

in 1 mL DMEM supplemented with 10% EV-depleted FBS for 22 h at 37 °C. Unlabeled
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EVs and siRNA alone were used as negative controls for PKH67 and Cy3 labeling,
respectively. Unloaded PKH67-labeled EVs and transfected Cy3-labeled siRNA were
used as positive controls. HEK293T cells incubated with Cy3-siRNA loaded PKH67-
labeled EVs or appropriate controls were collected from the wells using 500 puL of 5
mM EDTA for 2 min and collected in 1.5 mL centrifuge tubes. Cells were washed
twice with FACS buffer (0.5% BSA in 1X PBS) at 200xg for 2 min each and
resuspended in FACS buffer. The samples were run on a FACSCanto II Cell Analyzer
(BD Biosciences) and analyzed by FlowJo Single Cell Analysis Software. Gating was
done first on live cells in forward light scatter/side scatter. PKH67 + and Cy3 +

populations were gated from the live cell population.

3.2.6 Gene knockdown via siRNA-loaded EVs

GAPDH: Dharmacon, ON-TARGETplus GAPDH Control siRNA, Catalog # D-
001830-01-20

HER2: Cell Signaling, SignalSilence® HER2/ErbB2 siRNA II, Catalog #6283
Scrambled siRNA: Sigma Aldrich, MISSION® siRNA Universal Negative Control

#1; SIC001

GAPDH knockdown experiments were performed by loading HEK293T EVs with
GAPDH siRNA and HER2 knockdown experiments used MCF-7 EVs loaded with
HER2 siRNA. The EV types chosen in these studies are the same as the cell line which
they are treating. 100 pg/mL EVs were added to the cells in 12 well plates to achieve

the indicated final concentrations of siRNA based on calculated loading amounts.
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HiPerFect transfection of the siRNA was used as a positive control with unloaded EV's
and scrambled siRNA as negative controls. Knockdown was evaluated by qPCR and
immunoblotting. Using the iScript cDNA Synthesis Kit (Bio-Rad), cDNA was created
from cellular RNA (isolated via Qiagen RNeasy Mini Kits). Quantitative PCR (ABI
7900 Fast HT) using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) was
used to detect RNA levels, with settings as recommended for the Supermix reagent.
The real time PCR data were analyzed using the AACt method. Target genes GAPDH
and HER2 were assessed using gene specific primers, with B-actin and p53 mRNAs
selected as controls that were not expected to be affected by the siRNA treatment. The

sequences of the primers used for this study are listed below:

GAPDH F: 5'-TGTTGCCATCAATGACCCCTT-3’

GAPDH R: 5-CTCCACGACGTACTCAGCG-3'

pS3 F: 5'-GTC CCA AGC AAT GGA TGA TTT GAT GC-3'

p53 R: 5'-GGC ATT CTG GGA GCT TCA TCT GG-3’

HER2 F: 5'-CAA CTG CAC CCA CTC CTG TGT GGA CC-3'
HER2 R: 5'-CGC TTG ATG AGG ATC CCA AAG ACC ACC C-3'
B-actin F: 5'-CTG TGG CAT CCA CGA AAC TA-3'

B-actin R: 5'-CGC TCA GGA GGA GCA ATG-3'

Protein isolation and immunoblotting were carried out using standard methods as

described previously; additional antibodies for these studies included anti-B-actin
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(8457; 1:2000 dilution) and anti-HER2 (2165; 1:500 dilution). Densitometry was

performed using LI-COR Odyssey software.

3.2.7 Measuring endogenous nucleic acid levels

Endogenous levels of nucleic acid within EVs was measured by adding SYTO™ 60
Red Fluorescent Nucleic Acid Stain (Thermo Fisher, S11342) at a 1 uM concentration
to equal amounts of passive and sonicated EVs (based on BCA protein content) for 20
min at 37°C. After labelling EVs were washed three times using 300 kDa MWCO
filters and resuspended in 1 X PBS. Fluorescence levels were measured at excitation

652 nm and emission 678 nm.

3.2.8 Hoescht stain proliferation assay

P5 HUVECs (Lonza) were plated in a black-walled 96-well plate at 5,000 cells/well
the day before treatment. Cells were washed and serum starved in endothelial cell basal
media (PromoCell). Treatments were added in basal media supplemented in 0.2% FBS
and incubated for 4 days at 37°C. Cells were then washed with 1XPBS and 50 uL of
0.1 ug/mL Hoescht stain (Thermo Scientific 33342; Rockford, IL) was added per well.
After 30 min incubation at room temperature, the wells were washed with 1XPBS.
Fluorescence was measured at excitation 362 and emission 486, with 12 readings per
well. Data is reported as fold change compared to the control cells treated with basal

media supplemented with 0.2% FBS.
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3.3.9 Gap closure assay

P5 HUVECs were plated in 48-well plates at 40,000 cells/well the day before the assay
so that the cells are at 100% confluency at the time of inducing the gap. On the day of
the experiments, cells were scratched using a P200 pipette tips (Mettler Toledo, Rainin
30389243; Columbus, Ohio) to create a gap in the cell monolayer. Then cells were
serum starved for 2 hrs in basal media. After serum starving, cells were washed and
treatments were added in basal media, with basal media and endothelial growth media
as negative and positive controls, respectively. Images were taken at 0 hr and 11 hrs.
The area of the denuded areas at each time point were measured using Image J. Data is

shown as % closure in the gap area.

3.3.10 Statistical Analysis

Parametric statistical tests (one-way analysis of variance (ANOVA) with Bonferroni
post hoc test, 2-sample t test) were used as appropriate and statistical significance level
is indicated for each figure where it was calculated. Statistical significance was shown
with the following notation: ns (not significant), p > 0.05, * or # p < 0.05, ** or ## p <
0.01, *** or ## p < 0.001, **** or #### p < 0.0001. Data are plotted as mean =+

standard deviation.

3.3 Results

3.3.1 The effects of sonication on EVs and nucleic acids

To ensure the integrity of EVs after sonication, we evaluated them via nanoparticle

tracking analysis and western blotting. HEK293T EVs were sonicated for durations up
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to 180 seconds either with or without siRNA. The size distribution and concentration
were then measured via NTA. The size distribution and mean diameter remained
similar for each of the conditions suggesting that there is minimal aggregation or
rupture of the EVs (Figure 3.1A). Western blotting for markers specific to EVs showed
that the protein integrity was preserved (Figure 3.1B).
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Figure 3.1. EV characterization after sonication. (A) Concentration and size distribution of EVs were
measured via NTA for the indicated duration of sonication. Representative data from 3 independent
trials shows no significant difference in samples. (B) Levels of EV markers Alix and TSG101 remain
unchanged after sonication as shown by immunoblot. Total refers to total cellular lysate. GAPDH was
used as a control cellular marker.

Next, the impact of sonication on nucleic acid cargo was evaluated. An agarose gel
showed increased degradation of plasmid DNA after 30 s of exposure (Figure 3.2A).
Thus, all subsequent experiments used 30 s sonication time. Another potential concern
was cargo aggregation. As mentioned in Chapter 2, prior reports indicated that
electroporation results in siRNA aggregation. Here, we assessed the potential for
sonication-induced aggregation by filtering sonicated siRNA through 300 kDa MWCO
filters. Sonication resulted in ~12 fold less siRNA aggregation than electroporation

(Figure 3.2B).
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Figure 3.2. The effect of sonication on nucleic acid integrity. (A) Plasmid DNA integrity was
evaluated by running samples through agarose gel electrophoresis (0.6% agarose) for durations up to
300 s and staind with SYTO-60. (B) Equal amounts of siRNA were either sonicated (30 s) or
electroporated (2 pulses) and washed with 300 kDa MWCO filters. The amount of siRNA aggregation
larger than 300 kDa were quantified after labeling with PicoGreen dye.

3.3.2 Quantification of cargo loading and function in sonicated EVs

Once the preservation of EV and nucleic acid integrity was evaluated, levels of cargo
loading were quantified (Figure 3.3). Comparing siRNA, miRNA, and ssDNA,
miRNA showed the highest total cargo loading into the EVs after sonication. All three

were more effectively loaded into EVs after sonication than by passive incubation.
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Figure 3.3. Loading various nucleic acids via sonication. siRNA, miRNA, and ssDNA encapsulation
were evaluated for EVs loaded via sonication or passive incubation after washing unincorporated
nucleic acids. **p <0.01, *p < 0.05 by t test compared to passive incubation; n = 3

Cellular uptake of EVs was then assessed to ensure that sonication did not impair
siRNA delivery (Figure 3.4%). HEK293T cells were treated with PKH67-labeled
HEK293T EVs loaded with Cy3-labeled GAPDH siRNA. After 22 hours of incubation,
flow cytometry showed a decrease in cellular uptake of sonicated EVs (84.86%)
compared to EVs that were not sonicated EVs (95.03%). However, siRNA delivery
was higher in EVs that were loaded by sonication (2.96%) than for EVs passively

incubated with siRNA (0.16%) or electroporated (0.16%).

$ Figure 3.4 courtesy of Divya B. Patel
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Figure 3.4. EV uptake and siRNA delivery. PKH67+ and Cy3+ populations were gated from live cells,
with Q2 showing cells containing both labeled EVs and labeled siRNA. The upper four panels show
cells incubated with unlabeled EVs (unlabeled EVs), Cy3-siRNA (siRNA), PKH67 labeled EVs (EVs),
or transfected with Cy3-siRNA (transfected). The lower three panels represent cells incubated with
PKH67 EVs loaded with Cy3-siRNA by different methods: passive incubation (no stimulation),
sonication, or electroporation.

After confirming delivery of siRNA into the cells we needed to ensure functional
integrity of the cargo being delivered. Knockdown of GAPDH, an enzyme involved in
glycolysis, was used as a proof-of-concept study to evaluate function. HEK293T cells
were treated with HEK293T EVs loaded with siRNA targeted to GAPDH at different
concentrations for 24 h. Diminished mRNA levels (down to 33.3% of control levels;
Figure 3.5A) and downregulation of GAPDH protein expression (Figure 3.5B, C).
Upon validating the functional activity of siRNA delivery with sonicated EVs, we then
proceeded to a therapeutically relevant siRNA cargo, HER2 siRNA. This will target a

critical oncogene target that is overexpressed in an aggressive form of breast cancer
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[137]. MCF-7 breast cancer cells were treated with MCF-7 EVs loaded with HER2
siRNA to achieve a final siRNA concentration of 20 nM. The loaded EVs achieved
59.2% knockdown of HER2 mRNA compared to control levels (Figure 3.5D), with a

similar level of protein knockdown observed by immunoblot (Figure 3.5E, F)™".

** Figure 3.5 courtesy of Tek N. Lamichhane
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Figure 3.5. Functional delivery of siRNA via sonication loaded EVs. (A) Delivering GAPDH siRNA
to HEK293T cells via sonication loaded HEK293T derived EVs shows a dose dependent decrease of
GAPDH mRNA in the cells as shown by qPCR. GAPDH mRNA level is shown as a percent of the levels
in EVs without any treatment. HiPerfect transfection used 5 nM siRNA. (B) Densitometry measurements
from 3 independent immunoblots also reflected a dose dependent decrease in GAPDH protein levels
compared to the untreated control. (C) Representative immunoblot used to generate data in panel B. B-
actin was used as a housekeeping control protein. (D) Delivering HER2 siRNA to MCF-7 cells via
sonication loaded MCF7 derived EVs resulted in decrease of HER2 mRNA levels in cells as shown by
qPCR and (E) a decrease in protein levels as shown by densitometry measurements from 3 immunoblots.
(F) Representative immunoblot used to generate data in panel E. EVs loaded by sonication with a
scrambled siRNA sequence (Scr (ctrl)) were included (20 nM final siRNA concentration) as a control.
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3.3.2 Evaluating the impact of sonication on endogenous EV function

While sonication loading is promising for EV function, it remains unknown how this
loading method impacts endogenous function. As mentioned, this is done by
temporarily porating the membrane and allowing for the diffusion of cargo into the
vesicle. Since this method is based on diffusion, there is potential for cargo within the
EV to also escape by this same mechanism. Thus, we investigate here the potential of

sonication to lead to a loss in endogenous therapeutic cargo and function of EVs.

Figure 3.1 shows that the size distribution and EV-associated markers Alix and
TSG101 remain preserved after sonication. The impact of sonication on protein content
was also more broadly evaluated by looking at potential changes in total protein
concentration via BCA (Figure 3.6A). As expected, there is minimal change in the

protein level or content after sonication.
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Figure 3.6. Protein and nucleic acid levels in EVs after sonication. Total protein content of BDMSC
EVs after sonication as shown by (A) BCA and (B) a total protein gel. (C) Endogenous nucleic acid
levels in EVs normalized to the levels in passively incubated EVs. (n = 3)
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To assess any loss of endogenous nucleic acids, passively incubated EVs and sonicated
EVs were labeled with a cell permeable nucleic acid stain, SYTO™ 60 Red Fluorescent
Nucleic Acid Stain and washed extensively. There was no difference in the levels of
nucleic acids measured (Figure 3.6B), suggesting that sonicating using the parameters
described does not result in outward diffusion of a significant amount of nucleic acid

cargo.

To confirm that there are limited effects on the endogenous therapeutic effects of EVs
after sonication, the pro-vascularizing activity of BDMSC EVs was evaluated using
gap closure and proliferation assays (Figure 3.7) Both showed no statistical

significance between passive and sonicated treatments.
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Figure 3.7. Functional activity of sonicated BDMSC EVs. (A) EV function is expressed as a percent
closure of gap area after introducing a scratch in a monolayer of HUVECs. EGM and EBM are the
positive and negative control treatments, respectfully. (B) Proliferation was measured using a Hoescht
stain after incubating HUVECs with BDMSC EVs. Data is shown as fold change with respect to
proliferation induced by passively incubated EVs. (n =3)
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3.3.2 Co-loading cargo for simultaneous delivery

Combination therapies have shown to be beneficial over targeting a disease with just
one molecule by acting on multiple targets [138]. miRNA combination therapies have
been gaining traction in cancer [139] and cardiovascular applications [140]. While
delivering two different treatments may show a benefit in vitro, to have similar benefits
in vivo we will need to deliver these components in the same vehicle to make sure they
are being taken up in similar amounts. Co-loading ensures spatiotemporal uniformity
between the multiple components. The ability to controllably co-load two different
miRNA cargos into a single EV population was determined by loading Cy3-labeled
miR-93 and CyS5 labeled miR-126 in varying proportions. Results show that despite
variations in replicates, on average we are able to achieve close to the intended ratio
(Figure 3.8). Further studies will determine the reproducibility and functional benefits.
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Figure 3.8. Co-loading fluorescently labeled miRNAs into an EV population via sonication. Cy3
labeled miR-93 or CyS5 labeled miR-126 were added to the loading solutions at the indicated volumes
before sonication. Data is shown as the percent of the total loaded RNA content that was quantified to
be either miR-93 or miR-126 using a standard curve. N=3
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3.4 Discussion

Sonication has previously been evaluated as a potential method for loading small
molecule drugs into EVs[136]; however, it was unknown whether this technique would
be feasible for loading labile nucleic acid cargoes. The results described here
demonstrate that sonication can be used to effectively load various small nucleic acids
(miRNA, siRNA, ssDNA) into EVs and may be a potential alternative to

electroporation.

In this study, we have shown that sonication results in minimal aggregation compared
to electroporation [115] (Figure 3.2) and enhanced siRNA delivery (Figure 3.4).
However, the technique used here only measured aggregates greater than 300 kDa and
did not investigate the presence of smaller aggregates. Furthermore, while we showed
increased uptake of sonicated EVs compared to electroporated EVs, the delivery of
labeled siRNA using sonicated EVs was still very low (2.96%). Despite low levels of
siRNA delivery, we still observed an encouraging functional effect in knocking down
GAPDH and HER?2 levels in vitro. Thus, we have demonstrated a method with minimal
aggregation of nucleic acids in comparison to electroporation, but still has comparable

function.

Though we showed the ability to enhance the presence of a particular nucleic acid cargo
in EVs, it is also important to understand the effect of loading on endogenous cargo
present in the EVs. This information is vital to choosing the appropriate cell source to

obtain EVs to be therapeutic carriers. There is great intersest in using already
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therapeutic EVs, such as those derived from BDMSCs, as carriers to enhance their
existing function. However, if the loading technique used diminishes this effect, then
the more practical choice would be a source which is cost-effective and easy to culture
with high yield rather than one which is therapeutic but requires more maintenance.
Here, we have shown that the process of sonication does not lead to a decrease in
endogenous nucleic acid (Figure 3.6). It is important to note that here we only observed
changes induced by sonication and not any changes to endogenous nucleic acid levels
due to the introduction of a new cargo. It has been shown previously that genetically
perturbing EV content through cellular overexpression can decrease endogenous levels
in immortalized bone marrow derived macrophage cells [141]. Thus, there is a potential
for changes in endogenous levels after enhancing a particular cargo level in EVs via
sonication. We were also able to confirm, via two different functional assays that the
BDMSC EVs retained their vascularization bioactivity. These results suggest that
sonication can be used to load relatively inert EVs (such as those derived from
HEK293T cells [142]) or to enhance already therapeutic EVs (such as those derived
from BDMSCs) without losing innate function. This is important for the advancement
of EV therapeutics because knowing that sonication does not impair endogenous

benefit expands the potential for EV sources.

Despite these advantages of sonication, we have also shown that prolonged exposure
to sonication will degrade nucleic acid cargo (Figure 3.2). This degradation poses
concerns for the scalability of this method since nucleic acid is added in considerable

excess for the loading method. Any remaining nucleic acid cargo in the loading volume
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could not be used in subsequent loading of fresh EV samples due to the potential for

degradation.

3.5 Conclusion

Although high duration of exposure can lead to nucleic acid degradation, sonication
enables effective cargo loading into EVs without inducing aggregation or reducing the
innate therapeutic function of EVs. An additional advantage to this method is its
simplicity, but the damaging effects to nucleic acids after repeated exposure limit its
scalability potential. In summary, this method is a viable alternative to electroporation,

but leaves room for improvement in nucleic acid stability.
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Chapter 4: Evaluating the impact of storage conditions and

duration on extracellular vesicle characterization and function't

4.1 Introduction

Stability of a therapeutic after storage is critical to defining shelf-life and potential
applications; however, studies characterizing the stability of EVs are limited. Further,
understanding EV responses to storage is essential to how and where EV-based
therapies will be used to ensure that they retain their potency. This remains a significant

obstacle to the translation of EV-based approaches.

Prior work has focused predominantly on storage of bodily-fluid derived EVs
[85,88,99,143], but in recent years studies have emerged investigating the effects on
cell-culture derived EVs [113], which have the most relevance for large-scale
therapeutic development. Only recently have studies emerged observing the impact of
storing EVs post-isolation [144—146]. Currently, standard protocol is to store EVs at -
80°C as a precaution to prevent any degradation [38]; however, requiring constant -
80°C storage will decrease the clinical appeal of EVs. Further, a clearer understanding
of the effects of various storage conditions and the effects of freezing and thawing these
samples is necessary. There is a clear need for a systematic investigation of storage

parameters. In this study, we set out to study the physical and functional effects of

T Jeyaram A, Bhatt M, Stewart S, He X, Jay SM. “Evaluating the impact of storage conditions and
duration on extracellular vesicle characterization and function.” (In preparation)
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storage conditions and freeze-thaw cycles on EV bioactivity, specifically on

mesenchymal stem cell (MSC) EVs.

MSC-derived EVs show great promise in therapeutic applications and have been used
frequently to illustrate the potential of EVs as cell-free therapeutics [147—-149]. These
EVs have been demonstrated to promote wound healing [150,151], mitigate acute
kidney injury [152], and encourage proper tissue remodeling post-myocardial
infarction [62] among other therapeutic outcomes [153—156]. Due to their therapeutic
functions, MSC-derived EVs are a promising target for eventual clinical translation.
However, no studies have been conducted on the stability of MSC-derived EVs after
storage. Therefore, this study aims to understand if storage has an impact on basic EV
characterization and more importantly if any changes translate to impairment of

vascularization bioactivity.

Furthermore, it remains unknown how well loaded cargo is preserved after storage of
exogenously-loaded EVs. Many methods of loading, such as sonication, disrupt the
lipid membrane and thus may result in leakage of cargo. Further, if a loading technique
does not effectively integrate the cargo within the EV, cargo may be degraded or lost
after storage. Understanding the effects of storage on both endogenously therapeutic
and cargo-loaded EVs is essential to influencing further work on EV formulation

development.
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Here we report the effects of storage at various temperatures and freeze-thaw cycles on
EV characterization and bioactivity. The use of trehalose as a storage buffer and cargo

retention are also studied.

4.2 Methods

4.2.1 Cell culture

Bone marrow-derived MSCs (BDMSCs; ATCC PC-500-012) and HEK293T cells
(ATCC CRL-3216) were cultured in Dulbecco's Modification of Eagle's Medium
(DMEM) [+] 4.5 g/L glucose, L-glutamine, sodium pyruvate (Corning) supplemented
with 10% FBS in T175 tissue culture polystyrene flasks in the presence of EV-depleted
serum. The media for BDMSCs also incorporated 1% non-essential amino acids.
BDMSCs were used at passage 3 for functional assays and passage 5 for
characterization. BDMSC were used to show endogenous functionality, while
HEK293T EVs were used for all loading studies. HUVECs (Lonza C2519A) were
cultured in flasks coated with 0.1% gelatin prior to cell seeding in endothelial growth

media (PromoCell C-22121).

4.2.2 EV isolation

Conditioned media from BDMSCs and HEK293T cells grown in EV-depleted media
was collected and subjected to differential ultracentrifugation with a 100,000 x g final

centrifugation step as previously described [76,104]. Pelleted EVs were resuspended
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in 1XPBS and washed using Nanosep 300 kDa MWCO spin columns (Pall). The

washed EVs were resuspended in 1XPBS and filtered using an 0.2 um syringe filter.

4.2.3 EV storage conditions

After isolation, EVs were characterized and then aliquoted to store at either room
temperature (RT), 4°C, -20°C, or -80°C. Separate aliquots were prepared for each
storage time length (7 day, 28 days) or for freeze-thaw cycles (1 cycle, 5 cycles). Three
replicate samples were prepared for each time point and storage condition. Each freeze-

thaw cycle consisted of freezing the samples overnight before thawing.

4.3.4 EV quantification by nanoparticle tracking analysis (NTA)

EVs were quantified by nanoparticle tracking analysis (NTA) via a NanoSight LM 10
using NTA analytical software version 2.3. Isolated EVs were diluted to a
concentration of 10 ug protein/mL and aliquoted out for each of the time points and
storage conditions before loading into the NanoSight analysis chamber at room
temperature. Three samples were prepared for each time point. Each sample was
analyzed in triplicate using different fields of view with a 60 second video acquisition
time. The camera level and threshold were set consistently at 16 and 7, respectively for

all samples.
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4.2.5 EV quantification by CD63 Exo-ELISA ULTRA

As an alternative to NTA, EV concentration was evaluated by the amount of EV-
associated CD63 via ELISA (ExoELISA™-ULTRA CD63, System Biosciences),
following the manufacturer’s instructions. 50ug of EVs in coating buffer were captured
on a high protein binding microtiter plate by incubating at 37°C for 1 hr. After this step,
all subsequent washes and incubations were done at room temperature under agitation.
After three washes, each five minutes, samples were incubated for 1 hr with an anti-
CD63 primary antibody (1:100) that recognizes the protein on the EV surface. Plates
were then washed again and incubated 1 hr with a secondary antibody (1:5,000) linked
to Horseradish Peroxidase enzyme was then added for signal amplification. After a
final washing step, plates ere incubated with extra-sensitive TMB ELISA substrate for
10 minutes. The reaction was stopped using a Stop buffer and quantitated using a

spectrophotometric plate reader at 450nm.

4.2.6 Total protein analysis and immunoblots

Total EV protein amounts were determined by bicinchoninic acid assay (BCA)
following the manufacturer’s protocol. Protein level experiments were performed with
three replicate samples for each time point, and each sample was measured in duplicate.
Based on the Day 0 protein amount, samples containing 20 ug of protein were aliquoted
for each time point for the total protein and western blots. At each time point, samples
were prepared and stored until the blot was run. Total protein stains were done using
Swift Membrane Stain (G-biosciences). The membrane was imaged using a LI-COR

Odyssey CLX Imager. Specific EV protein marker levels were quantified using
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immunoblot analysis for Alix (Abcam ab186429) at 1:1000, TSG101(Abcam
ab125011) at 1:1000, CD63 (Applied Biomaterials Inc Y402575) at 1:200, and
GAPDH (D16H11; Cell Signaling, 5174) at 1:2000, incubated over two nights at 4°C
while shaking. Goat anti-rabbit IRDye 800CW (925-32210; LICOR) secondary
antibody was used at a 1:10,000 dilution. The bands were detected with a LI-COR

Odyssey CLX Imager and quantified using LI-COR Image Studio.

4.2.7 Gap closure assay

HUVECs (P5) were seeded in 48 well plates in endothelial growth medium (EGM) and
allowed to grow until the formation of a confluent monolayer. The cell monolayer was
then disrupted to form a scratch using a pipette tip [157]. After washing, the cells were
serum-starved for 2 hours after which the medium was replaced with the treatments.
EGM and endothelial basal media (EBM) were used as positive and negative controls,
respectively. The experiments with Day 0 EVs were conducted on the day of isolation
and the remaining EVs were stored at the indicated conditions or freeze-thaw cycles.
After storage, another gap closure assay was performed with the samples at those time
points. The gap area was imaged at both 0 hours and 11 hours. The change in denuded

area was quantified using ImageJ.

4.2.8 Statistics

Parametric statistical tests (one-way analysis of variance (ANOV A) with Bonferroni

post hoc test or 2-sample t test) were used as appropriate and statistical significance
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level is indicated for each figure where it was calculated. Unless otherwise indicated

in the figure captions, ANOVA with Bonferri was used.

4.3 Results

4.3.1 Storage effects on EV size, concentration, and protein markers

After EVs were isolated from conditioned medium of BDMSCs by differential
centrifugation, they were aliquoted for each of the storage conditions and time points
(n=3). EV size, concentration, and variation in size distribution were assessed using
nanoparticle tracking analysis (NTA) by a NanoSight LM10. EV size (as represented
by mode and mean) showed a slight increasing trend both over time and with increasing
freeze-thaw cycles (Figure 4.1). After 28 days of storage at -20°C, statistically
significant shifts in EV mean (130 nm to 158 nm, ** p<0.01) and mode (113 nm to 143
nm, ** p<0.01) were observed. After 5 freeze-thaw cycles at -80°C, there was a 46 nm
increase in mean size from 130 nm to 176 nm (** p<0.01). The variation in size
distribution also increased with storage time, most significantly at RT (* p<0.05) and

after 5 freeze-thaw cycles at both -20°C and -80°C (* p<0.05).
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Figure 4.1. Storage effects on size distribution of BDMSC EVs. (A) Mean EV size over 28 days and
(B) after freeze-thaw cycles, as well as (C) mode of EV size over 28 days and (D) after freeze-thaw
cycles show an increasing trend. (E) The width of the size distribution over 28 days and (F) after freeze-
thaws also increases. This variation in size is the standard deviation of the size distribution of each
sample reading. N =3 and each n was measured 3 times at different fields of view. Statistical significance
is shown in comparison to the Day 0 (fresh) sample. (2 way ANOVA; no matching; simple effects within
rows; Dunnett post hoc. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001)
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Surprisingly, the concentration of BMSC EVs also appeared to increase both with
storage time and with increasing number of freeze-thaw cycles when using NTA
(Figure 4.2). If the particle sizes were also decreasing with time and number of freeze-
thaw cycles, the change in size could be attributed to EVs rupturing and reforming into

smaller vesicles. However, as this was not the case, an alternative method of EV

quantitation was necessary.

>

8x10°+ Dav 0
| a
6)(109' Fdekk y

Bm Day7
4x10°4 Dav 28
2x10° ay

4x108
3x108+

2x10°1 I I
1x1084
0_

RT 4°C -20°C

1
*

Concentration (EV/mL)

W

[=-]

X

-

o
©
1

Hm DayO
B FT1
4x10°4
FT5
2x10°4

[=2]

X

-

o
©
1

Concentration (EV/mL)
£
2

-20°C -80°C

Figure 4.2. Concentration measurements of BDMSC EVs via NTA after storage. Concentration of
EV samples after (A) storage up to 28 days and (B) after up to five freeze-thaw cycles. N = 3 and each
n was measured 3 times at different fields of view. Statistical significance is shown in comparison with
the Day 0 (fresh) sample. (2 way ANOVA; no matching; simple effects within rows; Dunnett post hoc.
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001)
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Via Exo-ELISA (Figure 4.3), BDMSC EV number remained consistent after 5 freeze-
thaw cycles. Day 0 EVs were quantified at 2.05x10'°. After the freeze-thaw cycles,
EVs at -20°C and at -80°C were quantified at 1.71x10'° and 1.93 x10'° (EV number),

respectively.
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Figure 4.3. BDMSC EV number measurements via ELISA after storage. Measurements of EVs on
the day of isolation and after five freeze-thaw cycles via CD63 Exo-ELISA ULTRA shown as total EV

number.

To explore potential causes of BDMSC EV concentration increase via NTA, the effects
of salt (Figure 4.4) and protein concentrations (Figure 4.5) were determined. To
evaluate the effect of changes in salt concentration of the buffer that may be induced
by storage and freeze-thaw cycles, the same amounts of EVs were resuspended in
0.5XPBS, 1XPBS, and 10XPBS solutions. While there was no significant change in
size measurements, EVs in 10XPBS showed a significant increase in concentration

measurement compared to EVs in 1XPBS.
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Figure 4.4. Effect of PBS concentration on BDMSC EV characterization via NTA. (A) Mean (B)
mode and (C) width of the size distribution as well as the (D) concentration of EVs was measured via
NTA. The same number of EVs was resuspended in either 0.5X, 1X, or 10X PBS before measuring. N
=3 and each n was measured 3 times at different fields of view. * = significance with respect to 0.5x; #
= significance with respect to 1X.

Alternatively, a potential cause of an increased concentration via NTA could be due to
proteins that are dissociating from EVs. To study the impact of free protein
concentrations on NTA measurements, 10 ug, 100 ug, or 1000 ug of BSA were added
to an EV solution. While there was no significant change in size, the addition of 1000
ug of BSA showed a significant increase in concentration measurement of EVs. This
indicated that both changes in buffer salt concentration or detachment of proteins from
EVs could cause the apparently artificial increase in EV concentration as measured by

NTA.
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Figure 4.5. The effect of BSA concentration on BDMSC EV concentration measured via NTA. (A)
Mean (B) mode and (C) width of the size distribution as well as the (D) concentration of EVs was
measured via NTA. Either no BSA, 10 pg, 100 ng, or 1000 pg of BSA were added to the same number
of EVs before NTA analysis. N = 1 and each n was measured 3 times at different fields of view. * =
significance with respect to 0 pg; # = significance with respect to 10 pg; + = significance with respect
to 100 pg.

To evaluate if buffer choice contributed to the changes in EV characterization via NTA,
EVs were stored in trehalose. Trehalose is a natural, non-toxic sugar widely used as a
protein stabilizer and cryoprotectant by both the food and drug industries. It has been
validated as a cryo-preservative for labile proteins, vaccines, and liposomes as well as
cells and organs for transplant [118,145,158—160]. Trehalose can stabilize proteins and
lipid membranes [116]. It can also decrease intracellular ice formation during freezing

and prevent protein aggregation [118]. Figure 4.6 shows that although the EV size
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distribution remains relatively unchanged, the concentration measurements for EVs

increases with longer durations of freezing.
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Figure 4.6. Storage effects on size distribution and concentration on BDMSC EVs after storage in
trehalose. (A) Mean EV size over 28 days and (B) after freeze-thaw cycles, as well as (C) mode of EV
size over 28 days and (D) after freeze-thaw cycles. (E) The width of the size distribution over 28 days
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sample reading. (G) EV concentration after freezing for 28 days and (H) freeze-thaw cycles increases.
N =3 and each n was measured 3 times at different fields of view. (2 way ANOVA; no matching; simple
effects within rows; Dunnett post hoc. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001)
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Total protein concentration as well as levels of BDMSC EV associated proteins were
evaluated for the same time points and conditions as used in NTA (Figure 4.7). A
bicinchoninic acid (BCA) assay and total protein gel electrophoresis were used to
assess overall protein levels. Both the BCA and total protein results show no significant
changes in total protein levels with storage, but after five freeze-thaws there appeared
to be a decrease in protein concentration via BCA. Western blot for EV markers (TSG
101 and CD63) demonstrated that neither storage time nor freeze-thaw cycles showed

a significant change in the protein levels, regardless of storage type.
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Figure 4.7. BDMSC EV protein content after storage. (A) BCA protein concentration for storage
conditions over 28 days and (B) increasing numbers of freeze-thaw cycles show an observable decrease.
(C) A total protein blot demonstrates that neither storage over 28 days nor freeze-thaw cycles results in
a change of EV protein footprint. (D) Western blot confirms that EV-associated markers, TSG 101 and
CD 63, in particular do not degrade with storage. N =3
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4.3.2 Storage effects on endogenous EV bioactivity

Gap closure assays were used to determine the impact of freeze-thaw cycles on the
bioactivity of the EVs. Increasing numbers of freeze-thaw cycles induced a trend
toward decreasing bioactivity; however, the change after one freeze-thaw cycle was not
statistically significant (Figure 4.8A). The positive and negative controls, endothelial
growth media (EGM) and endothelial basal media (EBM) were not frozen or thawed.
The graph represents the combination of three different gap closure experiments that
were conducted: on the day of EV isolation (Day 0), after one freeze-thaw cycle, and
after five freeze-thaw cycles. All EV samples are represented with black bars while the
respective positive (EGM) and negative (EBM) control treatments corresponding to
that time point are overlaid in a green square or red circle. For each of the freeze-thaw
experiments, samples stored at -20°C are represented with diagonal lines and those
stored at -80°C are represented with diamonds. MSC EVs fresh after isolation induced
58% closure of the denuded area after 11 hours. After one freeze-thaw, EVs stored at -
20°C and -80°C, resulted in 59% and 56% closure of the wound areas, respectively.
This value decreased after five freeze-thaws to 44% gap closure at -20°C and 47%
closure at -80°C. To evaluate the impact of storage duration at different conditions, EV
bioactivity was evaluated for Day 0 BDMSC P3 EVs and EVs stored for 28 days via
gap closure (Figure 4.8B). Immediately after isolation, fresh BDMSC EVs induced
37% gap closure of HUVEC cells. After 28 days of storage, EVs at room temperature
or 4°C induced a similar level of gap closure to the basal media negative control
treatment, indicating a loss of bioactivity. Both storage at -20°C and -80°C, as well as

lyophilized samples stored at room temperature, preserved EV bioactivity to similar
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levels of the fresh sample. To investigate if EVs stored at room temperature or 4°C lose
their bioactivity at earlier time points, they were assed in a gap closure assay after
storage for 7 days (Figure 4.8C). Fresh EVs induced 40% gap closure on day 0, but
after storage, the % gap closure was reduced to 26% gap closure for EVs at room

temperature and 33% for EVs at 4°C.

B- 120-

L]
=
N
o

100- E [ ] [ ] = - 100-
: S LI T S T A
» 801 2 80-
) o
O 60- O 60-
o o
© ©
© 40 O 40; RXK *RKKR
= S

20- 20+

0- 0-

Day0 -20°C -80°C -20°C -80°C Day0 RT 4°C -20°C -80°C Lyo
FT1 FT5
C.

1204

100+
2 i
a 80 n [ mm EV Treatment
8 = m  EGM (+ control)
e s EBM (- control)
O 40 *
R

20-

0.

Day0 RT  4C

Figure 4.8. Function of BDMSC EVs after storage. (A) Samples were stored at either -20°C or -80°C
and subjected to 1 or 5 freeze-thaw cycles before assessing BDMSC bioactivity via gap closure assay.(B)
EVs were stored for 28 days at room temperature (RT), 4°C, -20°C, -80°C, or at room temperature after
lyophilization (Lyo). For both figures, gap closure assays were performed on the day of isolation (Day
0) or at the indicated time point. Positive (EGM) and negative (EBM) controls for each experiment are
shown in as a square or circle, respectively. N=3, representative data shown from 3 independent
experiments. Statistical significance is shown with respect to the Day 0 EV Treatment.
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4.3.3 Impact of storage on endogenous nucleic acid levels and uptake

Nucleic acid levels were investigated as a potential cause of changes to EV bioactivity
after storage. Endogenous nucleic acids were labelled by treating HEK EVs with a cell-
permeant stain before extensive washing with a 300 kDa MWCO filter to remove
unincorporated dye or nucleic acids on the exterior of the EVs and measuring
fluorescence levels. The nucleic acid levels after 7 days of storage were normalized to
the average reading for freshly isolated EVs on day 0. Though there is no statistical
significance, the fold change in nucleic acid levels decreased with increasing
temperature, with a 40% decrease in nucleic acid levels for samples storage at room
temperature (Figure 4.9A). Levels appear relatively unchanged for EVs frozen at either

-20°C or -80°C.
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Figure 4.9. Change in HEK EV endogenous nucleic acid levels and cellular uptake after 7 days.
EVs were labeled with SYTO™ 60 Red Fluorescent Nucleic Acid Stain either freshly after isolation or
after storage at the indicated temperatures. Relative fluorescent units indicated nucleic acid levels. (A)
Nucleic acid levels are presented after normalization to EV nucleic acid levels on day 0. Statistical
significance is shown with respect to -80°C. N = 3 in 3 independent experiments. Data is combined from
the 3 experiments. (B) After measuring fluorescence for nucleic acid levels, EVs were incubated with
HUVEC cells for 21 hours before measuring nucleic acid levels taken up into cells to represent uptake.
Uptake was first normalized based on fluorescence reading before treating cells before normalizing all
data to Day O uptake. N = 3 in 1 experiment. * = statistical significance with respect to -20°C. # =
statistical significance with respect to -80°C.
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HEK EVs with their endogenous nucleic acid content labeled were then used to assess
uptake (Figure 4.9B). After 21 hours of incubation with EVs, HUVECs were washed
and then fluorescence was measured to determine the amount of nucleic acids
internalized. This was used to indicate the relative uptake levels of EVs stored at
different levels of treatment. There was a 40% decrease in cell uptake after 7 days of
storage at both -20°C and -80°C. Uptake levels decreased by 65% when stored at room

temperature for the same duration.

4.3.4 Stability of EVs after sonication loading

Though we have shown that endogenous nucleic acids are preserved at -20°C and -
80°C for 7 days, this needed to be investigated for exogenously-loaded cargo. HEK
EVs were loaded with Cy3-labeled miRNA via sonication and pooled together before
quantifying loading. Aliquots stored at RT, 4°C, -20°C, or -80°C were washed
extensively after 7 days of storage and fluorescence measurements were taken to
evaluate cargo retention. All storage conditions showed a decrease in the amount of
cargo retained within EVs, but there is no significant difference between the 4 storage

conditions (Figure 4.10).
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Figure 4.10. Storage of sonication loaded HEK EVs. EVs were loaded with Cy3-labeled miRNA via
sonication and then stored for 7 days at the indicated conditions. N=3 for 2 independent experiments.
Data is combined from the 2 experiments.

4.4 Discussion

As with any biologically derived therapeutic, understanding the storage stability of EVs
is essential for clinical translation and widespread use. This study establishes that while
multiple freeze-thaw cycles may lead to a decrease in bioactivity, BDMSC vesicles
largely remained preserved in structure and total protein amount. Additionally, EV
function is preserved while stored at -20°C, -80°C, or room temperature after
lyophilization. The findings are essential to both the reproducibility of work in the lab
as well as eventual translatability of EV technology. While most studies to date focus
on the storage of a sample prior to EV isolation, Lérincz et al., obtained a cell-type of
interest from venous blood and then detailed the impact of storage on the isolated EVs
[113]. Recent studies have emerged further evaluating stability of EVs from cell lines
[144—-146]. We have expanded on this knowledge by investigating the impact of storage

on EVs isolated from MSCs, a widely used cell source of EV production for numerous
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potential therapeutic applications. It remains to be investigated if these observations

are consistent across cell types.

Initial characterization of EVs was done by nanoparticle tracking analysis, one of the
most popular techniques of EV size measurements and quantification [161].
Unexpectedly, with both prolonged freezing and multiple freeze-thaw cycles, NTA
showed an increase in EV concentration. If the particle sizes were also decreasing, this
could be attributed to EVs breaking apart and reforming into smaller vesicles.
However, as vesicle size also increased this could not be the case. One potential cause
for the artificial increase in concentration via NTA could be disodium salt crystals that
can form in phosphate buffers during freezing [162]. The crystallization and
aggregation of these salts may also contribute to the increase in observed particle size.
It is also important to note that, with larger and more polydisperse samples, increased
background signal can lead to an inaccurate count of smaller particles. While this could
contribute to some of the increased concentration readings, the videos captured in NTA
showed the presence of a larger number of distinct particles. Alternatively, the
concentration increase could be due an increase in free protein concentration. In the
case that there are any proteins loosely associated with EVs, it is possible that the
freezing and thawing process causes them to dissociate from the EVs. In either of these
cases NTA would not be able to distinguish between vesicles and these aggregates.
This could be remedied by using fluorescent-NTA, in which the EVs are fluorescently

labeled to distinguish these vesicles from other debris and aggregates. However,
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because of their size, achieving adequate EV-labelling efficiency to maximize signal

to noise ratio may be difficult [163].

Using an ELISA as an alternative method validate EV concentration results
demonstrated that when quantifying EV number based on CD63 expression, there was
no significant change. The discrepancy between these results and the NTA data
demonstrates the limitations of relying on a sole method of quantification. As with the
NTA, it is important to take into considerations the limitations of this method when
evaluating the results. This assay indirectly quantifies the number of EVs present based
on the amount of CD63 protein present. The ELISA does not take into account if the

EVs broke apart and reformed during the process of freezing or rupturing of EVs.

This study demonstrates the importance of understanding the limitations of
characterization techniques and supplementing results with appropriate additional
methods. A similar issue of discrepancy was reported by Almizraq et al., in their study
on the effects of storing red blood cells on their EVs. Comparing various techniques,
including NTA, this group observed considerable differences in EV size profile based
on the method used. Further, of the three methods they assessed, only tunable resistive
pulse sensing showed a change in EV concentration after storing the red blood cells
[122]. Therefore, any future standardization of EV characterization must also take into

consideration the effects of storage.
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Importantly, MSC EV bioactivity can be retained after storage. As protein level
appeared not to change significantly, any loss in bioactivity may be due to either
changes in uptake efficiency or loss of nucleic acid contents. Though increasing
numbers of freeze-thaws lead to decreased bioactivity, some EV function was still
retained. In general, storage at both -20°C and -80°C appear comparable after one
freeze-thaw, but -80°C retains more activity after 5 freeze-thaw cycles. While this
suggests that -80°C may be a safer storage option, -20°C storage is still a viable option.
This is promising for therapeutic applications of EVs, as -80°C storage may be limited
due to limited availability in clinical settings [123]. However, the effect of multiple
freeze-thaws needs to be taken into consideration when storing or transporting EV
products. This issue can be resolved by lyophilizing EVs, as our data shows that MSC

EV function is retained when lyophilized EVs are stored at room temperature.

Further, this study is the first to evaluate storage stability of EVs loaded with nucleic
acid cargo. Within seven days of storage, approximately 40% of miRNA loaded was
lost at -80°C. This was the lowest amount of cargo lost among the various storage
conditions. As lyophilization of cargo was not explored in this study, this technique
can be explored to better preserve cargo within loaded EVs. Another aspect to consider
is that the cargo retention may be impacted by loading technique. As sonication
depends on perturbation of the EV membrane for cargo loading, this may be affecting
the membrane integrity during storage. Thus, loading techniques that don’t disrupt the

membrane may be advantageous for long-term storage.
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Ultimately, storage conditions should always be recorded when analyzing EV samples
or using them in experiments. Such information is often not discussed in literature and
can be highly variable from group to group. Taking note of this information will allow
storage to be taken into account when evaluating any differences in EV analysis or
function and also ensure reproducibility of experiments. For experiments comparing
EV production or yield using NTA, all samples must be stored at the same temperature
for the same duration between isolation and analysis to ensure consistency. Ideally,
confirming results with a secondary analysis technique would be preferred, especially
in cases were storage time cannot be kept consistent between samples. To retain

bioactivity of EVs, multiple freeze-thaws should be avoided.

4.5 Conclusion

Though this study does demonstrate loss of activity with increasing freeze-thaw cycles,
this still shows promise for the translation of EVs into clinical use as activity was not
completely diminished immediately after storage. Most promising was the potential for
storing MSC EVs at room temperature after lyophilization. This can expand the clinical
utility of EVs and their potential for widespread use. Future work investigating the
impacts of storage technique and buffer on MSC EV activity in vivo will provide

further clarity on the optimal storage condition.
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Chapter 5: Enhanced loading of functional miRNA cargo via

pH-gradient modification of extracellular vesicles*

5.1 Introduction

We have shown in Chapter 3, that sonication allows for siRNA loading without
significant aggregation, but we also demonstrated nucleic acid degradation with longer
exposure times. Thus, there remains a need for further development of cargo loading
techniques. Approaches for loading cargo into EVs can be informed by research on
liposomal systems, as EVs and liposomes share features of a phospholipid bilayer
enclosing an aqueous lumen [73,164,165]. Due to previous work with liposomes
showing that a transmembrane pH-gradient can be used to effectively encapsulate
weakly basic or negatively-charged small molecule drugs [166—170], we hypothesized
that this principle could be translated to loading negatively-charged nucleic acids
within EVs. Here, we report the parameter optimization of pH-gradient-mediated
loading of miRNAs to HEK293T-derived EVs. We further demonstrate the
functionality of these loaded miRNAs via modulation of protein expression in cellular
systems as well as the ability to successfully administer pH-gradient-modified EVs to

animals.

i Jeyaram A, Lamichhane TN, Wang S, Zou L, Dahal E, Parajuli B, Knudsen DR, Chao W, Jay SM.
“Enhanced loading of functional miRNA cargo via pH-gradient modification of extracellular vesicles.”
Molecular Therapy. (Submitted)
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5.2 Methods

5.2.1 Cell culture

Human Embryonic Kidney Cells (HEK 293T; ATCC CRL-3216; Manassas, VA) were
cultured in Dulbecco's Modification of Eagle's Medium (DMEM) [+] 4.5 g/L glucose,
L-glutamine, sodium pyruvate (Corning 10-013-CV; Corning, NY) supplemented with
10% FBS in T175 tissue culture polystyrene flasks in the presence of EV-depleted
serum. Human umbilical vein endothelial cells (HUVEC; Lonza C2519A) were
cultured in endothelial cell growth media (PromoCell C-22121; Heidelberg, Germany)
in flasks coated with 0.1% gelatin. Bone marrow cells were harvested from mouse
tibias and femurs, cultured, and differentiated into macrophages (M¢s) in the presence
of M-CSF (10 ng/mL). In brief, bone marrow cells were cultured in RPMI 1640 culture
medium (Thermo Fisher Scientific; Waltham, MA) with 10% FBS (Thermo Fisher
Scientific), 5% horse serum (Thermo Fisher Scientific), and penicillin (100
U/mL)/streptomycin (100 pg/mL) (Thermo Fisher Scientific) in a CO2 incubator at
37°C. Three days later, culture media were changed, and M¢s were ready for

experiments at day 4.

5.2.2 EV isolation and characterization

Conditioned media from HEK293T cells grown in EV-depleted media was collected
and subjected to differential ultracentrifugation with a 118,000 x g final centrifugation
step as previously described [76,104]. Pelleted EVs were resuspended in 1XPBS and

washed using Nanosep 300 kDa MWCO spin columns (Pall OD300C35; Port

86



Washington, NY). The washed EVs were resuspended in 1XPBS and filtered using an
0.2 um syringe filter. EV size distribution and concentration were evaluated by
nanoparticle tracking analysis (NTA) via a NanoSight LM10 using NTA analytical
software version 2.4. Each sample was analyzed in triplicate using different fields of
view with a 30 second video acquisition time. The camera level and threshold were set
consistently at 13 and 3, respectively for all samples. Total EV protein concentration
was measured using a bicinchoninic acid assay (BCA) following the manufacturer’s
protocol. Relative levels of EV-associated proteins were assessed via total protein and
western blotting. The membrane was imaged using a LI-COR Odyssey CLX Imager.
Specific EV-associated protein marker levels and control proteins were quantified
using immunoblot analysis for Alix (Abcam ab186429; Cambridge, MA), TSG101
(Abcam ab125011), CD9 (Abcam ab92726), Calnexin (Cell Signaling Technology
2679S; Danvers, MA), and GAPDH (Cell Signaling Technology 2118L). Primary
antibodies were added at 1:1000 dilution, besides anti-GAPDH which was added at
1:2000 dilution. Secondary antibody IRDye 800CW anti-Mouse and anti-Rabbit (LI-
COR Biosciences 926-32210 and 926-32211; Lincoln, Nebraska) were added at

1:10000 dilutions.

5.2.3 Preparation of pH-gradient modified EVs

To create the pH-gradient, EVs were first dehydrated in 70% ethanol at a concentration
of 300 ug/mL. The dehydration was allowed to proceed for 12 hours in a 24-well plate
with 1 mL of the dehydration solution per well. Once most of the liquid evaporated,

the EVs were rehydrated in 1mL of citrate buffer (150 mM, pH 2.5 for 1 hour). After
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rehydration, EVs were resuspended and transferred to 300 kDa Spectra/Por Float-A-
Lyzer G2 dialysis tubes (Spectrum Labs G235072; Waltham, MA) and dialyzed in 1X
HEPES buffered saline (HBS) at pH 7.0. EVs were dialyzed for 24 hours with buffer
changes every 2 hours for the first 6 hours and then left overnight. After dialysis, the
volume of EV solution was concentrated down using 100 kDa MWCO centrifuge tubes
and filtered through 0.2 pm syringe filters. EVs were then characterized as above. For
cargo loading, unless otherwise described, 3x10° EVs were incubated with 1000 pmol

of miRNA cargo for 2 hours before washing in a 300 kDa MWCO filter with 1X HBS.

To optimize maximum loading efficiency, pH-EVs or unmodified EVs were incubated
with equal amounts of miR-93 labeled immediately prior to each set of experiments.
To determine the optimal temperature for miRNA incubation, miRNA was incubated
with EVs at 4°C, 22°C, 37°C and 60°C. Unincorporated excess cargo was removed by
washing with 1X HBS buffer after one hour of incubation. To determine the optimal
length of incubation with cargo, the labeled miRNA was incubated with the EVs for 0
minutes, 30 minutes, 1 hour, 2 hours, 6 hours, and 24 hours. After each time point,
excess miRNA was removed by washing, as described previously. To evaluate the
effect of the citrate buffer pH, the buffer was prepared at pH 2.5, 3, 4, and 7. For all
optimization experiments, the unincorporated excess cargo was removed by washing
with 1X HBS. Fluorescence was quantified by comparing the values measured at 480
excitation and 520 emission to a standard curve.

miR-93: Dharmacon custom sequence; Chicago, IL; 5° —

CAAAGUGCUGUUCGUGCAGGUAG
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5.2.4 Sonication

1000 pmol of nucleic acids were incubated with 100 pg of EVs in 100 pL total volume
for 30 minutes. EVs were sonicated in a water bath sonicator (VWR® symphony™;
cat# 97043-964, 2.8 L capacity, dimensions 24 L x 14 W x 10 D cm) twice for 30 s at
35 Hz, resting on ice for 1 minute in between. After sonication, EVs were washed in
a 300 kDa MWCO filter with 1X PBS. For loading comparison by EV number, 6x10°

EVs were used in each loading volume.

5.2.5 Quantification of EV loading

EV loading quantification was performed by labeling nucleic acids with picogreen
Quant-iT™ PicoGreen Assay Kits (ThermoFisher Scientific, cat# P11496) Nucleic
acids were pre-labeled for detection by mixing 1000 pmol of nucleic acids with 10 pL
dye reagent at room temperature for 5 minutes according to manufacturer’s instructions
for Quant-iT™ PicoGreen Assay Kits. This dye was used in cases where RNA loading
was compared to other nucleic acids. The EV samples were washed using 300 kDa
MWCO filter tubes to ensure all unincorporated nucleic acids are washed through. To
quantify loading of doxorubicin, loading was performed as described above and the
fluorescence intensity was measured after washing using excitation 470nm and
emission 570nm.

miRNA (miR-93): Dharmacon; 5’ -CAAAGUGCUGUUCGUGCAGGUAG

siRNA: Dharmacon; 5'-GGUGCCAGUUCUCCAAGAUUdTdIT
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ssDNA: Integrated DNA Technologies (IDT); Skokie, Illinois; 5'-

TGCTAGCTATCTAGTAGCCTAGTTA

5.2.6 Gel to evaluate RNA integrity

RNA (miR-93) was incubated for the indicated number of pH-loading cycles in 1XHBS
or incubated with RNase I (Thermo Fisher Scientific EN0601) at 37°C for 45 min.
RNA was subsequently incubated at 70°C for 10 min after 1:1 dilution in RNA loading
buffer (1 mM EDTA, 96% formamide) before running on a polyacrylamide gel at 100
V for 10 min. After staining with SYBR™ Gold Nucleic Acid Gel Stain, gels were

imaged using a FluorChem E System Gel Imaging System.

5.2.7 EV uptake and cytotoxicity

HUVECs were plated in black-walled 96-well plated coated with 0.1% gelatin at a
seeding density of 6,000 cells/well the day before the experiment. 200 pug of EVs were
labeled with BODIPY™ TR Ceramide (Thermo Fisher D7540) at a 10 uM
concentration in a total volume of 100 pL. The solution was incubated at 37°C for 20
minutes, protected from light. Excess unincorporated dye was removed by washing in
300 kDa MWCO filter tubes. Fluorescence of the labeled EVs was measured at
excitation 592 nm and emission 618 nm before treatment. HUVECs were then treated
with 200 pg of labeled EVs and incubated at 37°C for 24 hours. Cells were washed and
fluorescence of the cells was measured and normalized to the initial fluorescence

intensity. Fold change of uptake is shown with respect to unmodified EVs. For

90



cytotoxicity assessment, 3x10° HEK293T cells were plated per well in a 6-well plate.
At ~50% confluence, cells were treated with EVs (added in a range of doses from 10
pg/mL to 200 pg/mL) for 24 hours. After incubation, cells were trypsinized and
counted to determine cell count. The cell count data for each treatment is represented

as a percentage of the untreated control cell count.

5.2.8 In vivo cytotoxicity

The in vivo study was performed in 9 to 10-week-old male wild-type (C57BL/6J) mice
(The Jackson Laboratories, Bar Harbor, ME). Mice were housed in an animal facility
of University of Maryland School of Medicine (Baltimore, Maryland) for 1 week
before the study under specific pathogen-free environment. They were fed with
autoclaved bacteria-free diet, and the housing facilities were temperature-controlled
and air-conditioned with 12-h/12-h light/dark cycles. All animal protocols were
approved by the Institutional Animal Care and Use Committees of University of
Maryland School of Medicine and the University of Maryland, College Park. For the
in vivo experiments, mice were randomly assigned into three groups (5 mice/group)
and intraperitoneally (i.p.) injected with either buffer (HBS), unmodified EV, or pH-

EV (5.26 x 10° EV/mouse/day in 250 pl volume) for three days.

All animals were sacrificed on day 4. Peritoneal lavage was collected following
anesthetizing by Ketamine (100 mg/kg) and Xylazine (4 mg/kg) subcutaneous injection
and centrifuged to prepare cell-free peritoneal lavage supernatant and peritoneal cell

pellets. Whole blood was collected by cardiac puncture using a 26G needle and
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transferred to an EDTA coated blood collection tube (Beckton Dickinson), and a 100
ul aliquot was used for complete blood count analysis (Beckman COULTER Ac-T
diffTM Analyzer, Brea, CA). Plasma was harvested by centrifugation and stored at -
80°C for cytokine analysis. Kidneys were collected, snap frozen in liquid nitrogen, and
stored at -80°C for future analysis. Peritoneal and blood cells were further analyzed by

flow cytometry as described below.

IL-6 in the plasma and peritoneal lavage supernatant was measured using commercially
available DuoSet ELISA kits (R&D systems, Minneapolis, MN) following the

manufacturer’s instructions.

Total RNA was extracted from the kidney using Trizol (Sigma, St. Louis, MO).
Reverse transcription was performed using the M-MLV reverse transcriptase
(Promega, Madison, WI). qPCR was performed on a QuantStudio 3 real-time PCR
system (Applied Biosystems, Foster City, CA) using the GoTag qPCR master mix
(Promega, Madison, WI). The transcripts of neutrophil gelatinase-associated lipocalin
(NGAL), and kidney injury molecule-1 (KIM-1) were quantified with glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as the internal control. The PCR primer
sequences are listed below: GAPDH (Forward: 5'-AACTTT GGCATTGTGGAAGG-
3°, Reverse: 5 -GGATGCAGGGATGATGTTCT-3"); NGAL (Forward: 5'-
CTCAGAACTTGATCCCTGCC-3", Reverse: 5-TCCTTGAGGCCCAGAGACTT-
3); KIM-1 (Forward: 5-CATTTAGGCCTCATACTGC-3", Reverse: 5'-

ACAAGCAGAAGATGGGCATT-3"). Transcript expression was calculated using the
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comparative Ct method normalized to GAPDH (2-AACt) and expressed as the fold

changed in the EV injected group over the buffer (HBS) treated group.

Peritoneal cells were manually counted using a hemocytometer and a fraction of cells
(1 x 10°) were stained with the surface marker CD45-PE (BD Biosciences, San Jose,
CA), F4/80-Alexa Fluro 647 (BD Biosciences, San Jose, CA) and Ly6G-BV421 (BD
Biosciences, San Jose, CA). After red blood cell lysis, cells from 100 pL. blood sample
was stained with CD45-PE (BD Biosciences, San Jose, CA), Ly6C- BV510
(BioLegend, San Diego, CA), CD3-FITC (BioLegend, San Diego, CA) and CD19-PE-
cy7 (BioLegend, San Diego, CA). Cells were incubated with antibodies in the dark at
4°C for 30 min and then washed once with 4 mL PBS. Cell pellets were resuspended
in PBS containing 5% FBS and analyzed using a BD LSR II flow cytometer. Data

analysis was performed with FlowJo software.

5.2.9 Functional evaluation of loaded RNA cargo

To assess function of loaded siRNA, pH-gradient or unmodified EVs were incubated
at room temperature for one hour with GAPDH siRNA, washed and isolated as
described above, and then added to HEK293T cells (plated the day before in a 6-well
plate with 3x10° cells per well). 100 pg of each EV sample (unmodified EVs, pH-EVs,
pH-EVs + scrambled siRNA, pH-EVs + GAPDH siRNA) were added to the cells
dropwise. As a positive control, 20nM GAPDH siRNA was applied to cells with
HiPerFect transfection reagent (Qiagen 301705; Germantown, MD) and a PBS only

negative control. After 2 days of incubation, total RNA was isolated (Qiagen RNeasy
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Kit 74104) from the cells. 1 pg of total RNA from each type of sample was converted
into cDNA and mRNA level of GAPDH was confirmed by q-PCR. The change in
mRNA level was normalized by using Ct value from B-actin mRNA[38].

GAPDH siRNA: Dharmacon ON-TARGETplus GAPDH Control siRNA D-001830-
01-20;

Scrambled siRNA: Dharmacon; 5'-GGUGCCAGUUCUCCAAGAUUTAT

To assess cytokine regulation by loaded miRNAs, BMDMs seeded in a 96-well plate
(2x10° cells/well) were treated with single-stranded miR-146a-5p mimic loaded EVs
(doses ranging from 1.5x10% to 1.5x10° EV/ml) overnight. Cells were incubated in
serum-free culture medium containing 0.05% BSA for 1 hour before treatment with
EVs. Medium was collected for detection of MIP-2 using ELISA kits (R&D Systems,
Minneapolis, MN) according to the manufacturer’s instructions. Final cytokine
concentrations were calculated based on a standard curve.

ss-miR-146-5p: IDT; 5’-UGAGAACUGAAUUCCAUGGGUU

ss-miR146 (U>A) mutant: IDT; 5~ AGAGAACAGAAAACCAAGGGAA

Additionally, BMDM s seeded in a 12-well plate (4x10° cells/well) were treated double-
stranded miR-146a-mimic-loaded EVs (100 pg/ml) for 2 days. Cell culture media were
collected from cultures and stored at -80°C for ELISA analysis. Cells were lysed using
NP-40 lysis buffer and protein concentration was determined using Bradford assay
(Bio-Rad). 20 pg of protein from each sample was separated using 4—-12% gradient gel,

transferred to PVDF membrane and blotted with primary Abs (anti-IRAKI, anti-
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GAPDH, 1:1000, Cell Signaling Technology) overnight at 4°C. After incubation with
secondary Abs, protein bands were visualized using Luminata Forte Western HRP
substrate (Millipore) and imaged in a ChemiDoc system (Bio-Rad Laboratories,
Hercules, CA). The band intensity was quantified using Image J. IL-6 levels in the
media were measured via ELISA (R&D Systems) according the manufacturer’s

instructions.

ds-miR-146a-5p mimic: Qiagen Syn-mmu-miR-146a-5p miScript miRNA Mimic

219600; 5’-UGAGAACUGAAUUCCAUGGGUU

ds-miR-146a scramble: IDT; 5 — ACGAGUUACGUGGUACGUUAAU

5.2.10 Statistical analysis

Data were analyzed using GraphPad Prism software version 7.04. Analysis of variance
(one or two-way as appropriate) was used with Tukey’s post hoc test unless otherwise
stated. Statistical significance was shown with the following notation: ns (not
significant), p > 0.05, * or # p < 0.05, ** or ## p < 0.01, *** or ### p < 0.001, **** or

#### p < 0.0001. Data are plotted as mean + standard error.
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5.3 Results

5.3.1 Preparation and characterization of EVs

To promote the loading of negatively-charged cargo, a pH-gradient was utilized to
render the interior of HEK293T-derived EVs acidic. This was accomplished by first
dehydrating the EVs in 70% ethanol and then rehydrating them in an acidic citrate
buffer (pH 2.5). To replace the surrounding acidic buffer with a more neutral buffer,
EVs were dialyzed in HBS (pH 7), resulting in a pH-gradient between the intravesicular
and extravesicular environments (Figure 5.1A). The effects of this process on EV yield
and integrity were assessed by nanoparticle tracking analysis (NTA), bicinchoninic
acid (BCA) assay and immunoblotting. The results showed that both unmodified and
pH-gradient-modified EVs (pH-EVs) fall within a similar size range (Figure 5.1B).
Additionally, the total protein content associated with pH-EVs decreased in
comparison to unmodified EVs, and thus the amount of EVs per ug of protein increased
(Figure 5.1C). Dialysis of EV samples that were not pH-gradient-modified led to
similar effects, suggesting that dialysis of the samples is leading to this decrease in
protein content (Figure 5.2). Alternatively, some EV-associated proteins may be
degraded during the procedure. Supporting this latter possibility, a total protein gel
showed some bands with decreased intensity (Figure 5.1D) and levels of EV-
associated proteins Alix and TSGI101 decreased after pH-gradient modification
(Figure 5.1E,F). However, the expression of EV-associated marker CD9 was enriched
in the pH-EV sample (Figure 5.1E,F). Thus, there may be a combination of increased
sample purity with some EV protein degradation during the pH-gradient process. The

absence of expression of the endoplasmic reticulum-associated protein calnexin further
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verified the absence of intracellular contaminants within the EV samples [171] (Figure

5.1E,F).
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Figure 5.1. Preparation and characterization of pH-EVs. (A) Schematic describing the steps to
prepare and load pH-EVs. (B) The concentration of HEK293T EVs vs. size was determined by
nanoparticle tracking analysis via Nanosight. Samples were diluted 1000-fold before analysis. (C) The
amount of HEK293T EVs associated per ug of protein with or without pH-gradient modification was
determined by the ratio of NTA and BCA results. (D) Total protein and (E) immunoblotting of
unmodified and pH-gradient modified HEK293T EVs. (F) Densitometry of the immunoblot of EV-
associated markers.
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These proteins are likely better removed with dialysis. (E) Dehydration of bovine serum albumin (BSA,
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protein as shown by total protein.
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5.3.2 Parameter optimization to enhance cargo incorporation

The process variables of incubation temperature, time, and pH were all investigated to
promote the optimal loading of nucleic acid cargo. Comparing a range of temperatures
from 4°C to 60°C, incubation at room temperature (22°C) was optimal for maximum
observed incorporation of miRNA (Figure 5.3A). Cargo incorporation was found to be
the lowest at 4°C or 60°C incubation. Varying the duration of EV incubation with cargo
revealed that maximum observed incorporation was achieved after 2 hours (Figure
5.3B). With longer incubation times, a decrease in cargo incorporation was observed,
with a 57% decrease in total miRNA loaded between 2 and 6 hours of incubation. This
could be potentially due to the degradation of miRNA in the buffer over time or to a
loss of the pH-gradient over time as negative cargo is entering the vesicles. Based on
liposomal studies [167], the degree of acidity of the intravesicular compartment was
expected to significantly impact loading efficiency. Using citrate buffers of varying
acidic strengths, we observed that miRNA association with EVs increased with an
increase in acidity of the internal pH, with the highest cargo loading achieved at pH
2.5, an ~6-fold increase compared to loading without a pH-gradient (Figure 5.3C). The
optimal observed combination of loading parameters was thus a 2-hour incubation time
at room temperature with EVs that had an internal pH of 2.5. Using the optimized
protocol for pH-EV loading, loading via this technique was compared to sonication
loading. Since, we observed a change in protein content between unmodified and pH-
EV populations, loading was done based on EV number. Loading via pH-gradient leads

to a higher encapsulation of miRNA than sonication (Figure 5.3D).
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Figure 5.3. Parameter optimization and miRNA loading into pH-EVs. Loading of unmodified and
pH-gradient-modified HEK293T EVs with miR-93 was assessed by fluorescence quantification after
(A) 1 hour incubation at the indicated temperatures; (B) incubation at 22°C for the indicated times; and
(C) 2 hour incubation at 22°C with the indicated internal pH values. (D) Loading EVs via sonication vs
pH-gradient. Panel D statistics determined via two-tailed t-test, ANOVA for other panels.

5.3.3 Reusability of excess nucleic acid cargo

EV loading methods such as electroporation, sonication, and heat shock that ultimately
rely on cargo diffusion are inherently limited in terms of efficiency. In these cases, the
maximum possible loading efficiency is dictated by the volumetric ratio between the
cargo-containing solution and the total intravesicular volume of EVs in suspension.
Solubility considerations and practical working volume limitations often lead to this
ratio being 20:1 or greater in favor of the cargo solution volume, meaning that a
maximum of 5% or less of the total cargo in solution would be expected to associate

with or be encapsulated by EVs, even assuming perfect conditions for diffusion.
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Previous studies have shown that loading by electroporation or sonication can damage
nucleic acid cargo through aggregation and/or degradation[79,104,115], rendering any
non EV-associated cargo useless. In contrast, we hypothesized that the pH-gradient
method may allow for non EV-associated cargo to be reused in additional loading
processes, thus increasing overall cargo utilization efficiency. Testing this hypothesis
with siRNA, non EV-associated cargo was isolated by filtration with 300 kDa MWCO
filters after 2-hour incubation with pH-EVs. The recovered siRNA was then added to
fresh pH-EVs and successful loading was confirmed by fluorescence measurements of
labeled siRNA (Table 5.1). Iterations of this process were continued until we could no
longer detect RNA after washing steps, showing that we could re-use the same RNA to
load four additional sets of EVs. Cargo miRNA integrity was evaluated after 2 cycles

of loading in pH-buffer (Figure 5.4A) by visualization after gel electrophoresis.

Table 5.1. Reusability of nucleic acids after cargo loading with pH-EVs. After incubation with pH-
EVs, the amount of siRNA was calculated via fluorescence measurements. The remaining loading buffer
(filtrate after washing loaded EVs) was then used to load a fresh set of EVs and the measurements were
repeated until RNA could no longer be loaded.

Amount of Amount Amount of % of Theoretical siRNA
siRNA in of pH- siRNA siRNA unused recovered
loading EVsused loaded in loaded siRNA after
buffer EVs washing
1000 pmole 10 ug 65 pmole 6.5% 935 pmole 720 pmole
(Filtrate 1)
720 pmole 10 ug 41 pmole 5.6 % 679 pmole 543 pmole
(Filtrate 1) (Filtrate 2)
543 pmole 10 ug 32 pmole 5.8% 511 pmole 420 pmole
(Filtrate 2) (Filtrate 3)
420 pmole 10 ug 23 pmole 5.4% 397 pmole 280 pmole
(Filtrate 3) (Filtrate 4)
280 pmole 10 ug 7 pmole 3.2% 273 pmole 198 pmole
(Filtrate 4) (Filtrate 5)
198 pmole 10 ug ~0 pmole ~0% ~198 pmole 125 pmole
(Filtrate 5) (Filtrate 6)

101



5.3.4 pH-EVs are effectively taken up an exhibit no significant toxicity

One potential pitfall of the pH-gradient method was the possibility of inhibited EV
uptake via damage to surface proteins or lipids during the dehydration/rehydration
process. However, there was no significant difference in uptake between pH-gradient-
modified and unmodified HEK293T EVs by HUVECs in culture was observed (Figure
5.4B) as evaluated by measuring the amount of florescence signal present in the cells
after treating with fluorescently labeled EVs. Further, doses up to 200pg/mL of pH-

EVs showed no significant toxicity HEK293T cells (Figure 5.4C).
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Figure 5.4. pH-EV uptake and cytotoxicity. (A) RNA integrity was evaluated by subjecting RNA to
0, 1, or 2 cycles of loading by pH-gradient process; RNase I treatment was used as a control. (B) Uptake
of BODIPY™ TR Ceramide-labelled unmodified and pH-gradient-modified HEK293T EVs by
HUVECs was assessed by fluorescence quantification. Uptake is shown as fold change in comparison
to unmodified EVs. (C) Cytotoxicity of pH-gradient-modified HEK293T EVs on HEK293T cells was
assessed by cell counting and compared to untreated cells. There was no statistical significance between
any samples (t-test for B; one-way ANOVA for C).

Toxicity was also evaluated in vivo by assessing lavage fluid in the peritoneal cavity
and plasma after multiple EV injections into C57BL/6] mice. 4.5x10° of either
unmodified or pH-modified HEK293T-derived EVs were injected i.p. daily for 3 days,

and kidney injury, inflammation and peritoneal/blood cell population were carefully
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examined. qPCR results indicated no effect of the pH-gradient process on EV-induced
expression of acute kidney injury markers KIM-1 and NGAL (Figure 5.5A), while
levels of pro-inflammatory cytokine IL-6 in plasma and peritoneal lavage supernatant

were also unaffected (Figure 5.5B).
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Figure 5.5. Markers of inflammation and cytotoxicity in the peritoneal lavage and plasma. (A)
Acute kidney injury marker KIM-1 and NGAL were measured in the kidney using qRT-PCR. n=5/group.
(B) Plasma and peritoneal lavage IL-6. n=5/group.

To investigate whether pH-EV injection would impact host immune cell composition,
we performed immunophenotyping experiments both locally in the peritoneal cavity
where the EVs were delivered and systemically in the blood circulation. No significant
differences between EV treatments were observed in total cell numbers, resident

macrophages (F4/80"¢"/ Ly6G’) or monocytes (F4/80™d/ Ly6G), while a slight
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increase of neutrophil population (F4/80/Ly6G") in the peritoneal cavity was seen
following administration of unmodified EVs compared to control (Figure 5.6A). These
data suggest that pH-EVs did not significantly affect immune cell composition in the
peritoneal cavity. Further, the percentages of monocytes (Ly6C"/Ly6G), neutrophils
(Ly6C*/Ly6G™), T cells (CD3"/CD19) and B cells (CD3/CD19") in the blood as
measured by flow cytometry analysis suggested no significant systemic
immunogenicity following repeated administration of unmodified or pH-EVs (Figure
5.6B). EV treatment also had little effect on hemoglobin levels as well as leukocyte

and platelet counts (Table 5.2).
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Figure 5.6. Host immune cell composition. (A) Representative flow cytometry of gated macrophage
(F4/80high/Ly6G-), monocyte (F4/80middle/Ly6G-) and neutrophil (F4/80-/Ly6G+) in the peritoneal
cavity. The percentage of each cell population over leukocyte (CD45+) was listed in the table. n=5/group.
(B) Representative flow cytometry of gated monocyte (Ly6C+/Ly6G-), neutrophil (Ly6C+/Ly6G+), B
cell (CD19+/CD3-) and T cell (CD19-/CD3+) in the blood. Percentage to total leukocyte (CD45+) was
calculated. n=5/group.



Table 5.2. Blood cell count. Whole blood was collected following 3 days of EV administration and
transferred to EDTA-coated blood collection tube. Leukocyte, platelet, and hemoglobin levels were
analyzed using an automated cell counter.

White blood cell Hemoglobin Platelet (x 103/
(x 103/uL) (g/dL) pL)
Buffer 3.76 £ 1.14 12.78 £ 0.31 1111 +49.87
Unmodified EVs 3.18+0.36 13.04 + 0.50 1121 +£47.64
pH-EVs 390+ 1.15 12.94 £ 0.46 1096 + 58.41

5.4.4 pH-EVs deliver functionally active RNA cargo

After evaluating that the pH-gradient process did not induce significant effects counter
to productive therapeutic cargo delivery, we next assessed the ability of pH-EVs to
deliver functionally active RNA to cells. Delivery by pH-EV's of siRNA targeted to the
protein GAPDH in HEK293T cells resulted in 54% knockdown compared to scrambled
RNA or PBS controls (Figure 5.7A), while unmodified EVs did not induce significant

knockdown.

We next examined the potential of pH-EVs to modulate the production of inflammatory
cytokines known to be important in sepsis, a condition for which EVs have been both
proposed as a treatment [156,172—174] and implicated as a contributing factor
[175,176]. In one experiment, pH-EVs were loaded with the pro-inflammatory ss-miR-
146 [175] and exposed to bone marrow-derived macrophage cells. In this case, loaded
pH-EVs induced dose-dependent cellular production of MIP-2 (macrophage
inflammatory protein 2; CXCL2), a classical inflammatory cytokine, compared to a

minimal response from pH-EVs alone or pH-EVs with a mutant sequence (Figure
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5.7B). In another experiment, pH-EVs were loaded with anti-inflammatory ds-miR-
146 [172,177]. Here, loaded pH-EVs induced a decrease in inflammatory protein
expression, as evidenced by immunoblotting for IRAKI1 (Figure 5.7C), a
proinflammatory enzyme. ELISA-based detection also revealed loaded pH-EV-
induced decrease in levels of IL-6 (Figure 5.7D), a pro-inflammatory cytokine whose
inhibition has previously been shown to improve survival in sepsis models [178—180].
Thus, these results suggest therapeutic potential for utilizing pH-EVs in sepsis

treatment.
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Figure 5.7. Delivery of functionally active cargo. (A) GAPDH mRNA in cells after 48 hour incubation
with pH-gradient-modified HEK293T EVs or controls as indicated was evaluated by qPCR; statistical
significance is shown with respect to the PBS control. (B) MIP-2 release by BMDMs after 16 hour
incubation with the indicated EV groups was determined by ELISA; * indicates statistical significance
as shown by the bars, # indicates statistical significance with respect to the corresponding EV only
sample for each corresponding time point. Effects of scramble control of ds-miR-146a delivery by pH-
gradient-modified HEK293T EVs at the indicated doses on (C) IRAKI1 (by immunoblot and
densitometry quantification) and (D) IL-6 (by ELISA) production by BMDMs were assessed; * indicates
significance with respect to 0.75E9 EVs + scramble, # indicates significance with respect to
Lipofectamine treatment.

5.4 Discussion

In this study, we demonstrated versatile loading potential and functional delivery of
miRNA cargo using a pH-gradient-based method. Using this approach, we were able

to load an estimated ~4000-5000 copies of miRNA per EV, comparable to what has
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been reported for other EV loading methods such as sonication [104], electroporation
[76], chemical modification of cargo [71,134], and others [78,129]. Additionally, this
strategy enabled preservation of unloaded nucleic acid cargo such that it could be
reused in subsequent loading operations, resulting in more efficient use of valuable

biological therapeutic molecules (Table 5.1).

Despite exposing EVs to dehydration by ethanol during the loading process, cell uptake
and functional cargo delivery were still achieved (Figure 5.4, Figure 5.7). This
suggests that any proteins and lipids critical to cell uptake of EVs were not critically
negatively impacted by the pH-gradient process. This finding echoes prior work that
showed that exposure of EVs to proteinase K, which would be expected to degrade
surface proteins, has little effect on EV physicochemical properties [181]. This same
study found that after injection in mice, the half-life and mean residence time of EVs
did not change based on proteinase K exposure. However, the area under the curve
increased significantly for proteinase K-treated EVs, indicating an increased percent of
EV dose in the blood and decreased clearance. In our study, levels of Alix and TSG101
decreased after pH-modification, while CD9 was increased (Figure 5.1). It is possible
that the pH-gradient process results in rearrangement and differential exposure of
surface proteins and lipids on EVs, which could impact uptake in unpredictable ways.
Overall, further dedicated study of EV uptake mechanisms would shed light on how
this and other methods might be optimized to reduce any detrimental effects on EV

cargo delivery.
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The possibility of different loading levels in different EV subsets should also be
considered. Studies have shown that the composition and function of small and large
EVs can differ in morphology as well as protein and lipid content [182,183]; these
differences in the surface composition of EV subtypes may make them more or less
conducive to loading via the pH method. Further, the roles of EV-associated proteins
differ depending on the parent cell type, and thus the method described here may not

be universally appropriate for EV loading.

The results of this study also have implications for the field with regard to
normalization of EV amount for functional studies, a subject on which there is not yet
a consensus best practice [171]. Many studies determine EV dose based on total protein
content of EVs; however, as shown here, processing can dramatically impact the
relationship between EVs and their associated proteins. Thus, in cases where EVs
undergo downstream modification, dosage on the basis of number of EVs may be more
accurate. Of course, since proteins could be the active cargo of interest, dosing by

protein amount may be more relevant for some studies.

Ultimately, the utility of the method described here was shown by functional delivery
of both siRNA and miRNA cargoes. Treating bone marrow-derived macrophage cells
with pro- or anti-inflammatory miRNA led to regulation of corresponding cytokine
levels. Specifically, we observed that delivery of pro-inflammatory ss-miR-146a
resulted in increased MIP-2 secretion by bone marrow derived macrophage cells. This

suggests that pH-EVs can be employed in further studies exploring the roles of

110



miRNAs in inflammatory diseases, such as sepsis. Further, we showed that delivery of
ds-miR-146a reduced IL-6 production by the same cells, a potentially anti-
inflammatory outcome, as endogenous EV-associated miR-146 has been shown to
reduce inflammatory gene expression and inhibit endotoxin-induced inflammation in
mice [172]. This same study showed that there was approximately one copy of miR-
146 per EV and an average 370 copies per cell after treatment. It has been reported that
at least 100 copies of miRNA per cell is necessary for regulatory capacity [184]. These
results suggest that pH-gradient-based loading of EVs may be a promising approach to

achieve functional therapeutic effects of miRNA delivery.

5.5 Conclusion

Here, we have established a novel method for cargo loading by modifying the internal
pH, and thus the charge, of EVs. Any modifications induced by this method do not
result in in vitro or in vivo cytotoxicity. miRNA delivery via loaded pH-EVs was
successfully used to modulate inflammatory cytokines. The simplicity of this method
as well as the ability to reuse unincorporated cargo makes this an attractive technique

for eventual scalability and manufacturing.
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Chapter 6: Conclusions and outlook

6.1 Conclusions and summary of work

EVs are an exciting new platform for therapeutic gene and drug delivery that has gained
momentum after the discovery that they can induce a function by transporting RNA
[41]. A number of promising studies have demonstrated the potential of EVs to shift
the paradigm of disease treatment. However, studies focusing on the fundamental
questions of how to load cargo and preserve EV function are limited, with no consensus
on best practices. Without proper understanding and development of EV cargo
manipulation and stability, they will face obstacles in manufacturing and translation.
Studies focusing on understanding basic principles such as these will also contribute to
better understanding of how to treat this modality when considering FDA approval

pathways.

Thus, the research described in this dissertation has focused on methods to either
enhance or preserve the potency of EV therapeutics. This goal is achieved by
developing novel loading techniques and better understanding the stability of EVs after
storage (Figure 6.1). These methods are intended to create a platform that can be used
in developing EV therapeutics for any application and help propel the field forward

toward clinical use.
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Chapter 3: Sonication Chapter 4: Storage Chapter 5: pH-gradient
=
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Figure 6.1. Summary of work. Chapter 3 focuses on loading cargo after using sonication to disrupt the
membrane. Chapter 4 investigates the impact of storage duration and type on EV stability. Chapter 5
presents a loading method based on creating a pH-gradient between EVs and the surrounding buffer.

N

Chapter 3, introduces sonication as potential method for cargo loading into EVs. Prior
to this work, there were limited studies showing the utility of sonication for loading
small molecule drugs [136] or protein cargo [82], but none evaluating its potential for
nucleic acid loading. This work successfully demonstrated that sonication can be used
to load various nucleic acid cargos without any observed negative effect on the EVs or
cargo aggregation. However, increased exposure was shown to degrade nucleic acids.
This poses a problem for practical scalability of the method. In Chapter 4, the impact
of storage on MSC EVs as well as cargo sonicated into EVs is explored. At the time of
this work, there was limited precedence on proper EV storage. The International
Society of Extracellular Vesicles (ISEV) recommends storage at -80°C, but cost and
access would then restrict the usage of EV-based therapeutics. We have shown that
function can still be effectively preserved at -20°C or at room temperature after
lyophilization indicating that -80°C can be avoided. However, when looking at certain
analysis techniques, such as nanoparticle tracking analysis, storage methods that can

best preserve function resulted in inaccurate concentration measurements. This
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indicates that the application is an important consideration when determining storage
method and that there is a need to use multiple modes of characterization. This is also
the first study to assess the storage of EVs after exogenously loading with cargo. The
work we have presented here suggests that with current storage techniques, EVs loaded
via sonication stored at any condition will start to lose some of their cargo within 7
days. Chapter S, presents a novel loading technique based on creating a pH-gradient.
Unlike sonication, this technique did not result in degradation of cargo and also resulted
in increased cargo loading. However, the protein profile of samples after undergoing
pH treatment did differ. This did not result in any adverse effects in in vitro uptake or
cytotoxicity studies or in in vivo cytotoxicity studies. We were able to successfully use
this technique to deliver miRNAs to modulate inflammatory cytokines in vitro. This
work also provided knowledge about the nature of EVs, emphasizing the robustness of

these carriers.

In developing the two loading techniques described, I have established platforms that
can be used toward any application. Based on the data presented here, the technique for
loading can be determined based on the cargo used (sonication for non-nucleic acid

cargo or pH-gradient for negatively charged cargo including nucleic acids).
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6.2 Future research directions

6.2.1 Sonication loading

While the research encompassed in this dissertation provides fundamental information
for EV loading and storage, further work is required before they can make clinical
impact. Based on the results shown here, sonication is most practical for loading small
molecule and protein drugs. Currently, our loading technique uses nucleic acid cargo
in excess. Although cargo remains intact during this loading process, additional
exposure to sonication can degrade the cargo. Thus, all the excess unloaded cargo
cannot be used. This poses a problem for cost-effective scalability. Thus, there are two
main avenues that future research in this area can continue. One direction to explore is
further method optimization to minimize damage to nucleic acid cargo. Future studies
to reduce wasted excess cargo will make sonication more practical for gene delivery.
The sonicator used in the data shown here has a fixed frequency at 35 kHz. Studies

evaluating loading efficiencies with different frequencies may limit damage.

Another direction for future studies is to focus on using EVs for protein and small
molecule delivery. Although I have shown that sonication induces no loss of intrinsic
EV function (Figure 3.6, Figure 3.7), this may change when loading large cargo. It is
possible that with the introduction of such cargo, that certain endogenous cargos are
expelled from the vesicle. Thus, these studies will need to be repeated under these
conditions. Additionally, future studies will need to develop an understanding of size
restrains for loading cargo. In the case of electroporation, exogenous DNA loading was

shown to be size dependent [76], potentially due to the size of pore formation. Thus,

115



we have reason to expect that there will be a size limitation for effective small molecule

or protein loading.

6.2.2 Storage
The stability studies conducted here provided useful information for the field. Further
studies can further elucidate the mechanism of loss of activity and provide an optimal

storage protocol for loaded EVs.

We have shown that after 7 days of storing sonication loaded EVs, there is a decrease
in retained cargo regardless of storage temperature. This suggests the need to explore
lyophilization as well as buffer choice for the storage of exogenously loaded EVs.

Preliminary data pertaining to lyophilization of sonicated EV (Figure 6.2) shows that

7 A 74 % after sonication we are able to retain 74%
6 -
< .
25 Retention of the initially loaded cargo. This initial
= 4
% 3 result is a promising alternative to the
€2 . .
2 existing methods shown in Figure 4.10.
0
Before After Future work developing the lyophilization
Lyo Lyo

of'loaded EVs will be useful in broad usage
Figure 6.2. Cargo retention in sonicated EVs

after lyophilization. Fluorescently labeled
siRNA loaded into EVs via sonication were
quantified before and after lyophilization.

of EV therapeutics.

Another avenue to explore for preservation of EV bioactivity is excipient and buffer
choice. Trehalose was explored as an alternative to PBS in Chapter 4, but like PBS, it

showed an increasing EV concentration via NTA. Studies have suggested that using
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trehalose instead of PBS may better preserve biologic function after freezing or
lyophlization. In our studies, lyophilization with PBS did not result in any degrading
effects in lyophilization of MSC EVs in vitro (Figure 4.8), but it is possible that
aggregation effects may be higher when lyophilizing in PBS [119,145]. Differences in
aggregation may in turn impact in vivo bioactivity of EV treatments. Thus, a
combination of in vivo studies and experiments evaluating buffer choice will be

essential.

Ongoing work is also investigating the impact of storage on EVs loaded by a pH-
gradient. Since the pH-gradient loading method does not involve perturbing the
membrane in the same way as sonication, this may change how well the EVs are able
to retain cargo. Studies have shown that sonication decreases the microviscosity of
exosomal membranes [136]. This change in membrane fluidity may be the mechanism

for cargo loss.

6.3.3 pH-gradient loading

This section of work has specifically provided preliminary work for developing EV
therapies towards treating sepsis. Current research involving EVs and sepsis is focused
on the impact of the pathological state on EVs in the body. As mentioned in Chapter
5, endogenously anti-inflammatory EVs required only one copy of miR-146 per EV to
have a functional effect. Thus, our technique may be a promising method to treat sepsis

with low EV dosage. However, to further this as a therapy with sepsis, in vivo delivery
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of cargo via pH-EV must be explored. Along with this, we must evaluate is the

scalability of this technique.

6.3 Contributions

I have contributed to the field two techniques to load cargo into EVs and knowledge of
how storage can impair potency. Sonication is a rapid method for loading, while the
pH-gradient based loading technique in particular can be used by any group, without
the need for any specialized equipment. In understanding the impact of storage, I have
provided guidelines for storage that can be tailored toward the type of analysis that will
be performed. Ultimately these accomplishments contribute to platform technologies
that can be used in any therapeutic application. Information on storage may also prove

to be essential in the diagnostics field.

My work has led to a number of publications, conference proceedings, and awards. I
am a co-author on a portion of the work in Chapter 3, published in Cellular and
Molecular Bioengineering (CMBE). I also published the first review article discussing
the preservation and stability of EVs for therapeutic applications (Chapter 2.4), which
showed how severely limited research in the field was and motivated the work
presented in Chapter 4. This research in this chapter is currently being prepared for
publication. The studies pertaining to pH-gradient loading of EVs in Chapter 5 are in
revision with Molecular Therapy. Additionally, I am a co-author on four accepted or
published manuscripts, with others in preparation. I have also had the honor of
presenting my work at seven conferences, with one of them winning the judges choice

for Best Poster (World Preclinical Congress 2018). Additionally, I have presented talks
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multiple times at the University level. My accomplishments have been recognized with
three travel awards from the University of Maryland, a Career Development Award
from the Biomedical Engineering Society, and a 2-year pre-doctoral fellowship from

the Pharmaceutical Researchers and Manufacturers of America (PhRMA) Foundation.
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Appendix A: Depot delivery of EVs®

Thus far, strategies that have been employed for in vivo EV delivery are highly variable
[185]. Understanding the effects that delivery mechanisms have on EV potency and
off-target effects are essential for eventual translation and commercialization of this
therapeutic product. One mechanism of enhancing uptake of EVs at the site of disease
or injury is through the incorporation of targeting moieties. Most studies focused on
EV targeting, demonstrate the ability to modify EVs for specificity to cancerous cells.
EVs modified with peptides that are ligands for the epidermal growth factor receptor
(EGFR) were shown to target breast cancer cells in RAG2” mice [77]. Other
approaches use the C1C2 domain of lactadherin to direct HER2 or EGFR targeting
moieties to the EV surface during biogenesis or after EV isolation [186,187]. In a non-
cancer example, dendritic cell EVs modified to express Lamp2b, an EV membrane
protein, fused to the neuron-specific RVG peptide were able to deliver their cargo to
neurons in the brain after systemic injection [14]. Although these targeting moieties
appear promising, there has generally been limited success in translating targeted
nanoparticles. In particular, as many applications focus on systemic injection of the
vesicles, the EVs may not interact with the desired target cells since they would have

to pass through vessel walls first and enter the tissue.

While in some cases, systemic delivery has been successfully used to show a functional

effect, sequestering these vesicles at the target site will allow for increased potency and

% The experiments in this section were done with the help of Chris Kuffner and Eli Pottash. In
particular, they designed the vector for protein expression and purified the protein.
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may allow for a decrease in total dosage. Recent studies have shown that controlled
delivery via a biomaterial scaffold may overcome potential limitations of non-specific
toxicity or high dosage requirements [188—191]. Further, the use of such hybrid
systems can allow for differential delivery of multiple types of cargo. Despite
promising initial studies, the use of biomaterial carriers compared to free EV
administration is not yet well characterized [185] and there remains significant room

for advancement in this area.

A number of groups have demonstrated that liposomes and nanoparticles can be used
as cross-linkers for hydrogel formation. For example, polyethylene glycol (PEG)
modified at either end, has been used to allow liposomes to self-assemble in to shear
thinning hydrogels [192,193]. Such models allow for self-assembly and simple
manufacturing. Based on these studies, we propose a novel method for an EV-based
hydrogel. However, instead of using a PEG linker, we have investigated a protein linker

to create a fully biologic depot.
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Figure A.1. Phosphatidyl serine distribution in cells and EVs. Apoptotic cells and EVs have a
higher level of phosphatidyl serine display on the outer surface.

The design of this structure is based on studies which use the C1C2 domain of

lactadherin for targeting purposes. As mentioned above, the C1C2 domain of
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lactadherin selectively associates with phosphatidyl serine, with a preference for highly
curved, small diameter membrane surfaces (Figure A.1) [194]. Thus, we propose that
introducing a bivalent C1C2, which can bind two EVs and contribute to forming a

network (Figure A.2).
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Figure A.2. Schematic of hydrogel structure using a bivalent C1C2 molecule to link EVs. C1C2
associated with phosphatidyl serine and can be used to connect multiple EVs.

Before developing the gel, initial work focused on evaluating the ability to express
C1C2 in bacterial cells and confirming binding to EVs. These pilot studies were
executed by expressing a C1C2 protein with a green fluorescent protein (GFP) instead
of a second C1C2. This allows for ease of validation. C1C2 was expressed in E. coli
and purified via affinity chromatography. In short, the protein coding sequence was
inserted into the pET45b plasmid (Merck Millipore) via Hifit DNA Assembly (New

England Biolabs). The plasmid encoded for a fusion protein (estimated MW ~ 91 kDA),
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containing: a histidine tag, glutathione S-transferase (GST), a thrombin-cleavage site,
enhanced green fluorescent protein (eGFP), and C1C2 (sequence originally obtained
as a gift from Ding Xue). After transformation of BL21 (DE3) E. coli (New England
Biolabs) with the pET45b-hGST-GFP-C1C2 plasmid, cultures were grown to an
OD600 of 0.6 and induced with 0.4 mM IPTG, followed by 19 hour expression at room
temperature. Subsequently, the C1C2 protein was purified using a glutathione resin
column (GenScript) following the manufacturer’s protocol. In the future, the GST tag

can be removed through incubation with thrombin.

Western blot results for GFP suggest that the protein effectively is able to bind to EVs
(Figure A.3). Looking at the protein alone lane in the blot, we can see that we likely
are co-purifying fragments of GST and GFP along with the full construct. The band
around 37 kD is likely a GST-GFP fragment and close to 20 kD is likely GFP alone.
After mixing the protein with EVs for 30 minutes at room temperature and washing
through a 300 kD MWCO filter, the smaller molecular weight fractions are washed
through. The band expected to contain C1C2 is retained with the EVs, suggesting that

the protein has bound to the EVs.
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Figure A.3. Western blot for GFP shows that GST-eGFP-C1C2 is able to bind to EVs. The first
lane shows the protein purified from bacterial cells. Intact protein is expected to be at 96 kDa. Protein
was incubated with EVs for 30 minutes at room temperature and the complex is then washed through a
300 kDa MWCO filter tube. EVs and anything bound to them is retained above the filter. Everything
retained above the filter is shown in the lane “Protein bound to EVs.” The flow through is in the lane
labeled “unbound.” Primary antibody for GFP was used

fragments of
< GSTand GFP

Preliminary studies show that the protein does not induce cell cytotoxicity (Figure A.4)

when treating HEK293T cells in an alamarBlue assay.

30000+

20000+

RFU

10000+

EV Protein EV + Protein
Figure A.4. In vitro cytotoxicity. Cytotoxicity is evaluated using an alamarBlue assay. HEK cells

were treated with either EVs, protein, or protein bound to EVs. After incubation for five days,
alamarBlue reagent was added to each well. Fluorescence measurement were made after incubation.
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Ongoing work is focused on further confirming protein binding to EVs as well as
evaluating gel formation. Part of this will involve evaluating different lengths of amino
acid linker between the two CI1C2 domains. An alternative strategy if this bivalent
C1C2 approach is not successful is to use this construct to bind EVs into a gel such as
fibrin or chitosan for more tunable release. In this case, instead of making a bivalent
C1C2 structure, we can have one end of the protein linker be C1C2 and the other end
be a peptide with affinity for the gel being used. By modulating the ratio of high and
low affinity peptides, we hypothesize that the release profile from gels can be more
controllably tuned based on therapeutic need. Upon completion, this delivery technique
can then be used in combination with the other methods developed in dissertation to

enhance therapeutic potency of EV therapeutics.
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