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ABSTRACT

Small extracellular vesicles (small EVs) are endogenous membrane-enclosed nanocarriers
released from essentially all cells. They have been shown to carry proteins, lipids, nucleic acids to
transmit biological signals throughout the body, including to the brain. Some evidence has
suggested that small EVs can cross the blood-brain barrier (BBB), moving from the peripheral
circulation to the central nervous system (CNS). The BBB is a dynamic barrier that regulates
molecular trafficking between the peripheral circulation and the CNS. As a result, small EVs have
attracted attention for their potential as a novel delivery platform for nucleic acid-based
therapeutics across the BBB. Silencing RNAs (siRNAs) are a potent drug class but using “naked”
SiRNA is not feasible due to their short half-life, vulnerability to degradation and low penetration
in cells. Despite the excitement for the development of small EV-based therapeutics, their clinical
development is hampered by the lack of reliable methods for packing therapeutics into them.
Reshke et al. has shown that cells can be genetically engineered to produce customizable small
EVs packaged with siRNA against any protein by integrating the sSiRNA sequence into the pre-
miR-451 structure. Mounting evidence has established that in a misfolded state, a-synuclein
becomes insoluble and phosphorylated to form intracellular inclusions in neurons (known as Lewy
bodies) which leads to Parkinson’s disease (PD) pathogenesis. Given that increased a-synuclein
expression causes familial and idiopathic PD, decreasing its synthesis by using SiRNA is an
attractive therapeutic strategy. Here, we genetically engineered cells to produce small EVs
packaged with siRNA against a-synuclein integrated in the pre-miR451 backbone, tested their
ability to cross an in vitro BBB, and deliver its cargo to silence endogenous a-synuclein in neuron-
like cells. The therapeutic potential of a-synuclein siRNA delivery by these small EVs was

demonstrated by the strong mMRNA (60-70%) and protein knockdown (43%) of a-synuclein in



neuron-like cells. We also demonstrated that approximately at 4% and 2%, respectively of small
EVs-derived from human brain endothelial cells (hCMEC/D3) and human embryonic kidney
(HEK?293T) were transported cross the in vitro BBB model. Interestingly, we observed that small
EVs-derived from HEK293T deliver their cargo to induced brain endothelial cells (iBECs) (~74%
a-synuclein mRNA reduction) but their rate of transport across BBB was lower and did not reduce
a-synuclein mRNA expression in neuron-like cells, seeded on the far side of the BBB. Small EVs-
derived from hCMEC/D3 reduced a-synuclein mRNA (40%) in neuron-like cells across the BBB
model. This finding suggests that small EVs derived from different cell sources can undergo
different intracellular trafficking routes, providing various opportunities to influence the efficiency
of delivery and fate of intracellular cargo. Using small EVs-derived from hCMEC/D3, two
different routes of administration, a single bolus intravenous (V) or intra-carotid (ICD) injection,
showed small EVs largely accumulated in the liver, spleen, small intestines and kidneys; and only
a small amount of small EVs were detected in the brain. These results indicate that human brain

endothelial cells may serve as a promising cell source for CNS treatments based on small EVs.
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INTRODUCTION

1.1 Blood-brain barrier
1.1.1 Overview: Structure, function, and regulation of the BBB

The central nervous system (CNS) is primarily composed of the brain and spinal cord. It
controls most activities and functions across the entire body®. Due to its “central” role in organizing
life, most of the life-devitalizing disorders are due to dysfunctions in the CNS2. There are several
types of CNS disorders which include infections (e.g., encephalitis, meningitis), vascular (e.g.,
stroke), structural (e.g., traumatic brain injury), functional (e.g., epilepsy), inflammatory (e.g.,
multiple sclerosis), genetic (e.g., Huntington disease) and neurodegenerative [e.g., Parkinson’s
disease (PD)]3. To date, drug delivery to the CNS remains among the major challenges in the field
with the main obstacle being the inability of drugs to effectively cross the restrictive vascular
structure of the brain, the blood-brain barrier (BBB), in order to reach the CNS*°.

The BBB was named early in the twentieth century for its ability to prevent the leakage of
substances from the blood into the brain. The most known experimental evidence is from Ehrlich
and Goldman. They demonstrated during histological tissue staining experiments that many dyes
did not stain the CNS after their peripheral injection suggesting a separation between the CNS and
the peripheral circulation®®. Throughout the years, the BBB has emerged as a complex, dynamic,
and adaptable barrier that regulates the exchange of molecules (ions, amino acids, or/and cells)
and prevents unwanted substances/pathogens in the blood from entering the brain. The basic
building blocks of this vascular barrier are the brain endothelial cells (BECs) which form a tightly-
sealed monolayer lining the walls of the brain capillaries®!°. These BECs are connected by highly

electrical resistive tight junctions (TJs, e.g., adhesion molecules, claudins, and occludins),



adhesion junctions (AJs, e.g., cadherin-5, vascular endothelial cadherin) and gap junctions (e.g.,
connexins and pannexins)? (

Figure 1). Interestingly, changes in the expression and distribution of claudin proteins in
TJs lead to the formation of discontinuous TJs, which indicate a disconnection between BECs,
resulting in BBB breakdown'?. The dysfunction of the Wnt/B-catenin pathway, which promotes
the formation of TJs during BEC development, has also been implicated in discontinuous TJs and
BBB breakdown®®. Moreover, the BECs in the BBB express specific BBB transporters in order to
regulate the entry and exit of molecules across the cells, however they lack fenestrations (pores in
peripheral endothelial cells that allow quick exchange of molecules between blood and tissues)*4,
Due to these TJs, AJs, gap junctions and BECs transporters, the BBB has a very low permeability
compared to the peripheral blood vessels. Only molecules with molecular weight less than 500 Da
can passively diffuse across the BBB under normal conditions®28,

BECs are not the only cells that make up the structure and function of the BBB. There are
different cell types including mural cells (pericytes, and smooth muscle cells), glia (astrocytes,
microglia, and oligodendrocyte), and neurons which all contribute to the regulation of BBB
permeability and overall CNS function. More specifically, BECs maintain close interaction with
surrounding cells, specifically with pericytes and astrocytes. The brain capillary pericytes (PCs)
are contractile mural cells that are embedded around the BECs in a BEC:PC ratio between 1:1 and
1:3'18 They help maintain BBB integrity, modulate transport signaling factors at the capillary
level and, by modulating capillary diameter (with concentrated contraction-stimulated intracellular
calcium ion), they can regulate the capillary blood flow!’. Additionally, these PCs have specific
transporters that can modulate the movement of substances between the circulating blood and the

brain parenchyma (refers to the functional tissue in the brain)*®!°. For example, PCs and



endothelial cells can have direct contact between one another, which is formed by N-cadherin and
the gap junction connexin CX43 hemichannels, allowing for intercellular communication?®-22,
Studies have shown that a reduction in PC coverage can cause a loss of TJs between the BECs,
resulting in increased BBB permeability'®?3, The other primary component of the BBB are
astrocytes, which are a star-shaped glial cell in the CNS?4?5, The unique feature of these cells is
their end-feet that wrap around the BECs and basal lamina, linking up the BECs with the other
CNS cells, microglia, and neurons®®. This interaction of astrocyte end-feet with BECs is
indispensable in maintaining BBB properties and regulating blood flow in response to neuronal
activity?’. Specifically, astrocytes express important gap junction proteins such as CX30 and
CX43?", 1t has been reported that astrocyte-specific CX43 knockout or CX43/CX30 double
knockout results in loss of astrocyte end-feet which ultimately leads to a BBB leakage, and
leukocyte infiltration?®2°,

The intercellular interactions between the BECs and the other CNS cells are collectively
referred to as the neurovascular unit (NVVU), a recent concept in the neuroscience field. The NVU
plays an important role in the maintenance of a highly selective BBB and in responses to the
demands of neuronal stimuli by regulating the cerebral blood flow (CBF)*°. The cellular
components of the NVU is combination of the CNS cells mentioned above (neurons, glia, mural
cells, and BECs), basement membrane, and extracellular matrix components®2, These
components of the NVU share a tight and complex interaction with each other and due to these
interactions, they have been classified as a single functional unit (Figure 1). Taken together, the
BBB acts as a protective monolayer that shields the brain from non-desirable molecules, and is
maintained and regulated by the dynamic, close proximity and highly interactive communication

among the cellular components of the NVU at the capillary level.
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Figure 1. The structural diagram of the cellular components of the NVU and BBB junctions
at the brain capillary. At the capillary level, the NVU is composed of mural cells (including
endothelial cells, pericytes), glial cells (astrocytes, microglia, and oligodendrocyte), and neurons.
The BBB is formed by endothelial cells at the level of the cerebral capillary. These endothelial
cells interact with astrocytic end-feet, neurons and pericytes to form a functional BBB. Adjacent
endothelial cells are connected by tight junctions, adherens junctions, and gap junctions. The tight
junction is mainly composed of claudin, occludin, and junctional adhesion molecules (JAM), the
adherens junction is composed of vascular endothelial cadherin, while the gap junction is
composed of connexin. BBB, blood-brain barrier. NVU, neurovascular unit. Illustration created

using BioRender.



1.1.2 Transport routes across the BBB

As mentioned above, the BBB is a selective membrane that only allows specific molecules
to transport across the BECs. The existence of transport systems in capillary BECs reinforce the
BBB properties by tightly regulating what enter and exit the brain'>!, In general, the transport
routes across the BBB can be separated into several mechanisms which are: diffusion transport in
the form of paracellular and transcellular transcytosis, carrier-mediated transcytosis, receptor-
mediated transcytosis (RMT) and adsorptive-mediated transcytosis (AMT)>3. The different
mechanisms of transport across the BBB are illustrated in Figure 2.

Firstly, some small molecules can passively cross the BBB through the paracellular
(between adjacent BECs) or transcellular (through the cell cytoplasm) diffusion routes®:.
Paracellular diffusion is accomplished by the regulation of TJ permeability in BECs. The driving
force for this non-specific transport route is the negative concentration gradient from blood to
brain. Therefore, water and some small hydrophilic molecules with molecular weight lower than
500 Da are able to passively diffuse through TJs and cross the BBB. In contrast, transcellular
diffusion is accomplished by the distinctive distribution of membrane transporters on both side of
the BECs. Only selectively small molecules with desirable lipid solubility and non-ionized
compounds can transport to/from the BBB using this route?®. Similar to paracellular diffusion, the
driving force is simply the negative concentration gradient, and this is also a non-specific route.
Using this transport, the lipophilic molecules are able to transcellularly diffuse by penetrating the
BECs to cross the BBB®.

Secondly, the BECs have unique expression of influx and efflux transporters on both
luminal (blood side) and abluminal (brain side) sides. They allow selective uptake of nutrients,

such as glucose, amino acids, and ions from the blood, and restrict the accumulation of xenobiotics



and neurotoxic substances in the brain. Therefore, many nutrients that are important for CNS
function enter the brain through carrier-mediated transport, which conveys the nutrients from one
side of the membrane to the opposite side along the concentration gradient®. For example, large
neutral amino-acid transporters (LAT) carry amino acids and nucleosides, while glucose molecules
use the glucose transporter (GLUT-1)%"%, GLUT-1 is a member of the family of sodium-
independent glucose transporters and the BECs express it in large densities since glucose is
evidently important in maintaining CNS functions.

Transcytosis is a phenomenon that occurs in many different cell types from intestinal cells
to endothelial cells in multicellular organisms®. At its simplest, it is the transport of a molecule’s
cargo from one side of a cell to the other within a membrane-bounded transporter(s)*°. Therefore,
it selectively moves its cargo between two different environments while still maintaining the
distinct environments of both*. There are steps along this transcytosis route which include
endocytosis, intracellular vesicular trafficking, and exocytosis to the other side of the cell®. The
first step, endocytosis, could involve either adsorptive-mediated transcytosis (AMT, charge
dependent) or receptor-mediated transcytosis (RMT). Firstly, positively charged molecules (e.g.,
polymers, cationic lipids, albumin, and nanoparticles) could interact with negatively charged
molecules present in the cell membrane of BECs and promote their internalization by absorptive
endocytosis*®. In the luminal surface of the capillary BECs, the specific proteoglycans (e.g.,
syndecan-1 and glypican) are expressed which trigger the accumulation of negative charges on
this luminal membrane side33. Therefore, studies have shown that cationic proteins (e.g., histone,
wheat germ agglutinin, HIV virus)*»“* can cross the BBB using these negative charge
accumulations through the AMT route. The AMT has a lower affinity compared to RMT; however,

it has higher capacity and does not require interaction between receptors and ligands*?. Therefore,



the RMT route is dependent on the interaction between ligand and receptor, thus it has the potential
for higher selectively compared to AMT.

The most well-known receptors expressed in the BECs include the transferrin receptor
(TfR), the low-density lipoprotein (LDL) receptor related proteins (LRP), and the insulin receptor
(IR) which are known to selectively bind and internalize their ligands through RMT#445, Clathrin-
mediated transcytosis is a well-known route of RMT and is mediated by around 20 different
receptors in the BECs*#'. Clathrin is a protein which plays an important role in the formation of
coated vesicles that transport molecules to the cytoplasm of a cell*®°. Briefly, this process
involves®: (i) the binding of the natural or targeting ligand to the specific receptor on the luminal
surface of BECs; (ii) the endocytosis of the ligand-receptor complexes which are placed in the
clathrin-coated pits (CCP) composed of the assembly of clathrin and the adaptor protein AP2; (iii)
after CCP-budding and CCP detachment from the plasma membrane, the vesicle leaves behind its
clathrin coat and fuses with early sorting endosome; (iv) these are routed across cells
(transcellular/transvascular) through complex endosomal sorting pathways (e.g., Rab GTPase); (v)
cargo is released by either fusing back to the abluminal surface of the BEC (recycling) or by sorting
into multivesicular bodies (MVBs); (vi) in the MVBs, some internalized cargoes are either directly
carried intact to the abluminal side of the capillary BECs and released to the abluminal side and/or
are directed to the endo-lysosomal pathways which leads to their degradation in lysosomes. These
complex endosomal sorting pathways may be dependent on the specific receptor/ligand cargo®.
Caveolae-mediated transcytosis is another well-known route and is a clathrin-independent
transcytosis pathway®l. Caveolae are 70-100 nm diameter bulb-shaped plasma membrane
invaginations and are formed by specific lipid binding proteins (e.g., caveolins, cavins, EHD?2).

These caveolae vesicles are involved in the formation of ligand-receptor complexes, for example



these vesicles promote the advanced glycation end-products (RAGE)-mediated A influx into the
brain®. After the caveolae have formed the ligand-receptor complexes, it undergoes clathrin-
mediated transcytosis, endocytosis, endosomal sorting pathways into the MVBs, and the release
of the cargo on the abluminal side of the BEC or degradation by lysosomes.

In short, there are different transport routes to cross the BBB which tightly regulate the
passage of molecules into the CNS and impact the way CNS drugs can efficiently deliver to the
brain. It is important to note that all these transporters that enhance the transport of nutrients and
small molecules to the BBB are potential candidates for increasing drug delivery to the CNS. Some

of these transporters will be discussed in a later section.
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Figure 2. The structural diagram of the different transport routes across the BBB. Molecules
can cross the BBB using a variety of transport mechanisms. Hydrophilic-soluble molecules of a
low molecular weight (lower than 500 Da) can pass between BEC using paracellular transport.
Lipophilic-soluble molecules of a low molecular weight can (lower than 500 Da) diffuse passively
through BECs using transcellular transport. Some compounds including glucose and amino acids
use transporters to cross the BBB using carrier-mediated transcytosis. Other compounds rely on
adsorptive-mediated transcytosis (AMT) or receptor-mediated transcytosis (RMT). BECs, brain
endothelial cells. Adapted from?, Multidisciplinary Digital Publishing Institute. 2021. Illustration
created using BioRender.



1.1.3 Modeling the in vitro BBB of CNS disorders

The complex physiology of the human brain, the difficulty to reach sufficient drug
concentrations within a specific region, and the inadequate animal models of human CNS
pathology are the key limitations of CNS drug development. In vitro BBB models have been
developed to aid the pre-clinical evaluation and selection of potential BBB-penetrating drugs®. It
is important to note that these in vitro models do not entirely reproduce the in vivo conditions due
to the complex and highly interactive nature between the BBB components of the NVU, meaning
there is no perfect in vitro BBB model®*. Therefore, it is key to carefully select the in vitro BBB
model in line with the requirements of the particular study. There are different types of in vitro
BBB models that have been established and they are commonly classified into the static 2D and
dynamic 3D BBB models. The advantages and disadvantages for each current model are shown in
Table 1.

Even though in vivo animal models can recapitulate the physiological events of the
complex human BBB, there are some key differences between the mouse BBB and the human
BBB. Studies have shown differences related to the abundance and function of key BBB
transporters®->’. For example, a recent study performed RNA sequencing on brain microvessels
from human and mouse tissue in order to identify mouse-human species differences in gene
expression that have relevance to the BBB regulation and drug delivery®®. They identified genes
with species-specific expression in the mouse or human brain vascular transcriptomes including
142 mouse-enriched genes (Vtn, Slcolcl, Slc6a20a, Atpl3a5, Slc22a8), and 211 human-enriched
genes (SLCO2A1, GIMAP7, and A2M)8. Therefore, it is important to understand differences in
BBB gene expression between humans and mice for CNS drug development. In addition, Roux et

al. have reported the BBB permeabilities of 8 clinical positron emission tomography radioligands
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with known pharmacokinetic parameters in human brain in vivo compared with an in vitro iPSC-
based human BBB model®®. They showed a good correlation between in vitro and in vivo drug
brain permeability. As well, they demonstrated interspecies differences in the prediction of drug
BBB permeability between rodent BBB model and the iPSC human BBB model®®. This highlights
that human in vitro BBB models are more accurate at predicting drug delivery to the in vivo CNS
than mouse models. Another approach to overcome this limitation has been the development of
humanized mouse models in order to express human genes in mice®®. However, the consequences
of expressing human genes may be impacted by complex species-specific gene and protein
interactions. Ultimately, the expression of these human genes can potentially limit the full function
of newly expressed proteins. Therefore, the approach to overcome all of these limitations has been

to develop adequate human in vitro BBB models.

1.1.4 Overview of in vitro BBB models

These models differ significantly in their composition, but nearly all incorporate three main
key components: (i) barrier cells grown on a semipermeable membrane dividing two
compartments; the abluminal and luminal sides, (ii) extracellular matrix deposited on a
semipermeable surface modeling the basement membrane, (iii) brain microenvironment which can
be introduced on the abluminal side of the model system to induce specific BBB phenotypes in
BECs. Some models also introduce shear stress forces though liquid mixing or laminar flow®!. An
important measurement of BBB tightness for BBB models is the transendothelial electrical
resistance (TEER). It measures the electrical resistance of the tight junctions between BEC
monolayers and serves as a reliable method to validate the integrity and permeability of the BBB®2.
The TEER values measured in vivo (rats) have been showed to be as high as 5900 Q cm? which is

larger than what is achieved by the majority of the currently available in vitro BBB models®. In
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order to replicate in vivo TEER values in BBB models, BECs have been cocultured with other
NV U cells®, exposed to physiological shear stress®*®° or treated with various chemicals®®.

In addition, one of the key components in building any in vitro BBB model is the type of
cells that are used. Most in vitro human BBB models have been derived either from primary
biopsied brain tissue®” or immortalized cell lines®®. Primary cells purified from brain tissue in
culture have some benefits including established BBB physical properties (TEER around 150-400
Q cm?), which partially demonstrate BEC phenotypes among other BBB functions (i.e., expression
of efflux and influx transporters)®*®%70, Nevertheless, in vitro models using primary cells have
limitations including scalability, a rapid loss of BEC phenotype identity (de-differentiation), poor
availability of human brain tissues, ethical issues, time-consuming purification with limited yield,
and a considerable risk of contamination with other cell types®2%3, While immortalized BECs are
able to overcome scalability and the constant phenotype during culturing issues, they lack
sufficient barrier properties, such as discontinuous TJs3262, The most used immortalized BECs cell
lines are TY08, HMEC-1 and hCMEC/D3 which have variations in phenotypes and morphology®*.
Despite all of that, these cell lines are often still used for high throughput screening of BBB models
due to their high proliferation rate and constant BBB phenotypes®’.

To overcome these weaknesses, in vitro BBB models have been developed from human
adult stem cells, human endothelial progenitor cells’®, human hematopoietic stem/progenitor
cells’?, human embryonic stem cells, and induced pluripotent stem cells (iPSCs)%7374,
Specifically, iPSCs can be reprogrammed from adult somatic cells (i.e., fibroblasts or T-cells) to
produce stable, scalable, and self-renewable cells that possess the potential to differentiate into any
cell of the body. For example, Lippmann et al. have developed a coculture BBB model with iPSC-

derived endothelial cells and neuronal progenitor cells in combination with chemical treatment in
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order to increase BBB formation®. In this model, they demonstrated that retinoic acid (RA)
treatment can increase the TEER values up to 4000 Q cm? and maintain it higher than 2000 Q cm?
for 4 days. Therefore, these iPSC BBB models acquire many BBB properties including high TEER

values, the expression of specific BEC transporters, and efficient transcytosis®.

1.1.4.1 2D models: BEC monolayers and BBB in vitro transwell coculture system

There are two commonly known static BBB models: BEC monolayers and co-culture
transwell systems. Currently, BEC monolayers are widely used and are the simplest BBB in vitro
model. These models are assembled in a transwell system, where BECs are seeded on the upper
chamber membrane (luminal side) whereas the bottom chamber (abluminal side) usually does not
have any cell type. The microporous membrane (0.2-0.4 um) in these wells permits the traffic of
small molecules however it stops the migration of cells between both sides™. In order to further
mimic the anatomic in vivo BBB structure, BECs are cocultured with other NVU cells. The
coculture 2D BBB models include the BECs coculture with any one of the following: astrocytes,
pericytes, neurons, or microglia while some models include three cells (e.g., BEC-astrocyte-
pericyte) in the transwell system. Additionally, these coculture models are based on the ability of
BEC to interact with other cells of the NVVU to increase the expression of transporters, TJs in BECs
and to further induce BBB properties and phenotypes®*.

Although these models lack the microenvironment and cell-cell communications and other
important physiological factors including shear stress forces, it is still useful for drug transcytosis
studies, paracrine signaling, and modelling diseased human BBB. For example, Vatine et al. have
generated iPSCs from patients with Monocarboxylate transporter 8 (MCT8) mutations, a specific
membrane transporter of thyroid hormone (TH) broadly expressed in the CNS’. Since BBB

controls TH entry into the brain, iPSC-derived BECs were used to model the disease MCTS8-
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deficient human BBB. They have demonstrated that TH transport across the BBB is dependent on
MCTS, likely driving the decreased concentration of TH transporter observed in MCT8-deficient
brains’®. Therefore, this study provides the first iPSC-based disease models of the human BBB,
showing a critical BBB mechanistic insight and a new tool for future CNS drug development. In
addition, Mantle et al. have assessed the permeability of four FDA-approved drugs (donepezil,
memantine, rivastigmine, and galantamine) across a human iPSC-derived BBB model’’. Since the
mechanism of action for these four drugs requires brain permeability, they were all expected to be
CNS-permeable; however, in vivo data are not publicly available for all these four Alzheimer’s
diseases (AD) drugs. Specifically, they found memantine permeability measured in vitro (43.0 x
10%cm/s) is very close to the value of 55 x 10® cm/s measured in vivo in humans’®. This supports
the use of in vitro BBB models as screening tools for drug development. These are clear examples
in how in vitro BBB models can be utilized for proof-of-concept drug testing and clinically
relevant models of diseased human BBB.

Many 2D models have been used, however the National Research Council Canada (NRC)
has developed a reproducible human BBB model that contains all the principal components of the
in vivo BBB®2, This model consists of one type of cell produced from proprietary amniotic fluid-
derived induced pluripotent stem cells (AF-iPSCs): brain endothelial cells (iBECs). This human
BBB model exhibits the critical components of the BBB, including high barrier integrity measured
by TEER and polarized expression of efflux transporters®?. They showed an average of TEER
values of 500 Q cm? (ranging between 300-800 Q cm?) without the addition of any chemical
treatment or coculture with other NVU cells. As well, this high baseline TEER values translate
into a low sucrose permeability (2.8 x 10~° cm/min) similar to that observed in other human iPSC-

derived BBB models (3.4 x 10° cm/min)’™ and much lower than that observed in hCMEC/D3
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(1.65 x 102 cm/min)®. Importantly, like the in vivo BBB, it has a functional RMT pathway that
transports natural ligands across the BBB through iBECs. At the NRC, this model is routinely
deployed for evaluating the BBB-crossing of biological drugs (mainly antibody therapeutics) by
many small- and medium-sized enterprises. The IBEC are used to assemble an in vitro BBB model
in a transwell system, where iBECs are seeded on the upper chamber (luminal side) and neurons
or astrocytes on the bottom chamber (abluminal side) of the transwell®?. In this master’s project,

this in vitro iPSC human BBB model will be utilized, and its implications will be further discussed.

1.1.4.2 3D models: dynamic in vitro model, microfluid model, and BBB on-a-chip

During physiological conditions in the brain, steady blood flow generates shear stress
resulting in the regulation of the BBB microenvironment, transport, differentiation of BECs, TJ
protein expression, and further maintenance of the barrier function®. For example, it has been
shown that the shear stress generated by blood flow increases ZO-1 expression in BEC cells,
ultimately reducing BBB permeability’®. Therefore, dynamic 3D models have been developed
incorporating shear stress by using artificial microvessels. The dynamic 3D platforms that have
been modified to increase the resemblance of the BBB microenvironment are broadly categorized
into three groups: dynamic in vitro BBB model (DIV-BBB), microfluidic BBB, and BBB on-a-
chip. Firstly, the DIV-BBB model incorporates the shear stress and various NVU cells using a
microporous hollow fiber. In this model, BECs and specific NVU cell (i.e., astrocytes and/or
pericytes) are cultured on the inner (luminal) and outer (abluminal) sides of the artificial capillaries
(microporous fibronectin-coated surface of hollow fiber made up polypropylene), respectively®32,
The shear stress force is produced by pushing the culture media into the system using a speed

pump (5-23 dyne/cm?) mimicking physical fluidic flow in capillaries and maintaining a
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physiological microenvironment by using a gas-permeable tubing system to interchange O and
C0280’81.

Microfluid 3D BBB (uBBB) models have been produced to overcome the limitations of
the BBB-DIV platform, which generally are comprised of microporous membrane segments
(mainly polydimethylsiloxane (PDMS)-based systems) creating a sandwich-like structure on the
chip®®3, There are two perpendicular crossing channels (~200 pm tall): (i) the luminal side (2 mm)
seeded with BEC and (ii) an abluminal side (5 mm) which is filled with hydrogel and seeded with
NVU cells. In order to induce the shear stress and exchange of O and CO., the aforementioned
speed pumps and gas-permeable tubing system are used. This uBBB model is further improved by
utilizing a flow chamber with built-in oxidative-sensitive Ag/AgCl electrodes for TEER
measurement®. Even though these models have several advantages, there are still limitations such
as not being able to directly observe the BEC phenotypes (since they are inside the fiber), the high
cost and time-consumption (9-12 days) to achieve a stable TEER value, and the inability to produce
large scalable drug transport experiments®223,

More recently, a system was developed called bioengineered microfluidic organ-on-a-chip
based models (BBB-on-a-chip). These systems typically use crossing, parallel, or X-shaped
channels seeding BECs into hydrogels or two PDMS layers that contain electrodes for TEER
measurements being separated by a thick polycarbonate membrane (10 um) with 0.4 pm pores®>:8°,
These cell culture channels are transparent layers allowing for clear visualization under
microscopy and provide areas for built-in electrodes in order to facilitate TEER measurement. One
advantage of using BBB on-a-chip devices is the ability to incorporate fluid flow inducing shear

stress with studies showing a PDMS-based system with shear rates up to 12 dyne/cm?.

Subsequently, they can achieve gas exchange through pumping and gas-permeable tubing systems.
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Importantly, these models have illustrated the incorporation of patient-derived iPSCs which

increase the recapitulation of the complex architecture and physiological microenvironment of the

human BBB®'%, It has been observed that iBECs do not enlarge or align with the direction of fluid

flow in response to shear stress, which is a phenotype unique to in vivo BECs of the brain. In

addition, these iBECs do not change their morphology but they do respond at the transcriptional

level to shear stress. Based on the studies of new iPSC-based BBB-chip technologies, they may be

able to provide a better understanding of the human BBB compared to common 2D or 3D cell-

based models, due to human-like physiology, and can further be used for drug transcytosis studies,

multicellular network studies, and other BBB dysfunction features.

Table 1. Current in vitro BBB models. The advantages and disadvantages of the prevalent 2D
and 3D BBB models.

BBB models Advantages Disadvantages
Simplistic model to study drug Low TEER (~ 150 Q cm?), high
2D models transport studies or endothelial- | paracellular permeability, BECs

(static system)

BEC based pathology studies, highly | difficulty adhering to the side of

monolayers scalable, high-throughput culture dishes, lack of cell-cell
screening assays, cellular and interaction in coculture, limited
molecular assays in BECs in BEC phenotypes, lack of flow

and shear stress induction

BEC-NVU cell interaction, Lack of flow and shear stress
improved physical property of induction, inability to address all

Transwell barrier (higher TEER, lower aspects of NVVU simultaneously,

coculture system

permeability & better transporter
expression), and improved BEC
phenotypes due to close
coculture cell interaction

physical barrier properties
limited by different BEC-NVU
cells interaction

3D models
(dynamic
system)

DIV-BBB

Good topographic distribution of
cellular BBB components
resembling in vivo conditions,
flow and shear stress induction,
improved BBB barrier properties

Thick basal membrane, difficulty
assessing cell-cell interaction,
limitation in drug transport
studies or leukocytes
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and physical phenotypes (high
TEER, cell polarization and
transporter expression), viable
up to several months

transmigration due to artificial
microvessel pore sizes

Replication of in vivo flow
chamber and shear stress, cell-

Limitation in scalability and for
cell-cell interaction, expensive

mimics microchannel size to
microvascular structures, more
realistic microcirculation
environment, real-time
monitoring of barrier properties

Microfluid cell contacts, mimics and requires specialized

Chips (uBBB) | microvasculature with manufacture, rigid extracellular
microfluidic channels, improved | matrix
physical barriers properties,
possibility to build-in
multicellular interactions
Better replication of in vivo fluid | Exclusion of shear stress in some
flow and possibility for built-in | models, low throughput,
multicellular interactions, difficulty in measuring TEER

BBB on-a-chip | established from human iPSCs, | values and drug transport, rigid

extracellular matrix, limitation in
reproducing capillary
dimensions and recapitulate in
vivo cell phenotype, expensive
media requirements for iPSCs

1.1.5 Application of BBB models in assessing CNS therapies

How are these models beneficial and applicable in assessing CNS therapeutics? All of these

models have limitations in replicating the complex BBB, however they are extremely beneficial

for the initial stages of novel drug development. At the early pre-clinical stages, a huge number of

compounds need to be screened and optimized. As such, the aforementioned in vitro BBB models

allow individuals to do so. Importantly, selecting a proper in vitro model not only allows for

accurate data interpretation but also increases the chances for the drug to progress through the

clinical phases faster. As well, these models can be used to evaluate/predict safety and to decrease

brain neurotoxicity, immune responses, and brain edema®. Therefore, preclinical evaluation of
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CNS therapies requires reliable, scalable, and reproducible human BBB models that can

recapitulate physiological cellular and molecular features of the BBB.

1.1.6 Methods to delivery drugs to the CNS

The BBB is the main “gatekeeper” and guardian barrier of the CNS. Currently, the biggest
challenge is to pass through the BBB and efficiently deliver therapeutic to the brain. Therefore,
several strategies have been developed to enhance the delivery of therapeutics to the CNS by
breaching the BBB using a variety of techniques. These approaches can be segregated into two

groups: invasive, and non-invasive.

1.1.6.1 Invasive approaches

Invasive approaches are physical methods which deliver a drug to the brain using
mechanical techniques to breach the BBB. These methods are commonly used in the most severe
cases and emergency circumstances, where the drug needs to be directly and locally administered
in order to reach a specific brain region®. These approaches include intra-cerebral administration
(directly into brain vasculature), intraventricular or intrathecal administration [direct delivery in
the cerebrospinal fluid (CSF)]®. With this approach, the administration site needs to be very
precise in order to observe an effect, since the distribution of the drug into other brain regions is
not effective by simple diffusion®. For example, it has been reported that direct injection to the
cerebral ventricle of adeno-associated virus serotype 9 (AAV9) encoding a human intracellular
cholesterol transporter 1 gene (NCP1) shows an improvement in lifespan, locomotor function and
disease pathology in a mouse model of NPC®. Other examples of this approach are Spinraza®? and
Zolgensma®, both drugs are used to treat spinal muscular atrophy (SMA). Spinraza is a survival

motor neuron-2 (SMNZ2)-directed anti-sense oligonucleotide (ASO) which is administered
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intrathecally in pediatric and adult patients®2. While Zolgensma is an AAV9 vector-based therapy
containing a SMNL1 transgene and is administered during a long intravenous infusion in infants
younger than 2 years old®®. Clinical trials are ongoing for the use of Zolgensma in adults, however
its administration will be an invasive approach using intrathecal injection.

Another invasive approach is placing intracerebroventricular (ICV) devices, which are
implanted osmotic pumps (e.g. Ommaya reservoir)® or intravenous (1V) catheters, into the brain
parenchyma and/or cerebral ventricle. This method of administration occurs over several days or
weeks by simple diffusion and therefore the administered drugs have a slow coefficient depending
on lipophilicity, molecular weight, polarity, affinity, and the region of administration®. It has been
reported that ICV infusion of dopamine or dopamine agonists using an implanted catheter in the
cerebral ventricle of a rat Parkinson’s disease (PD) model was able to increase dopamine levels in
the rat CNS%. However, this ICV infusion was complicated due to pump intolerance and the
constant disconnection of the pump from the catheter, making it difficult to use this method within
a clinical setting®. Lastly, the BBB permeability can be physically disturbed by disrupting the
connections between BECs and TJs resulting in leakage between cells. This can be obtained by
hyperosmotic shock (osmotic disruption in BECs causing BECs to shrink)®® or magnetic resonance
imaging (MRI)-guided focused ultrasound®. Even though the BBB disruption opens the door for
drugs to enter the CNS, it also increases the potential for neurotoxic agents to accumulate and the
release of important CNS nutrients. All these methods require an aggressive and physical

technique to be performed in order to deliver the CNS therapeutics into a specific brain region.

1.1.6.2 Non-invasive approaches

While the approaches described above have shown effective delivery of drugs directly into

the CNS, they are quite aggressive in their approach and are not routinely used. It is also important
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to take into consideration that most patients with neurodegenerative disorders are elderly and
performing these aggressive methods can be more detrimental than helpful. Therefore, treatments
against neurodegenerative disorders should optimally be systematically delivered via oral and/or
IV routes of administration. In order to increase the drug intake and accumulation in the brain, one
approach involves the chemical modification of drugs at their molecular level. The chemical
modification approach is performed by either attaching a lipophilic moiety into the drugs, which
increases their lipophilicity, or using prodrugs (e.g., ganciclovir)® which are able to breach the
BBB and must be transformed to an active state for efficiency®”%. Even though these molecular
changes can increase the capacity of a drug to cross the BBB, some drugs do not tolerate chemical
modifications and also these modifications might alter their biological function which ultimately
reduces their effectiveness® or make them ineffective.

Therefore, an alternative approach is to use molecular Trojan Horses!®. Molecular Trojan
horses are genetically engineered proteins (ligands or antibodies) against endogenous BBB
receptors and can be fused to target drugs to trigger their transport into the CNS®. As mentioned
previously, the initial internalization and potential transport across the BECs could occur via
paracellular and transcellular diffusion (non-specific), carrier-mediated transport, adsorptive-
mediated transcytosis (AMT) or receptor-mediated transcytosis (RMT)*. Since the RMT transport
process takes place via a specific receptor, it has the potential for higher selectivity compared to
AMT. Therefore, the most studied receptors undergoing RMT are transferrin receptor (TfR)01:102,
lipid transporters [low-density lipoprotein receptor-related proteins 1 and 2 (LRP-1 and -2, low
density lipoprotein receptor (LDLR))]'%, leptin receptor (LEPR)*, and insulin receptor (IR).
The NRC has isolated and developed proprietary BBB-transmigrating single-domain antibodies

(VHHSs or nanobodies), FC5'% and insulin-like growth factor 1 receptor, for the delivery of
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therapeutic payloads across the BBB®. All of these receptors have been studied as molecular
carriers to deliver therapeutic cargoes across the BBB.

TfR is the transporter studied the most and has been reported to be responsible for
transporting iron into the brain by binding to the iron-carrying transferrin proteini®21%’. TfR is
highly expressed on BECs'® compared to peripheral endothelial cells'®®!? and has been shown to
be internalized by BECs in vivo via clathrin-coated vesicles!. Drugs can be engineered to target
TTR receptors through conjugation to TfR proteins or antibodies (Ab) specific to the TfR receptor
of any species. Several studies have utilized this approach in delivering drugs to the brain,
including vasoactive intestinal peptide (VIP)!2, epidermal growth factor (EGF)'*3, amyloid pB1—
40 peptide (AB1-40)* and B-galactosidase!™®. Specifically, there are two recent studies from JCR
Pharmaceuticals!*® and Denali Therapeutics®!’ that describe a novel platform capable of trafficking
protein therapeutics to the brain through binding to TfR. In Denali Therapeutics study, Kariolis et
al. showed the development of a novel BBB transport vehicle that exploits receptor-mediated
transcytosis (RMT) by TfRY’. The authors fused the TfR-binding Fc fragment to B-secretase 1
(BACEL) to produce an antibody transport vehicle carrying anti-BACEL target. They showed in
cynomolgus monkeys that this antibody transport vehicle carrying anti-BACEL treatment reduces
AB-40 levels in the cerebrospinal fluid and in various brain regions'!’. This study suggests that
this TfR antibody transport vehicle can successfully cross the BBB in this species and can produce
therapeutic effects. The BBB selectivity for the TfR has been of special interest since its expression
is limited to the endothelial cells of the brain as opposed to peripheral endothelial cellst®®10,
However, it has also been reported the presence of high blood levels of TfR which increases
targeting competition with the endogenous ligand'!®, Therefore, there are still challenges

associated with using anti-TfR antibodies to deliver drugs to the brain via RMT including
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specificity to the brain tissue, potential lysosomal degradation'*®, and low drug transport into the
brain parenchymatt®,

Similarly, studies have shown that using a peptide derived from the rabies virus
glycoprotein (RVG) can also facilitate systemic delivery of therapeutics to the brain in a non-
invasive manner'?%!2!, RVG is a cell penetrating peptide that can pass through cell membranes and
facilitate the cellular entry of proteins, macromolecules and drugs!?212%, Therefore, RVG peptide
has been shown to be available to cross the BBB and enter NVU cells, possibly through binding
its RVG peptide to the nicotinic acetylcholine receptor without compromising the BBB*?4, Kumar
etal. have shown that systematic treatment with RVG bound to an antiviral SIRNA provided robust
protection against fatal viral encephalitis in mice'?2. However, this delivery system could be
improved since they reported that RVG bound siRNA was only partly protected against
degradation by serum proteins'?*. Thus, RVG peptide delivery system has limitations including
potential lysosomal degradation within BECs, short half-life, and difficulty to reach significant
drug concentrations within a specific brain region'®. For instance, the usage of chemically
stabilized siRNA (e.g., GaINAc, will be further discussed in section 1.3) or encapsulation of
siRNA within nanoparticle can greatly enhance the serum half-life and bioavailability.

Lastly, another approach is to encapsulate drugs in nanosized delivery systems in order to
protect and increase their distribution in the brain parenchyma. In recent years, the application of
nanotechnology in terms of medicine, nanomedicine, is experiencing rapid growth and consists of
natural or synthetic polymers. Nanoparticles (NPs) have been developed to overcome the
limitations of free therapeutics and navigate specific types of biological barriers (e.g., BBB)
including systemic, cellular, intracellular, and microenvironmental. They can be classified

according to the nature of the nanomaterial from which they are prepared®. Some of the most
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common NPs include polymeric-based (e.g., poly (lactic-co-glycolic acid) [PLGA]), lipid-based
(e.g., lipid micelles, liposomes, lipid nanocapsules), and biological-based [e.g., extracellular
vesicles (EV)]. Therefore, it has been reported that, depending on the nanomaterial of the NPs,
passive transport is allowed across the BBB and, subsequently, targeted administration to specific
tissues or cells controlling drug delivery. For example, polymeric PLGA is one of the most studied
organic nanomaterials and is composed of polymerized glycolic acid and lactic acid monomers*?,
They are biocompatible, biodegradable, and easy to prepare. However, the disadvantages of
polymeric NPs involve aggregation, poor drug packing, and potential toxicity associated with the
degradation processes and their remaining materials!?"1?, In contrast, liposomes are synthetic
lipid-based and consist of a thin file hydration with aqueous solution core surrounded by one or
more amphiphilic lipid bilayers!?. Consequently, they can encapsulate both hydrophilic drugs in
the aqueous solution core and hydrophobic therapeutics in their phospholipid bilayers?®1%,
Recent studies have reported their potential to deliver drugs to the brain, across the BBB, by either
passive or active transport'®. Their limitations consist of low stability, short half-life, rapid
clearance and sterilization difficulties after isolation3233,

Recently LNPs have shown successful commercialization with ONPATTRO for siRNA
delivery targeting transthyretin (treatment of hereditary amyloidosis)*** and BioNTech/Pfizer and
Moderna mRNA vaccines against COVID-19'%, Even though these strategies are being used to
encapsulate drugs in nanocarriers like liposomes or polymeric NPs to improve stability, most of
these carriers have difficulties in crossing the BBB to reach the CNS and due to their synthetic
nature might also be immunogenic?’1?¢, EVs are small vesicles (nanometers in size) comprised
of an aqueous core surrounded by a lipid bilayer and are natures’ own endogenous communication

vectors that mediate intercellular transfer of cellular contents to adjacent cells or distant organs®®.
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EVs, compared to polymeric and lipid-based NPs, have many additional advantages as drug nano-
vehicles since they have lower toxicity and immunogenicity and can naturally cross biological
barriers (e.g., BBB)!¥’. A recent study has demonstrated that despite having lower packing
efficiency of miR-219A-5p (microRNA) compared to PLGA and liposomes, EVs were better at
crossing the in vitro BBB model**®. Overall, NLs can be used as nanocarriers to better stabilize
and protect drugs during their transport to the CNS and as it will be discussed, EVs have shown
greater potential as vehicles, but also as a therapeutic tool, for CNS diseases due to their natural
intrinsic properties. The next section will discuss evidence supporting the use of EVs in

nanomedicine.

1.2 Extracellular vesicles
1.2.1 Extracellular vesicles biogenesis, general EV composition, and uptake

Extracellular vesicles (EVs) are highly conserved and lipid-bound nanoscale vesicles
which are actively secreted by all types of cells into the extracellular space. They can be found in
body fluids including plasma, urine, semen, saliva, CSF, amniotic fluid, breast milk, and many
other™®®. There are three main subtypes of EVs: apoptotic bodies (ApoBDs), microvesicles (MVs),
and small extracellular vesicles (small EVs) (Figure 3). Specifically, EVs are differentiated
according to their biogenesis, size, internal content, pathways of release from cells, and specific
function. ApoBDs or “little sealed sacs” are 500 nm - 2 um in size and are released by dying cells
containing information and substances from these dying cells. MVs bud directly from the plasma
membrane and vary in size between 100 - 1,000 nm in diameter. They are distinguishable by their

biogenesis, which occurs via the direct outward budding of the plasma membrane.
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Small EVs have recently emerged as a novel lipid nanocarrier for the delivery of small
molecule drugs, proteins'?* and gene-based biotherapeutics'*?. These small EVs are smaller in size,
varying between 40-160 nm in diameter (~100 nm on average)'*-142, They are formed through a
process involving double invagination, first of the plasma membrane to form endosomes, and then
the invagination of the endosomal membrane to form MVB containing intraluminal vesicles
(ILVs) - future small EVs!#3, The first invagination of the plasma membrane leads to the formation
of an early sorting endosome or directly merges with a pre-formed early sorting endosome. Second
inward invagination in late sorting endosome occurs in the endosomal limiting membranes and
this process generates MVB containing ILVs (future small EVs). Lastly, MVB can either fuse with
autophagosomes or lysosomes leading to its content degradation. Alternatively, they can fuse with
the plasma membrane, through the help of MVB-docking proteins, to release its ILV cargo which
are now called small EVs. Small EVs biogenesis is illustrated in Figure 3. Heterogeneous
populations of small EVs, likely formed by distinct mechanisms, have been identified in recent
studies including exomeres!*, migrasomes'#®, and Arc-containing EVs!®47 This heterogeneity
is defined based on their size, cargo, functional properties on recipient cells, and cellular origin.
Interestingly, cells may release several of these small EV types simultaneously, generating a
complex heterogeneous population of vesicles that could regulate different biological functions.

Small EVs are natures’ own endogenous communication vectors that mediate intercellular
transfer of cellular contents to adjacent cells or distant organs'*®. This was demonstrated in studies
where the transfer of endogenous mRNA and miRNA from donor cells to target cells in a
biologically active form resulted in a change of cellular function'®>° Therefore, small EVs can
interact or enter the acceptor cells by different uptake pathways. These distinct entry pathways of

intact small EVs may involve receptor-mediated endocytosis'®!, clathrin-coated pits'®?, lipid raft-
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mediated uptake!®3, phagocytosis'™, caveolae!®, and micropinocytosis'®®. As well, small EV can
directly bind and trigger cellular receptors, inducing intracellular signaling, or directly fuse with
the plasma membrane to transmit their cargo into the cytoplasm. The cellular journey of
internalized small EVs and/or their cargo alone is yet to be fully discovered. Upon its entry into
the cell through one of the endocytic pathways, internalized small EVs can fuse with early sorting
endosome and get stored in the MVB. Then, their fate inside their recipient cells can be: (i)
degradation by lysosomes; (ii) fusing with the MVVB membrane to release small EV contents into
the cytoplasm, and ultimately making a cellular impact; and/or (iii) trafficking small EVs from the
MVB back to the plasma membrane in a recycling mechanism, leading to its release into the
extracellular space. The “turnover rate” for the internalization/uptake of small EVs could vary
depending on the nature of their cargo, their surface receptors, the recipient cell’s panel of available

receptors, state of activation, and metabolic status that could all modulate uptake of small EVs.
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Figure 3. Biogenesis, general composition, and uptake of extracellular vesicle. Small EVs are
formed via the endocytic pathway through investigation of the endosomal membrane, forming
MV Bs that can fuse with the plasma membrane to release small EVs into the extracellular space.
MVs are formed from the outward budding and fission of the plasma membrane. ApoBDs are
formed from dying cells containing information and substances from these dying cells. Small EVs
are generated by almost all cells, and they carry nucleic acids (MRNA, siRNA), proteins, lipids,
and metabolites. They are regulators of neighboring and long-distance intercellular
communication which impacts function. The specific cargo of small EVs is mostly dependent on
their biogenesis, cell source and culture conditions. Different endocytic pathways have been
suggested for small EVs: receptor-mediated endocytosis'®®, clathrin-coated pits'®?, lipid raft-
mediated®®3, phagocytosis'®*, caveolae, and micropinocytosis'®. Small EVs, small extracellular
vesicles. MVBs, multivesicular bodies. MVs, microvesicles. ApoBDs, apoptotic bodies.
Illustration created using BioRender.
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1.2.2 Extracellular vesicle isolation and characterization

Current isolation methods are not capable of fully separating the various populations of
small EVs. Moreover, one major limitation is the lack of standard methods for isolating small EVs
with good vyield, reproducibility, and population purity. In 2018, the International Society for
Extracellular Vesicles (ISEV) proposed comprehensive Minimal Information for Studies of
Extracellular Vesicles (MISEV) guidelines which focuses on the terminology, isolation, and
characterization of EVs®®®. They urged the scientific community to define EVs by their physical
characteristics and isolation methods rather than a presumed pathway of biogenesis. Therefore, in
this project we will follow physical characteristics to define EVs as suggested in MISEV 2018
guidelines. Throughout this project, particles < 200 nm detected after differential
ultracentrifugation (UC) or Tangential flow filtration (TFF) will be termed “small EVs”.

Until recently, differential ultracentrifugation-based (UC) methods remained the gold
standard for isolating small EVs. In UC, small EVs are isolated based on sedimentation using high
centrifugal forces in order to remove cell debris or larger microvesicles (low speed spins), followed
by high-speed spins in order to pellet small EVs. This technique is limited by a time-consuming
protocol, non-scalability, low small EV recovery (low yield), small EV aggregation, possible
contaminants which co-isolate (e.g., non-vesicular macromolecule, and aggregated proteins), and
disruption of small EV integrity due to high shear forces'®"1%8, Other methods have been developed
to overcome some challenges associated with UC. Therefore, alternative isolation techniques are
based on size, mass, immunoaffinity capture, and small EV precipitation. Tangential flow filtration
(TFF) is an ultrafiltration technique that uses membrane filtration and fluid flow for efficient
isolation of small EVs with high yield from large volumes. TFF separates small particles according

to their molecular size. It is important to note that even these current methods are not able to
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produce a pure small EV population®°. The population is a mixture of isolated small EVs and
other components of the extracellular space which are co-isolated because of an overlap in their
properties (i.e., similar size), which can vary between protocols. This is due to the complexity of
the extracellular milieu and biological fluids from which small EVs are enriched.

Many methods have been developed to assess the size, concentration, integrity, and purity
of small EVs. The most common techniques include nanoparticle tracking analysis (NTA), western
blotting, scanning electron microscopy (SEM), among others. Considering that small EVs
originate from a variety of different cell types, they share common structural and functional
characteristics, such as tetraspanins (CD9, CD63, CD81), TSG101, and Alix which all can be
detected using western blotting. The NTA method allows real-time visualization and analysis
resulting in the measurement of concentration and size distribution of isolated EVs®®. It is also
important to note that according to the ISEV, there are no markers that can distinguish different

population of EVs from each other because EVs are heterogeneous.

1.2.3 Possible mechanisms for small EVs to cross the BBB

As mentioned above, small EVs have gained relevance due to their prominent function in
intercellular communication and their ability to transmit functional changes between neighboring
cells and distant ones. Indeed, evidence suggests that small EVs can cross the BBB. Morad et al.
showed that intact breast cancer-derived small EVs were able to cross the BBB in two different in
vitro BBB, 2D (cell monolayer system) and 3D (microfluidic organ-on-a-chip system) models*®°.
Even though there is a lack of in vivo evidence demonstrating small EVs crossing the BBB by
transcytosis, some in vitro studies suggest otherwise.

Kusuma et al. have reported that small EVs can penetrate human umbilical vein endothelial

cells (HUVEC) in a time and concentration dependent manner since small EVs incubated at 4°C
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had lower uptake by HUVECs!®!, These findings suggest that small EVs are internalized by
endocytosis in an energy dependent manner. Interestingly, when small EVs were treated with
protease K and trypsin, their internalization by HUVECs were decreased, indicating that the
interaction between surface molecules on small EVs and adaptor molecules on the surface of
HUVECSs could contribute to the small EVs transport to the cytoplasm of the endothelial cells. In
2016, Chen et al. demonstrated that, under normal conditions, small EVs were internalized by
BECs in vitro 2D BBB model by either the clathrin or caveolin dependent pathway and then
trafficked in BECs via endocytic mechanisms'®?. Using the same model, they also showed that
under inflamed conditions (TNF-a activated) mimicking stroke-like pathology, the small EVs
cross the BBB by a transcellular route. Interestingly, in the absence of TNF-a, small EVs were not
found in the abluminal side of the model, indicating the effects of CNS diseases in the route or
efficiency of small EV transport through the BBB. A recent study examined the ability of 10 small
EV populations derived from mouse, human, cancerous, and non-cancerous cell lines to cross the
in vivo BBB in mice!®. They showed that all small EVs crossed the BBB, but rates varied by up
to 10-fold. Also, wheatgerm agglutinin (WGA) regulated the transport of five small EV
populations, indicating transport by AMT. Lipopolysaccharide (LPS), an activator of the innate
immune system, also increased uptake independent of BBB disruption for six small EV
populations. They concluded that the uptake rate response, linear vs. non-linear, to either LPS or
WGA are not predicted by the source of origin or the small EVs derived from cancerous/
noncancerous cell line. This data indicated that small EVs were transported across the BBB nearly
universally, however the mechanisms of uptake are diverse suggesting that the different properties

of small EVs could influence their brain uptake.
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Even though, to date, evidence has suggested that small EVs can cross the BBB, the
mechanism that small EV utilize to cross the BBB has yet to be fully elucidated. There are limited
number of studies exploring these transport mechanisms and further studies need to be performed
to answer basic questions. These questions include: What is the BBB/small EVs interaction(s)?
What is the percentage and number of intact small EVs that actually cross the BBB? How many
small EVs are degraded by lysosomes in BECs? Can intact small EVs cross the BBB and result in
a functional change within NVVU cells? In this project, we aim to answer some of these questions
by using engineered human embryonic kidney (HEK293T), human immortalized cerebral
microvascular endothelial (hCMEC/D3) derived small EVs and testing their transcytosis potential

in the in vitro iPSC BBB as a model system.

1.2.4 Therapeutic applications for small EVs

As discussed, small EVs have been shown to cross the BBB and have many advantages as
vehicles for delivery of biotherapeutics. One advantage is that small EVs are resistant to
degradation in blood circulation due to their hydrophilic shell containing anti-phagocytosis CD47
protein which evades phagocytosis by macrophages and monocytes!641%,  As well, their lipid
bilayer protects cargo from degradation. Therefore, small EVs can be packaged with therapeutic
cargo including RNA, small molecules, or proteins by either exogenous or endogenous packing
methods.

In exogenous packing, small EVs are packed with therapeutics post-isolation using
sonication, extrusion, freeze-thaw cycles, electroporation, membrane permeabilization with
saponin, or co-incubation'®-1% |n endogenous packing, the packing occurs in the parent cells,
before the isolation of small EVs, by transfection or engineering parental cell to express a particular

therapeutic of interest%®170, For example, small EVs have been used as delivery vehicles for anti-
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cancer drugs to the brain'™. It has been reported that brain endothelial cell lines (bEnd.3 cells)
derived from small EVs were packed with doxorubicin by simple coincubation and injected into
the cardiac vein of zebrafish embryos containing U87MG tumor cells!’t. These treated embryos
showed reduction in tumor cell growth compared to embryos treated with the drug alone or buffer
control. Additionally, the surface proteins of small EVs can be modified to increase their
biodistribution in the CNS or to target specific cells. This approach was demonstrated in delivering
small interfering RNA (siRNAs) against BACEL to the mouse brain by IV injection of targeted
small EVs'?°, BBB targeting was achieved by engineering dendritic cells to express lysosomal
associated membrane protein 2b (Lamp2b) fused with RVG, harvesting small EVs, and packing
SiRNA by electroporation. They showed that systemically injected RVG-siRNA small EVs
efficiently crossed the BBB and silenced the mRNA (60%) and protein (62%) levels of BACEL in
neuronal cells, resulting in reduced brain amyloid levels in transgenic mice. This suggests that
RVG can improve siRNA delivery to the CNS, but the impact of siRNAs encapsulated in small
EVs was not assessed and further studies have shown this impact, which will be discussed in the

next section.

1.3 Silencing RNA

Before discussing small EVs as vehicles for delivery of nucleic acids, we will discuss
different strategies for the systemic delivery of therapeutic nucleic acids targeting the CNS.
Therefore, gene therapy has emerged as a potent therapeutic strategy for the treatment of CNS
diseases. One main strategy that can be used is the silencing of the disease-causing gene by RNA
interference (RNAI)!"2. Antisense oligonucleotides (ASOs) and siRNA are smaller nucleic acids

and are the two most studied strategies for silencing gene expression.
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ASOs and siRNA share the fundamental principles of binding-to and degrading
complementary mRNA to modulate gene expression!’3174, siRNAs are double-stranded and mimic
endogenous miRNA. miRNA transcripts (pri-miRNA) are cleaved by Drosha to release a hairpin
(pre-miRNA) which is exported out of the nucleus. Once in the cytoplasm, most pre-miRNAs are
processed by Dicer to form a miRNA duplex of ~21 nucleotide double stranded (ds) RNA, with
3’ overhangs and 5° monophosphates'’®, which are then loaded into the Argonaute (Ago2)
complex. Ago2 plays an important role in the RNA silencing processes, as an essential component
of the RNA-induced silencing complex (RISC)!"®77. Short double-stranded miRNA complexes
or therapeutic sSiRNAs are directly loaded into Ago2 and one of the strands of the RNA derivatives
is selectively removed (passenger strand). This mature miRNA or siRNA (guide strand) guides the
Ago2 complex to a complementary mRNA sequence, which promotes the binding and cleavage of
the MRNA at a specific site inducing its rapid degradation and interfering with the translation of
this target protein. In contrast to siRNA which acts in the cytoplasm, miRNA requires transport
into the nucleus, an additional barrier to RNAI delivery. Moreover, ASOs are single-stranded
oligonucleotides and must be chemically modified to be active inside cells!’®. Compared to siRNA,
ASOs require a higher dose due to their lower binding efficiency to RISC'®. Therefore, SiRNA is
more suitable for drug efficiency since it does not require genome integration and can be easily
synthesized*,

A big challenge faced by RNA. therapeutics after systemic administration is the circulatory
system. Naked RNAIi is not feasible due to its short half-life, vulnerability to degradation by serum
nucleases®!, low penetration into target cells, rapid renal clearance!’®, and proneness to stimulate
a host immune response®>183, As well, studies have reported that around 300 siRNA copies per

cell are necessary to silence an mRNA targeting sequence by 50%*#4185 and around 2,000 siRNA
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copies per cell in order to achieve 80%*41% reduction. Therefore, there are approaches to improve
the systemic delivery of RNAI therapeutics: (i) chemical modifications of the ASOs/siRNA
structure itself, preserving its molecular nature and functional activity; (ii) encapsulation of
ASOs/siRNA into a nanocarrier system.

Firstly, the alterations in the chemical structure are focused on either the backbone (e.g.,
replacement of non-bridging oxygen with boron, nitrogen or methyl), the sugar group (e.g., 2'-O-
methyl (2'-OMe), 2'-fluoro (2'-F), 2'-O-methoxyethyl (2'- MOE) groups), or the nucleobases®®’.
To date, chemical modifications predominate ASOs while conjugation and nanocarrier systems
have been studied more in-depth for sSiIRNA. This is due to siRNA and ASOs differing in their
composition, specifically their strand characteristics. Modifications in sSIRNA can lead to impaired
binding into the RISC complex, ultimately decreasing siRNA function efficacy®®. Therefore, the
preferred candidates, whether approved or in clinical trials, to treat brain diseases are ASOs. There
are two United States Food and Drug Administration (FDA)-approved ASOs: (i) Nusinersen (also
known as Spinraza) to treat spinal muscular atrophy (SMA) using two chemical modifications in
the backbone (phosphorothioate) and sugar units (2-MOE) of the ASOs targeting Survival of
Motor Neuron 2 (SMN2)%; (ii) Eteplirsen (also known as Exondys 51) is an ASO with
phosphoroimidate morpholino modification at the backbone against Duchenne Muscular
Dystrophy8. However, Spinraza is still administrated directly to the CSF around the spinal cord
by intrathecal injection, an invasive approach, while Exondys 51 is administered via IV infusion.

In terms of siRNA, they can be encapsulated into nanocarriers or conjugated to certain
ligands in order to effectively avoid renal clearance and, most importantly, to increase their
delivery to desired organs or cells. Therefore, LNP nanocarriers, dynamic polyconjugates

(DPC™), and GalNAc (N-acetylgalactosamine)*®®1%! siRNA conjugates have shown efficient
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SIRNA delivery to the liver, specifically the hepatocytes. Furthermore, Alnylam Pharmaceuticals
have developed Onpattro (Patisiran) which is the first FDA approved therapy based on siRNA
using a LNP drug delivery system®*. In Onpattro, the LNPs are packaged with siRNA harboring
two chemical modifications (2°-OMe and 2’F) targeting transthyretin (TTR) mRNA for the
treatment of polyneuropathies induced by hereditary transthyretin amyloids. This drug, approved
in 2018, acts to inhibit the synthesis of the TTR protein by > 80% in the liver using systemic
delivery. The success of Onpattro could rely on the fact that LNPs and siRNA naturally accumulate
in the liver, where the target MRNA (TTR) is mostly synthesized.

Despite Patisiran (a lipid-based siRNA therapy) achieving clinical application, Alnylam
continue to develop more siRNA therapeutics since the GalNAc-siRNA conjugation delivery
strategy seems to be superior in comparison to lipid-based nanocarrier in terms of both potency
and safety for liver-targeted delivery. Moreover, the newly FDA-approved GIVLAARI™
(Givosiran) from Alnylam for the treatment of adults with acute hepatic porphyria (AHP) is the
second siRNA (targeting aminolevulinic acid synthase 1, ALAS1) therapeutic, but first worldwide
GalNAc-based siRNA conjugation design'®21%%, GalNAc is a ligand of the asialoglycoprotein
receptor (ASGPR) which is an endocytic receptor that is highly and specifically expressed in
hepatocyte membranes (~500,000 copies/cell) in the liver'®*. ASGPR- and clathrin-mediated
endocytosis can efficiently transport galactose-derived ligands, present in GalNAc, from the cell
surface to the cytoplasm within 15 minutes. It allows for subcutaneous injection once every month
dosing at significantly lower dosages, compared to Patisiran (80 minute 1V infusion once every 3
weeks). Therefore, many GalNAc-conjugated siRNA therapeutics with sophisticated chemical
modifications are undergoing clinical studies by different researchers groups including Arrowhead

(targeting alpha-1 antitrypsin deficiency), Dicerna (targeting lactate dehydrogenase A), and
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Arbutus Biopharma (targeting Hepatitis B)'%. Most of these studies are for hepatic delivery of
SiRNA, thus limitation of LNPs and GalNAc-siRNA as therapeutics in treating CNS diseases is
that their key protein is not synthesized in the liver. Studies have shown that LNP delivery vehicles
are able to transfer approximately 0.05% to 1% of their contained siRNA to the cytoplasm of
cellst®1861% For all these reasons, high siRNA doses and effective delivery vehicles are required
to achieve therapeutic doses that will properly silence a gene. This high siRNA dose can lead to
toxicity and stimulate an immune response, which is the major reason why multiple clinical trials
of silencing RNAs have been halted%":1%,

Therefore, a major challenge in this field is the development of a safe and efficient vehicle
to deliver siRNA therapy to other organs, in particular to brain. As elucidated above, small EVs
seem to be able to achieve delivery of RNA to organs other than the liver®3120.12! and are able to
deliver 10 times more efficiently than commercially available lipid nanoparticles!®. Hence, small
EVs can be safer and more efficient nanocarriers of siRNAs if siRNAs can be packaged inside

them.

1.3.1 Small EV as a vehicle for delivery of nucleic acids

Small EVs can also be utilized to deliver therapeutic nucleic acids to the CNS. Despite the
tremendous amount of excitement for the development of small EV-based therapeutics, their
clinical development is hampered by the lack of reliable methods for packing therapeutics within
them. Current methods involve packing small EVs with therapeutics after their isolation from
parental cells. The most common packing strategies include (i) passive incubation with isolated
small EVs or (ii) active packing with transfection and electroporation. As discussed earlier,
Alvarez-Erviti et al. were the first ones who encapsulated siRNA into small EVs to treat CNS

disorders!?, They packed BACE1 siRNA by electroporation in RVG-small EVs isolated from
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dendritic cells and their results supported the ability of small EVs to cross the BBB and deliver
cargo to neurons in mice. Copper et al. also used electroporation to encapsulate c.-synuclein sSiRNA
into small EVs isolated from murine dendritic cells and showed that a-synuclein sSiRNA-EVs were
able to decrease a-synuclein mRNA expression in the brains of transgenic mice'?. o-Synuclein
aggregates are found in Lewy bodies (LBs), which is a characteristic of PD, and their implications
will be discussed in section 1.4.3. While these studies suggested that small EVs could be packed
with siRNA by electroporation and injected intravenously to silence key genes in the brain®®,
subsequent research reported that <0.1% of siRNA was actually associated with small EVs and
siRNAs were not being inside small EVs, but attached to the small EVs surface, resulting in the
observed effects likely being due to extremely high doses of free sSiRNA2L, Similarly, cholesterol-
conjugated small interfering RNAs (cc-siRNASs) can attach siRNA to the outside surface of the
small EVs and, as a result, suffer from poor delivery?®*. Although there exists preclinical proof-
of-concept for siRNA-mediated silencing of CNS genes, many hurdles remain in the translation of
these strategies to the clinic.

Sequentially, small EVs are produced as heterogeneous populations and are packaged with
a highly selective range of RNA cargoes from their cell of origin®2. It has been challenging to
fully characterize these RNA cargoes due to their complexity, low concentration within small EVs,
small size, and the overall heterogeneity of small EVs. There have been studies reporting different
types of RNAs within small EVs including mRNAs, mature miRNA, and many non-coding RNAs
(NcRNASs)23-205 Additionally, miRNA precursors (pre-miRNAs) and siRNA have been identified
in small EVs02%_ Interestingly, miRNAs are infrequently present ranging from 1 copy of specific
miRNA per 1 million (10°) small EVs to one copy per small EV?’, This is concerning since 300-

2,000 copies of siRNA are needed per cell in order to silence a target mMRNA. Many miRNAs
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including precursors miR-16, miR451, and miR-134 have been reported to be present at very low
numbers in small EVs (1 copy per 10,000 small EVs to 1 copy per 10)%72%_ Although, miR451
has shown a low copy number in small EVs, they are 500-10,000 fold enriched in small EVs
compared to its levels in cells of many types'®®. Precursor miR-451 (pre-miR-451) is the only
known miRNA whose biogenesis bypasses the Dicer protein®®. This is due to its unique stem loop
that is too short (42 nt long) to be bound and cleaved by the Dicer protein, hence follows a unique
Dicer-independent pathway (Figure 8A). Instead of binding to Dicer, pre-miR-451 binds directly
to Ago2 which cleaves one strand of the hairpin after which exonucleases remove the tail of the
pre-miRNA to form the mature miR-451.

A recent study from the Gibbings’ lab has shown that cells can be genetically engineered
to produce customizable small EVs packaged with siRNA against any protein by integrating the
siRNA sequence into the pre-miR-451 structure®!%2!!, Reshke et al., have demonstrated that any
SiRNA sequence inserted in this RNA backbone would usually be enriched 100 - 1000-fold in
small EV's compared to its expression from another pre-miRNA backbone!®®. As well, they have
shown that reprogramming the pre-miR-451 hairpin structure with siRNA enriches them 1000-
fold in small EVs. These small EVs can silence their target mRNAS in primary mouse motor
neurons in vitro and in neurons in vivo after direct 1V injection into the brain. As a result, this
project will be utilizing this cell’s endogenous RNA sorting machinery (pre-miR-451 backbone)
to pack siRNA against a specific target into small EVs and test their ability to cross the BBB using
the iPSC-derived in vitro BBB model discussed previously. The specific target of sSiRNA will be

discussed in the next section.

39



1.4 Parkinson’s disease

As mentioned above, this project will be using small EVs containing specific SIRNA
integrated in the pre-miR-451 backbone to selectively induce the downregulation of a target gene
expression using the iPSCs in vitro BBB model. Here the specific SIRNA will be against a-
synuclein, and its dysfunction/aggregation has been strongly implicated in the pathogenesis of

Parkinson’s disease (PD).

1.4.1 Parkinson’s disease overview: pathology, risk factors, clinical and non-clinical

features

PD, with its evolving layers of complexity, is caused by the progressive death of
dopaminergic (DA) neurons in the Substantia Nigra pars compacta (SNpc), ultimately leading to
motor and non-motor symptoms?'?. Additionally, its neuropathological hallmark is the
accumulation of a-synuclein (alpha-synuclein) protein that results in the formation of cytoplasmic
inclusions, known as LB and Lewy neurites (LN)?®. LBs are round and dense cytoplasmic
depositions of amyloid-like aggregates where the major component is the accumulation of
misfolded a-synuclein, a protein predominantly expressed in the brain?4. While LBs are primarily
composed of this protein they also contain other proteins such as ubiquitin, tau, parkin, lipid
content, heat shock proteins, cytoskeletal proteins (i.e., neurofilaments, tubulin), proteasomal,
lysosomal components, among others®®. A hundred years has passed since Trétiakoff first
described neuropathological changes within the SNpc of PD patients?'®. He reported a substantial
loss of the darkly pigmented areas in the SNpc resulting from the cell death of SNpc neurons,
which contain the neuromelanin pigment, as well as the presence of cytoplasmic inclusion LBs

and LNs?%217 Microscopically, the pathological hallmark of PD is the presence of both the loss
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of dark pigmentation within the SNpc and the presence of abnormal cytoplasmic deposits or LBs
within DA neuronal cell bodies.

Moreover, PD is the second most common age-related disease after Alzheimer’s disease
(AD), with prevalence and incidence exponentially increasing with age?'8. The median age of onset
is 60 years and in fact, aging is considered the single most important risk factor for PD?!%22°, Even
though PD impacts both sexes, the frequency is higher in men (around 1.4 times) than
women?214221 - Most patients with PD are classified as idiopathic cases (e.g., arising
spontaneously); thereby the etiology of this multifactorial disease remains mostly unknown?4,
Subsequently, the relevant causes and modifying risk factors of PD are a complicated interplay of
both environmental/lifestyle and genetics. Approximately 90% of PD cases are classified as
idiopathic, while only 10% are associated with genetics. A complete assessment of all the potential
causative factors that are present in an individual’s environment is not possible since an
individual’s environment is in constant flux. Nonetheless, several environmental factors increase
PD risk including pesticide and heavy metal exposure, rural area living, agricultural occupation,
traumatic head injury, consumption of dairy products, type 2 diabetes mellitus, a potential history
of COVID-192%2-22# (at the present there is only unempirical evidence supporting this notion), and
many others?!%220_Interestingly, there are findings that patients who have undergone vagotomy??®
or appendectomy??® have a lower risk of developing PD. Ultimately, the risk of developing PD is
distinctly multifactorial, and a further understanding of PD’s various risk factors and their interplay
can uncover new pathogenic mechanisms, identify biomarkers, improve early diagnostics, and
individualize treatment.

Beyond the motor symptoms, PD patients develop several non-motor symptoms that can

precede the motor symptoms by several years. Importantly, in early stages of the disease, many
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cases report a major disturbance of non-motor symptoms in comparison to motor ones. Some of
these non-motor symptoms includes hyposmia, rapid eye movement (REM) in sleep behavior
disorder (RBD), olfactory dysfunction??’, fatigue, depression and constipation??¢-2%°, However, the
diagnosis of PD currently relies on the presence of motor symptoms and the earliest stages can be
difficult to recognize due to a long delay (an average of 10 years) between the earliest symptoms
and development of clear motor symptoms. The most common motor symptoms which lead to a
PD diagnosis include bradykinesia, muscular rigidity, rest tremor, postural, and gait impairment,
often appearing as the disease progresses?1232, Other non-motor symptoms that appear in mild or
late PD stages include cognitive decline and autonomic impairment. Current drugs can only
manage PD motor symptoms by increasing dopamine levels or stimulating dopamine receptors,
however dopaminergic neuron cell death still continues. Levodopa (L-dopa) is the prime example
of a dopamine replacement therapy and remains the “gold standard” treatment for PD?%, It
provides only temporary relief and does not impact non-motor symptoms. Additionally, its chronic
use is associated with severe side effects or patients becoming unresponsive®®, Therefore, the
development of new disease-modifying treatments that can slow and ultimately halt disease

progression is one of the greatest unmet medical needs for PD.

1.4.2 Genetics of Parkinson’s disease

Even though PD is generally an idiopathic disease, ~20% PD cases are genetic. It is
important to note that the risk factors of PD in an individual are an interplay between
environmental and polygenic factors (one phenotype influenced by more than one gene)?“.
Therefore, the genetic contribution to PD was limited to a 1997 study which first identified familial
segregation of the A53T point mutation in the SNCA gene on chromosome 4g21-23 (which

encodes the protein a-synuclein identified the following year) with an early-onset autosomal
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dominant PD phenotype?®. SNCA was the first gene to be associated with inherited PD and
subsequently o-synuclein was identified as a major component of LBs and LNs?*3, Furthermore,
duplications or triplications in SNCA gene has also been shown to contribute to some autosomal
dominant early-onset and idiopathic PD cases, indicating that over-expression of wild type o-
synuclein is sufficient to cause PD pathogenesis?3¢-23%,

Since then, with the advancement of genetic techniques and genome-wide studies
(including GWAS), there have been many other causative genes that have been linked to the
disease. To date, there are over 20 loci that have been identified as genetic risk factors for PD?%%-
241 yet with a certain degree of heterogeneity regarding phenotypes (PD only or PD plus other
disorders), age-at-onset (early or adult onset), and inheritance association (autosomal dominant or
recessive). Yet, mutations which cause PD, despite being rare in frequency, have been
unequivocally established and account for the majority of autosomal dominant (e.g., SNCA,
LRRK2, VPS35) or autosomal recessive cases of inherited PD (e.g., PRKN, PINK2, DJ-1,
ATP12A2, FBXO7)?42. Additionally, several point mutations in the SNCA gene (A30P, E46K,
H50Q, G51D, A53T or A53E) or gene multiplications of the wild type allele has now been
reported®7243-24_While a greater understanding of genes causing PD has been achieved, our
understanding of the mechanism of progressive DA cell loss in the SNpc still remains unclear.
Therefore, SNCA is unique since it is the only gene which can cause PD and has a clear link to the

Lewy Body pathogenesis of PD.
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1.4.3 Alpha-synuclein (a.-synuclein)

1.4.3.1 Location and structure of a-synuclein protein

Although SNCA point or multiplication mutations that cause familial PD are rare, the
common variations in the SNCA gene have shown the strongest association with susceptibility to
PD across populations worldwide as well as at the GWAS level?*’. Therefore, the contributions of
SNCA gene have been extensively investigated in PD pathogenesis. Aggregated a-synuclein is
the dominant pathology in disorders known as synucleinopathies®*®. a-synuclein is a small 14-kDa
protein consisting of 140 amino acids, encoded by the SNCA gene on human chromosome 4. It is
abundantly expressed in many brain regions, especially in the neocortex, hippocampus, SNpc,
thalamus, and cerebellum, as well as being present at high levels in red blood cells (RBCs) and in
small amounts in other tissues including heart and muscle?*®2%°. The significance of this different
localization has not been fully elucidated.

Human a-synuclein consists of three distinct functional domains: (i) The N-terminal region
forms an amphipathic a-helix structure which interacts with lipid membranes. Due to this N-
terminal region containing one of the two conserved sequence characteristic for fatty acid binding
proteins (FABP)?!, it can also regulate the association of a-synuclein with mitochondrial
membranes?22%3_ It has been shown through in vitro studies which indicate that the o-helical
conformation interacts with lipid membranes, small unilamellar vesicles, and micelles through its
repeat motifs due to their negatively charged head groups?42%, (ii) The central region, known as
the non-amyloid component (NAC), contains highly hydrophobic motifs. It has been reported that
several small deletions in this region or even one deletion of few amino acids (A76 and VV77) can
dramatically impair the ability of a-synuclein to polymerize into its mature form?s®. Moreover,

this a-synuclein domain has been hypothesized to be responsible for conformational changes from
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random coil to B-sheet structure?”2°8, which leads to an increased propensity to form cylindrical
B-sheets?®, amyloid-B-like fibrils, and protofibrils?®. Several studies have highlighted that these
a-synuclein oligomers and fibrils might be the responsible entities for a-synuclein
pathology?®1:262, |eading to LB formation?®® (more details in next section 1.4.3.3). As well, it has
been shown that this region of the protein contains a chaperone-binding site which promotes target
protein binding as a result of its B-sheet formation?®*. There is evidence that o-synuclein promotes
the regulation of sensitive factor attachment protein receptor (SNARE) structure during their
assembly/disassembly process through direct interaction of this a-synuclein chaperone-binding
site with the SNARE proteins®®®. Thus, the a-synuclein defect can cause neurological problems
since its deficiency decreases SNARE complex assembly?®®. (iii) The C-terminal domain contains
many negatively charged amino acids and is a target for various post-transcriptional modifications
(PTMs), including phosphorylation at Serine 129 (S129). Many studies have shown that the
accumulation of phosphorylated a-synuclein at the S129 site in the brain of PD patients (and in
animal models) is associated with an increased propensity of both the aggregation of a-synuclein
and the development of LBs?®. Notably, a-synuclein is only phosphorylated in small amounts
(around 4%) in healthy brains while abundant accumulation of phosphorylated S129 a-synuclein
(around 90%) has been observed in brains with Lewy pathology?”2%8, Phosphorylation of S129 in
a-synuclein regulates its binding with lipid membranes and increases its interaction with metal
ions, leading to protein aggregation?%%:27°,

As a result of these domains, the native a-synuclein is an intrinsically disordered protein
which means that it lacks a well-defined structure, and its physiological conformation is still
controversial. Thus, it has been reported that the physiological conformation of a-synuclein is in
a dynamic balance between “natively unfolded” monomeric and oligomeric states®’?72, Bartels et
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al. found endogenous a-synuclein isolated from various cell types had several conformational
states, mainly as a folded tetrameric o-helical oligomer in all cells?’3%7, They also reported that
in vitro a-synuclein tetramers are resistant to fibrillization and aggregation while recombinantly
expressed monomers are more prone to aggregation into amyloid-like fibrils. Later studies
confirmed that native a-synuclein purified from mouse brain formed stable tetramers, however
native a-synuclein also formed largely unstructured monomers, which were prone to aggregation,
suggesting that native brain o-synuclein in cytoplasm is also monomeric?. All of this suggests
that a-synuclein can be present as an a-helix structure, in association with phospholipids, or an
unfolded conformation in the cytoplasm of the cell. These different conformations depend on the
surrounding environment and their binding partners (lipid membranes and/or vesicles). This
further suggests that a-synuclein plays specific roles in various cellular locations, depending on

its dynamic structure, which leads, in part, to what makes understanding its function difficult.

1.4.3.2 Potential function of a--synuclein

The physiological functions of a-synuclein and its mechanisms of action in normal cells
and in PD are still yet to be fully explored. Several immunohistochemical studies have detected
high concentration of a-synuclein at the presynaptic terminals within neurons of mammals?”>-277
and colocalizing with presynaptic proteins including synapsin 1, synapsin [, and
synaptophysin?8, As mentioned before, the biochemical structure of a-synuclein predicts a
function as a molecular chaperone which can be capable of binding to other intracellular
proteins?’®. Burre et al. reported that triple-knockout mice lacking (a.,,y)-synucleins developed
age-dependent neurological impairments, decreased SNARE-complex assembly, and premature
neuronal death?®. As well, they demonstrated that o-synuclein acts as a molecular chaperone to
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support the assembly and disassembly of SNARE-complex by directly binding to a specific
SNARE protein, known as synaptobrevin-2/vesicle-associated membrane protein 2 (VAMP2)2%,
It has been also indicated that, in vitro, large oligomers of a-synuclein (which are its pathological
form, more details below in section 1.4.3.3) bind to an N-terminal domain in synaptobrevin-2
protein which inhibits the SNARE assembly, resulting in neurodegeneration®®°, Later studies
showed that under normal conditions, a-synuclein can regulate the fusion and clustering of
synaptic vesicles?®28, Overexpression of o-synuclein in mouse striatum triggers the
redistribution of the SNARE proteins (SNAP-25, syntaxin-1 and synpatobrevin-2) leading to
impairment in proper vesicle trafficking and recycling®*. Therefore, according to this evidence,
a-synuclein has been implicated in synaptic activity through regulation of vesicle docking, fusion,
and neurotransmitter release. As a result, dysfunction of a-synuclein (either by knockout or
overexpression conditions) increases the predisposing factor for synaptic dysfunction, and the
development of neuropathology in PD and related neurodegenerative disorders.

In addition to these functions, some recent studies have shown that a-synuclein plays other
roles including: regulation of blood glucose levels, reduction of apoptosis by suppression of
protein kinase C activity in DA neurons?®, regulation of calmodulin activity, prevention of
unsaturated fatty acid oxidation by acting as an antioxidant?®®, and the inhibition of phospholipase
D227, These functions could potentially indicate a more important role for a-synuclein beside its
synaptic activity; however, its mode of action still remains controversial (e.g., phospholipase D
inhibition, dopamine and serotonin transporters)?®’ and more studies need to be performed to fully

understand its function.
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1.4.3.3 Contribution of a-synuclein in Parkinson’s disease pathogenesis

Due to its contribution to PD pathogenesis, a-synuclein has been studied in a variety of PD
patients and a variety of animal models including mice, Drosophila, and Caenorhabditis elegans.
Studies have reported that elevated levels of a-synuclein oligomers were presented in the brains
of patients with PD compared to healthy subjects (no PD cases)?®32%, Other studies, using
transgenic mice or flies that over-expressed wild type or point mutation (A30T or A53T) in a-
synuclein, have shown movement deficiency and neuronal cytoplasmic inclusions?/8:290-292
Aggregated a-synuclein were present in DA neurons in over-expressed wild type or point mutation
(A30T or A53T) in human a-synuclein transgenic nematodes Caenorhabditis elegans model®®,
As well, over-expression of wild type human a-synuclein causes energy and metabolism
abnormalities (body mass loss, lower food consumption, lower plasmatic levels of insulin and
leptin) in Thyl-a-synuclein transgenic mice compared to control ones?®*. These studies illustrate
a portion of the evidence supporting the underlying notion that a.-synuclein plays a central role in
PD pathogenesis.

As mentioned before, a-synuclein has been isolated in several conformational states,
however during its pathological misfolding states, monomeric a-synuclein has been shown to
acquire a B-sheet-rich amyloid-like structure and self-assembles into metastable oligomers before
forming fibril-like structures that are found within LBs?**2%, This aggregation and accumulation
process is not well understood but it leads to the formation of a wide variety of a-synuclein
amyloid-like fibrils which are characterized by a cross-p organization?!22, Even though the
process is still to be fully eluded, the susceptibility of a-synuclein to form fibrils and inclusions

can be correlated with several factors. These include point mutations (A53T, E46K and A30P)%%’,
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gene duplication and triplication of the SNCA gene which are sufficient to elevate protein
expression®®, unknown environmental factors®®®, oxidative stress®®, PTMs®*, and high

concentration of metal3%2,

1.4.3.4 Evidence for the spreading and seeding capabilities of a-synuclein

Moreover, a-synuclein aggregates have been found in different brain regions of
postmortem PD brains depending on the disease stage, indicating a spread through the CNS in a
“prion-like”” manner propagating from cell-to-cell**33%, The exogenous treatment of preformed a.-
synuclein fibrils (PFFs) to cultured cells recapitulated the self-assembly process of endogenous a.-
synuclein into amyloid-like fibrils*®. Similarly, injection of synthetic a-synuclein fibrils into the
striatum of transgenic mice can lead to the formation of aggregated a-synuclein, the development
of LB pathology, nigrostriatal degeneration, and most importantly, cell-to-cell transmission3°.
This is the first in vivo evidence that synthetic a-synuclein PFFs alone was shown to promote the
formation and propagation of a-synuclein in vivo neuropathology®®. Recent studies have also
injected PFFs into wild type mice and non-human primates which showed similar results by
inducing progressive a-synuclein aggregation®®’3%, Peelaerts et al. injected structurally well-
defined human a-synuclein strains (such as oligomers, ribbons, and fibrils) into mice brain
ultimately observing that distinct a-synuclein strains had different seeding capacities, which result
in strain-specific pathology and phenotypes®®. Other studies using engrafted tissue have also
shown direct host-to-graft transmission of a-synuclein in vivo®1%3!L, This was specifically shown
by transplanting mouse DA neurons into the striatum of mice over-expressing human o-synuclein,
the transmission of a-synuclein between the host and grafted neurons was demonstrated 6 months

after transplantation®, Taken together, these studies among others suggest that, when
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exogenously a-synuclein fibrils were added into cells or an animal model, they were taken up by
cells and act as “seeds” to promote the aggregation of endogenous a-synuclein.

The mechanisms in which aggregated a-synuclein propagates cell-to-cell is still not well
defined, however there is growing evidence that a-synuclein could be transferred by EVs?!. Zhang
et al. has reported that 4-hydroxynonenal (HNE), a lipid peroxidation product, increases
aggregation of endogenous a-synuclein in primary neurons and promotes the secretion of EVs
containing oligomeric a-synuclein?®!. This leads to EVs being released from HNE-treated neurons
in order to be internalized by neurons and, by harboring their pathogenic a-synuclein in the
cytoplasm, results in neuronal degeneration. As well, they performed focal injection of EVs
containing a-synuclein into striatum of wild type mice which resulted in the spread of synuclein
pathology to connected brain regions. This data suggests an event for late-onset PD where HNE
promotes intracellular accumulation and, in turn, the release of EVs containing aggregated o-
synuclein species?®. It is important to note that the potential a-synuclein propagation is still
controversial in the field due to the currently gathered data being acquired in experimental animals
(primarily rodents) and not humans. Another point of difference is the different rates of a-
synuclein progression between PD and prions. PD is not rapidly progressive like prions and, in the
contrary neurodegenerative disorders, are generally a slow progressive disorders®'?, Hence,
reducing o-synuclein aggregation remains an extremely attractive target for PD therapeutic
development due to its ability to aggregate, accumulate, propagate cell-to-cell, seeding propensity

in order to increase neuronal toxicity, the presence of LBs, and, ultimately, PD pathogenesis.
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1.4.3.5 Therapeutic silencing of alpha-synuclein in PD

There are no disease-modifying therapies targeting the reduction of a-synuclein levels.
This reduction of total protein levels can be achieved through different approaches including
decreasing its MRNA expression, inhibiting its protein accumulation, interfering with its prion-
like spread (by inhibiting neighboring uptake), and increasing its intracellular clearance
mechanisms. For example, Alnylam Pharmaceuticals showed encouraging results, which for the
first time, demonstrated the suppression of a-synuclein mRNA by 40 - 50% using siRNA against
a-synuclein in the SNpc of non-human primates®'3. Indeed, this study, and others, reported that o-
synuclein mRNA levels can be reduced in order to improve PD pathology and motor
symptoms®4315, However, a-synuclein siRNA was continuously infused into the SNpc of squirrel
monkeys using stereotactic surgery over a one-month period (invasive delivery) and levels of a-
synuclein returned to normal 3 weeks post-infusion. Therefore, questions arise such as “Is it safe
to decrease a-synuclein expression?” or “Is it effective to decrease a-synuclein levels?” Caution
needs to be used when manipulating the overall a-synuclein expression due to its functional
implications in synaptic transmission, its role in maintaining neuronal activity, and its other
physiological roles that have not yet been characterized. Thus, a therapy aiming to decrease o.-
synyclein expression could have a significant impact in endogenous a-synuclein levels. Recent
reports have shown that o-synuclein reduction of > 90% in rat and non-human primate SNpc is
implicated in nigrostriatal system degeneration31¢31. As well, it was mentioned previously that o-
synuclein knockout mice also lead to the SNARE assembly dysfunction which impacts the overall
neuronal survival?®*. Before this approach is considered a viable option for PD patients, it is crucial

to determine the appropriate degree of a-synuclein reduction which is safe while still allowing -
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synuclein aggregation and pathology to be slowed. The degree to which a-synuclein is reduced is

a balancing act between functional levels and pathogenic a-synuclein expression reduction.

HYPOTHESIS AND OBJECTIVES

In this project, we will be manipulating the cell’s endogenous RNA sorting machinery (pre-
miR-451 backbone) to pack siRNA against a-synuclein into small extracellular vesicles, test their
ability to cross the BBB and inhibit a-synuclein in neurons using the iPSC in vitro BBB model.
Therefore, our objectives are (i) to integrate SIRNA against human a-synuclein into the pre-miR-
451 backbone, (ii) test delivery efficiency of small EVs packaged with a-synuclein siRNA
integrated in the pre-miR-451 backbone in culture, (iii) to assess their ability to cross the in vitro
human BBB model/test the efficiency of a-synuclein knockdown in neuronal cells, and (iv) to
evaluate the biodistribution of small EVs, derived from brain endothelial cells, following systemic

delivery in mice.
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METHODS
1.5 Cell lines
(1) HEK 293T WT (ATCC)
(2) SH-SY5Y WT (generous gift from the Human Health Therapeutics Team (HHT),
National Research Council Canada (NRC), Ottawa, ON, K1A 0R6, Canada)
(3) hCMEC/D3 WT (generous gift from the Human Health Therapeutics (HHT) Team,

National Research Council Canada (NRC), Ottawa, ON, K1A OR6, Canada)3!8

1.6 Cell culture

Human embryonic kidney HEK 293T cells and human neuroblastoma SH-SY5Y cells were
cultured in DMEM (Wisent Bioproducts, 081-150) supplemented with 10% heat-inactivated FBS
(Wisent Bioproducts, 081-150) and 1% penicillin-streptomycin (Wisent Bioproducts, 450-201-
EL). Immortalized human brain microvascular endothelial h\CMEC/D3 cells were maintained in
EBM-2 basal medium (Lonza, CC-3156) supplemented with 1:1 of each growth-factors
(Hydrocortisone 100 uL, hFGF-B 1 mL, VEGF, R3-IGF-1 250 pL, ascorbic Acid 250 uL, hEGF
250 uL, GA-1000 250 uL, and heparin 250 pL) of the EGM-2 SingleQuot Kit (Lonza, CC-4176)
and 2% FBS. The culture dishes were coated for 1 h at 37°C with 0.1 mg/ml rat tail collagen type
I (VWR, CACB354236), diluted in 20 mM acetic acid. All cell lines were maintained at 37°C with
5% CO2 in humidified incubators. Confluent cells were detached with Trypsin/EDTA
(0.25%/EDTA 2.21 mM in HBSS) (Wisent Bioproducts, 325-043-EL), neutralized with at least
equal volume of culture medium, and centrifuged at 500 xg for 5 minutes (only for \hCMEC/D3).
The hCMEC/D3 cell pellet was then re-suspended in fresh media for plating or freezing medium
for storage. The concentration of cell suspensions was determined using a hemocytometer (Sigma,

7359629 or Thermo Fisher Scientific, 0267110).
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1.7 Differentiation of human neuroblastoma SH-SY5Y cells

Human SH-SY5Y neuroblastoma cells were plated in a 24-well plate at a density of 5x10*
cells per well (~50% confluence) in complete media: DMEM (Wisent Bioproducts, 081-150)
supplemented with heat inactivated 10% FBS (Wisent Bioproducts, 081-150) and 1% penicillin-
streptomycin (Wisent Bioproducts, 450-201-EL). After 24 h of cell plating, differentiation was
induced by lowering the FBS in culture media to 1% without antibiotics and adding 10 uM all
trans-retinoic acid (RA) (Sigma-Aldrich Cat.no. R2625) at day 1, 4, 7 and 10. This treatment was
replaced every 3 days to replenish RA in culture media. Depending on cell density or level of

differentiation required, cells were used on day 8 or day 11.

1.8 Transfection
1.8.1 Transfection of a-synuclein-targeting SIRNA

HEK 293T cells were seeded at 5x10* cells per well in a 12-well plate. They were grown
to 60-80% confluence and transfected with Lipofectamine RNAIMAX (Thermo Fisher Scientific,
13778150) and Opti-MEM (Thermo Fisher Scientific, 31985-070) at a final concentration of 10
uM of a-synuclein siRNA in 1 mL of antibiotic-free DMEM supplemented with 1% heat
inactivated FBS. HEK 293T transfected with scrambled SiRNA served as control. The
manufacturers’ recommended protocol for transfection of a well of a 6-well plate was followed
(Figure 4). Then, 24 h post-transfection culture media was removed, and cells were washed with
1x PBS and were collected by adding 1 mL Trizol Reagent for RNA isolation for RT-qPCR.
Alternatively, 48 h post-transfection cells were lysed for protein isolation. For total protein
collection, cells were washed twice in cold 1x PBS, scraped, and incubated with lysis buffer [50

mM Tris-HCI (pH 7.4), 75 mM NaCl, 0.5 mM EDTA, 0.5% Triton-X, 1X protease inhibitor
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cocktail (Sigma Aldrich)] at -80°C for 10 minutes. Lysates were centrifuged for 5000 xg for 10

minutes and supernatants were stored at -20°C until further use for Western blotting.

Table 2. Transfected silencing RNA (siRNA) sequences targeting human a-synuclein

obtained from Alnylam Pharmaceuticals Patent. (US patent US007595306B2)

siRNAs Names

Sequence (5°— 37)

Sequence #1 (sql)

5-CAGUGGCUGAGAAGACCAAITAT-3'

Sequence #2 (sq2)

5'-UCCUGACAAUGAGGCUUAUITAT-3'

Sequence #3 (sq3)

5-CUACGAACCUGAAGCCUAAITAT-3'

Table 3. Transfected Silencer® Select silencing RNA (siRNA) sequences obtained from

ThermoFisher.

SiRNA Names SiRNA ID#

Sequence (5°— 37)

Sequence #4 (sq4) | S13204

5’-CCAUCUCACUUUAAUAAUALt-3’

Sequence #5 (sq5) | S13206

5’-AGAGGGUGUUCUCUAUGUALt-3’
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Figure 4. Schematic of the silencing RNAs (siRNAs) transfection with Lipofectamine
RNAIMAX method. (lllustration created using BioRender).
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1.9 Generation of a stable cell line

Published siRNA sequences to target a-synuclein were adapted and reprogramed into the
pre-miR-451 hairpin for packaging into small EVs (US patent 0186591) (Table 2 and Table 3).
Where published siRNA sequences contained less complementary sequence than the length of the
22 nt mature miR-451, bases complementary to the target were added at the 3” end of the antisense
strand. The mature antisense strands were designed as shown in Table 4. The specific
oligonucleotide sequences were cloned into the modified pUC19 (Puromycin) construct encoding
the 5' and 3' regions of pre-miR-451 backbone with Bbsl sites flanking an EcoRV site in the
middle. These were cloned between the BamHI and Nhel sites of pCU19 as a Bglll- Nhel
fragment. These a-synuclein siRNA sequences integrated in pUC19 constructs were verified by
forward DNA sequencing at the OHRI StemCore DNA Sequencing Facility. Then, these
constructs encoding reprogrammed pre-miR-451 in pUC19 were cloned into a vector allowing
production of lentiviral particles. The DNA fragments of each construct were amplified by PCR
using Herculase Il DNA polymerase (Agilent, catalogue no. 600677) as recommended by the
manufacturer and combined into a single vector by Gibson assembly (NEB, catalogue no.
E2611S). The resulting vector enabled transduction of cells in cell culture to produce stable cell
lines expressing puromycin resistance and the reprogrammed miR-451 construct from a CAG-
enhanced CMV promoter. Lentiviral particles produced from transfected HEK293T cells were
concentrated by ultracentrifugation and added to HEK 293T cells using standard culture methods.
After 3 days, cells were split into media containing puromycin (final concentration 2 uM) to select
for transduced cells. Transduction was confirmed by observing the Turbo-GFP fluorescent signals

using a ZOE Fluorescent Cell Imager.
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Table 4. a-synuclein silencing RNA sequences constructed using specific forward and
reverse oligos for integration into modified pUC19 construct.

SIRNA Antisense strand Forward oligos Reverse oligos
sequence
Sequence | UUGGUCUUCUCA | aaggTTGGTCTTCTCAGCC | aagaATGGTCTTCTCA
#1 (sql) GCCACUGUUG ACTGTTGAGTGGCTGAG | GCCACTCAACAGTG
AAGACCAT GCTGAGAAGACCAA
Sequence | AUAAGCCUCAUU | aaggATAAGCCTCATTGTC | aagaTTAAGCCTCATT
#2 (s02) GUCAGGAUCC AGGATCCCCTGACAATG | GTCAGGGGATCCTG
AGGCTTAA ACAATGAGGCTTAT
Sequence | UUAGGCUUCAGG | aaggTTAGGCTTCAGGTTC | aagaATAGGCTTCAGG
#3 (s93) UUCGUAGUCU GTAGTCTTACGAACCTG | TTCGTAAGACTACGA
AAGCCTAT ACCTGAAGCCTAA
Sequence | UAUUAUUAAAGU | aaggTATTATTAAAGTGAG | aagaAATTATTAAAGT
#4 (sq4) GAGAUGGGAU ATGGGATCATCTCACTTT | GAGATGATCCCATCT
AATAATT CACTTTAATAATA
Sequence | UACAUAGAGAAC | aaggTACATAGAGAACAC | aagaAACATAGAGAAC
#5 (sg5) ACCCUCUUUU CCTCTTTTGAGGGTGTTC | ACCCTCAAAAGAGG
TCTATGTT GTGTTCTCTATGTA

1.10 Preparation of small EV depleted media

Media depleted of small EVs was prepared by adding all the necessary nutrients, 10% heat

inactivated FBS (Wisent Bioproducts, 081-150) and 1% penicillin-streptomycin (Wisent

Bioproducts, 450-201-EL) to DMEM. Then, approximately 250 mL of complete media were

aliquoted into 50 mL tubes and centrifuged at 5000 xg for 30 minutes at 4°C. The supernatant was

transferred into ultracentrifuge tubes and centrifuged for 2 h at 100,000 xg at 4°C. Lastly, the

supernatant of each ultracentrifuge tube was filtered with a sterile bottle-top vacuum-connected

0.22 um filter. The small EVs-depleted media was ready to be used and was stored at 4°C.
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1.11 Small EV isolation

Cells were grown to 70-80% confluence in DMEM (Wisent Bioproducts, 081-150)
supplemented with 10% heat inactivated FBS (Wisent Bioproducts, 081-150) and 1% penicillin-
streptomycin (Wisent Bioproducts, 450-201-EL) at 37 °C in a humidified atmosphere of 5% CO..
DMEM culture media was removed, washed with 1x phosphate buffered saline (PBS) to remove
contaminating small EVs originating from the FBS in the culture media; then replaced with small
EV-depleted media. Small EVs-depleted media was left on cells overnight (16-24 h is ideal since
small EVs release begins to plateau after ~24 h) and was collected the next day. Small EVs were
enriched using two methods: differential ultracentrifugation or tangential flow filtration. These
two processes can be seen in Figure 5.

For differential ultracentrifugation, the first centrifugation steps are at 300 xg for 10
minutes at 4°C to remove contaminating live cells. Then the supernatant was transferred to a new
50 mL tube and centrifuged at 2,000 xg for 10 minutes at 4°C to remove large contaminating dead
cells or debris. The supernatant was again transferred into new ultracentrifugation tubes and
centrifuged at 10,000 xg (SW-32Ti rotor, Beckman-Coulter Life Sciences) at 4°C for 30 minutes
to remove the aggregates of biopolymers, bulky apoptotic bodies, and other structures with their
buoyant density higher than the small EVs®1®32°_ A final high spin at 28,500 rpm (100,000 xg)
(SW-32 Ti Swinging-Bucket rotors, Beckman-Coulter Life Sciences) at 4°C in thick wall
polycarbonate ultracentrifuge tubes (Beckman-Coulter Life Sciences, no. 355631) for 2 h to
precipitate the small EVs. The pellet of small EVs was vigorously resuspended in 1 mL 1x PBS
and re-centrifuged for a wash at 49,000 rpm (100,000 xg) (TLA-100.3 Fixed-Angle Rotor,
Beckman-Coulter Life Sciences) at 4°C in new 1.5 mL polypropylene tubes (Beckman-Coulter

Life Sciences, no. 357448) for 30 minutes. Ultimately, the re-pelleted small EVs were resuspended
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in 100 pL 1xPBS and analyzed using Nanoparticle Tracking Analysis (NTA) on a ZetaView PMX-
110. NTA is commonly used to determine both the size and relative concentration of
microvesicles, which includes small EVs, in the supernatants of small EVs depleted media and/or
body fluids after isolation. As described, treatment of the small EV's ensued prior to RNA isolation
with 500 uL Trizol reagent (Thermo Fisher Scientific, no. 15596018). It is important to note that
numerous protocols for EV isolation differ not only in the number of steps but also in the
conditions of differential centrifugation spins. As mentioned above, low speed centrifugation
(<10,000 xg) is usually used to remove particles with a higher buoyant density such as cells, cell
debris, apoptotic bodies, and proteins aggregates, while high centrifugal forces (100,000 xg) are
used for small EVs sedimentation!8321:322,

For TFF, the first two low speed centrifugations were performed. Media containing small
EVs was centrifuged at 300 xg for 10 minutes and then supernatants were subsequently spun at
2000 xg for 10minutes, all spins at 4°C. Supernatants were then passed through a 0.22 um filter
(ThermoFisher no. 168-0045) and then the sample was concentrated using the KR2i TFF system
(Spectrum Labs) with a 75 cm? modified polyethersulfone hollow fibre column with 500 kDa cut-
off (Spectrum, D02-E500- 10-S) at a crossflow rate of 140 ml minutes™ and transmembrane
pressure around 2.5-4.0 psi to achieve a shear rate of 2,000 st 1591932 yltimately, the
concentrated media underwent 10x buffer exchange in 1x PBS, and then ultrafiltration TFF was
combined with ultracentrifugation in order to further separate small EVs and to pellet them,
100,000 xg for 30 minutes. All small EV's were then re-suspended in 1 mL 1x PBS and was ready

for quantification using NTA on a ZetaView PMX-110.
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1.12 Nanoparticle tracking analysis

Small EVs were analyzed and quantified using a Nanoparticle Tracking Analysis (NTA)
on a ZetaView PMX-110 (ParticleMetrix). The ZetaView NTA was calibrated for every
experiment using 102 nm polystyrene beads (Microtrac, 900383). Isolated small EVs were diluted
in 1x PBS (1x10*- 1x10° in a total volume 1 mL) to be in the instrument’s range for accurate
measurement. Approximately 800-900 pL of each sample was injected into the machine. When
the cell quality, particle drift and concentration reached an acceptable level according to the built-
in particle-drift sensor, video acquisition was measured with the following settings: Sensitivity 85,
Shutter Speed 40, Frame Rate (fps) 30, Resolution Highest, Camera Gain 770, Positions Measured
11, Minimum Brightness 15, Minimum Size (pixels) 10, Maximum Size (pixels) 500. The resulting
quantification included particle size distribution, median particle size, and the particle
concentration (after accounting for the dilution factor). The Gibbings lab has validated the linear
range of the NTA instrument using serial dilutions of 110 nm polystyrene beads of known
concentration (5.0 x 102 particles per ml) (Microtrac, 400168). Figure 9 shows analyzed data

from the Nanoparticle Tracking Analysis (NTA).

1.13 RNA extraction

A standard Trizol extraction protocol was performed following the manufacturer's
instructions (Thermo Fisher Scientific). Total RNA was extracted from cells, using 1 mL of TRIzol
Reagent (Invitrogen no. 15596026) followed by 0.2 mL of chloroform (Thermo Fisher Scientific,
BP1145-1) at a ratio of 5:1 (Trizol:chloroform). After vigorous mixing, the sample was incubated
at room temperature (15 minutes), then centrifuged at 12,000 xg for 15 minutes at 4°C. The

aqueous phase was precipitated by adding 10 pg of GlycoBlue glycogen (Thermo-Fisher
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Scientific, R0551 or AM9515) and isopropanol (0.5 mL per mL of Trizol reagent) for 10 minutes
at room temperature. The RNA was pelleted at 12,000 xg for 15 minutes at 4°C. The resulting
pellet was washed with 75% nuclease-free ethanol (1 mL per mL of Trizol reagent) and centrifuged
at 12,000 xg for 15 minutes at 4°C. The dry RNA pellet was then resuspended in 20 pL of nuclease-
free water and incubated at 55°C for 5 minutes using the thermomixer. Quantification and analysis
were completed with Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, ND-2000).

The final RNA solution was stored at -80°C.

1.14 cDNA synthesis and RT-qgPCR

cDNA was synthesized with 500 ng of RNA using M-MuLV Reverse Transcriptase
enzyme (NEB, no. M0253S) supplemented with 100 uM Oligo(dT)18 primer and dNTP mix
(Thermo Fisher Scientific) following the manufacturer's protocol. cDNA was diluted 1:16 in
nuclease-free water and immediately used in quantitative PCR (qPCR). Each gPCR reaction was
carried out using 2x GoTag ® gPCR master mix (Promega) with primer sets indicated on Table
5. Primer sets for gPCR were designed using the NCBI Primer-BLAST tool. Amplification
efficiency of primer sets for each gene of interest was evaluated through standard curve analysis
using pooled RNA samples from the cell type of interest. The thermocycler conditions for all
primer sets was as follows: 95°C for 2 minutes, (95°C for 15 seconds, 60°C for 1 minutes) x 42
cycles, followed by a melt curve to assess product dissociation. To calculate fold-change in MRNA
levels the AACt method was used. For differentiated SH-SY5Y knockdown experiments, mMRNA
levels were normalized to housekeeping genes hGAPDH and hf-actin (ACt values). Test
conditions were normalized to control conditions for each biological replicate (AACt), and
biological replicates were averaged. Fold change in each condition was expressed relative to

control (1.0). NRT (no reverse transcriptase) and NTC (no template control) reactions were also
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performed with each primer set as controls in order to assess primer-dimer formation and

background genomic DNA amplification for each gPCR experiment.

Table 5. Primer sets for RT-gPCR. The primer sets were designed using the NCBI Primer-
BLAST tool based on the following criteria: (i) product length must be between 120 to 180 bp, (ii)
primers should be between 18-23 nt long and have melting temperatures of 58-60°C, (iii) primers
must have minimal unintended targets and span exon-exon junctions to avoid amplification of
genomic DNA.

Primer Set Name | Forward oligos Reverse oligos

h-SNCA CTTGCCTTCAAGCCTTCTGC TCCTTGGTTTTGGAGCCTACAT
h-GAPDH AGGTCATCCCTGAGCTGAACG | GCCTGCTTCACCACCTTCTTG
h-B-actin GGCATGGGTCAGAAGGATT GGGGTGTTGAAGGTCTCAAA

1.15 Measurement of copy number of sSiRNAs per small EV

Trizol LS (ThermoFisher, no. 10296028) was used to isolate RNA from known numbers
of small EVs (quantified by nanoparticle tracking analysis on a ZetaView PMX-110) and RNA
was extracted as described above. RNA was quantified with Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific, ND-2000) and 500 ng were added to a reverse transcription reaction
using miScript Il microRNA reverse transcription kit using the HiSpec buffer option (Qiagen,
catalogue no. 218161). RT—gPCR was performed according to the manufacturer’s instructions
using the miScript SYBR Green PCR kit (catalogue no. 218075, Qiagen) on a Bio-Rad CFX-384
instrument using 10 pl reaction volumes. The primer sequence for siRNA targeting a-synuclein
was as follows: TTAGGCTTCAGGTTCGTAGTCT. qPCR was performed on small EV samples,
simultaneously with qPCR reactions using purified products of known concentration as templates
with dilution series (1x102 to 1x10) to generate a standard curve. The standard curve Ct values

were used to calculate the number of RNA molecules in sample Ct values. As the number of small
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EVs in the original sample was known, this allowed calculation of the number of molecules of

specific SIRNAs per small EV.

1.16 Protein extraction and Western blotting

Cells were washed with 1x PBS and lysed from cell pellets in ice-cold cell lysis buffer [0.1
M Tris (pH 7.4), 5M NaCl, 0.5 M EDTA, 1% Triton-X 100] containing protease inhibitor cocktail.
Cell lysates were incubated at -80°C for 30 minutes and centrifuged at 1000 rpm for 5 minutes at
4°C. Protein concentration in cell lysates was determined by Bradford Protein Assay following the
manufacturer's protocol (Biorad) or Micro BCA™ protein assay kit (Thermo Fisher, no. 23235)
for small EVs. Samples were prepared for electrophoresis by combining appropriate volumes of
each sample to give 25 pg of total protein with Laemmli loading buffer [SO mM Tris (pH 6.8), 2%
SDS, 10% glycerol, 5% B-mercaptoethanol, 0.1 M DTT] and distilled water to equal a total volume
of 20 pL. Proteins were denatured by boiling at 99°C for 5 minutes and separated by 10%
polyacrylamide gel electrophoresis (SDS-PAGE) at 100 V for 1.5 h. Proteins were transferred to
polyvinylidene fluoride (PVVDF) membranes (Millipore) at 100 V for 70 minutes, an ice box was
placed inside the machine. For a-synuclein protein detection, the membrane was microwaved for
1 minute in 0.4% paraformaldehyde (PFA) diluted in 1x PBS. After the microwave, the membrane
was rinsed with 1x TBST [10 mM Tris-HCI (pH 8), 150 mM NaCl, 0.05% Tween 20]. Then,
membranes were blocked in 5% milk in 1% TBST for 1 h at room temperature and probed with
primary antibody overnight at 4°C followed by three washes in TBST for 10 minutes each.
Membranes were then incubated with HRP-labelled secondary antibody diluted in 5% milk in 1%
TBST at room temperature for 1 h and washed again 3 times for 10 minutes washes in 1% TBST.
All antibodies used are listed in Table 6. Proteins were visualized using Luminata Crescendo

Western HRP chemiluminescent substrate (Millipore) on an Image Quant LAS4010 Biomolecular
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Imager (GE Healthcare). Rainbow markers (Amersham) were used to determine the protein sizes.

Quantitative analyses on band intensity levels were performed using ImageJ. Mean band intensity

was normalized to each sample’s -actin levels.

Table 6. Antibodies used for Western Blot.

Antigen [Clone]

Source

Dilution

a-synuclein [MJFR1]

Abcam (Epitomics)
Rabbit monoclonal
#ab138501

1:2000

B-actin [AC-15]

Millipore Sigma
Mouse monoclonal
#A5441

1:7500

CD9 [EPR2949]

Abcam
Rabbit monoclonal

#ab92726

1:1000

Flotillin-2 (C42A3)

New England Biolabs (NEB)
Rabbit monoclonal
#3436S

1:1000

Alix [3A9]

New England Biolabs (NEB)

Mouse monoclonal
#2171S

1:1000

Calnexin [C5C9]

New England Biolabs (NEB)
Rabbit monoclonal
#2679S

1:2000

CD63 [NVG-2]

BioLegend
Mouse monoclonal
#143904

1:5000

TSG101 [4A10]

GeneTex
Mouse monoclonal
#GTX70255

1:5000

1.17 Endothelial cell differentiation of iPSCs

The protocol published by Ribecco-Lutkiewicz et al from the NRC-HHT was adapted for

the differentiation of endothelial cells from human iPSCs®2. In short, once the iPSCs reached 60-
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70% confluency the media was switched from mTeSR1 to low osmolality KOEB media composed
of KnockOut DMEM/F12 medium (~ 276 mOsm/kg, Gibco) supplemented with 20% KnockOut
serum replace-ment, 1x Glutamax, 1x non-essential amino acids and 55 uM B-mercaptoethanol
(all from Life Technologies) for 5-7 days. The media was switched to endothelial differentiation
media (EM) composed of human serum free endothelial media (Life Technologies) supplemented
with 1% platelet-poor plasma derived serum (PDS, Alfa-Aesar) and 20 ng/ml bFGF for 9-10 days,
once the cells formed a uniform monolayer of endothelial-like cells (cobblestone-like
morphology). After 9-10 days in EM, the cells were dissociated with Accutase (Stem Cell
Technologies) at 37 °C for 10-15 min. Through a 40 um sieve and after dissociation, the cells were
filtered to eliminate residual basement membrane, endothelial cell clusters and re-suspended in
EM containing 10 uM ROCK Inhibitor. Then, iBECs were plated onto 0.5% gelatin coated
Transwell inserts as described in the nextsection 1.18. The characterization of iBEC was
performed at the end of the differentiation process (~21 days from iPSCs) following culturing onto

gelatin coated inserts.

1.18 Preparation of transwell inserts and TEER measurements

Transwell inserts were prepared according to the published protocol by Ribecco-
Lutkiewicz et al. at the NRC-HHT®2, Briefly, transwell inserts (1 um pore size, BD-Falcon, no.
353103) with polyethylene terephthalate (PET) membranes were coated with 0.5% gelatin and
incubated overnight at 37 °C in 5% CO>. Then, the gelatin was removed and 5 x 10° iBECs (at
day 10) were seeded in each transwell insert in 1 mL complete endothelial medium (EM) without
FBS (Life Technologies), supplemented with 1% platelet-poor plasma derived serum (Alfa-
Aesar), 20 ng/ml bFGF (Life Technologies) and 10 uM Y 27362 (ROCK Inhibitor) overnight at 37

°C in 5% CO». The following day, complete EM medium (without ROCK Inhibitor) was
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exchanged with fresh media for each transwell insert. To ensure BBB integrity, transendothelial
electrical resistance (TEER) was measured for each transwell insert prior to experiments using a
CellZscope apparatus (Nanoanalytics). The standard settings used were: 1 cm diameter electrodes
and frequency range (1 Hz-100 kHz), points per decade and logarithmic spacing. TEER values for
the empty inserts were subtracted from the TEER values for the inserts with cells to obtain final

TEER values (represented as Qcm?).

1.19 Cell uptake assays

1.19.1 Treatment of differentiated SH-SY5Y cells with small EV containing a-synuclein

SIRNA

Small EVs derived from the following stable cell lines were isolated by TFF: wild-type,
GFP siRNA and a-synuclein sSiRNA HEK293T cells; and wild-type, GFP siRNA and a-synuclein
SIRNA immortalized brain endothelial cells (h\CMEC/D3). After isolation, the concentration of
small EV's was quantified using Nanoparticle Tracking Analysis (NTA) on a ZetaView PMX-110.
Then, 50,000 small EVs were incubated per one differentiated SH-SY5Y cell in a 24 well plate.
The differentiated SH-SY5Y cells were treated prior to small EVs with all trans-retinoic acid (RA)
(Sigma-Aldrich no. R2625) at 10 uM for 7 or 10 days depending on the initial cell density. After
72 h of incubation, the cells were treated with either Trizol reagent or cell lysis buffer for RNA

and protein isolation, respectively. A diagram of this assay can be seen below (Figure 6).
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1.19.2 Invitro human iPSC BBB model uptake

Small EVs derived from the following stable cell lines were isolated by TFF: wild-type,
GFP siRNA and a-synuclein SiRNA HEK293T cells; and wild-type, GFP siRNA and a-synuclein
SiRNA immortalized brain endothelial cells (hCMEC/D3). After isolation, the small EVs were
labeled with 2 uM CellTracker™ Red CMTPX Dye (ThermoFisher, no. C34552) by incubating
for 2 h at 37°C. Then, the last spin of ultracentrifugation was performed 100,000 xg at 4°C for 30
minutes (49,000 rpm with the TLA 100.3 rotor) to remove free dye and pellet was resuspended in
1 mL 1x PBS. The concentration of labeled small EV's was quantified using Nanoparticle Tracking
Analysis (NTA) on a ZetaView PMX-110. Then, 50,000 labeled small EVs per one differentiated
SH-SY5Y cell [seeded in the lower chamber (abluminal side)] were placed on the upper chamber
(luminal side) of the 24-well transwell inserts containing a confluent monolayer of iBECs, shown
in Figure 14A. The inserts were incubated at 37°C and 100 ul of the media was carefully removed
from the upper and lower chamber of each insert at 1 h, 2.5 h, 4.5 h and 24 h. Following each
collection, 100 ul pre-warmed media was added back to the upper and lower chamber for each
insert and the plates were returned to the incubator. The sample collection was also carried out in
3 inserts without labeled small EVs at the same time points as negative controls. After the last
collection, the inserts were placed in a new 24-well plate with fresh media at the lower chamber
and returned to the incubator for 72 h. At the end of the experiment, iBECs were treated with 500
pl Trizol reagent for RNA isolation. In addition, the plate containing the differentiated SH-SY5Y
cells at the lower of the chamber was returned to incubator for 72 h, cells were treated with 1 mL
Trizol reagent for RNA isolation. The fluorescent values were measured by a Clariostar microplate
reader using ex/em 577/602 nm spectra. Small EV uptake was calculated by using a standard curve

of labeled small EVs from the same batch and plotting the lower chamber fluorescent values in the
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linear regression equation, taking into consideration the amount of total small EVs used and the

100 pl media removed at each point time.

1.20 Biodistribution of small EVs in mice

Small EVs derived from wild-type immortalized brain endothelial cells (\CMEC/D3) were
isolated using the Tangential Flow Filtration (TFF) system as described in later section. After
isolation, small EV's were labeled by mixing 0.2 M carbonate buffer pH 9.4 (Thermofisher, 28382),
CF770-NHS Ester (Succinimidyl Ester) (Biotium Inc, no. 92150) and small EVs derived from
hCMEC/D3 for 2 h at room temperature with slow mixing. Then, the sample was subjected to 2
rounds of washes using Zeba™ Spin Desalting Columns (40K MWCO, 2 mL, Thermofisher, no.
87769) by centrifuging the columns at 1000 xg for 2 minutes to remove free dye. Then, the
columns were placed into a new collection tube and sample was added slowly to the center and
centrifuged 1000 xg for 2 minutes to collect the purified sample. CF770-labeled small EVs were
injected either by intravenous injection (1) or intracarotid injection (ICD) using CD-1 male mice.
Twenty-four hours before the experiment, mice were shaved on the dorsal and ventral side. The
dorsal and ventral sides were imaged using the parameters: excitation-740 nm and emission-790
nm with VIS Lumina Il at various time point (pre-injection, 10 minutes, 30 minutes, 1 h, 2 h, 3
h, 4 h, 6 h, 24 h post-injection). Mice were saline-perfused and various tissues (brain, heart, lung,
liver, kidney, spleen, and lymph nodes) were collected for ex-vivo imaging with IVIS Lumina 111
to detect the tissue distribution (biodistribution) by quantifying the fluorescent signals from each
organ. A naive mouse was used as a negative control. A diagram of these assays can be seen below

(Figure 7).
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1.21 Statistical Analysis

All statistical tests were performed using GraphPad Prism version 9 software
(www.graphpad.com). The following tests were performed, unless stated differently in the caption
of each figure. One-way ANOVA (analysis of variance) test was performed followed by Tukey’s
multiple comparison test when the means of the test columns was compared individually to the
mean of the control column. Two-way ANOVA with Tukey’s multiple comparison test was used
to determine which specific groups differed from each other. Normal distribution was assumed for
all tests. Statistical significance was showed as: *=p<0.05, **=p<0.01, ***=p<0.001,

****=p<0.0001.
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RESULTS
1.22 Integrating siRNA against a-synuclein into the pre-miR-451 backbone

Evidence provided by Reshke, et al. showed that integration of SiRNA sequences into the
pre-miR-451 hairpin structure leads to their enrichment in small EVs (Figure 8A). In order to use
this system to target a-synuclein (Figure 8B), siRNAs targeting a-synuclein were first tested to
identify those with the maximum potential to knockdown a-synuclein. Thus, sSiRNAs targeting a-
synuclein were obtained from Thermo Fisher Scientific and a patent from Alnylam
Pharmaceuticals (Table 2 and Table 3). a-synuclein knockdown was quantified by transfecting
the SiRNAs into human embryonic kidney (HEK293T) cells using RNAIMAX and measuring
reduction in a-synuclein mRNA (RT-gPCR) and protein levels (western blot) (Figure 10). The
SiRNA sequences with the most potent knockdown were sequence #1 (sql, 96.74%), sequence #3
(sq3, 97.98%) and sequence #5 (sg5, 88.78%). Therefore, these sequences were integrated into the
pre-miR-451 structure. The specific oligonucleotide sequences (shown in Table 4) were cloned
into the modified pUC19 construct encoding the 5' and 3' regions of the pre-miR-451 backbone
with Bbsl sites flanking an ECoRV site in the middle to allow insertion of new siRNA sequences
(Figure 11A). BamHI and Nhel sites flank the whole pre-miR-451 sequence. The plasmids were
subjected to 1% gel electrophoresis to confirm that the pre-miR-451 backbone was disrupted, and
the a-synuclein-targeting oligonucleotide was inserted. As shown in the gel, digestion with Bbsl
and BamHlI restriction sites illustrated no digestion and full digestion, respectively. This indicates
proper integration of the sequence of the a-synuclein-targeting oligonucleotide into the modified
pUC19 construct (Figure 11B). As a control, an oligonucleotide targeting GFP was integrated
into the pre-miR-451 backbone (same as shown in Reshke, et al.). These constructs containing

oligonucleotide against a-synuclein or GFP in pUC19 vector were verified by DNA sequencing.
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Stable human immortalized cerebral endothelial (h[CMEC/D3) and HEK239T cell lines
were produced via transduction with lentiviral vectors to allow stable expression of the re-
programmed pre-miR-451 backbone containing siRNA targeting a-synuclein or GFP (Figure
11C). The hCMEC/D3 cells were selected to produce small EVs due to their stability, ease of
growth and their ability to maintain a normal BBB phenotype®!8, These cells have been shown to
express a BBB phenotype including endothelial markers (CD34, CD31, CD40, CD105, VE-
cadherin), junction-associated proteins (PECAM-1, JAM-1), tight junction proteins (claudin-3,-5,
occluding), as well as scaffolding proteins (beta catenin, zonula occludens-protein-1 and 2), among
others®?*, On the other hand, HEK293T cells were selected as positive control for transduction
since they are easy, reliable and divide rapidly. Further in this project, HEK293T cells were used
to produce small EVs as negative control since they do not express any BBB phenotypes or human
brain endothelial properties compared to hCMEC/D3 cells. After transduction, both stable cells
containing siRNA against a-synuclein in pre-miR-451 backbone were validated by observing the
GFP fluorescent signals using ZOE Fluorescent Cell Imager (Figure 11C) since CMV promoter
in pre-miR-451 vector drives GFP expression in cells (cells fluoresce green). Ultimately, the sq3
oligonucleotide sequence, siRNA that achieved the maximum silencing of a-synuclein (97.98%),

was further selected to assess the siRNA delivery by small EVs in cell culture.
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Figure 8. Reprogramming the pre-miR-451 backbone with siRNAs. (A) Schematic of the
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by Dicer-independent pathway into a mature siRNA.
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Figure 9. Characterization of small EVs. Wild-type small EVs were collected from the media of
human immortalized cerebral endothelial hCMEC/D3 cells and human embryonic kidney
HEK293T cells by differential ultracentrifugation. (A) Size distribution and concentration of

purified EV particles (pelleted at 100,000 x g) diluted 106 in PBS were measured by nanoparticle
tracking analysis (NTA) on the Zetaview® (n=3). Distribution of small EVs were observed at the
screen shot from NTA video. (B) Western blots of equal amounts of proteins from small EVs or
hCMEC/D3 cells were probed with antibodies recognizing small EV-specific biomarkers (CD?9,
TSG101, CD63, Flotillin-2, Alix) or a protein normally excluded from small EVs (calnexin, -
actin) to confirm the enrichment of small EV (CL — cell lysate, sEV — small extracellular vesicles).
The error bars represent as mean = SEM of three independent experiments.
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measuring the reduction a-synuclein in HEK293T cells by (B) RT-qPCR (mRNA levels) (n=3)
and (C) Western blot (protein levels). a-synuclein siRNA sequences were obtained from
Thermofisher and a patent from Alnylam Pharmaceuticals (Table 2 and Table 3). S-actin and
hGAPDH were used as controls. For statistics, a two-way ANOVA with Holmes-Sidak test was
used. Data are presented as mean + SEM. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.
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1.23 Small EVs packaged with a-synuclein siRNA integrated in the pre-miR-451 backbone

efficiently deliver siRNA to human neuron-like cells

Next, we sought to test whether small EVs packaged with a-synuclein siRNA reprogrammed
into the pre-miR-451 backbone could efficiently deliver these sSiRNA. The validation of siRNA
delivery by small EVs was performed by quantifying endogenous a-synuclein knockdown in
neuron-like cells in cell culture. Even though it has been demonstrated in previous studies that
small EVs are capable of delivering their cargo into the cytoplasm of target cells, there are also
other studies showing that not all cells produce small EVs capable of delivering siRNA to target
cells'®®. Therefore, our first step was to directly incubate small EVs with neuron-like cells to
demonstrate that these small EVs are capable of producing a functional change. These experiments
used the sg3 siRNA sequence, siRNA that achieved the maximum silencing of o-synuclein
(97.98%) when transfected with RNAiIMax into HEK293T cells (Figure 10).

Small EVs from two stable cell lines, \CMEC/D3 and HEK?293T, stably expressing either
SiRNA targeting GFP or a-synuclein integrated in the pre-miR-451 backbone were isolated using
TFF system (more details in methods section, Figure 5). In 2018, ISEV proposed comprehensive
MISEV guidelines regarding the isolation and characterization of EVs. Therefore, we followed
these guidelines and showed isolated small EVs derived from hCMEC/D3 and HEK293T were
~120 nm in size (Figure 9A and B) and expressed specific small EV markers such as CD9, CD63,
Alix, Flotillin-2, and TSG101, analyzed by western blotting (Figure 9C). Thus, the absence of
markers such as the endoplasmic reticulum protein calnexin, was an indication that the isolated
small EV population was indeed small EVs and not contaminating vesicles from other
compartments of the cell. Even though these markers indicate a pure small EV population, it is

important to consider that up to this date there is no ideal method to isolate a pure population of
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small EVs and isolated small EVs preparation are often “contaminated” by co-isolated proteins
(i.e., albumin, alpha-1-antitrypsin), smaller or larger vesicles, and lipoprotein particles of similar
density as small EVs. As well, the size and concentration of these small EVs were measured using
the ZetaView® which is a Nanoparticle Tracking Analysis (NTA) instrument (Figure 9A and B).
The size and concentration of particles in the NTA instrument are calculated by capturing the
amount of laser light scattering and Brownian movement of particles in the solution on a single-
particle level®?®, more details in the parameters in section 1.12.

After isolation, small EVs from two stable cell lines, hCMEC/D3 and HEK?293T, stably
expressing either siRNA targeting GFP or a-synuclein integrated in the pre-miR-451 backbone
were directly incubated with neuron-like cells in cell culture. The human neuroblastoma cell line
SH-SY5Y was treated for 7 days with 10 uM retinoic acid (RA) in order to be differentiated into
mature neuron-like cells®?, Retinoic acid is a common inducing agent used to induce SH-SY5Y
in order to reassemble mature neurons which results in an increase in several relevant mature
neuronal markers such as formation of neurites and expression of neuro-specific proteins,
including B-111 tubulin (Figure 14B). Differentiated SH-SY5Y cells were incubated with isolated
small EVs for 72 h at a ratio of 5x10* small EVs per cell. HEK293T and hCMEC/D3 derived
small EVs containing a-synuclein siRNA integrated in the pre-miR-451 backbone showed a
knockdown of a-synuclein mRNA in differentiated SH-SY5Y of 60-70% (Figure 12B) compared
to wild-type small EVs and small EVs packaged with a negative control GFP siRNA integrated in
the pre-miR-451 backbone. This data suggests that a.-synuclein sSiRNA packaged in small EVs has
reached the neuronal cytoplasm and engaged its target resulting in RNA silencing of endogenous

a-synuclein expression. At the protein level, HEK293T small EVs containing a-synuclein

SiRNA integrated in the pre-miR-451 backbone reduced a-synuclein levels by 43% (Figure 12C).
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In regard to hCMEC/D3, small EVs containing a-synuclein siRNA integrated in the pre-miR-451
backbone showed a trend in a-synuclein reduction, however it was not statistically significant.
This could be due to the outliers which can be overcome by increasing the experimental biological
replicates. In contrast to mMRNA expression, protein levels were lower which indicate that, in order
to have a greater impact, they require longer gene down-regulationt?!. All these results suggest
that small EVs deliver their siRNA cargo into the cytosol of neuron-like cells in an efficient enough
manner to produce a change in function.

Previous studies have indicated that in order to silence a target mRNA in cells, between 300-
2,000 copies of siRNA molecules in the cytoplasm of each cell are required!®-8, Specifically,
300 copies of siRNA molecules per cell were needed to reduce 50% of target mRNA in which the
siRNA was microinjected directly into the cytoplasm of the target cell'®, Therefore, we sought to
quantify the amount of a-synuclein siRNA molecules per small EVs required to silence -
synuclein mRNA levels. Our data indicate that an average number of a-synuclein SiRNA
molecules per small EV was determined to be an average of around 0.0248 (Figure 13A). In
reference to previous results, 5x10* small EVs per cell were added suggesting 1,240 a-synuclein
SIRNA per cell were needed in order to obtain 60-70% o-synuclein mRNA reduction. In
comparation to other studies, lipid nanoparticles (LNPs, the current clinical delivery vehicles) only
deliver between 0.05% and 1% of their SIRNA cargo into the cytoplasm of target cells. This suggest
that if our small EVs at a dose of 1,240 a-synuclein siRNA per cell cause target reduction, then
our small EVs would appear to deliver a great proportion of their SIRNA cargo into the cytoplasm
compared to LNPs. This result was consistent with Reshke, et al. data where they showed 1,000

GFP siRNA molecules per cell were needed to observe a target reduction.
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Additionally, a dose response experiment was performed in order to test the minimum and
maximum number of small EVs needed per neuron-like cell to reduce a-synuclein mRNA levels
in cell culture (Figure 6B). The a-synuclein levels were reduced with 2.5 x 10*small EVs per cell,
but a lower concentration of small EVs did not reduce a-synuclein levels significantly. Similarly,
treating cells with higher concentrations of small EVs, three times the amount of small EVs per
cell (1.50 x10°) did not cause a plateau in a-synuclein levels. This demonstrates that a reduced
dose of small EVs was relatively efficient in obtaining ~85% a.-synuclein reduction at the mRNA
levels. However, it is important to consider the appropriate degree of reduction necessary to safely,
and effectively reduce a-synuclein expression levels with no resulting implication to its normal
functional activity. In addition, previous studies have suggested that a.-synuclein protein is present
in small EVs®27328 One could interpret that our stable cell lines expressing a-synuclein siRNA can
presumably have lower a-synuclein levels due to the expression of a-synuclein siRNA in the
cytoplasm of these cells. Therefore, lower amounts of a-synuclein protein gets packaged into small
EVs, ultimately leading to the reduction of a-synuclein mRNA seen in the differentiated SH-SY5Y
cells. This interpretation was overcome in Figure 13A where we detected a-synuclein siRNA
molecules and we did not see any effect in their controls. In summary, this data suggests that small
EVs packaged with a-synuclein siRNA integrated in the pre-miR-451 backbone can sufficiently

deliver and reduce a-synuclein in neuron-like cells at the mRNA level.
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Figure 11. Reprogramming the pre-miR-451 hairpin structure with a-synuclein siRNA. (A)
An illustration of the pUC19 vector containing synthetic pre-miR-451 with Bbsl sites (Type II
s). The published siRNA sequences were adapted to reprogram pre-miR-451 to target a-synuclein
(Table 2 and 3). (B) These were cloned between the BamHI and Ndel sites of pUC19 construct
specifically within the Bbsl sites (Type II s). 1% Electrophoresis gel showing the digestion of
pUC19 constructs containing a-synuclein oligonucleotide sequences with Bbsl and BamHI
restriction sites, specifically. (C) Constructs encoding reprogrammed pre-miR-451 in pUC19 were
moved into a vector allowing production of lentiviral particles. Lentiviral particles were produced
using standard methods from transfected HEK293T cells and were concentrated by
ultracentrifugation. Dilutions of these lentiviral particle stocks were added to cell growth media
and after 3 days, cells were spilt into media containing puromycin to select for transduced cells.
Transduction was confirmed by observing the GFP fluorescent signals by ZOE Fluorescent Cell
Imager. Top panel: Transduced cells 2 days after puromycin selection. Bottom panel: Transduced
cells 4 days after puromycin selection.
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Figure 12. Small EVs packaged with oa-synuclein siRNA integrated in the pre-miR-451
backbone efficiently deliver siRNA to human neuron-like cell line. (A) Schematic of the direct
small EVs treatment of differentiated neuron-like cells (Illustration created using BioRender).
Small EVs from various cell lines (HEK293T and hCMEC/D3) stably expressing either GFP
siRNA or a-synuclein siRNA integrated in the pre-miR-451 backbone were isolated using the
Tangential Flow Filtration (TFF) system. Differentiated SH-SYS5Y cells treated 7 days with 10 uM
retinoic acid (RA) were directly incubated with isolated small EVs for 72 h. 50, 000 small EVs per
cell. Negative control (NC) and wild-type (WT) small EVs were used as controls. The knockdown
of a-synuclein levels was measured by (B) RT-qPCR (mRNA levels) (n=5) and (C) western blot
(protein levels) (n=4). Wild-type small EVs were normalized to the no treated sample and small
EVs containing GFP siRNA and a-synuclein siRNA were normalized to the wild-type sample.
sEVs — small extracellular vesicles. For statistics, a one-way ANOVA with Tukey’s multiple
comparison test was used. Data are presented as mean + SEM. *=p<0.05, **=p<0.01,
**%*=p<0.001, ****=p<0.0001.
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Figure 13. Packing efficiency of small EVs a-synuclein siRNA reprogrammed into pre-miR-
451 hairpin structure. Small EVs from various cell lines (HEK293T and hCMEC/D3) stably
expressing either GFP siRNA or a-synuclein siRNA integrated in the pre-miR-451 hairpin
structure were isolated using the Tangential Flow Filtration (TFF) system. (A) Copy number of a-
synuclein siRNA molecules in small EVs after stable expression from the pre-miR-451 backbone
in the indicated cell types (n=3). For statistics, a one-way ANOVA with Tukey’s multiple
comparison test was used. (B) Different amount of small EVs were directly incubated for 72 h
with differentiated SH-SYSY cells treated 7 days with 10 uM RA, and mRNA levels were
quantified by RT-qPCR (n=3). Small EVs containing GFP siRNA and a-synuclein siRNA were
normalized to the wild-type sample. sSEVs — small extracellular vesicles. For statistics, a one-way
ANOVA with Tukey’s multiple comparison test was used. Data are presented as mean + SEM.
*=p<0.05, **=p<0.01, ***=p<0.001, ****=p<(0.0001.
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1.24 Small EVs packaged with a-synuclein siRNA integrated in the pre-miR-451 backbone
cross an in vitro human BBB model and reduce a-synuclein mRNA levels in neuron-

like cells

Selecting the appropriate in vitro BBB model is critical when assessing the potential for
small therapeutic transport. The aim was to assess the ability of small EVs packaged with -
synuclein siRNA integrated in the pre-miR-451 hairpin structure to cross the BBB and efficiently
knockdown a-synuclein in neuron-like cells. In this project, the in vitro human BBB model using
endothelial cells derived from iPSCs, as described by Ribecco-Lutkiewicz et al.%?, was
implemented.

This model is a reproducible, scalable and transgene-free human BBB model composed of
induced brain endothelial cells (iBECs), generated from human amniotic fluid-derived induced
pluripotent stem cells (AF-iPSCs). Importantly, this model has a functional RMT pathway that
transports natural ligands across the BBB formed by iBECs. The iBECs are used to assemble an
in vitro BBB model in a transwell, a static system, where iBECs are seeded in the upper chamber
(luminal side) and neuron-like derived from SH-SY5Y were seeded in the lower chamber
(abluminal side) (Figure 14A). As well, this in vitro human iPSC BBB model exhibits the critical
components of the BBB, including high barrier integrity measured by TEER (around 550 Qcm?)
and polarized expression of efflux transporters®?. The TEER measurement indicates the barrier
impermeability or “tightness” of the tight junctions between iBEC cells. In comparison, TEER
measurements of the common two commercially available primary human brain microvascular
endothelial cells (hBCMECs) and human immortalised endothelial cells (\[CMEC/D3) ranged

from 30-100 Qcm?232°, These human immortalised hCMEC/D3 cells, when grown in coculture

with astrocytes, yield higher TEER values of approximately 140 Qcm? 3933 indicating a specific
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tightening response to astrocytic interactions. TEER measurements have been observed to increase
in stem cell-based models (iPSC-derived BECs) and neuronal progenitor cells, specifically when
exposed to chemical treatments such as retinoic acid or astrocyte conditioned media, resulting in
values of 30004000 Q.cm? 332, However, these chemical treatments often require specialized and
costly methods to culture cells.

Prior to treating this model with small EVs, the TEER Qcm? of confluent iBECs monolayer
cultures on gelatin coated transwell inserts were measured. The human in vitro BBB model showed
average iBEC values of 500 Qcm? (ranging between 200-600 Qcm?) 48 h after seeding onto the
inserts (Figure 14E). To visualize the small EVs, a-synuclein siRNA packaged small EVs were
isolated from hCMEC/D3 and HEK293T cells using Tangential Flow Filtration (TFF) and labeled
with CellTracker red dye (CMPTX, ExX/Em 577/602 nm). CellTracker red dye freely passes
through the cell membrane and, once inside the cell, its chloromethyl group reacts with the
intracellular thiol groups in a reaction mediated by glutathione S-transferase which leads to its
retention inside the cell®*3, The most widely used method to fluorescently label isolated small EV's
is by using dyes such as PKH, DiD and DiR, for their visualization and cellular uptake in recipient
cells®343%, These dyes are lipophilic and often label small EVs non-specifically as well as labeling
other components which are present in the isolated small EVs population; thereby generating false
positive signals33®-3%, Moreover, it has been reported that lipophilic dyes can form self-aggregates
and micelles resembling small EVs which might also generate false signals®*. Therefore, labeling
small EVs with a fluorescent chloromethyl derivative and membrane-permeant dye that is non-
fluorescent until it is activated by intracellular binding can overcome some of the lipophilic dye
challenges. As well, another major benefit of using this dye is that it does not disrupt the membrane

and integrity of small EVs.
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After labeling the hCMEC/D3 and HEK293T small EVs, they were added to the upper
chamber of the BBB at 50,000 small EVs per differentiated SH-SY5Y neuron-like cell (Figure
14A). At 60 min, 2.5 h, 4.5 h, and 24 h, media from the upper and lower chambers was collected
and the fluorescent values of the CellTracker red dye (CMPTX, EX/Em 577/602 nm) were
measured using a microplate reader (Figure 14C). A previous study has reported delivery rates in
the abluminal side of a variety of antibody-based macromolecules including human IgG (0.16%),
human Fc (0.17%), human transferrin (0.19%), and 10-kDa dextan (1.48%) across iBECs
using BEC-like cells derived from human induced pluripotent stem cells**°. The results from our
experiments showed that ~2.4% of small EVs derived from hCMEC/D3 cells and ~1.3% of small
EVs derived from HEK293T cells were found on the abluminal side of the BBB after 1 h. Even
though there are fewer studies regarding small EV delivery to the BBB, one study has reported
that tumor-derived small EVs (Br-EVs) can cross the endothelial barrier at a rate of 0.16% (after
3 h) in their BBB chip model*®°, meaning that our small EVs cross iBECs better than Br-EVs. This
suggests that small EVs from both cell lines could cross the iBECs at a higher amount than
monoclonal antibodies/Br-EVs and could also indicate that small EVs have unique transcytosis
properties which influence their uptake into the BBB. Furthermore, this data demonstrates that
there was a difference in percentage uptake between small EVs derived from hCMEC/D3 versus
HEK293T, suggesting that the different cell source of small EVs can contribute to their efficiency
in crossing the iBECs.

In addition, ~4% of small EVs from human immortalised (hCMEC/D3) cells were detected
in the abluminal side of the transwell system after 24 h; substantially more than small EVs from
HEK293T (2%). Another interpretation of this data could be that even though the TEER values

were around 500 Qcm? (ranging between 300-600 Qcm?) prior to small EVs treatment, after 24 h
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these TEER values were observed to decrease (Figure 14F), suggesting a potential increase in
barrier permeability of the tight junctions between iBEC cells. Despite that this could indicate that
the observed percentage uptake at 24 h was due to leakage of small EVs through the tight junctions
of the iBECs, only six inserts had a low TEER value (< 20 Qcm?), and the majority of other inserts
(< 110 Qcm?) had a higher TEER values compared to the common two commercially available
primary human brain endothelial cells (30-100 Qcm?). Approximately 4.75% of Cell tracker red
dye was detected in the lower chamber, indicating that there were 7.125x10° small EVs derived
from hCMED/D3 fluorescing red after 24 h. Therefore, if 5x10* small EVs per differentiated SH-
SY5Y neuron-like cell were added, this suggests that around 8,906.25 small EVs crossed the BBB
per IBEC cell after 24 h. This data showed on average 2.474 small EVs cross one iBEC cell per
second. This data does not correlate with previous studies where they have shown the maximal
transport activity (Vmax, molecules per second) for BBB nutrients transports were 600 glucose
molecules per second, 2,300 monocarboxylic acid molecules per second, and 3,000 neutral amino
acid molecules per second®*!,

After 24 h, the transwell inserts were imaged using ZOE Cell Imager in order to observe
the small EVs labeled with Cell tracker red dye in iBECs in the upper chamber transwell insert
(Figure 14D). The percent of red dye in the iBECs was 1.96%, indicating that there were 603
iBEC:s fluorescing red out of 30,844 total iBECs detected after 24 h. This could indicate that small
EVs labeled with Cell Tracker red are co-localizing with iBECs after 24 h, however there were not
available to fully transcytose across the iBECs into the lower chamber. It is important to note that
the red fluorescent signal detected also could indicate that small EVs did not cross the BBB model
since they are co-cultured with iBECs after 24 h however, it could also indicate the Cell tracker

red dye diffused inside the iBECs. It could be also a possibility that these small EVs might be
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degraded by lysosomes in the cytoplasm of iBECs, resulting in the Cell tracker red dye being
released free into the cytoplasm of iBECs***3**. To answer these, other experiments need to be
performed such as determining the percentage of leakage of dye, using another dye to compare
results, and/or measuring the permeability of radiolabeled small molecules (!*C-Sucrose, *H-
Cyclosporine) in parallel with small EV permeability. Moreover, the observed association between
the physical characteristics of our small EVs (specifically hCMEC/D3 derived small EVs) and
their ability to breach the BBB model (4% uptake) indicates an important factor that should be
taken into consideration for further studies. Despite this percentage of uptake being promising, the
caveat regarding the collection of upper/lower chamber media is that it was only performed twice
(n=2, Figure 14C) due to the COVID-19 shutdown and challenges obtaining these inserts from
the NRC-HHT facility.

Furthermore, IBEC cells from the transwell inserts (upper chamber) were collected after
72 h and RT-gPCR was performed (Figure 15A). iBECs showed ~74% reduction in the levels of
a-synuclein mRNA treated with HEK293T-derived small EVs packaged with a-synuclein sSiRNA
compared to ~62% when small EVs from the human endothelial cells were used. As well, SH-
SY5Y neuron-like cells, seeded on the far side of the BBB from the lower chamber were collected
after 72 h and RT-gPCR was performed (Figure 15B). Human immortalized hCMEC/D3 derived
small EVs packaged with o-synuclein siRNA showed an approximately 40% a-synuclein
knockdown at the mRNA level. In contrast, HEK293T-derived small EVs did not show any
reduction in a-synuclein mRNA levels in neuron-like cells. This data indicates that HEK293T-
derived small EVs can reduce a-synuclein mRNA level better than hCMEC/D3-derived small EVs

in iBECs, however previous data have shown that hCMEC/D3 derived small EVs can cross the

IBECs in a larger percentage (Figure 14C).
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One interpretation here could be the possibility that these small EVs derived from
hCMEC/D3 express some specific endothelial receptors that enhance their crossing of the iPSC
BBB model better than the HEK293T derived small EVs. However, the fate of small EVs inside
the cytoplasm of iBECs following internalization, is unknown. It is possible there are different
mechanisms for the two population of small EVs — (i) HEK293T cell-derived small EVs which
fuse and deliver its cargo to iBECs; (ii) hCMEC/D3 cell-derived small EV's can undergo receptor-
mediated transcytosis and be recycled across the intact BBB to deliver its cargo to differentiated
SH-SY5Y cells on the lower chamber. This could be a viable interpretation since the reduction in
a-synuclein mRNA levels in iBECs is higher than in differentiated SH-SY5Y cells for HEK293T
derived small EVs. Therefore, these populations of small EVs can be internalized by iBECs at
lower rates (2%), can release their sSiRNA cargo into the cytoplasm, and can produce a functional
change. However, it was not able to fully transcytose since there was negligible reduction in o-
synuclein mRNA levels in differentiated SH-SY5Y cells. While the other population of small EVs
derived from hCMEC/D3 cells, were able to successfully cross the intact iBEC cell barrier (4%)
after 24 h. These small EVs were internalized by differentiated SH-SY5Y cells and efficiently
deliver their sSiRNA cargo into the cytoplasm to lower a-synuclein mRNA levels. This point raises
quite a few questions i) is the fusion machinery on iBEC cells saturated at some point? ii) if so,
when do they start to cross the BBB? iii) are there specific BBB receptor/ligand interaction that
enhances uptake? iv) if so, how can they help the small EVs to be delivered across the intact BBB?
Studies have reported that modification in the surface proteins of small EVs increased their uptake
into the BBB. One example of the modification was by engineering small EVs to express a small

peptide in their surface, neuron-specific RVG, which increased delivery of RVG-small EVs to the
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brain'?%12 Qur data adds to the growing body of evidence that a specific type of small EVs could

cross the intact BBB and transfer its cargo to its target cell on the far side of the BBB.
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Figure 14. a-synuclein knockdown efficiency and uptake in the in vitro human BBB model
using a-synuclein siRNA packaged small EVs. (A) Overview of the NRC in vitro human BBB
model which consists of endothelial cells (iBECs) generated from proprietary amniotic fluid-
derived induced pluripotent stem cells (iPSCs) (Illustration created using BioRender). It is
assembled where iBECs are seeded in the upper chamber (luminal side) and human neuron-like
cells (SH-SYS5Y) in the lower chamber (abluminal side) of a 24-well transwell system. (B) Phase-
contrast image by ZOE Cell Imager and immunofluorescence image stained with anti-f III tubulin
antibody, illustrating undifferentiated and differentiated SH-SYS5Y cells treated 7 days with 10 uM
retinoic acid (RA). (C) a-synuclein siRNA packaged small EVs were isolated from hCMEC/D3
cells and HEK293T cells using Tangential Flow Filtration (TFF) system, labeled with

CellTrackerTM Red CMPTX dye and added to the upper chamber. At 60 minutes, 2:30 h, 4:30 h,
and 24 h, media from the upper and lower chambers was collected and the fluorescent values were
measured by Clariostar microplate reader. The percentage uptake was calculated by using a std
curve and plotting the lower chamber values (n=2). (D) Phase-contrast image and fluorescence
channels by ZOE Cell Imager, illustrating small EVs labeled with Cell tracker red co-cultured with
iBEC cells in the upper chamber transwell insert. (E) Transendothelial electrical resistance (TEER,

Qcmz) of confluent iBECs monolayer transwell inserts were measured prior to treating the small
EVs using CellZscope apparatus (Nanoanalytics). (F) Comparation of TEER values before small
EV treatment vs. treatment of small EVs after 24 h. sEVs — small extracellular vesicles. For
statistics, an unpaired t-test was used. Data are presented as mean + SEM. *=p<0.05, **=p<0.01,
*Hk=p<0.001, ****=p<0.0001. Scale bar, 100um.
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Figure 15. Small EVs packaged with a-synuclein siRNA integrated in the pre-miR-451
backbone efficiently deliver siRNA to neuron-like cells in the in vitro human iPSC BBB
model. a-synuclein siRNA packaged small EVs were isolated from hCMEC/D3 cells and
HEK293T cells using Tangential Flow Filtration (TFF) system, labeled with CellTracker™ Red
CMPTX dye and added to the upper chamber. (A) iBEC cells (n=3) and (B) differentiated SH-
SYSY cells treated 7 days with 10 uM retinoic acid (RA) (n=4) were collected after 72 h and a-
synuclein mRNA levels were measured by RT-qPCR. Small EVs containing GFP siRNA and a-
synuclein siRNA were normalized to the non-treated sample. sSEVs — small extracellular vesicles.
For statistics, a one-way ANOVA with Tukey’s multiple comparison test was used. Data are
presented as mean = SEM. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.
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1.25 In vivo biodistribution of small EVs in mice

For in vivo analysis of small EV distribution, intravenous (IV) injection of small EVs has
been the preferred (~78%) administration route reported in small EV biodistribution
publications®*. The main aim here was to compare two different routes of administration, a single
bolus intravenous (IV) or intra-carotid (ICD) injection, using small EV's produced by immortalized
human brain endothelial h\CMEC/D3 cells. Ultimately, this was done in order to assess whether
the route of administration can influence the biodistribution patterns in mice. Several studies have
reported that small EVs frequently accumulate in the liver, spleen, and kidney tissues after IV
injection. Therefore, the rationale to test the ICD route of administration was to enhance the
amount of small EVs crossing the BBB and ultimately reaching the brain due to the fact that the
internal carotid artery supplies blood to the brain, which appears at the point in the neck
(intracarotid) where the common carotid arteries divide342, Thus, ICD injection bypasses the
liver and kidney tissues and first goes to the brain which can potentially increase the amount of
small EVs reaching the BBB. As mentioned previously, it has been reports that there are difference
in the biodistribution of small EVs according to their producer cells. Therefore, human brain
endothelial derived small EVs were used since they express BBB phenotypes and through
homotypic interactions can potentially enhance their transmigration across the BBB.

HCMEC/D3-derived small EVs were labeled with CF770-SE dye and injected via IV or
ICD. This near-infrared fluorescent cyanine-based succinimidyl ester dye (CF770-SE, EX/Em
770/797), also known as N-hydroxysuccinimide (NHS) esters, is amine-reactive, where its
succinimidyl ester group reacts with an amine group on proteins to form a stable amide linkage on

the surface of the small EV. Additionally, this CF770-SE dye produces light in the near-infrared
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(IR) wavelength which makes it highly sensitive and provides strong tissue penetration for in vivo
fluorescence imaging.

After a single bolus IV injection, a whole-body scan of mice (dorsal and ventral) at various
time points using 1VIS Lumina 111 was performed to localize CF770-label. After 6 h, mice were
saline-perfused and various tissues (brain, heart, lung, liver, kidney, spleen and lymph nodes) were
collected for ex-vivo imaging in order to detect the biodistribution by quantifying the fluorescent
signals from each organ. A more detailed experiment plan is shown in Figure 7. As shown in
Figure 16 and Figure 17, there was no statistically significant difference between the two routes
of administration following the analysis of the whole-body scans. In both routes of administration,
small EVs were predominantly localized in the liver and kidneys, indicating a rapid uptake and
excretion into the urine (Figure 16A and Figure 17A). This data correlates with previous
biodistributions studies where the most frequent accumulation of small EVs after IV injection were
also reported to be in the liver, spleen and kidney*’. Consequently, the rationale was to reduce the
amount of small EVs that distribute to the liver and kidney, and increase the delivery to the brain®4.
Therefore, the ICD route of administration of small EVs was attempted. Unexpectedly, the
biodistribution of small EVs appeared to be unchanged by the ICD route of administration despite
it has direct access to the carotid artery (a major blood vessel in the neck) which supplies blood to
the brain, neck, and face. Additionally, this data shows that small EVs get cleared relatively rapidly
and enter the brain in small quantities. This data suggests that the difference in the first pass of
circulation using ICD route (direct access to the carotid artery) did not matter since these small
EVs did not get cleared any more rapidly or did not enter the brain more quickly. Relatively, they
followed a very similar distribution as the IV route. Another interpretation could be that even

though small EVs get cleared rapidly from the system, small EVs still get into brain in small
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quantities specifically in the first minutes after ICD or IV injection. This could indicate that the
uptake rate in which the small EVs cross the BBB potentially becomes saturated and ultimately
slows down compared to their rapid clearance out of the system.

After 6 h, organs were saline-heparin perfused and scanned ex-vivo (Figure 16B and
Figure 17B). The total radiant efficiency of each organ was quantified, indicating the same results
as before that the liver (9 x 101%2 x 10%) and kidney (8 x 10%°/1 x 10'!) were the main organs of
IV and ICD distribution, respectively. However, looking into other organs beside these two, the
amount of small EVs detected in the brain was around 2 x 10° in IV route and 8 x 108 ICD route
of administration (Figure 16C and Figure 17C)which indicates that there were some quantities
of small EVs detected in the brain. However, these detected small EVs in the brain do not
necessarily indicate that small EVs have indeed crossed the BBB. There is a possibility that small
EVs have accumulated in the blood vessels and the radiant efficiency calculated represents the
small EVs surrounding the brain without crossing the BBB. In order to confirm the delivery of
these small EVs across the BBB, additional assays can be performed including confocal
microscope to see small EV distribution inside the brain and the target gene reduction in a
transgenic mouse model to confirm small EV delivery across the BBB.

In addition, five lymph nodes (mandibular, axial/brachial, inguinal, mesenteric, and
popliteal) organs were also quantified in both routes of administration. The objective of the ex-
vivo scan of the lymph nodes was to observe the small EV distribution in the lymphatic system
since lymph circulates through the body in a similar way to blood. The mesenteric lymph node
was the one with the highest radiant efficiency (~ 4 x 10%) detected in both routes of administration.
This was not unexpected since this lymph node is located near the mesentery membrane which

attaches the intestine to the abdominal wall and holds it in place. This data suggests that small EV's
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can be detected in the lymphatic system and correlates with previous results where they are
predominantly localized in the small intestines, liver and kidneys3¥’. Overall, these results
demonstrate that despite the difference in routes of administrations, small EVs accumulated largely
in the liver, spleen, small intestines and kidneys; and only a small amount of small EVs were

detected in the brain.
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Figure 16. Biodistribution of CFF70-labeled small EVs from human immortalized cerebral
endothelial after a single bolus IV injection in CD-1 mice. Human immortalized cerebral
endothelial hCMEC/D3-derived small EVs were labeled with CF770 dye and free dye was
removed using Zeba Spin desalting columns (7 kDa, Thermo Scientific) before administration. (A)
Imaging (dorsal and ventral) parameters using excitation-740 nm and emission-790 nm in IVIS
Lumina III at various point times (pre-scan, 10 min, 30 min, 1 h, 2 h, 3 h, 4 h, 6 h, 24 h). (B) Ex-
vivo imaging of organs (brain, heart, liver, lung, spleen, kidney), and lymph nodes in IVIS Lumina
III at various point times. (C) Quantification of ex vivo imaging, total radiant efficiency of organs
at average of 3 mice for 6 h. All mice were males at 6-8 weeks, n=4, and naive mice (n = 1) was
used for pre-scan of ex-vivo organs (saline-perfused). For statistics, a two-way ANOVA with
Tukey’s multiple comparison test was used. Data are presented as mean £ SEM. *=p<0.05,
**=p<0.01, ***=p<0.001, ****=p<0.0001.
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Figure 17. Biodistribution of CFF70-labeled small EVs from human immortalized cerebral
endothelial after a single bolus ICD injection in CD-1 mice. Human immortalized cerebral
endothelial hCMEC/D3-derived small EVs were labeled with CF770 dye and free dye was
removed using Zeba Spin desalting columns (7 kDa, Thermo Scientific) before administration. (A)
Imaging (dorsal and ventral) parameters using excitation-740 nm and emission-790 nm in IVIS
Lumina III at various point times (pre-scan, 10 min, 30 min, 1 h, 2 h, 3 h, 4 h, 6 h, 24 h). (B) Ex-
vivo imaging of organs (brain, heart, liver, lung, spleen, kidney), and lymph nodes in IVIS Lumina
IIT at various point times. (C) Quantification of ex vivo imaging, total radiant efficiency of organs
at average of 3 mice for 6 h. All mice were males at 6-8 weeks, n=4, and naive mice (n = 1) was
used for pre-scan of ex-vivo organs (saline-perfused). For statistics, a two-way ANOVA with
Tukey’s multiple comparison test was used. Data are presented as mean £ SEM. *=p<0.05,
*¥*=p<0.01, ***=p<0.001, ****=p<0.0001.
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DISCUSSION

The present study confirms and extends a previous study by Reshke et al. on the use of
small EVs containing specific SIRNA integrated in the pre-miR-451 backbone to selectively induce
the downregulation of a gene. Firstly, we were able to successfully integrate sSIRNA against o-
synuclein into the re-programmed pre-miR-451 backbone and produce stable cell lines, namely
human brain endothelial cells (hCMEC/D3) and human embryonic kidney cells (HEK293T),
expressing this construct. Using this strategy, we were able to isolate small EVs from both stable
cell lines and reduce the expression of endogenous a.-synuclein in differentiated neuron-like cells
by direct treatment of small EVs in culture or crossing in vitro iPSC BBB transwell model. This
data suggests that small EVs packaged with a-synuclein siRNA integrated in the pre-miR-451
backbone can sufficiently deliver and reduce a-synuclein in neuron-like cells at the mRNA level.
We have also demonstrated that small EVs isolated from two different cell types, hCMEC/D3 and
HEK293T, showed BBB crossing in the in vitro iPSC BBB transwell model, however there were
significant differences in percentage uptake across the iBECs. As well, we reported a reduction of
endogenous a-synuclein mRNA expression in iBECs for HEK293T-derived small EVs, but they
did not deliver its cargo to neuron-like cells in the far side of the lower chamber of the in vitro
iPSC BBB model; while hCMEC/D3-derived small EVs were able to silence a-synuclein gene
expression in neuron-like cells. We also sought to determine the in vivo biodistribution of CF770-
labeled hCMEC/D3-derived small EVs using two different routes of administration, IV and ICD,
for future exploration of its delivery to the CNS. Our data adds to the growing evidence that a
specific type of small EVs could cross the intact BBB and transfer its cargo to its target cell on the

other side of the BBB.
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Small EVs are promising nanocarriers for delivering therapeutics to the brain due to their
biocompatibility, low immunogenicity, special tissue target ligands, stability, and long circulation
half-life in normal conditions!*8. Previous studies confirmed the transfer of endogenous siRNA,
MRNA or miRNA from isolated small EVs to target cells in a biologically active form resulting in
a change in cellular function!®2%, This led to the suggestion that small EVs are internalized by
target cells and escape from the endo-lysosomal degradation ultimately delivering their cargoes
into the cytoplasm of target cells. Therefore, there has been an increased interest for the
development of small EVs as delivery vehicles for exogenous nucleic acid-based cargoes,
specifically siRNA. Despite the tremendous excitement for the development of small EV-based
therapeutics, their clinical development is hampered by the lack of reliable methods for packing
therapeutics into them. Current methods involve packing small EVs with therapeutics after their
isolation from parental cells. The most common packing strategies include a) passive incubation
with isolated small EVs or b) active packing with transfection and electroporation. Studies using
electroporation reported <0.1% siRNA packing, attributed to siRNA precipitation'?, Similarly,
packing cholesterol-conjugated siRNA resulted in siRNA incorporation predominantly on the
surface of small EVs resulting in inefficient delivery?°*. Therefore, increased intracellular delivery
of sSiRNA can only be achieved by incorporating it inside intact small EVs. Many studies that have
observed an effect with small EVs packaged with siRNA could be due to the high physiological
doses of small EVs or excessive amounts of siRNA packed onto small EVs!?0:142200 Therefore,
whether small EVs are actually efficient at delivering their RNA cargo into target cells has not
been fully tested beside reports from our lab*®®. The main roadblock in advancing small EVs-based
therapy into the clinical settings is the lack of efficient, robust, and scalable methods for packing

siRNA molecules into small EVs.
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We were able to overcome this challenge by packing small EVs during their biogenesis
which required hijacking of the endogenous packing machinery of the parental cells in order to
produce small EVs that contain specific SIRNA molecule. We first tested the efficiency of small
EVs in delivering its SIRNA cargo into target cells in culture. The data presented in this thesis used
two independent methods to demonstrate that small EVs packaged with siRNA targeting o-
synuclein in the pre-miR-451 backbone efficiently reduced both endogenous a-synuclein mRNA
and protein expression levels in neuron-like SH-SY5Y cells (Figure 12B, C and Figure 15). Then,
using absolute quantification of sSiRNA and small EVs, we calculated the amount of a-synuclein
SIRNA molecules per small EVs required to silence a-synuclein mRNA levels. Our results
demonstrated that small EVs containing 1,240 copies of a-synuclein sSiRNA molecules per cell
were sufficient to silence ~60-70% endogenous a-synuclein mRNA expression in target cells. This
correlates with previous studies that have established that between 300 — 2,000 copies of a specific
siRNA are required to observe a specific gene knockdown in cultured cells818, Then, if our
small EVs at a dose of 1,240 siRNAs per cell can silence a target (Figure 13A), these small EVs
would appear to deliver a large proportion of their SIRNA cargo into the cytoplasm, compared with
~0.05 - 1% of siRNA reported for LNPs!84186.1% Thijs provides evidence that small EVs are highly
efficient delivery nanocarriers and have the ability to achieve biological functions in target tissues.

In addition, the average number of a-synuclein siRNA molecules per small EV was
determined to be around 0.0248. This number of SiRNA molecules per small EV is lower compared
to other studies. An absolute copy number average of one miRNA per EV to one miRNA per 100
EVs as well as one specific miRNA copy per 10® small EVs has been reported?°-208348 Reshke et
al. also reported from the pre-miR-451 hairpin, sSiRNA targeting GFP or SOD1 were enriched up

to one copy per small EV on average!'®. It is possible that the observed lower copy number in our

107



data was influenced by RNA-binding proteins (RBPs). RBPs have been observed to be associated
in the transit of most RNAs from the nucleus to specific cellular localizations, as well as
modulating RNA packaging into EVs2%234° Thus, there are more than 500 RBPs in mammalian
cells®? and about 25% of RBPs content has been reported to be presented in EVs?%, Therefore, it
could be an assumption that the pre-miR-451 containing a-synuclein siRNA has a sequence which
is bound by a RBP which retains it in the cytoplasm and limits its packaging into small EVs. This
further suggests the possibility that RBPs regulate these siRNAs by retaining them in the
cytoplasm of cells, ultimately leading to their low number observed in small EVs. However,
evidence is lacking regarding the distribution of these RBPs in small EVs population and their
specific role in loading RNAs into these vesicles®®*3°, To our understanding, there are also not
many studies illustrating the absolute number of siRNA molecules inside small EVs?°72% and our
data provides a contribution to this field. Of note, several studies have described subpopulation of
small EVs with different surface markers and size'#43%43%_ Therefore, another possibility could be
that one subpopulation of small EVs is more efficient in delivery their RNA content into the
cytoplasm while other subpopulation of small EVs get degraded by lysosomes inside the cell. As
a result, it is important to consider the absolute copy number of specific SIRNA per small EVs to
better determine the proper therapeutic sSiRNA dose required to silence a specific target gene and
to understand the endosomal pathway of siRNAs in the cytoplasm of target cells.

The BBB is composed of a protective layer of cells that shields the brain from toxins and
infectious agents, but it also restricts the entry of almost all therapeutic, including protein and
nucleic acid-based medicines and ~98% of small molecule drugs. Crossing the BBB and delivering
therapeutics to the CNS at therapeutic levels is a major challenge in the treatment of

neurodegenerative disorders, including PD. Current attempts to silence a-synuclein require 11 h
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infusions into the spinal cord (antisense oligonucleotide, lonis Pharmaceuticals)®® or direct
injection of adeno-associated virus into the brain (Voyageur Therapeutics)®*’. Finding a delivery
approach that is non-invasive and allows for maximum effectiveness is important for successful
treatments in brain. To date, the main approach to deliver therapeutics across the BBB is to utilize
endogenous transport mechanisms. Small EVs have been shown to express a selected number of
parent cell-derived surface proteins®*®**° some of which are tissue specific relating to the cell
source. In this study, we prepared and utilized small EVs derived from hCMEC/D3 and HEK293T
cells. The hypothesis was that small EVs derived from brain cells would more likely display brain-
specific surface molecules for a more effective delivery across the in vitro BBB model.

Even though the amount of small EVs produced by brain cells has been reported to be
slightly variable®>®3%, the size and concentration of small EVs derived from hCMEC/D3 were
consistent throughout this study, shown using Nanoparticle Tracking analysis (NTA) on the
Zetaview® (Figure 9). Our data demonstrated that hCMEC/D3-derived small EVs had greatly
enhanced internalization by iBECs, around 4% of small EVs derived hCMEC/D3 cells were
detected in the abluminal side of the transwell system after 24 h; substantially more than small
EVs from HEK293T (2%). A major limitation of our data is that these calculations are based on
the detection of fluorescent signal from Cell tracker dye alone at different point times. However,
we observed that iBECs showed a ~74% reduction in a-synuclein mRNA levels using HEK293T-
derived small EVs containing a-synuclein siRNA, while these small EVs did not reduce a-
synuclein mRNA levels in the neuron-like cells seeded in the lower chamber. In contrast,
hCMEC/D3-derived small EVs containing a-synuclein siRNA integrated in the pre-miR-451
backbone showed approximately 40% a-synuclein knockdown at the mRNA level in neuron-like

cells at the far side of the BBB (lower chamber). Therefore, small EVs (hCMED/D3) were
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available to transcytose across the iBECs in order to reach the abluminal side and deliver its content
to neuron-like cells in the lower chamber, while the HEK293T-derived small EVs did not. This
suggests that small EVs from both cell lines were internalized by iBECs but their transcytosis
mechanism across the barrier formed by iBECs could possibly be different. Further experiments
need to be performed to solidify these findings such as inhibiting or labeling specific markers of
early/late endosomes to better understand intracellular trafficking of small EVs in iBECs. As well
as, tracking and locating a specific SIRNA sequence packaged into small EVs inside the iBECs
using fluorescence in situ hybridization (FISH). Additionally, this in vitro transwell model does
not include astrocytes and pericytes (NVU cells); therefore, it has a limited application, lacking
both the BBB’s physical structure and brain microenvironment. Therefore, the reliability of these
results can be measured using the combination of other models including microfluidic BBB models
and/or brain-on-a-chip models. Notably, small EVs even from the same cell type can be
heterogeneous and have differences in size and surface membranes proteins®!. Therefore,
multiple mechanisms may be involved in small EVs uptake at the BBB.

As mentioned in previously, there are different transport routes across the BBB (Figure 2).
Our data alone is not sufficient to specifically determine a route for the transport of small EVs
through the in vitro BBB model. Therefore, with the incorporation of previously published studies
into our results, we will discuss the possible transport routes of HEK293T- and hCMEC/D3-
derived small EVs across the iBECs.

Firstly, the percentage uptake of HEK293T-derived small EVs was lower compared to
hCMED/D3-derived small EVs, as well as HEK293T-derived small EVs did not show reduction
of endogenous a-synuclein in the neuron-like cells seeded in the lower chamber. This could

indicate the possibility that HEK293T-derived small EVs did not passively diffuse through TJs
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and cross the IBECs via paracellular diffusion route. Interestingly, it has been showed that under
inflamed conditions (addition of activated TNF-a., a proinflammatory cytokine) mimicking stroke-
like pathology, the small EVs can cross the in vitro BBB by paracellular diffusion route®2. Using
the same model, they showed that in the absence of TNF-a, small EVs were not found in the
abluminal side of the model, indicating the effects of CNS diseases in the transport route or
efficiency of small EV transport through the BBB%2. Further, it has been reported that TNF-o
significantly downregulates BBB specific surface markers including VE-cadherin, ZO-1, and
claudin-5 and translocates them from on the luminal side to the cytoplasmic side of BECs®2, It
has yet not been reported that small EVs can cross BBB through the paracellular transport route
under normal conditions?®2,

Another possible transport mechanisms that could be involved is receptor-mediated
transcytosis (RMT). Small EVs play an important role in cell-to-cell communication. Therefore,
the surface of small EVs has been demonstrated to be enriched in cell-targeting adhesion molecules
(e.g., tetraspanins and integrins), antigen-presenting molecules (e.g., major histocompatibility
complex class | and 1), and membrane trafficking proteins®®3. Beside these common surface
markers, small EVs can also carry cell type specific surface proteins found on the plasma
membrane of the cell source. Noteworthy, the differential transcytosis observed in Figure 14 and
Figure 15 could possibly be due to the presence of specific receptors on small EVs derived from
hCMEC/D3 mediating homotypic interactions via binding to ligands on iBECs compared to
HEK?293T-derived small EVs. This could suggest a possible RMT pathway. This assumption can
be supported by previous observation that brain endothelial small EVs contained several receptors
which has been reported to carry BBB specific surface markers including transferrin receptor

(TfR), the low-density lipoprotein (LDL) receptor related proteins (LRP), cell cycle control protein
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50A (TMEM30A/CDC50A), and Fc-Binding Proteins (e.g., FcyBP)103364386 - Ag well, this
assumption correlates with previous studies where the difference in the distribution of small EVs
was dependent on their cellular origin®¥’,

Even though, the transcytosis mechanisms deployed by small EVs to traffic through the
BBB is still not clear, there have been a couple of studies suggesting the potential of small EVs to
use the RMT pathway. For instance, a study showed macrophage-derived small EVs internalized
by hCMED/D3 cells in vitro in a saturable manner using various pathways including clathrin-
/caveolae-mediated transcytosis, implying a possible RMT pathway>¢”. These macrophage-derived
small EVs inherited integrin lymphocyte function-associated antigen 1 (LFA-1) from their parental
cells, a protein that interacts with endothelial carbohydrate-binding C-type lectin receptors
(ICAM-1) and regulates their internalization across the BBB*’. More importantly, the LFA-1 and
ICAM-1 also mediated cellular uptake of these macrophage-derived small EVs in hCMEC/D3
cells %7, This indicates a potential mechanism of endocytosis mediated by the interaction of LFA-
1 and ligand ICAM-1, which have been shown to be expressed on macrophages-derived small EVs
and hCMEC/D3 cells, respectively®2. Additionally, an in vitro study showed that the inhibition of
clathrin-dependent endocytosis by pre-treatment of brain endothelial cells with
chlorpromazine and a Cdc42/Racl GTPase inhibitors, significantly decreased the uptake of breast
cancer-derived small EVs!®, In addition, these authors further confirmed these findings by
showing that the small EVs partially colocalized with transferrin, a marker of clathrin-dependent
endocytosis. Kuroda et al. investigated the mechanism of binding and internalization of PKH67-
labeled small EVs derived from brain-metastatic cancer cell line (SK- Mel-28) in hCMEC/D3
cells. CD46 was determined to be a major receptor for SK-Mel-28 derived small EVs in vitro

uptake®®®, indicating a RMT pathway.
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All these studies and our data suggest that the mechanism of uptake of small EVs by the
brain is a selective process which potentially is dependent on the different properties of small EVs,
specifically on the interaction between surface receptors in small EVs and ligands in BECs.
However, the specific mechanism(s) of such transport are not well understood and the evidence
regarding the interaction of small EVs with the BBB has limitations. Some limitations of these
studies mentioned above include: (i) lack of in vivo evidence, (ii) lack of proper labeling methods
to track small EVs trafficking (e.g., PKH, a lipophilic dye, can form self-aggregates and micelles
leading to generation of a false signal of small EVs), (iii) quantification of the exact number of
small EVs crossing the BBB and (iv) usage of cancer cell-derived small EVs. For example, it has
been shown that cancer cell-derived small EVs can express tropism to their parental cells, limiting
their interaction to non-cancer cells®®. Then, if we consider the fact that receptor-mediated
transcytosis (RMT) could be the only and significant approach for the delivery of small EVs
through the BBB, therefore the direct interaction and affinity of small EVs to the luminal surface
of BECs should be explored. There is a need to understand this field better and further studies will
be needed to determine the significance of these findings.

As mentioned above, small EVs have the natural ability to cross the BBB. Several studies
have reported that a large amount of systemically injected small EVs rapidly accumulate in the
liver, spleen, lung, and kidney tissues®*’. This is due to quick renal clearance out of the system,
extensive capillary networks and specialized immune cells with phagocytic receptors®™.
Therefore, we compared two different routes of administration, IV or ICD injection, using small
EVs produced by hCMEC/D3-derived small EVs. We observed that despite the difference in
routes of administrations, the biodistribution of small EVs for both routes, was largely to the liver,

spleen, small intestines, and kidneys; and only a small amount of small EVs were detected in the
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brain. Although we observed a 4% uptake of hCMEC/D3-derived small EVs with a 40%
endogenous a-synuclein reduction in neuron-like cells using an in vitro transwell system, a large
fraction of small EVs were retained in the peripheral circulation following systemic injection into
mice and ultimately cleared out of the system.

Recent studies have demonstrated that small EVs can be decorated with targeting ligands
that specifically direct small EVs to the CNS and facilitate their crossing across the BBB. The
pioneering study by Alvarez-Erviti et al. used engineered small EVs for brain-targeted delivery of
BACEL siRNA (electroporated into small EVs) to the CNS'?°, To do so, they enhanced the
targeting properties of small EVs by transfecting the parental cells with a plasmid encoding
Lamp2b, an EVs membrane protein, fused with RVG peptide. The parental cells produced
engineered small EVs with the targeting peptide on their surface, resulting in an increased brain
small EV's accumulation after IV administration. Hung et al. used an improved version of targeted
small EVs by introducing a glycosylation motif (GNSTM) on their surface®*. Engineered
Lamp2b-GNSTM-RVG-small EVs isolated from parental cells showed an enhanced accumulation
in brain tissue after 1V injection compared to unmodified small EVs. Therefore, Lamp2b has been
utilized to modify small EV surface by genetically modifying parental cells to treat different CNS
disorders. Specifically, systemic administration of engineered RVG small EVs packed with miR-
124 by electroporation showed an increase in cortical neural progenitors, resulting in protection
against ischemic injury - in a mouse stroke model*’2. Accordingly, a phase 1/2 clinical trial testing
mesenchymal stromal cell (MSC)-derived EVs packed with miR-124 is underway for the treatment
of acute ischemic stroke (NCT03384433).

Beside using parental cell genetic modification, post-isolation approaches for small EV

surface modification for CNS therapy have been implemented. As mentioned previously, targeting
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natural BBB receptor on the luminal surface of BECs is an alternative approach to increase
transcytosis of small EVs across the BBB. Ye et al. conjugated a KLA-LDL on small EVs surface
by using a simple coincubation with the peptide of interest®”. LDL binds to LDL membrane-bound
receptors present on the luminal site of the BECs promoting RMT while KLA is a pro-apoptotic
peptide which promotes anti-glioma formulation. In this study, they showed that IV injected KLA-
LDL conjugated small EVs encapsulated with methotrexate was observed to achieve an increase
of these target small EVs in the glioma site ultimately showing an increased in the survival period
of mice bearing a glioma. In another study, Tian et al., conjugated cyclo(Arg-Gly-Asp-D-Tyr-Lys)
peptide c(RGDyK) on MSC-derived small EVs surface using orthogonal copper-free azide alkyde
cyclo-addition (click chemistry)3’*. This peptide ¢(RGDyK) has a high affinity to integrin a,bs
which is overexpressed in BECs after ischemia. After IV administration of ¢(RGDyK) small EVs
packed with curcumin, they showed a suppression in the inflammatory response and cellular
apoptosis in the ischemic region. Even though the capacity of ¢(RGDyK)-conjugated small EVs
to bind endothelial integrins (avbs) at the luminal surface increased, these data was dependent on
the overexpression of avbz during pathological conditions. This leads to the possibility that
c(RGDyK)-conjugated small EVs get internalized either by interacting with endothelial integrins
(avbz) using RMT and/or non-specific paracellular transport after the BBB disruption. However,
performing pharmacokinetic analyses would be essential to address the elimination of modified
small EVs following injection into the blood circulation. Whether the cellular intensity of
integrins/receptors in different tissue endothelial cells contributes to the removal of modified small
EVs, even before BBB crossing, is another issue that requires further consideration. Therefore,

decorating small EVs by either genetically modifying their parental cells or conjugating small EVs
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post-isolation with targeting ligands can be useful to develop therapeutic small EVs for the

targeting of diseased CNS sites.
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Figure 18. Proposed transport mechanism of hCMEC/D3-derived small EVs across the in
vitro iPSCs BBB Transwell model. Overview of the in vitro human BBB model which consists
of endothelial cells (iBECs) generated from proprietary amniotic fluid-derived induced pluripotent
stem cells (iPSCs). It is assembled where iBECs are seeded in the upper chamber (luminal side)
and human differentiated neuron-like cells (SH-SYS5Y) in the lower chamber (abluminal side) of
a 24-well transwell system. Isolated small EVs derived from human immortalized cerebral
endothelial (hCMEC/D3) were placed in the upper chamber of the transwell system and after 24 h
incubation, they showed an approximate 4% uptake across the iBECs. This suggests a potential
homotypic interaction between specific receptors on the surface of small EVs derived from
hCMEC/D3 and ligands on iBECs compared to HEK293T-derived small EVs (2% uptake),
suggesting a RMT pathway. After internalization the specific endosomal pathway of small EVs is
not well understood, however these small EVs derived from hCMEC/D3 were available to reduce
endogenous a-synuclein mRNA level in the neuron-like cells seeded at the lower chamber.
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Even though we demonstrated that small EVs can cross the in vitro BBB transwell model,
there are limitations to this study, and in general in the field of small EVs and BBB. The main
current limitations include scale-up of small EVs production, yielding a high purified small EVs
population, proper standardization for isolation and characterization protocols, poor/low packing
efficiency, tracking small EVs in vivo, pharmacokinetics and poor understanding of transcytosis
mechanisms3337°376 Therefore, there are necessary steps that must be taken into consideration
before studying small EVs-based drug delivery to the CNS. Firstly, it is important to demonstrate
how to reduce the non-specific biodistribution of small EVs to other tissues and how to specifically
direct them to the diseased area in the brain. Secondly, the lack of in vivo evidence for small EVs
trafficking mechanisms across the BBB is a big gap in the field since there have been studies
reported that NVU cells (pericytes, astrocytes, microglia, and olidodendrocytes) can uptake the
small EVs after their crossing the BECs®””. This limits the amount of small EVs that can actually
reach the specific target brain region. The mechanisms by which small EVs are internalized by
these NVU cells have not been yet identified. Therefore, beside the specific interaction of small
EVs with different NVU cells, it should also be important to determine the mechanism(s) with the
addition of different cell types to mimic the NVU under pathological conditions in order to develop
a better therapeutic approach. Lastly, another challenge that needs to be addressed more thoroughly
is the ability of small EVs to migrate to remote areas in the brain after crossing the BBB, more
specifically deep brain regions for neurodegenerative disorders like the SNpc for PD.

Overall, our findings suggest that small EVs-derived from hCMEC/D3 indeed cross the
IBECs more efficiently and highlights the possibility of various transcytosis mechanisms involved

according to the parental cell from where the small EVs are derived. As well, we showed the
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potential of small EVs to deliver and reduce mRNA levels of endogenous a-synuclein using the
pre-miR-451 backbone strategy to package small EVs with siRNA against a-synuclein. It is
important to note that this in vitro process does not fully recapitulate developmental BBB
transcytosis. Dedicated studies involving fluid flow, shear forces, and tissue microenvironment are
required to further develop this system for more advanced diseases modelling and therapeutic
application. In accordance with previous studies and our data, small EVs could be considered as
nanocarrier vehicles for drug delivery to the brain parenchyma. Therefore, understanding the
various possible mechanisms of small EVs passing through BBB and related challenges could help
the field to investigate the small EVs — BECs interaction(s) on the surface of BBB and further
facilitate small EVs crossing ultimately resulting in an increased efficiency of the drug delivery to
the abluminal side of the BBB. Although this assertion requires further confirmation, the
possibility remains that tissue-specificity of delivery could be improved by using autologous tissue
small EVs. Therefore, hCMEC/D3-derived small EVs could potentially be exploited as brain-

selective nanocarriers for therapeutic delivery across the BBB.
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CONCLUSION & FUTURE DIRECTION

The main aim of this project was to test the ability of small EVs packaged with a-synuclein
SiRNA integrated into the pre-miR-451 backbone to efficiently be delivered to neuron-like cells
and knockdown a-synuclein in vitro by direct treatment or using human in vitro BBB model. The
data obtained has shown a reduction of endogenous a-synuclein at the mRNA and protein level
specifically in human SH-SY5Y neuron-like cells. This demonstrates a potential opportunity to
silence toxic genes in neurodegenerative disorders. Although, there was also evidence that small
EVs derived from human brain endothelial cells cross the in vitro BBB, it is important to highlight
that this approach cannot truly recapitulate the complex anatomical and functional relationships of
the NVU or in vivo pharmacokinetic distribution. Therefore, a next step could potentially be to
evaluate the crossing of these small EVs in vivo in transgenic mouse models of PD. As well, to
increase small EV penetration into the brain parenchyma, the small EV surface could potentially
be engineered with BBB-crossing specific receptors®® (FC5 or IGF1R) to further increase the
uptake and transcytosis and the amount of small EVs that reaches a target brain region. Overall,
this method has the potential to overcome the limitation of inefficient packing of small EVs with
siRNA, which hinders small EVs research and could help to bring small EV-based therapeutics
one step closer to clinical use for treating neurodegenerative disorders. These results indicate that
human brain endothelial cells may serve as a promising cell source for small EVs-based CNS

treatments.
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