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Abstract

Spinal Muscular Atrophy (SMA) is a genetic neuromuscular disorder caused by
homozygous mutation or deletion of the survival motor neuron 1 (SMN1) gene,
leading to a low quantity of SMN protein in cells. This depletion of SMN protein
preferentially leads to death of motor neurons and, consequently, muscle atrophy,
in addition to defects in many other peripheral tissues. Although several disease-
modifying therapies for SMA exist, there is no cure, and new therapies need to be
developed. SMN protein is naturally loaded into extracellular vesicles (EVs), which
are sub-micron-sized, membrane-bound particles released from all cell types and
found in all bodily fluids. The innate ability of EVs to deliver cargo to recipient cells
has caused these vesicles to gain interest as therapeutic delivery vehicles. In this
thesis, | explore EVs as a delivery vehicle of SMN protein. The work presented
herein demonstrates that adenovirus-mediated overexpression of SMN protein in
HepG2 cells leads to the release of EVs loaded with high levels of SMN protein into
conditioned medium. Application of this medium to recipient cells in tissue culture
led to uptake of the SMN protein, which subsequently transited to the nucleus and
co-localized with Gemin2 protein, forming nuclear gem-like structures similar to the
native SMN protein. This work demonstrates that SMN protein can be delivered to
cells through EVs, however SMN protein-loaded EVs would likely need to be
administered on a daily basis to maintain a therapeutic threshold of SMN protein.
Thus, | built upon this work by utilizing a gene therapy approach to engineer the liver
of mice to release extracellular vesicles enriched with SMN protein, facilitating
systemic distribution of the protein throughout the animal. The findings contained

within this thesis demonstrate a viable approach to achieve body-wide distribution



of SMN protein, which could be utilized as a potential therapeutic strategy to treat
SMA. This approach could be used to deliver numerous therapeutic cargoes,

holding promise as a potential therapy for patients presenting with diverse diseases.
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Chapter 1: General Introduction



Spinal muscular atrophy (SMA) is a devastating neuromuscular disorder that can be
fatal without treatment for patients with severe disease. SMA pathogenesis is
caused by low cellular levels of survival motor neuron (SMN) protein. There are
several therapies available for treatment of SMA that each focus on increasing
cellular levels of SMN protein, however, they are not without limitations. The Parks
lab previously showed that SMN protein is naturally contained within extracellular
vesicles (EVs). EVs are membrane-bound particles released from virtually all cell
types that have gained attention as therapeutic delivery vehicles. Thus, this thesis
explores the potential of EVs as delivery vehicles of SMN protein, offering a novel
therapeutic strategy for treatment of SMA.

1.1 Spinal Muscular Atrophy

SMA is a genetic neuromuscular disorder characterized by a loss of the alpha
motor neurons of the spinal cord and progressive muscle weakness and atrophy”.
Muscles of the trunk and proximal limbs are most affected in SMA and can include
those involved in breathing®. In severe forms of the disease, death occurs due to
respiratory distress'2. The disorder was initially described at the end of the 19"
century by Werdnig® and Hoffmann?, and the causative gene was identified 100
years later®. SMA has a ~1 in 54 pan-ethnic carrier frequency® and a prevalence of
~1 in 15 000 live births”. Several therapies are available for treatment of SMA%°,
however there is no cure for the disease.

1.1.1 Genetics
The vast majority of patients (~95%) who have SMA are diagnosed with 5g-

dependent SMA (referred to as “SMA” in this text), an autosomal recessive disorder



caused by a homozygous mutation or deletion of the survival motor neuron 1
(SMN1) gene™ (Figure 1.1). The SMN1 gene contains nine exons — 1, 2a, 2b, 3, 4,
5, 6, 7, and 8, the last of which remains untranslated®'2. Transcription of SMN1
produces SMN1 messenger ribonucleic acid (mMRNA), which is then translated to
full-length SMN protein, and thus cellular levels of this protein are depleted in SMA™.

Humans have two paralogous genes present on chromosome 5q13, SMN1
and SMN2, that have a key difference: a C-to-T base-transition at position 840 in
SMN?2 relative to SMN1'314, This silent point mutation corresponds to position 6 of
exon 7, consequently leading to the majority of SMN2 mRNA transcripts to skip exon
7, and thus most of the protein produced by SMNZ2 is truncated and less stable than
full-length SMN protein'®16, Importantly, SMN2 can produce ~10% of the full-length
SMN protein produced by SMN1'4, however this level of SMN protein is unable to
fully compensate for the loss of SMN1. SMNZ2 is variably amplified in humans, and
higher levels of SMN protein within cells positively correlates with greater copies of
SMN2'7.18  Most likely due to this increased level of SMN protein in cells, more
copies of SMN2 commonly leads to less severe disease for a patient with SMA'81°,
1.1.2 SMN Protein

Full-length SMN protein is 294 amino acids in length, and is present in both
the nucleus and cytoplasm of cells (Figure 1.1)2%2'. In the nucleus, SMN protein is
present in structures called gemini of Cajal bodies (gems). These structures are
located adjacent to other nuclear structures called Cajal bodies, which contain a
high concentration of spliceosomal small nuclear ribonuclear proteins (snRNPs) and

coilin protein??24. A decrease in cellular levels of SMN protein is associated with a
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Figure 1.1 The SMN1 and SMN2 genes, mRNA transcripts, and protein
products. Humans have two highly homologous genes, SMN1 and SMNZ2.
Following transcription of SMN1, pre-mRNA is spliced to produce mRNA transcripts
containing exons 1, 2a, 2b, 3, 4, 5, 6, 7, and 8. This mRNA, except mRNA from exon
8 which is in the 3’ untranslated region (UTR), is translated to produce full-length
SMN protein. In contrast, the SMNZ2 gene has a critical C-to-T nucleotide transition
at position +6 of exon 7. This transition leads to the majority of mRNA transcripts
from SMNZ2 to be spliced without exon 7, leading to the translation of SMNA?7 protein,
which does not possess the 16 C-terminal amino acids of full-length SMN protein,

and has an additional four amino acids (EMLA) translated from exon 8. Figure

generated with BioRender. Adapted from Butchbach 201678,



decrease in number of nuclear gems in cells derived from SMA patients?'?® and
other SMN-depleted cells?®?’, and an increase in SMN protein level increases
nuclear gem number?8.2°,

SMN protein self-associates and also associates with Gemin proteins 2-8 and
Unrip to form the SMN complex, a multiprotein complex crucial for assembly of the
snRNPs essential for pre-mRNA splicing#3%-34, In the cytoplasm, the SMN complex
binds to Sm proteins and small nuclear RNAs (snRNAs), then assembles seven Sm
proteins in a heptameric ring on the uridine-rich site of sSnRNAs, forming the building
blocks of the snRNPs that make up the spliceosome?®-3¢. The SMN complex is also
thought to be involved in small nucleolar RNP (snoRNP) assembly, which are
involved in post-transcriptional processing and modification of ribosomal RNA
(rRNA) in the nucleolus®”-38. SMN protein may also be involved in the biogenesis of
telomerase, a RNP complex that elongates telomeres by adding repeat sequences
at chromosomal ends3®4'. Furthermore, SMN protein has been shown to play a role
in numerous cellular functions, such as mMRNA transport*>43, translational
regulation*?444%  resolution of R-loops in genetic terminal regions*é, actin
dynamics*’8, endocytosis*®-%', and mitochondrial function32-%4. Although there are
many functions of SMN protein, the precise role of the protein that leads to SMA
pathogenesis remains unknown.

SMN protein contains several protein motifs (Figure 1.1). Exons 2a and 2b
encode the basic domain, a nucleic-acid binding domain that is the binding site of
Gemin2%-% p5357 and COPI® proteins. Downstream of this domain is the Tudor

domain, which is encoded by exon 3 and interacts with a large number of proteins



that contain RGG/RG motifs5®®, The Tudor domain interacts with numerous
proteins, including coilin®', histone 3%, GAR1%, fused in sarcoma (FUS)®,
fibrillarin®’, Ewing’s sarcoma (EWS)®, Sm proteins®>, and the carboxy terminal
domain (CTD) of RNA polymerase 16. A proline-rich sequence downstream of the
Tudor domain interacts with profilin proteins that are involved in actin dynamics®®.
Close to the C-terminus is the YG box, characterized by a YxxG motif and is
encoded by a downstream region of exon 6 and an upstream region of exon 75768,
This region, along with the 16 most-C-terminal amino acids of SMN protein,
facilitates self-oligomerization, which is required for stability and subcellular
localization of the protein®”-6%.70, The C-terminal region of SMN protein interacts with
several proteins, including Gemin3”", zinc-finger protein (ZPR1)2, SIN3A’3, and
trimethylguanosine synthase 1 (TGS1)’. Also in the C-terminal region is an amino
acid residue that regulates protein stability through phosphorylation”, and a
QNQKE motif that acts as a nuclear export signal’®.

The majority of mMRNA generated from transcription of SMN2 lacks exon 7,
and is subsequently translated to produce a truncated isoform of SMN protein
lacking the region encoded by exon 7, termed SMNA?7 protein®. This isoform cannot
perform all of the functions of full-length SMN protein, and demonstrates
impairments in oligomerization®” and binding of key protein partners such as Sm
proteins’’. Skipping of exon 7 leads to a EMLA motif encoded by exon 8 to be added
to the C-terminus of the protein’®, which has been shown to act as a degradation
signal®. Indeed, SMNA7 protein is less stable than full-length SMN protein, with

~50% of the half-life of full-length SMN protein in vitro'®%°. Both full-length SMN and



SMNA?7 proteins are degraded by the ubiquitin-proteasome system, however full-
length SMN protein has been shown to be mostly mono- or di-ubiquitinated, whereas
SMNAY protein can be highly ubiquitinated and thus more vulnerable to proteasome
degradation’®. Although 10-15% of healthy people do not have any copies of the
SMN2 gene and thus no SMNA7 protein®, the protein is not non-functional.
Expression of SMNA7 protein modestly increased survival in mice entirely lacking
full-length SMN and Smn proteins, indicating that this protein does have a function’®.
Although the exact function of SMNA7 has yet to be fully elucidated, it is clear that
this isoform cannot perform all of the functions of full-length SMN protein.

1.1.3 Clinical Manifestation

1.1.3.1 Classification of SMA

SMA is classified into five types based on age of onset and motor function
achieved®’. Skeletal muscle weakness is the common feature of all SMA subtypes.
Infants with SMA type 0 represent the youngest of patients, with onset occurring in
utero. Life expectancy of patients with SMA type 0 is reduced drastically, with most
not surviving past 6 months of age. These infants present with severe hypotonia,
weakness, respiratory impairment, areflexia (the absence of deep tendon reflexes),
facial septal defects, and joint contractures® 8. SMA type 1, also called Werdnig-
Hoffmann disease, is the most common type of SMA, accounting for approximately
50% of SMA diagnoses. Children with SMA type 1 never achieve the ability to sit,
and present with severe hypotonia and weakness. The age of onset is between birth
and 6 months of age, and most infants succumb to respiratory failure before they

reach age two without treatment?8485. The onset of SMA type 2 is later, with



symptoms appearing between 7 and 18 months of age. These patients achieve the
ability to sit without any assistance, but never acquire the ability to walk due to
significant proximal weakness. An individual with SMA type 2 typically survives into
adulthood but may have a shortened life span compared to normal®’. SMA type 3,
also known as Kugelberg-Welander disease, has an onset after 18 months of age.
These individuals are able to sit and walk unassisted early in life, however
approximately 50% of people with SMA type 3 who had a disease onset <12 years
of age will lose the ability to walk in their second decade of life®. Patients with SMA
type 3 typically have a normal lifespan®'. The least severe form of the disease is
SMA type 4, which has an adult onset, and presents with weakness and some
impairment of daily activities®’.

In recent years, people living with SMA have been described as “non-sitters,”
“sitters,” and “walkers” based on their motor status®. The shift from describing
patients as SMA type 0-4 to these new classifications is due to changing disease
trajectory with the availability of disease-modifying therapies in the last decade®’.
For example, two patients who would have been diagnosed with SMA type 1 may
have very different needs based on how well they respond to treatment. A “non-
sitter” is someone who has never sat independently, and mainly includes children
that fit the SMA type 1 or 2 diagnostic criteria®®. These patients have muscle
weakness in their upper bodies, limbs, and faces, and show no reflexes. “Non-
sitters” likely have difficulty breathing and swallowing and may require ventilation. In
this group, contractures and scoliosis are common. A “sitter” is a person who can sit

independently for at least 10 seconds (s)%. People living with SMA type 2 or 3, as



well as patients with SMA type 1 who received treatment early, are commonly
members of this group. “Sitters” typically have weak muscles in their upper arms
and legs and generally show no reflexes®®. These patients may develop
contractures and scoliosis and may have difficulty breathing. A “walker” is described
as someone who can walk unassisted for at least 10 minutes (m) and can represent
a patient who would have been diagnosed with SMA type 3 or 4, or patients with
SMA types 1 or 2 who were treated pre-symptomatically®®. These people may
experience some difficulty swallowing and breathing, have weak reflexes, and
muscle weakness in their upper limbs.

1.1.3.2 SMA as a Multisystem Disease

SMA is characterized by the loss of the alpha motor neurons, leading to
skeletal muscle atrophy and weakness®. Alpha motor neurons, also called lower
motor neurons, have cell bodies located within the ventral horn of the spinal cord
and the brain stem, with axons extending outside the central nervous system (CNS)
to innervate extrafusal muscle fibres to initiate contraction®'. The proximal and
intercostal muscles are most affected in SMA, whereas the diaphragm and distal
muscles are less severely affected’%%2, In severe forms of the disease, intercostal
muscle weakness leads to poor clearance of respiratory secretions, decreased lung
capacity, nocturnal hypoventilation, and respiratory failure®®. Histopathology of
tissue collected from patients with SMA reveals atrophic fibres with areas of
hypertrophic fibres in the skeletal muscle and a severe loss of motor neurons in the
spinal cord®*-°6. This is coupled with electromyography (EMG) demonstrating

changes of fibrillation potentials, indicative of active denervation, and enlarged



motor unit action potentials (MUAPs), in addition to low motor unit number
estimation (MUNE) scores, indicating alpha motor neuron loss®97-9°_ Additionally,
repetitive nerve stimulation studies have demonstrated neuromuscular junction
dysfunction in patients with SMA, which can cause muscle weakness and fatigue'%-
192, Furthermore, there are many peripheral tissues defects that have been noted in
preclinical models with low SMN protein levels, and in clinical studies (Figure 1.2).

Defects in the brain have been noted in severe models and cases of SMA. A
study of three infants with SMA type 0 documented progressive, supratentorial brain
atrophy characterized by severe white matter reduction and hippocampal atrophy
visible by magnetic resonance imaging (MRI)'%3. Brains of a severe mouse model
of SMA that have very low levels of SMN protein were significantly reduced in size
and weight compared to healthy littermates at a symptomatic stage’®*. Similar to
observations in humans, hippocampus size and cell density within the hippocampus
of affected mice were significantly decreased compared to healthy littermates. A
study that examined the brains of patients with SMA types 1, 2, and 3 found that
43% of these patients had macrostructural brain abnormalities compared to 10% of
healthy controls'®. The most common structural abnormalities were supratentorial
ventriculomegaly and widening of arachnoid spaces, and patients with SMA type 1
had the highest rate of these abnormalities and the largest lateral ventricle volume.
A similar study reported white and grey matter abnormalities in patients with SMA
type 2 or 3 compared to healthy controls'%.

Cardiac defects have been noted in several mouse models of SMA. Severe

mouse models of SMA have exhibited arrhythmia, bradycardia, dilated cardiomyo-
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Figure 1.2 Primary tissue pathology and peripheral tissue defects
documented in patients with SMA, and mouse and cell culture models of SMA.
SMA is characterized by the death of alpha motor neurons, which leads to skeletal
muscle weakness and atrophy. Defects in tissues of the lungs, heart, liver, pancreas,
intestines, testes, vasculature, spleen, skeletal muscle, thymus, and brain have
been documented in patients with SMA and models of the disease. Figure generated
with BioRender. Adapted from Yeo and Darras (2020)%.
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pathy, decreased cardiac contractility, interstitial fibrosis, and an overall decrease in
cardiac function'9-110, In a study of 65 infants with SMA, three of four (75%) patients
with 1 copy of SMN2 had atrial or ventricular septal defects, whereas no major
cardiac defects were noted in infants with 2 or 3 copies of SMN2'"".

The liver has also been shown to be impacted in SMA. Patients diagnosed
with SMA are susceptible to developing dyslipidemia and fatty liver (steatosis)'2113.
In some cases, steatosis has been shown to persist in patients with SMA types 1, 2,
or 3 who are taking therapeutics for SMA'4. Similarly, mouse models of SMA have
also exhibited dyslipidemia and steatosis''>'"5. Hepatocyte-like cells derived from
SMA patient induced pluripotent stem cells (iPSCs) also showed increased lipid
accumulation, and dysregulation of genes implicated in several processes, including
those involved in metabolic function, lipid metabolism, gluconeogenesis, drug
metabolism, and fatty acid oxidation'4.

Respiratory complications are common in patients with SMA due to
weakness of respiratory muscles''®, however lung tissue may also be impacted by
low levels of SMN protein. Lung tissue of a severe mouse model of SMA exhibited
emphysema, ruptured alveolar septa, and enlarged alveolar spaces compared to
control'7,

Lymphoid organs have also been demonstrated to be affected in SMA. In a
severe mouse model of SMA, the spleen is significantly smaller, is missing a
capsule, lacks white pulp, and has significantly fewer B lymphocytes than healthy
littermates™®. In this study, low levels of B lymphocytes in the spleen were

accompanied by low circulating levels of B lymphocytes. In a similar study, the
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spleens of a less severe SMA mouse model were also smaller than control and
exhibited little white pulp and a mislocalization of immune cells''®. In these mice, the
thymus was overall smaller than control and had a much smaller cortex relative to
medulla. Both the thymus and spleen had abnormal cytokine profiles in this model.
Another study found that red pulp macrophages in the spleen, which are involved in
iron metabolism and phagocytosis of pathogens in the blood, were significantly
reduced in mouse models of SMA'2°, Several abnormalities have been noted in
spleens of patients with SMA type 1, including accessory spleens and congested
red pulp8.

Structure and function of the kidney may also be impacted in SMA. In patients
with SMA type 1, findings of medullary calcifications along collecting ducts and
medullary interstitial fibrosis were reported, along with glomerular and tubular
changes in some patients'?'. Granular casts and amorphous crystals present in the
urine of these patients are indicative of kidney injury and suggests these patients
had impaired kidney function. Children with SMA type 1 have also been identified
as having an increased risk of kidney stones (nephrolithiasis)'?2. In a severe mouse
model of SMA, kidneys were smaller, with significantly reduced nephron number
and renal vasculature, and exhibited dysregulation of nephrin and collagen V%3,
Levels of glial cell-derived neurotrophic factor (GDNF), required for nephron
development, were significantly reduced in affected mice compared to control.

Glucose metabolism and pancreatic defects have been documented in a
mouse model of SMA. Compared to wild type mice, these mice have an increased

number of glucagon-producing a-cells and decreased number of insulin-producing
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B-cells, and consequently display fasting hyperglycemia, hyperglucagonemia, and
glucose resistance'?*. Interestingly, heterozygous littermates of this SMA mouse
model that do not present with neuromuscular pathology display an increased
number of B-cells, hyperinsulinemia, and weight gain compared to wild type mice
following a high fat diet, indicating that even mildly reduced levels of Smn protein
can have an impact on the pancreas'?. In patients with SMA type 1, abnormal islet
composition has been reported, where islets were overall disorganized and/or had
an increased number of a-cells'?*. Greater prevalence of hyperglycemia and insulin
resistance have been reported in both pediatric and adult patients with SMA
compared to the general population'26-128

In mouse models of SMA, gastrointestinal and enteric nervous system (ENS)
dysfunction has been reported. These animals exhibited constipation, delayed
gastric emptying, slow intestinal transit, and reduced colonic motility, which was
likely caused by observed disrupted ENS signalling to smooth muscle of the
colon'?. Another study of an SMA mouse model demonstrated shorter bowel and
small intestine villi lengths compared to control, in addition to decreased vascular
density and increased enteric neuron number in the small intestine'°. Impaired
feces excretion and reduced fibre size of the colon smooth muscle cells have also
been identified in a mouse model of SMA'™'. Patients with SMA commonly
experience a variety of gastrointestinal complications, including delayed gastric
emptying, constipation, abdominal distention, and gastroesophageal reflux'32133,

In SMA, atrophy of skeletal muscle is known to be caused by denervation

following the death of alpha motor neurons that have low cellular levels of SMN
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protein®-%  however there may be additional roles for SMN protein in skeletal
muscle function. In tissue culture, depletion of SMN protein has caused defects in
myoblast fusion and myotube morphology'34'3%. In a mouse model where Smn
protein was depleted exclusively in the skeletal muscle, these mice had damaged
myofibers and poor motor function, but no decrease in spinal cord motor neuron
numbers compared to control mice'¢. Muscle weakness present before overt motor
neuron loss muscle denervation has been noted in mouse models of SMA'¥". These
data suggest an intrinsic dysfunction in skeletal muscle caused by low levels of SMN
protein.

Case studies of vascular defects in SMA patients have been reported. In one
such report, two patients with SMA type 1 developed digital necrosis'3®. Another
study similarly reported digital necrosis in two infants with SMA type 1, one of which
also had vascular thrombosis™®. Significantly lower retinal branching vessel
complexity and generalized microvasculopathy has been reported in children with
SMA type 2 or 3 compared to healthy children, however this had no impact on visual
acuity'#?. Hypovascularity has been documented in muscle biopsies from SMA
patients and spinal cord and muscle tissue from a mouse model of SMA'#'. Ear and
tail necrosis are common phenotypes in mouse models of SMA, which persist
following SMN protein restoration in some cases'4?-146,

Male reproductive organ development and fertility are also impacted in SMA.
Men with adult-onset SMA are far more likely to receive a diagnosis of testicular
hypofunction or infertility than the male general population'’. Undescended testes

(cryptorchidism) have been reported in patients with SMA type 1 or 2 at a far greater
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incidence than the general male population'8149_ Impaired testis development, low
sperm count, reduced fertility, and degenerated seminiferous tubules have been
reported in a mild mouse model of SMA'®,

Taken together, these studies clearly show that low levels of SMN protein are
associated with defects in numerous peripheral tissues, and it is possible more
tissue and cell types will be demonstrated to be impacted by low SMN protein levels
in the future. Thus, restoring SMN protein levels in cells other than motor neurons
is likely required for optimal therapeutic efficacy.

1.1.4 Therapeutics for SMA

Several therapeutics have been developed and approved for treatment of
SMA, each focusing on increasing cellular levels of SMN protein'®'-153 (Table 1.1).
The availability of these therapies has changed the natural history of SMA, and
some patients have far surpassed their projected lifespan'®*1%5_ Although the three
available therapeutics have the same goal of increasing cellular SMN protein
concentration, each has a different mechanism of action and thus unique strengths
and weaknesses.

1.1.4.1 Nusinersen

Nusinersen, marketed as Spinraza, was the first drug approved by the FDA
for treatment of SMA®. Nusinersen is an antisense oligonucleotide (ASO) that is
administered intrathecally (IT) through a series of four loading doses over the course
of two months, followed by maintenance doses every four months'157 Nusinersen
is a modified 2’0O-methoxyethyl ASO on a phosphate backbone that targets the

intronic splicing silencer N1 (ISS-N1), an inhibitory element that is present down-
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Table 1.1 Approved disease-modifying therapies for treatment of SMA.

Name Formulation Mechanism Dose Delivery
of Action Method
Nusinersen Antisense Targets 12 mg in Intrathecal
(Spinraza) oligonucleotide intronic 5 ml infusion of 4
(ASO) splicing volume  loading doses
silencer N1 to over 2 months,
promote followed by
incorporation maintenance
of exon 7 in dose every 4
SMN2 mRNA months
Risdiplam Small molecule  Stabilizes 5° 0.15 mg- Daily oral
(Evysdi) splice site on 0.25 administration
SMN2 mRNA  mg/kg up
to promote to 5 mg
inclusion of  maximum
exon 7
Onasemnogene Adeno- Delivers 1.1x10" Single
abeparvovec associated functional vp/kg in intravenous
(Zolgensma) virus serotype 9 SMN7 cDNA 2.0 vg/ml infusion
(AAV9) gene solution

therapy vector
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stream of the 5’ splice site in exon 7 of SMN2'%6.1%8 |nhibition of ISS-N1 promotes
the inclusion of exon 7 during SMN2 pre-mRNA splicing, ultimately increasing
production of full-length SMN transcript and protein’8-'%°_|IT administration of the
drug is required as the ASO formulation cannot cross the blood-brain barrier
(BBB)'#2. In preclinical studies, survival and motor function were increased in
several mouse models of SMA™2.15%-161 At present, all patients receive the same
dose of nusinersen (12 mg of the ASO in a 5 ml volume), regardless of their severity
of disease, age, weight, or height'62,

In the ENDEAR'™’ (NCT023192074) and CHERISH'®® (NCT02292537)
Phase 3 clinical trials, the safety and efficacy of 12 mg doses of nusinersen were
examined in symptomatic children with SMA aged <7 months and 2 — 12 years old,
respectively. Following 13 months of treatment in the ENDEAR trial, 51% of infants
treated with nusinersen demonstrated clinically meaningful improvements in motor
function, compared with 0% in the control group’. In this study, infants who had a
shorter disease duration were more likely to have improvements in motor function.
Similarly, 57% of children who received nusinersen in the CHERISH trial achieved
a clinically meaningful change in motor function compared to 27% in the control
group'®3, The efficacy of nusinersen was most clear in the Phase 2 NURTURE
clinical trial, in which treatment was initiated at <6 weeks of age, prior to the onset
of symptoms'®4. All children achieved sitting without support, and 88% achieved
walking independently. This study further emphasized the need for inclusion of SMA

on newborn screening panels. Importantly, nusinersen was determined to be well
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tolerated in these trials, with most of the adverse events determined to be likely
related to lumbar puncture, which included vomiting and headache57:163.164,

Although nusinersen is well tolerated overall, use of ASOs like nusinersen
comes with some associated risks, such as renal toxicity, thrombocytopenia and
coagulation abnormalities'®2. Recently, ASOs delivered into the cerebrospinal fluid
(CSF) have been linked to neurotoxicity in mice caused by changes in intercellular
levels of calcium'®. In adult patients with SMA, treatment with nusinersen has
demonstrated stabilization of disease progression and even clinically meaningful
improvements in motor function in some patients'6.67. However, a meta-analysis
of patients with SMA type 2 or 3 has reported ~10% of patients experience a decline
in clinical status following treatment with nusinersen'®. Although nusinersen is not
an effective treatment for all patients, the drug is overall considered to be reasonably
safe, reasonably effective, and is available for a wide age group, with patients
between 3 days and 80 years old having received the drug'®®. However, nusinersen
is designed to increase levels of full-length SMN transcript and protein in the CNS,
and thus cannot correct defects caused by low cellular levels of SMN protein in many
tissues.

1.1.4.2 Risdiplam

Risdiplam, marked as Evrysdi, is a small molecule splicing modifier available
to treat patients of all ages with SMA'%170_ Similar to nusinersen, the drug acts on
SMNZ2 to increase production of full-length SMN protein, however the small molecule
formulation allows risdiplam to cross the BBB and increase SMN protein levels in

both the CNS and peripheral tissues'3'71. Risdiplam promotes the inclusion of exon
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7 in SMN2 mRNA transcripts through stabilization of the U1 snRNP on the 5’ splice
site of exon 7 by binding directly to the intermolecular RNA helix, thus increasing
cellular levels of full length SMN protein’?. In a mouse model of SMA,
intraperitoneal (IP) injection of risdiplam daily at doses ranging 0.1 — 3 mg/kg led to
a dose-dependent increase in SMN protein levels in brain and muscle tissue, and a
dose-dependent increase in survival and body weight'’".

Risdiplam is taken by patients as an oral solution once daily, where the dose
is based on patient age and weight at 0.15 mg — 0.25 mg/kg up to 20 kg, at which
point 5 mg is the maximum recommended dose for all patients, independent of
weight or age'”3. Following 24 months of treatment with risdiplam in infants with
symptomatic SMA in the Phase 2/3 FIREFISH clinical trial (NCT02913482), 83% of
infants were alive without the need for permanent ventilation, and 44% were able to
sit independently'”. The safety and efficacy of risdiplam was also examined in
people with SMA types 2 or 3 aged 2-25 years old in the Phase 2/3 SUNFISH clinical
trial (NCT02908685). Following 24 months of treatment, 58% of patients showed
stabilization of motor function and 32% showed a clinically meaningful improvement
following 24 months of treatment'”>. In this study, adverse events included pyrexia,
diarrhea, and rash. Overall, the treatment was determined to be safe and well
tolerated. Similar to nusinersen, the efficacy of risdiplam is most clear when
administered to pre-symptomatic infants <6 weeks old, as investigated in the Phase
3 RAINBOWFISH (NCT03779334) clinical trial. In the interim analysis, all infants
treated with risdiplam were alive at 12 months without permanent ventilation and

maintained their swallowing and feeding abilities'”. Furthermore, most infants
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gained new motor milestones within the normal development window. No treatment-
related serious adverse events were identified, although 92% of participants did
experience adverse events, none lead to discontinuation of treatment.

The mechanism of action of risdiplam makes other genes vulnerable to off-
target alternative splicing, unlike nusinersen, which is designed to only target SMN2
pre-mRNA. In animal models, risdiplam has been associated with alternative
splicing of off-target genes Forkhead Box M1 (FOXM17) and MAP kinase-activating
death domain protein (MADD), which are associated with the cell cycle and
apoptosis, respectively’”'. FOXM1 is thought to play a key role during
spermatogenesis, as it is highly expressed within spermatocytes during prophase in
meiosis I'77. Thus, alternative splicing of FOXM1 could potentially interfere with the
production of mature sperm'”®. In rats who received doses of risdiplam up to almost
9 mg/kg/day for two to 26 weeks, several animals exhibited an increase in
degenerated spermatocytes and seminiferous tubule degeneration, which
advanced to atrophy or necrosis in some cases'’®. These adverse effects were
reversible upon discontinuation of treatment in some but not all animals. The same
study examined the effect of risdiplam in cynomolgus macaques, where 0.8
mg/kg/day for 39 weeks, or 6 or 10 mg/kg/day for up to 14 days lead to seminiferous
tubule degeneration in all treated animals, which was reversible in most cases.
Together, these studies demonstrate that risdiplam is overall well-tolerated and can
provide stabilization or improvements in motor function in a subset of patients,
however there are some adverse effects related to treatment.

1.1.4.3 Onasemnogene abeparvovec
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Onasemnogene abeparvovec (OA), marketed as Zolgensma, is another
disease-modifying therapy for SMA, although this drug does not act on SMNZ2 like
nusinersen and risdiplam. OA is a self-complementary adeno-associated virus
serotype 9 (scAAV9) gene therapy vector containing SMN1 cDNA under control of
a hybrid cytomegalovirus (CMV) enhancer-chicken beta-actin promoter (CBA)'%2.
The CBA promoter driving transgene expression is able to provide ubiquitous
expression, allowing SMN protein levels to increase in the CNS and peripheral
tissues following IV administration'18", Preclinical studies of an AAV9 vector
encoding a CBA-driven GFP demonstrated that the vector is able to transduce motor
neurons following intravenous (IV) administration in neonatal mice, although
astrocytes were predominantly transduced in adult mice'®2. The critical preclinical
study that demonstrated the efficacy of scAAV9-CBA-SMN has since been
retracted’#3183 however many other studies have illustrated rescue in survival and
motor function, in addition to other pathologies, provided by treatment'81.184.185

Initially, the safety and efficacy of OA was examined in the phase 1 START
trial (NCT02122952), which treated symptomatic infants <8 months old with SMA
type 1'88. Infants received either a low- (6.7x10"3 viral genomes (vg)/kg) or a high-
dose (1.1x10" vg/kg) of OA by IV infusion. All 15 infants in this study were alive
without the need for mechanical ventilation at 20 months of age, a stark
improvement from the 8% survival rate observed in the historical cohort. Increase in
survival was accompanied by an overall increase in motor function scores compared
to baseline in the high-dose cohort. The infants in the high-dose group were alive

without the need for permanent ventilation and maintained previously achieved
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motor milestones at up to 7.5 years post-dosing, demonstrating the longevity of
OA154,155_

Following the success of the START trial, the Phase 3 STR1VE-US
(NCT03306277) and STR1VE-EU (NCT03461289) trials examined the efficacy of
the 1.1x10"* vg/kg dose of OA in children less than 6 months of age diagnosed with
SMA type 1'8718_|n these trials, over 90% of infants survived free of permanent
ventilation at 14 months, compared to 26% in the natural history cohort, and
approximately half achieved independent sitting at 18 months, a milestone that was
not achieved in the natural history cohort. Similar to observations in clinical trials of
other therapeutics for SMA, early initiation of treatment with OA was demonstrated
to be beneficial in the Phase 3 SPR1NT trial (NCT03505099), which treated pre-
symptomatic infants less than 6 weeks old'8%1%° At 14 months post-dosing, all
infants survived free of permanent ventilation. Importantly, all children were able to
sit independently within the normal development window, and all children with 3
copies of SMN2 were able to walk within the normal development window. However,
90% of patients treated with OA have elevated serum aminotransferases and/or
bilirubin, which can be indicative of liver injury, but can be managed with
corticosteroids™®'.

Overall, a favourable risk-benefit profile was demonstrated in these ground-
breaking studies'®-'%0. However, these trials examined the safety of OA in infants
weighing <8.5 kg. Findings from the Global Managed Access Program (GMAP)
indicated that the safety profile of treatment with OA in patients with SMA weighting

>8.5 were consistent with previous safety data'®?. In contrast, a recently published
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case study of two children diagnosed with SMA type 1 that weighed 20 kg at the
time of OA administration highlighted the need to consider the risk-benefit profile of
AAV gene therapy in heavier patients'®3. These children were both previously
treated with nusinersen, however chose to switch to a different treatment modality
following difficulties related to IT administration. Both patients required treatment
with steroids to control elevated transaminases, and initially exhibited improvements
in motor function, which declined to baseline level for one patient and below baseline
level for the other, although it is unclear why this change occurred.

Indeed, there are safety concerns with OA administration in older patients, as
the approved therapeutic dose has been calculated based on weight, and
consequently larger patients need greater absolute doses of vector. Following IV
infusion, much of the vector accumulates in the liver and peripheral tissues.
Unfortunately, the high dose of AAV required for CNS transduction can cause
serious adverse events, including acute liver failure in large animal models'%* and
in human patients'’, and thrombotic microangiopathy in human patients'®. Use of
high dose AAV also raises other safety concerns, as AAV can insert in the genome
of the cell, which has been associated with hepatocellular carcinoma in humans'%
and mice'®-199, although not in all studies?°°-293, In short, although AAV-mediated
gene therapy can be very effective, it does not come without risk.

To reach a wider patient population, IT administration of OA has been
explored in the Phase 1 STRONG trial (NCT03381729) as a method to provide a
more direct transduction of the CNS, potentially resulting in transduction of motor

neurons with lower absolute doses of vector, as reviewed in René and Parks
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20232%4, Qverall, the investigators of the STRONG trial concluded that IT OA was
safe and well-tolerated in this study and demonstrated efficacy for children 2 to 5
years old?%. Unfortunately, OA has yet to be explored in an adult population, which
represents 50-60% of people living with SMA2%. Taken together, these studies
demonstrate the efficacy of OA as a therapeutic for SMA, although there are
concerns related to safety of the drug and the unmet need to treat a wide age range
of patients with SMA.

1.1.4.4 Combination Therapy

As not all patients show a full response to therapy, the safety and efficacy of
combination therapy are being explored in clinical trials. One such study is the
RESPOND trial (NCT04488133), which is investigating the use of 12 mg doses of
nusinersen in children <36 months old who previously were treated with OA.
Similarly, the JEWELFISH clinical trial (NCT03032172) is investigating the safety
and efficacy of risdiplam in patients with SMA who previously were treated with
another disease-modifying therapy, including OA. Following 24 months of treatment
with risdiplam, all children previously treated with OA experienced at least one
adverse event, and no serious adverse events related to risdiplam?°’. All of these
patients had an increase in SMN protein levels in the blood and an increase in motor
function was reported at month 24 compared to baseline. Overall, combination
therapy may be a better therapeutic option for patients with SMA who have a
suboptimal response to monotherapy.

Indeed, many patients have suboptimal clinical responses to the currently

available disease-modifying therapies. Nusinersen and risdiplam both act on the
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SMNZ2 gene, and a recent in vitro study has demonstrated that some patients
respond better to one drug compared to the other, as assessed by the amount of
full-length SMN transcript produced?®. The same study reported that the amount of
full-length SMN protein that is produced by cells following treatment with either
nusinersen or risdiplam is independent of how many copies of SMNZ2 are present.
Thus, SMN2 may not be a predictable target for SMA therapeutics. Furthermore,
AAV9 vectors, including OA, remain episomal following internalization by the cell,
and therefore SMN protein produced by OA will be diluted out of dividing cells over
time?%3. Consequently, OA may not be able to correct pathology caused by low levels
of SMN protein in peripheral tissues over long periods of time. Thus, delivering SMN
protein to recipient cells, as opposed to using gene replacement or gene-targeting
strategies, may be an ideal therapeutic approach to treat SMA. A potential method
to deliver SMN protein is through the use of extracellular vesicles (EVs), membrane-
bound particles that naturally contain SMN protein?°%21°, EVs are released and
taken up by practically all cell types?", and thus could be used to replenish SMN
protein levels in a wide variety of tissues in patients with SMA.

1.2 Extracellular Vesicles

EVs are small, membrane-bound particles released from virtually all cell
types?'. Initially, EVs were thought be involved only in the elimination of cellular
waste?'?, but these particles perform a wide variety of functions?'3. EVs transport
proteins, lipids, and nucleic acids between cells as a method of communication?'.

The composition of biomolecules within EVs and the physiological function of the
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vesicles are determined by the type and physiological state of the cell from which
the EVs are secreted?"".

EVs have gained attention as a therapeutic delivery platform as the particles
have many features that make them attractive as therapeutic vehicles in addition to
their innate ability to shuttle cargo between cells. EVs can deliver cargo to recipient
cells situated at a distance from where the EVs originate and can transit the BBB2'>-
218 The lipid bilayer membrane of EVs protect the encapsulated cargo from
enzymatic degradation, further solidifying their utility as therapeutic delivery
vehicles?'9220_ Also, it has been demonstrated in many studies that EVs
administered to an allogeneic recipient induce minimal immunogenicity in vitro or in
vivo??1223. Some EVs can target specific cell types for uptake through proteins
presented on the EV surface and a complementary “receptor” on the surface of the
desired cell?'’, and it is possible to engineer EVs to target a specific cell type?24225
1.2.1 Subtypes

The term EV refers to a heterogenous group of particles that are released
from cells, encompassing many different subtypes that are classified on the basis of
biogenesis and size. The most extensively researched subtypes are exosomes,
microvesicles (MVs), and apoptotic bodies (Figure 1.3).

Exosomes are formed through invagination of the membrane of the early
endosome, giving rise to multivesicular bodies (MVBs), and are released by the cell
after the MVB fuses with the plasma membrane of the cell?'3226.227 Exosomes have
a diameter of approximately 40 — 150 nm. As opposed to originating within the

endosomal network like exosomes, MVs are generated by budding at the plasma
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Figure 1.3 Release and internalization of EVs. Exosomes are formed through
invagination of the endosome, and are released when the MVB fuses with the cell
membrane, or degraded upon fusion of the MVB with the lysosome. MVs are
released following budding of the plasma membrane of the cell. Apoptotic bodies
are released following blebbing of apoptotic cells. These EVs can be internalized by
recipient cells by fusing with the cell membrane, phagocytosis, macropinocytosis, or
endocytosis. An EV contained within the endosome must fuse with the membrane
of the endosome to release vesicular cargo into the cytoplasm. Alternatively, the
endosome can fuse with the lysosome, degrading the EV, or with the cell membrane,
re-releasing the EV. Figure is not to scale. Figure generated with BioRender.
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membrane of the cell, and are approximately 40 — 1000 nm in diameter?'1227.228 The
biogenesis of exosomes and MVs are explained in greater detail in René and Parks
2024%%°. Apoptotic bodies are generated through blebbing from the plasma
membrane of dying cells, and can be 1000 — 5000 nm in diameter, however, vesicles
released by apoptotic cells can be as small as 100 nm?27:230,

In addition to these three main subtypes, there are several other EV subtypes
that have been identified (Table 1.2). Large oncosomes are even larger than
apoptotic bodies at ~1000 — 10,000 nm in diameter?®'232. Large oncosomes are
released from large protrusions of the plasma membrane of non-apoptotic cancer
cells, and may play a role in tumor progression?3'-232, Exophers are another large
type of EV, with a diameter of ~4000 nm?33, These vesicles bud off of the plasma
membrane like microvesicles, and at least part of their function is to remove
dysfunctional organelles and damaged, dysfunctional, and/or aggregated
proteins?33-235, Migrating cells generate another subclass of EVs called migrasomes
on the ends of long, tubular strands called retraction fibres that trail behind motile
cells?3¢, Migrasomes are ~500 — 3000 nm in diameter, filled with vesicles ~50 — 100
nm in diameter, and are rich in cytokines, chemokines, and growth factors?36237, A
much smaller subclass of EVs has also been identified called Arrestin domain-
containing protein 1 (ARRDC1)-mediated microvesicles (ARMMs). These vesicles
are 30 — 80 nm in diameter and are generated by budding at the plasma membrane
through interaction between ARRDC1 and tumor susceptibility gene 101
(TSG101)?28:238,

In addition to these identified subtypes of EVs, a few types of non-membrane
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Table 1.2 Diameter and mechanism of biogenesis of extracellular vesicles and

particles.
Subtype Mechanism of Biogenesis Approximate
Diameter
Exosomes Within the endosomal network 40-150 nm
Microvesicles (MVs) Budding at cell plasma 40-1000 nm
membrane
Apoptotic bodies Blebbing of apoptotic cell plasma 100-5000 nm
membrane

Large oncosomes
Exophers
Migrasomes

Arrestin domain-
containing protein 1
(ARRDC1)-mediated

microvesicles (ARMMSs)
Exomeres
Supermeres

Released from protrusions of 1000-10,000 nm
cancer cell membrane

Budding at cell plasma 4000 nm
membrane
At retraction fibres of migrating 500-3000 nm
cells
Budding at the plasma 30-80 nm

membrane mediated by
interaction between ARRDC1
and TSG101 proteins
Unknown <50 nm
Unknown <35 nm
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bound extracellular particles have been described. One such type are exomeres,
which are very small particles, with a diameter <50 nm?3%-24°_ The process by which
these particles are formed has yet to be elucidated. Supermeres, another type of
extracellular particle, are even smaller, with a diameter <35 nm?*'242, Like the
exomeres, the biogenesis of these particles remains unclear.

Clearly, there are many subtypes of EVs, and these subtypes can have
overlapping particle diameter and common cargo content, making it difficult to
differentiate between particle types?*3. In the absence of observing the biogenesis
of the particle in question (i.e. whether the vesicle arises from fusion of the MVB with
the plasma membrane or is formed through budding at the cell membrane), it is
more accurate to refer to EVs as either small (<200 nm) or large (>200 nm) EVs.
1.2.2 Cargo Loading

EVs naturally contain a wide variety of proteins, lipids, and nucleic acids, and
the composition of these biomolecules can depend on the physiological state and
type of cell releasing the EVs, and the subtype of EVs being released?*3. The cargo
innately carried by EVs may be desirable for some therapeutic contexts, such as in
the case of mesenchymal stem cell (MSC)-derived EVs for treatment of COVID-19-
induced acute respiratory distress syndrome (ARDS). MSCs have been explored in
clinical trial as a potential therapeutic for COVID-19 symptoms as these cells can
inhibit production of pro-inflammatory cytokines that can lead to a cytokine storm
through modulation of the immune response?*4247. As MSC-derived EVs retain
many of the beneficial properties of MSCs due to their cargo content?*824° these

EVs have demonstrated benefit as a treatment for COVID-19-induced ARDS250.251,
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In addition to utilizing cargo naturally contained within EVs for therapeutic
benefit, it is also possible to load EVs with cargo of interest using either
exogenous?%2-2% or endogenous?'%2%° cargo loading methods. In exogenous cargo
loading, cargo is loaded after EVs are harvested from a biofluid. There are many
different methods that can be used to exogenously load cargo into EVs, which
include electroporation, sonication, freeze-thaw cycles, extrusion, and the use of
pore-forming agents?%42%6-258 Many of these methods rely on transient disruption of
the EV membrane to load the cargo, which can result in permanent damage of the
membrane. Alternatively, in endogenous cargo loading, cargo is incorporated into
EVs during their biogenesis?'%2%5. One common way is to overexpress a protein of
interest within cells, which release EVs loaded with this protein. For example, the
Parks lab has demonstrated plasmid- or adenovirus (Ad)-mediated overexpression
of SMN1 in cells lead to the release of EVs loaded with elevated concentrations of
SMN protein?'. In addition to conventional overexpression, several strategies have
been developed to increase the efficiency of endogenous cargo loading,
subsequently increasing the concentration of cargo of interest within EVs. These
methods include fusing target cargo to proteins that are abundant in EVs25%:26° and
utilization of cargo loading motifs261.262,

1.2.3 Internalization of EVs

Once an EV has been released by the parental cell into the extracellular
space, the EV is able to shuttle vesicular cargo to a recipient cell that may be located
in close proximity or at a distance from the parental cell?'®. There are several

different ways that EVs can be internalized by recipient cells, which can vary
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depending on cell type?%3. The most common of internalization is endocytosis?63-26°,
and other methods include macropinocytosis?%4266, phagocytosis?®’, and membrane
fusion?%® (Figure 1.3). Once EVs are internalized by endocytosis, the vesicles are
contained within the endosome and must “escape” this endosome by fusing with
the endosomal membrane, releasing cargo content into the cytoplasm for functional
cargo delivery?20-269.270  Alternatively, the internalized EVs can stay encapsulated
within the endosome as it matures into the MVB and are subsequently re-released
as exosomes into the extracellular space®?®, or the endosome can fuse with a
lysosome, resulting in degradation of the EVs and their contents?”'-273,

EVs are released and taken up by virtually all cell types, however the type of
cells that preferentially take up EVs can vary based on the cell type from which the
EVs are released?'8259.274  Furthermore, biodistribution of EVs can depend on
whether the vesicles were administered by |V, intranasal, IP, or subcutaneous
administration, or if the vesicles were produced in situ and taken up by recipient
cells within the same animal®'8275, For example, a comparative study of IV and
intranasal administration of EVs in non-human primates (NHPs) reported greater
accumulation of IV administered EVs in the liver, spleen, lungs, colon, and CSF
compared to intranasal administration, and similar levels of EV accumulation in the
brain, kidney, and heart?'°.

To administer EVs generated in tissue culture, large amounts of EVs first
need to be produced and then purified. There are many methods utilized for
purification of EVs, including differential ultracentrifugation, size-exclusion

chromatography, filter concentration, polyethylene glycol (PEG) precipitation,

33



density gradients, and tangential flow filtration (TFF)?43. Each of these methods has
a different degree of recovery and specificity, and unique strengths and
weaknesses?7628°, The method of EV purification chosen for a given study in part
depends on the intended application, and the resulting product must be
characterized to determine the purity, quality and composition of the particles. The
International Society for Extracellular Vesicles (ISEV) has released a series of
consensus papers?43281 that describe preferred methods to evaluate EV samples.
1.2.4 Liver-derived EVs

EVs are released by many cell types into the bloodstream?82-287 including by
the cells of the liver218288.289 |n fact, it has been reported that ~15% of circulating
EVs originate from liver cells?'®274. The liver is composed of many cell types, the
most abundant being hepatocytes that make up 70-80% of the mass of the organ?%.
EVs released by hepatocytes can easily cross fenestrations in the sinusoidal
endothelium of the liver, carrying cargo into the blood stream that enter
circulation®®'. Hepatocytes have numerous functions that include synthesis of many
proteins such as serum albumin?®? and transferrin?®3, production of bile salts?**, and
metabolism of drugs and toxins?®5. Other cells that make up the liver include resident
macrophages called Kupffer cells, hepatic stellate cells, and liver sinusoidal
endothelial cells®®. The liver releases proteins that signal changes in lipid
metabolism, peripheral insulin action, and glycemic control through paracrine and
endocrine signaling®®6-3%°. Secreted proteins possess an N-terminal signaling
peptide, causing the proteins to be released into the extracellular environment,

where they transport signals to target cells3®'. However, 80-90% of proteins
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released by the liver do not possess this secretory peptide, and thus are not
released by classic secretion but by an alternative mechanism?%6-2%8, One such
alternative is through the release of these proteins within EVs.

Recently, a study demonstrated the ability of EVs released by the liver to act
on peripheral tissues through endocrine signaling?®. Interestingly, IP administration
of liver-derived EVs increased glucose effectiveness in the skeletal muscle and
insulin secretion in the pancreas of mice, lowering blood glucose level. Another
study demonstrated that EVs isolated from hepatocytes of early-stage obese mice
were taken up by skeletal muscle and adipose tissues and promoted insulin
sensitivity when administered IV in recipient mice®%?. This study indicated that
microRNA (miRNA) miR-3075 delivered by the EVs was responsible for the
observed effects. Conversely, it has been reported miRNAs are rarely delivered to
their target cells by EVs, suggesting other cargo such as proteins make up the bulk
of what is delivered by the vesicles3%3. In addition, liver-derived EVs have also been
shown to interact with brain endothelial and neuronal cells in tissue culture®%¢. EVs
secreted by hepatocellular carcinoma HepG2 cells contain selenoprotein P, and
these EVs delivered selenium (Se) to neuronal and brain endothelial cells in an in
vitro BBB model*®. Notably, delivery of supplemental Se can prevent
neurodegeneration, synaptic dysfunction, and morphological changes caused by Se
deficiency3%%:3%_ Furthermore, selenoprotein P delivered by HepG2 EVs protected
N2a cells from amyloid B-induced cell death®*4, which is central to Alzheimer's
disease neuropathology®’’. Together, these studies demonstrate the utility of EVs

released from cells of the liver to deliver cargo of interest to a wide variety of cell
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types. Overall, EVs clearly have many attributes that make the vesicles attractive

therapeutic delivery vehicles.

1.3 Rationale, Hypothesis, and Objectives
As overexpression of a gene of interest in cells can lead to production of EVs loaded
with the desired protein cargo, transduction of hepatocytes with a gene therapy
vector could be used to load a protein of interest into EVs that are released from the
liver into circulation. Many viral3%830 and non-viral®'®3!" vectors give rise to high
levels of protein synthesis in hepatocytes following systemic administration, and
thus could be utilized to generate liver-derived EVs loaded with protein cargo of
interest. Following systemic administration, 90% of Ad vector localize to the
liver312:313 and these vectors can give rise to transgene expression for up to 7 years
in NHPs3'# and for the lifetime of mice3%®, and thus Ad is a suitable vector to engineer
the liver to produce a therapeutic protein. | hypothesize that an Ad-based system
will lead to the release of liver-derived EVs loaded with SMN protein that are
distributed throughout the body, and these EVs will deliver SMN protein to recipient
cells. My objectives are to:

1. Examine the ability of EVs loaded with SMN protein to deliver this SMN

protein to recipient cells in tissue culture.
2. Generate and evaluate an Ad-based system for endogenous release

of liver-derived EVs loaded with SMN protein in mice.
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2.1 Abstract

Spinal Muscular Atrophy (SMA) is a genetic neuromuscular disorder caused by
homozygous mutation or deletion of the survival motor neuron 1 (SMN1) gene,
leading to a low quantity of SMN protein in cells. This depletion of SMN protein
preferentially leads to death of motor neurons and, consequently, muscle atrophy,
in addition to defects in many other peripheral tissues. SMN protein is naturally
loaded into extracellular vesicles (EVs), which are sub-micron-sized, membrane-
bound particles released from all cell types. The innate ability of EVs to deliver cargo
to recipient cells has caused these vesicles to gain interest as therapeutic delivery
vehicles. In this study, we show that adenovirus-mediated overexpression of SMN
protein in HepG2 cells leads to the release of EVs loaded with high levels of SMN
protein into conditioned medium. Application of this medium to recipient cells in
tissue culture led to uptake of the SMN protein, which subsequently transited to the
nucleus and co-localized with Gemin2 protein, forming nuclear gem-like structures
similar to the native SMN protein. Overall, this work demonstrates that SMN protein
can be delivered to cells through EVs, which holds promise as a potential therapy

for patients with SMA.
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2.2 Introduction

Spinal muscular atrophy (SMA) is a neuromuscular disorder caused by homozygous
mutation or deletion of the survival motor neuron 1 (SMN1) gene', resulting in
inadequate levels of survival motor neuron (SMN) protein within cells?. Depletion of
SMN protein causes degeneration of alpha motor neurons in the spinal cord, leading
to progressive muscle weakness and atrophy®. For the most common and severe
form of SMA, Type |, patients typically succumb to respiratory failure around 8
months of age if untreated*®. Although SMA is primarily considered a
neuromuscular disease, low levels of SMN protein also has detrimental effects on
many other tissues and organs, including the heart”® liver®'°, thymus™,
pancreas'?'3, gastrointestinal and enteric nervous system'#, and spleen' s
Several therapies are available for treatment of SMA, each focusing on increasing
SMN protein levels'®-'8, Although the use of these therapeutics can improve both
the length and quality of life, patients can show varying response to
treatment'®.17.19.20_ Furthermore, each treatment comes with advantages and risks?'-
24 suggesting that there is still a need to investigate alternative approaches to
treatment.

SMN protein is present in both the nucleus and cytoplasm of cells?%26. In the
nucleus, SMN protein localizes to structures called gemini of Cajal bodies (gems).
SMN protein associates with Gemin proteins 2-8 and Unrip to form the SMN
complex, a multiprotein complex crucial for assembly of small nuclear
ribonucleoproteins (snRNPs) which are essential for pre-messenger ribonucleic acid

(MRNA) splicing?”-33. The SMN complex is also believed to play a role in the
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assembly of small nucleolar ribonucleoproteins (snoRNPs), which are involved in
post-transcriptional processing and modification of ribosomal RNA in the
nucleolus®*3%, There is also some evidence that the SMN complex is associated
with telomerase, a complex that adds repeat sequences at chromosomal ends, thus
elongating telomeres3¢-38. SMN protein has been implicated in numerous other
cellular functions, including translational regulation®®-4', active transport of
mRNA*243  actin dynamics**4%, and resolution of R-loops in genetic terminal
regions*t. Although many functions of SMN protein have been described, the
precise cellular role of SMN protein that results in pathogenesis of SMA remains
unclear.

Interestingly, SMN protein is naturally loaded into extracellular vesicles
(EVs)*"-52. EVs are sub-micron-sized, membrane-bound particles released from all
cell types into bodily fluids, or culture media in tissue culture®®. There are several
types of EVs that are classified based on mechanism of biogenesis and diameter,
the most extensively characterized being exosomes and microparticles®3. EVs are
packed with proteins, nucleic acids, and lipids, and can deliver these biomolecules
to recipient cells that take up the EVs, which can be located near or distant from
where the vesicles originate®3-5%. EVs possess many desirable attributes that can be
exploited to deliver therapeutic cargo, such as a lipid bilayer that protects contents
from degradation in the bloodstream®®, the ability to transit the blood-brain barrier
(BBB)%°, and the capacity to be bioengineered to increase loading of desirable
therapeutic cargo®®. EVs have been used successfully to deliver a variety of

therapeutic proteins in many different studies. For example, delivery of catalase-
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loaded EVs led to rapid uptake of the protein by neuronal cells in culture, and
neuroprotection in a mouse model of Parkinson’s disease®'. Similarly, neprilysin-
loaded EVs provided neuroprotection and improved behavioural function in a mouse
model of Alzheimer’s disease®?.

In this study, we show that overexpression of SMN protein in tissue culture
leads to the release of EVs containing high quantities of the SMN protein.
Importantly, these EVs were able to transfer the protein to recipient cells, where the
exogenous SMN protein localized to nuclear gem-like structures and interacted with
normal cellular protein partners. Our work suggests that EVs loaded with SMN

protein may represent a new therapeutic class to treat patients with SMA.
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2.3 Results
2.3.1 Development and characterization of a donor cell line for production of
EVs loaded with SMN protein.

For our studies of EV-mediated delivery of SMN protein to recipient cells, we
needed to distinguish between endogenous and exogenous SMN protein. We, and
many others, have shown that the presence of an N-terminal FLAG tag does not
appear to affect protein localization and ability to interact with natural protein
partners®3-65_ We also previously showed that two common methods can be used to
generate cell lines expressing a FLAG-tagged version of SMN protein that is
subsequently efficiently loaded into EVs: plasmid-based expression and selection
of a stable cell line or adenovirus (Ad)-mediated overexpression of the protein*’. We
initially explored the first option, generation of a stable cell line, as this represents a
simpler “one component” production system (i.e. only the EV-producer cell line),
compared to the “two-component” Ad system that requires a vector and an EV-
producer cell line. Furthermore, Ad-mediated overexpression of a protein typically
results in supraphysiological levels of the protein*”:63.66 which would impede our
ability to determine whether the protein was acting as normal in the producer cell
line.

We generated a stable cell line expressing a triple FLAG-tagged version of
the SMN (3F-SMN) protein using the HepG2 cell line, originally derived from a
human male hepatocellular carcinoma®”’. We chose HepG2 cells, since we
previously showed that this cell line naturally releases EVs with high SMN protein

content’. In the stable cell line, SMN expression is controlled by the human
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cytomegalovirus (CMV) immediate early enhancer/promoter, with the SMN71 cDNA
located upstream of an internal ribosome entry site (IRES) derived from the
encephalomyocarditis virus (EMCV)®, hygromycin resistance gene, and simian
virus 40 (SV40) polyadenylation sequence. The pooled population of hygromycin
resistant cells, designated HepG2:3F-SMN, were first analyzed by immunoblot. Both
the parental HepG2 and HepG2:3F-SMN cell lines showed a protein of ~38 kDa,
representing the endogenous SMN protein (Figure 2.1A). The signal for this SMN
protein in the HepG2:3F-SMN cell line was ~75% of that observed in the parental
HepG2 cells. HepG2:3F-SMN also contained an SMN-positive band of ~41 kDa,
representing the 3F-SMN protein. Densitometry analysis showed that the total level
of SMN protein (i.e. the ~38 kDa SMN and ~41 kDa 3F-SMN) in HepG2:3F-SMN
cells was approximately 1.5-fold higher than the level of endogenous SMN protein
in the parental HepG2 cells. As anticipated, there was no FLAG signal present in
parental HepG2 cells, but a positive signal of ~41 kDa in the HepG2:3F-SMN cell
line. We also observed a minor band of ~35 kDa in both the SMN and FLAG
immunoblots, which may represent a proteolytically cleaved form of SMN protein. A
co-immunoprecipitation (co-IP) experiment was performed to confirm that the N-
terminal triple FLAG tag did not interfere with the ability of the protein to self-
associate or interact with normal cellular partners, such as Gemin2. As shown in
Figure 2.1B, pulldown of the tagged SMN protein with antibody to FLAG resulted in
co-IP of both endogenous SMN and Gemin2 proteins. Finally, we examined
localization of the tagged SMN protein within the cells by immunofluorescence. In

parental HepG2 cells, SMN protein was located in both the cytoplasm and nucleus,
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Figure 2.1 The presence of a 3xFLAG-tag on SMN protein does not affect
protein localization within the cell or ability to interact with normal cellular
protein partners. Panel A: A HepG2 cell line stably expressing a 3xFLAG-tagged
SMN protein was assessed for protein expression by immunoblot. Grey arrows
indicate the 3F-SMN protein and the black arrow indicates endogenous SMN
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protein. Panel B: Co-immunoprecipitation (Co-IP) was performed using anti-FLAG
or isotype control (IgG). Input, bound, and unbound fractions were assessed by
immunoblot. Grey arrows indicate the 3F-SMN protein and the black arrow indicates
endogenous SMN protein. Panel C: Epifluorescence microscopy images of
HepG2:3F-SMN cells stained with antibodies to tubulin and SMN, or tubulin and
FLAG. Arrows indicate representative nuclear gems. Scale bars represent 10 uym.
Panel D: Quantified nuclear gems per 100 cells in epifluorescence microscopy
images of HepG2 and HepG2:3F-SMN stained with anti-tubulin and anti-SMN. Data
was tested for significance using an unpaired t-test, where two asterisk (**) indicates
p<0.01. Data represents 3 independent experiments.
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with nuclear-localized SMN protein localized in gem-like foci (Figure 2.1C). For
HepG2:3F-SMN, the 3F-SMN protein was also located in both the cytoplasm and
nucleus and, again, within gem-like structures in the nucleus. The average
integrated SMN signal intensity in HepG2:3F-SMN cells was ~1.2-fold above that of
HepG2 cells, supporting the increase in total SMN protein level shown in Figure
2.1A. Interestingly, the average number of gems per 100 cells +SD was 146 +11.5
and 257 £28.2 in the HepG2 and HepG2:3F-SMN cell lines, respectively (Figure
2.1D), consistent with the observation that gem number roughly correlated with level
of SMN expression within the cell?®®. Overall, these data demonstrate that
HepG2:3F-SMN cells were effectively engineered to overexpress SMN protein that
localizes normally and interacts with normal cellular partners in the producer cell
line.

We next characterized EVs released from the HepG2:3F-SMN cell line, and
specifically the incorporation of the 3F-SMN protein into EVs. HepG2 and
HepG2:3F-SMN cells were plated at equal density, and equal volumes of
conditioned medium (CM) were collected from these cells after 72 h. EVs were
isolated by ultracentrifugation from the CM and resuspended in equal volumes of
PBS. We first characterized the size and number of EVs isolated from the HepG2
and HepG2:3F-SMN cell lines by nanoparticle tracking analysis (NTA) (Figure 2.2A).
The majority of particles isolated from both cell lines were <200 nm in diameter, and
there appeared to be no significant difference between the concentration or
distribution of particle sizes isolated from HepG2 and HepG2:3F-SMN cells. The

peak particle diameter for EVs isolated by ultracentrifugation from HepG2 and
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Figure 2.2 EVs released by HepG2:3F-SMN cells contain 3F-SMN protein.
Panel A: Conditioned medium (CM) was collected from HepG2 and HepG2:3F-SMN
cells 72 h post-plating. Cellular debris and apoptotic bodies were removed by low-
speed centrifugation, and EVs were isolated by ultracentrifugation. Particle diameter
was assessed by nanoparticle tracking analysis. Panel B: Protein content of isolated
EVs was examined by immunoblot with the indicated antibodies, with total cellular

lysates from the two cell lines included as controls.
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HepG2:3F-SMN were 87 nm and 91 nm, respectively. We next analyzed the protein
content of the EVs by immunoblot, and we included lysates from the cells as control
(Figure 2.2B). EVs isolated from both cell types had similar Flotillin-2, ALIX (ALG-2-
interacting protein X), and CD29 (integrin beta-1) protein signals, common markers
of EVs®. As anticipated, EVs released by parental HepG2 cells had a single SMN
protein species of ~38 kDa representing the native protein. For EVs isolated from
HepG2:3F-SMN cells, we observed a signal corresponding to the native SMN
protein, but also SMN-positive signals at approximately 41 and 35 kDa. The 41 kDa
species represents the 3xFLAG-tagged version of SMN protein, as a band of similar
size was detected on immunoblots probed with antibody to FLAG, and the 35 kDa
species may represent a proteolytically cleaved product. The overall SMN protein
signal within EVs isolated from HepG2:3F-SMN cells was approximately 2.5-fold
higher than that observed in EVs isolated from parental HepG2 cells, consistent with
the level of expression of SMN protein within the two cell lines. Taken together, these
data show that the presence of the 3xFLAG tag on the SMN protein does not appear
to adversely affect localization within the cell, interaction with normal protein

partners, or the ability of the protein to be incorporated into EVs.

2.3.2 Generation of a recipient cell line containing HA-tagged Gemin2

SMN protein naturally co-localizes and interacts with Gemin2 protein within
the nucleus of cells??, an observation that we ultimately hoped to use as a read-out
for successful delivery of SMN protein from our EVs. However, Gemin2 protein is

also naturally contained in EVs*8, precluding our ability to distinguish between
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association of the delivered 3F-SMN protein with Gemin2 protein that was co-
delivered in the EVs and native protein within the recipient cell. We therefore
generated a recipient cell line stably expressing a human influenza hemagglutinin
(HA)-tagged Gemin2 protein. We used A549 cells to establish the cell line, as they
are a flat, robust cell line ideal for immunofluorescence studies. For this cell line,
expression is once again controlled by the human CMV immediate early
enhancer/promoter, with the N-terminal tagged HA-Gemin2 cDNA located upstream
of an EMCV-derived IRES, hygromycin resistance gene, and SV40 polyadenylation
sequence. The pooled population of hygromycin resistant cells, designated
A549:HA-Gemin2, were subsequently analyzed by immunoblot (Figure 2.3). In this
cell line, the HA-tagged Gemin2 protein was expressed at approximately the same
level as endogenous protein (Figure 2.3A), and was capable of interacting with SMN
protein as assessed by co-IP (Figure 2.3B). Immunofluorescence microscopy
showed that the HA-tagged Gemin2 protein was present in both the cytoplasm and
nucleus, similar to endogenous protein, and localized in the nucleus to gem-like
structures (Figure 2.3C). Thus, the presence of the HA tag on Gemin2 protein does
not appear to affect protein localization or normal protein interactions. Interestingly,
immunofluorescence microscopy revealed that A549:HA-Gemin2 cells possessed
less SMN-containing nuclear gems than parental A549 cells (Figure 2.3D, 2.3E).
Indeed, the A549 cell line possessed 134 +22.5 SMN-positive nuclear gems per 100
cells, whereas A549:HA-Gemin2 cell line possessed 38 +9.8 SMN-positive gems
per 100 cells £SD. Nuclear gems are comprised of SMN protein along with several

members of the Gemin protein family, amongst other proteins®%7°, Previous work
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Figure 2.3 Generation and characterization of an A549 cell line expressing an
HA-tagged Gemin2 protein. Panel A: An A549 cell line stably expressing HA-
tagged Gemin2 protein was assessed by immunoblot with the indicated antibodies.
Panel B: Co-immunoprecipitation (Co-IP) was performed using anti-HA or isotype
control (IgG). Input, bound, and unbound fractions were assessed by immunoblot.
Panel C: Epifluorescence microscopy images of A549:HA-Gemin2 cells stained with
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anti-HA and anti-Gemin2. Arrows indicate nuclear gems. Panel D: Epifluorescence
microscopy images of A549:HA-Gemin2 cells stained with anti-HA and anti-SMN,
with arrows indicating nuclear gem-like structures. Scale bars represent 10 um.
Panel E: Quantified SMN-positive nuclear gems per 100 cells in epifluorescence
microscopy images as processed in panel D. Data was tested for significance using
an unpaired t-test, where two asterisk (**) indicates p<0.01. Data represents 3
independent experiments.

52



has shown that knockdown of SMN protein or any of the Gemin proteins reduces
the number of gems observed within the nucleus of the cell®®. Conversely,
overexpression of Gemin4, which is naturally found predominantly in the nucleus of
cells, causes a relocalization of the endogenous SMN protein to almost exclusive
nuclear localization, and a concomitant increase in the number of nuclear gems’".
In A549:HA-Gemin2 cells, HA-Gemin2 was found in both the cytoplasm and the
nucleus, which correlated with a reduction in the number of SMN protein-positive
gems in the nucleus of these cells, suggesting that the endogenous SMN protein
was partly relocalized by the overexpressed Gemin2 to the cytoplasm in these cells.
Nevertheless, these data suggest that AS49:HA-Gemin2 is a suitable cell line to

evaluate EV-mediated delivery of 3F-SMN protein.

2.3.3 Enhancing the quantity of 3F-SMN protein in EVs through Ad-vector
mediated overexpression in the donor cell line.

We initially examined whether application of CM (i.e. clarified medium from
cells, without concentration of the EVs) from HepG2:3F-SMN could result in
detectable uptake of the protein on A549:HA-Gemin2 cells, but were unable to
detect FLAG-positive signal by immunofluorescence microscopy (data not shown).
Subsequent work showed that if we concentrated the EVs from CM approximately
200-fold through ultracentrifugation, we could detect significant FLAG-positive
signal on the recipient cells. However, this FLAG-positive signal appeared to be
primarily large aggregates that were likely on the cell surface, which precluded us

from confidently detecting internalization and correct localization of the protein (data
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not shown).

We previously showed that we could significantly increase the quantity of
SMN protein within EVs through the use of Ad-mediated overexpression*’. This
approach would allow us to increase the quantity of 3F-SMN protein in each EV, and
avoid the complications associated with EV concentration noted above. HepG2 cells
were transduced with a non-replicating Ad vector containing a gene for expression
of 3F-SMN protein (Ad3F-SMN) at varying multiplicities of infection (MOI). Seventy-
two hours post-infection (hpi), cell lysates and CM were collected. As shown in
Figure 2.4A, infection of HepG2 cells with Ad3F-SMN resulted in a dose-dependent
increase in quantity of 3F-SMN protein within the cells, which amounted to a 15- to
25-fold increase in total SMN protein within the cells (Figure 2.4B). A similar
relationship was noted for SMN protein content in EVs isolated from CM from the
infected cells, with a >20-fold increase in SMN protein content at the highest MOI
examined (Figure 2.4C). Thus, HepG2 cells expressing 3F-SMN protein through Ad
vector transduction release EVs loaded with ~10-fold more SMN protein than EVs
isolated from the HepG2:3F-SMN cell line. We also characterized the size and
concentration of EVs isolated from HepG2 cells transduced with Ad3F-SMN by NTA
(Figure 2.4D). The populations of EVs released from HepG2 cells transduced at
different MOls appear to have similar concentrations and size distributions, primarily
<200 nm, and are not significantly different from EVs released from mock-infected
cells. All samples had a similar median particle diameter of ~100 nm, regardless of
MOI. The NTA data demonstrates that Ad transduction has no overt effect on release

of EVs from HepG2 cells at the MOls used, and the population of particles are
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Figure 2.4 Adenoviral-mediated overexpression of 3F-SMN protein in HepG2
cells leads to the release of EVs containing high levels of the 3F-SMN
protein. Panel A: HepG2 cells were infected with Ad3F-SMN at an MOI=50, 100,
200, or mock infected (PBS). Seventy-two hpi, cell lysates were collected and EVs
were isolated using polyethylene glycol (PEG). Protein content of the EVs was
examined by immunoblot. Endogenous SMN protein is indicated by a grey arrow
and 3F-SMN protein is indicated by a black arrow. The red square indicates the
region used for quantification of SMN protein signal for panel B and C. Panel B:
SMN protein signal in cell lysates were quantified, and the fold change in SMN
protein signal relative to endogenous SMN protein signal is shown. Panel C: SMN
protein signal in EVs was quantified and presented as the fold change in SMN
protein signal relative to endogenous SMN protein signal. Panel D: Particle size and
diameter of isolated EVs was assessed by nanoparticle tracking analysis. In panels
B and C, significance was calculated after transforming data by log transformation,
then tested for significance using one-way ANOVA followed by Tukey’s multiple
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comparisons test. An asterisk (*) indicates p<0.05, two asterisk (**) indicates p<0.01,
and three asterisk (***) indicates p<0.001. Data represents 3 independent
experiments.
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consistent with small EVs. Collectively, this data shows that Ad-mediated
overexpression of SMN protein can be utilized as a technique to significantly
increase the concentration of SMN protein contained in EVs. For the remainder of
this study, “3F-SMN CM?” indicates CM collected from HepG2 cells transduced with

Ad3F-SMN at an MOI=200.

2.3.4 EVs can deliver SMN protein to recipient cells.

We next examined whether CM from Ad3F-SMN-transduced cells could be
used to transfer 3F-SMN protein to recipient cells. HepG2 cells were transduced
with Ad3F-SMN at an MOI=200 or mock infected with PBS and, 72 h later, CM was
collected for transfer onto A549:HA-Gemin2 cells. Of note, for all media transfer
experiments, the CM was subjected to low-speed centrifugation to remove cell
debris and large EV (e.g. apoptotic bodies) prior to application to the recipient cells,
but was not concentrated or further processed. Although the residual Ad3F-SMN
inoculum was washed from the HepG2 cells prior to the 72 h incubation, small
amounts of Ad vector could be present in the medium, which may lead to de novo
synthesis of 3F-SMN protein in the A549:HA-Gemin2 cell line, confounding our
analysis. We used two strategies to alleviate this concern. First, transcription from
an infecting Ad genome typically does not initiate before ~2 h after application of the
virus?73, so we limited our CM incubation to 2 h. Second, we performed our
incubation of CM with the A549:HA-Gemin2 cells in the presence or absence of 5,6-
dichloro-1-B-D-ribofuranosylbenzimidazole (DRB), an inhibitor of RNA polymerase

transcription elongation™. We previously showed that DRB effectively prevents
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Figure 2.5 Application of conditioned medium containing EVs loaded with 3F-
SMN protein onto A549:HA-Gemin2 cells results in FLAG-positive nuclear foci.
Panel A: Conditioned medium (CM) from HepG2 cells infected with Ad3F-SMN or
mock-infected was applied to A549:HA-Gemin2 cells in the presence or absence of
100 pM 5,6-dichloro-1-B-D-ribofuranosylbenzimidazole (DRB). Two h post-
treatment, the cells were washed and processed for immunofluorescent staining
with anti-FLAG and anti-HA, and images were captured by epifluorescence
microscopy. Arrows indicate representative nuclear gem-like foci. Scale bars
represent 10 uym. Panel B: FLAG-positive nuclear foci were quantified and
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expressed per 100 cells. Significance was calculated after transforming data by log
transformation using two-way ANOVA followed by Tukey’s multiple comparisons
test. Four asterisk (****) indicates p<0.0001. Data represents 3 independent

experiments.
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transcription from the Ad genome”>76, and thus would prevent gene expression from
any vector inadvertently transferred in the CM. Control CM (from mock-infected
HepG2) or 3F-SMN CM was applied to A549:HA-Gemin2 cells for 2 h, in the
presence or absence of DRB, and then analyzed for the presence of 3F-SMN protein
by epifluorescence microscopy. As expected, no FLAG signal was detected in the
mock treatment groups (Figure 2.5A). In cells treated with 3F-SMN CM, a similar
FLAG signal was visible in both DRB- and vehicle-treated groups. Indeed, in DRB-
and vehicle-treated groups, ~730 and ~820 FLAG-positive nuclear foci per 100 cells,
respectively, were detected, which may represent a combination of 3F-SMN protein
in nuclear gems and also other smaller foci. Thus, at least a portion of the delivered
3F-SMN protein was localizing to the nucleus. We also observed concentrated
FLAG signal within the cytoplasm of treated cells. Overall, this data suggests that
EVs can be used to deliver SMN protein to recipient A549:HA-Gemin2 cells in tissue
culture.

To more precisely evaluate the localization of the EV-delivered 3F-SMN
protein in the A549:HA-Gemin2 cells, we performed confocal microscopy and
examined orthogonal projections generated from three-dimensional (3D)
reconstructions. As in our previous experiment, CM was applied for 2 h in the
presence or absence of DRB to inhibit de novo gene expression from any residual
Ad vector that may have been present. Once again, no FLAG signal was observed
in cells treated with mock CM (Figure 2.6A). For both vehicle- and DRB-treated cells,
application of 3F-SMN CM resulted in the presence of FLAG signal in both the

cytoplasm and nucleus. An analysis of orthogonal projections of the images
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Figure 2.6 EV-delivered 3F-SMN protein is internalized by recipient A549:HA-
Gemin2 cells and localizes in gem-like structures. Panel A: Confocal
immunofluorescence images of A549:HA-Gemin2 cells that were treated for 2 h with
mock or 3F-SMN CM, and processed with antibodies to HA and FLAG. Panel B:
Images in panel A were examined through orthogonal projections generated from z-
stacks. Panel C: Orthogonal projections generated of z-stacks of parental A549 cells
stained with antibodies to tubulin and SMN. Scale bars represent 10 pm.
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presented in Figure 2.6A clearly showed that treatment with 3F-SMN CM resulted
in the presence of 3F-SMN protein in specific foci in the nucleus that resemble
nuclear gems (Figure 2.6B). Indeed, the nuclear structures observed in 3F-SMN
treated cells appear similar in size and morphology to native SMN-containing gems
in untreated cells (Figure 2.6C). Interestingly, in both treated and untreated cells, the
SMN-positive nuclear gems appear more like cylindrical structures rather than
spheres, that are oriented perpendicular to the plane of the coverslip on which the
cells were grown.

We also examined whether the 3F-SMN protein present in nuclear gem-like
structures co-localized with HA-Gemin2 protein (Figure 2.7A). As expected, no
FLAG signal was present in A549:HA-Gemin2 cells treated with CM from mock-
infected HepG2 cells. In cells treated with 3F-SMN CM, there was a clear overlap
between FLAG and HA signals indicating these proteins co-localized in the nucleus.
Indeed, in orthogonal projections of 3F-SMN treated cells, there were distinct
merged regions of yellow signals in the nucleus, clearly illustrating co-localization of
the HA-Gemin2 and 3F-SMN proteins (Figure 2.7B, 2.7C). We also examined
whether EVs could be used to deliver SMN protein tagged with mCherry. CM was
prepared as in our previous experiments: HepG2 cells were transduced with
AdmCherry-SMN at an MOI=200 for 1 h, CM was collected 72 h post-infection, and
centrifuged to remove large debris. Once again, the EV were not concentrated from
the CM before application to the recipient cells. The mCherry-SMN CM was applied
to recipient parental A549 cells (i.e. not overexpressing the HA-tagged Gemin2

protein) for 2 h, and delivery of mCherry-SMN protein was analyzed by confocal
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images of A549:HA-Gemin2 cells that were treated for 2 h with mock or 3F-SMN
CM, and processed with antibodies to HA and FLAG. Panel B: The image in panel
A (lower panel) was further examined through orthogonal projections generated
from z-stacks. Panel C: Additional images and orthogonal projections from
A549:HA-Gemin2 cells treated with 3F-SMN CM showing colocalization of 3F-SMN
and HA-Gemin2 proteins. Scale bars represent 10 um.
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microscopy. As in our previous experiments, mCherry-SMN protein was present in
the cytoplasm and nucleus of treated A549 cells (Figure 2.8A). In the nucleus,
mCherry-SMN protein localized in nuclear gem-like structures that appeared similar
in size and morphology to those observed in Figures 2.6 and 2.7. Taken together
these data suggest that EVs can efficiently deliver SMN protein to A549 cancer cells
in culture.

Finally, we examined whether EVs could efficiently deliver SMN protein to
fibroblasts derived from an SMA patient. Fibroblasts were treated for 2 h with mock
or 3F-SMN CM, and delivery of 3F-SMN protein was assessed by confocal
microscopy. As expected, no FLAG signal was present in the cells treated with mock
CM (Figure 2.8B). In cells treated with 3F-SMN CM, there was a strong FLAG signal
present in both the cytoplasm and nucleus of these cells. Within the nucleus, FLAG-
positive foci resembling nuclear gems were present. Thus, EVs can be used to
deliver SMN protein to SMN-deficient cells.

Overall, these data show that EVs can effectively deliver SMN protein to
recipient cells in tissue culture, including cells with low levels of SMN protein,
resulting in accumulation of the protein in both the cytoplasm and gem-like

structures within the nucleus of the treated cells.
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Figure 2.8 EV-mediated delivery of mCherry-SMN and 3F-SMN protein to A549
cells and fibroblasts derived from a patient with SMA. Panel A: CM from HepG2
cells infected with AdmCherry-SMN was applied to A549 cells. Two h post-
treatment, the cells were washed, fixed, and stained with Hoechst to visualize nuclei.
Images were captured by confocal microscopy. Panel B: CM from HepG2 cells
infected with Ad3F-SMN or mock-infected was applied to fibroblasts derived from a
patient with SMA. Two h post-treatment, the cells were washed and processed for
immunofluorescence staining with anti-FLAG and anti-tubulin, and images were
captured by confocal microscopy. Scale bars represent 10 um.

66



2.4 Discussion

SMA is a devastating disease characterized by degeneration of the alpha
motor neurons of the spinal cord leading to atrophy of skeletal muscle, although
primary defects also occur in many other tissues and organs®77.’8, Severe forms of
the disease are lethal at a very early age if left untreated. SMA is caused by
inadequate levels of SMN protein within cells’-2. All three of the currently approved
therapeutics for treatment of SMA focus on increasing cellular levels of SMN protein.
Nusinersen is an anti-sense oligonucleotide (ASO) that acts on SMNZ2 pre-mRNA to
promote inclusion of exon 7, ultimately leading to greater production of full-length
protein'6.79.80 However, patients can show a variable response to treatment, with up
to 50% of treated patients failing to respond in clinical trial, for reasons that are
unknown'®. Furthermore, ASOs, including nusinersen, come with risks, such as
coagulation abnormalities, renal toxicity, and thrombocytopenia?!, and intrathecal
administration also comes with risks, including meningitis®' and post-lumbar
puncture syndrome®. Risdiplam is another drug available for treatment of SMA that
increases production of full-length SMN protein also by modulating splicing of SMN2
pre-mRNA?2. Daily oral administration of risdiplam led to modest improvements in
motor function in clinical trial, but lower than that observed with nusinersen’®#3, In
animal models, risdiplam has been associated with retinal toxicity and off-target
splicing of other genes?2. Onasemnogene abeparvovec is an adeno-associated
virus (AAV) gene therapy drug that increases cellular levels of SMN protein through
delivery of a functional copy of the SMN71 cDNA8485 Many of the children treated in

clinical trial gained new motor milestones and survived without the need for
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permanent ventilation, which rarely occurs in untreated patients®-88. However, many
safety concerns have been raised due to the high absolute dose of vector delivered
to patients, up to 2.3x10'® vector genomes®®, and the severe adverse events that
have occurred in some treated patients or preclinical models, including thrombotic
microangiopathy?*, necrotizing enterocolitis®®, and acute liver failure?>°1.92, As there
are several issues with the available therapies for treatment of SMA, there is still a
need for development of alternative therapeutics.

A number of different approaches have been investigated to deliver SMN
protein to cells. A recombinant SMN protein fused to the catalytic and
transmembrane domains of diphtheria toxin (Dtx) and tetanus toxin fragment C
(TTC) was investigated as a method to target the SMN protein specifically to
neurons®. Unfortunately, in tissue culture, the SMN-Dtx-TTC fusion protein
remained at the surface of primary neurons, and was unable to transit to the nucleus.
A fusion protein of SMN and the cell-penetrating peptide transactivator of
transcription (TAT) of human immunodeficiency virus was also unable to be
internalized by rat cortical neurons or SH-SY5Y cells, a neuroblastoma cell line%.
We have now shown that an Ad-based vector can be used to greatly enhance the
quantity of SMN protein within EVs released from cells, and that such EVs can very
effectively deliver the protein to recipient cells. Previous studies have shown that
many EV-delivered proteins aggregate in the cytoplasm, or fail to escape the
endosome and consequently these EVs and their contents are degraded in the
lysosome®®. Importantly, in our study, the delivered 3F-SMN protein localized to

gem-like structures in the nucleus and co-localized with cellular Gemin2 protein.

68



Thus, we have developed a new and effective method to deliver SMN protein to
cells in tissue culture.

EV-mediated delivery of SMN protein could be useful as a therapeutic
approach to supply SMN protein to patients with SMA. EVs can naturally cross the
BBB to efficiently deliver cargo to recipient cells in the CNS®%8%_ |n vivo,
systemically administered EVs can deliver cargo to cells of various tissues including
the brain, heart, kidney, lung, and skeletal muscle®°’. Thus, SMN protein-loaded
EVs would likely be able to replenish SMN protein levels in a wide variety of cell
types in patients with SMA. However, due to the ~6-hour half-life of SMN protein®9°,
daily injection of SMN-loaded EVs would likely be required to ensure the treatment
remained effective. There are a number of methods that could be used to prepare
the large batches of EVs that would be required for such a therapy, such as
tangential flow filtration (TFF) that can effectively purify EVs from large volumes of
biofluid®3199.101 EVs have been shown to be safe in clinical trials for treatment of
COVID-19-induced pneumonia and respiratory failure'%1%  cancer'?.1%  and
wound healing'®”. EVs have several other advantages as therapeutic platforms,
such as their relatively stable shelf life'°.1%° and low immunogenicity when delivered
to allogenic recipients™°.

EVs loaded with SMN protein could also be useful as a transient or top-up
therapy. Typically, there is a delay between initial diagnosis and initiation of
treatment for patients with SMA, which is usually ~1-2 months for administration of
onasemnogene abeparvovec, during which the individual may continue to decline

due to disease progression®'1".112, SMN-loaded EVs could be used to supply SMN
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protein during this lag-time. EVs can cross the placental barrier''3, suggesting
administration of SMN-loaded EVs could be a potential therapeutic strategy to
deliver supplemental SMN protein to a fetus identified as at-risk of severe SMA, to
slow SMA pathology until alternative therapy can be administered post-birth.
Supplemental SMN protein delivered in EVs could also benefit patients receiving
nusinersen and/or risdiplam. Patients receiving these drugs can show varying
responses, with some patients not gaining or maintaining motor
milestones®7983.114.115  Sypplemental SMN protein therapy could augment the
therapeutic benefit of these drugs in these patients. In short, SMN-loaded EVs could
provide an additional supply of SMN protein, potentially providing therapeutic benefit
to a spectrum of patients with SMA.

All current therapeutics for SMA increase SMN protein levels in peripheral
tissues, including liver and muscle''®'® For example, systemic administration of
onasemnogene abeparvovec in human patients with SMA led to ~300 vector
genomes per hepatocyte''”, and high levels of SMN mRNA transcripts relative to
GADPH in liver tissue, which would almost certainly be accompanied by significant
increases in SMN protein expression in the liver. The liver readily releases EVs®’
that can be found in blood''%12°_ 1t is intriguing to speculate that at least some of the
therapeutic efficacy of these three approved treatments may be due to the
production of SMN protein at sites other than the CNS, such as the liver, resulting
in release of EVs containing the SMN protein, which can then be taken up by virtually
all tissues in the body. Full-length SMN mRNA transcripts have been detected within

EVs isolated from the serum of patients with SMA treated with nusinersen, but not
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within EVs isolated from cerebral spinal fluid (CSF)'?'. These EVs could deliver the
SMN mRNA to cell throughout the body, resulting in an increase in full-length SMN
protein synthesis in these cells in nusinersen-treated patients with SMA. Since EVs
readily cross the BBB®®, our work suggests a new approach in which therapeutics
do not necessarily need to be targeted directly to the CNS. Peripheral tissues, such
as liver or muscle, could be harnessed as factories to produce therapeutic EVs that
circulate and impact tissues throughout the body, including the CNS. This approach
could be used for any disease to achieve wide-spread delivery of a therapeutic

protein throughout the body.

Conclusion

We have shown that EVs can deliver SMN protein to recipient cells in tissue culture.
This delivered SMN protein localized to the nucleus and interacted with normal
cellular protein partners, indicating the delivered protein was able to perform in a
manner similar to endogenous SMN protein. Our findings highlight a novel approach
for delivery of SMN protein to cells, which could be harnessed to develop a new

therapeutic strategy for treatment of SMA.
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2.5 Materials and Methods

Cell culture. A459 cells'??> were obtained from the American Type Culture Collection
(ATCC) (CCL-185, ATCC, Manassas, VA) and were grown in Minimum Essential
Medium (MEM) (M2279, Sigma, Oakville, ON) supplemented with 10% (v/v) fetal
bovine serum (FBS) (35-077-CV, Corning, Corning, NY), 2 mM GlutaMAX
(35050061, Gibco, Grand Island, NY), and 1X antimycotic-antibiotic (15240062,
Gibco). A549:HA-Gemin2 cells stably expressing an N-terminal HA-tagged Gemin2
protein were generated as follows. pRP3268 contains the cytomegalovirus (CMV)
immediate early enhancer/promoter driving expression of a HA-tagged human
GEMINZ cDNA linked to a gene for hygromycin resistance through an internal
ribosome entry site (IRES). A549 cells were transfected with pRP3268 using
lipofectamine 2000 (Invitrogen, Carlsbad, CA), and pooled resistant cells were
selected at 200 ug/mL hygromycin (Invitrogen). HepG2 cells®” (HB-8065, ATCC),
were grown in Dulbecco’s Modified Eagle Medium (D5671, DMEM, Sigma)
supplemented with 10% FBS (Gibco), 2 mM GlutaMAX (Gibco), and 1X antimycotic-
antibiotic (Gibco). HepG2:3F-SMN cells stably expressing an N-terminal triple
FLAG-tagged SMN protein were generated as follows. pLN103 contains the CMV
immediate early enhancer/promoter driving expression of an N-terminal triple FLAG-
tagged human SMN1 cDNA linked to a gene for hygromycin resistance through an
IRES. HepG2 cells were transfected with pLN103 with Lipofectamine 2000
(Invitrogen), and pooled resistant cells were selected at 400 pg/mL hygromycin
(Invitrogen). The human fibroblast cell line GM00232 was obtained from Coriell

Institute for Medical Research (Camden, NJ). GM00232 was orginally collected from

72



a 7-month old male diagnosed with SMA type 1 with a homozygous deletion of exons
7 and 8 of SMN1 and 2 copies of SMN2. Cells were maintained in MEM (Sigma)
supplemented with 15% (v/) FBS (Gibco), 2 mM GlutaMAX (Gibco), and 1X
antimycotic-antibiotic (Gibco). All cells were incubated at 37°C, 5% CO: in a

humidified chamber.

Viral infection. Ad3F-SMN is an adenovirus vector lacking early region 1 (E1) and
E3 and possessing an expression cassette containing the CMV immediate early
enhancer/promoter driving expression of a triple FLAG-tagged SMN7 cDNA.
AdmCherry-SMN is an adenovirus vector lacking E1 and E3 and possessing an
expression cassette containing the CMV immediate early enhancer/promoter driving
expression of an mCherry-tagged SMN71 cDNA. Ad3F-SMN and AdmCherry-SMN
were grown, purified, and titered on 293 cells as previously described??3.

HepG2 cells were infected with Ad3F-SMN or AdmCherry-SMN at the
indicated multiplicity of infection (MOI) or mock infected with an equivalent volume
of phosphate buffered saline (PBS) (D8537, Sigma) for 1 h at 37°C, with rocking to
redistribute the virus every 15 min. Cells were then washed three times with PBS to
remove unattached virus. Cell lysates and conditioned medium (CM) were collected

72 hpi.

Isolation of extracellular vesicles (EVs). EVs were isolated from CM to

concentrate the particles for immunoblot analysis. Ten 150 mm dishes of HepG2 or

HepG2:3F-SMN cells seeded at a density of 5x10° cells per dish were used for EV

73



isolation. Seventy-two hours post-plating, CM was collected and EVs isolated by
differential ultra-centrifugation, adapted from Théry et al'*. The CM was centrifuged
at 2,500xg for 15 min to pellet apoptotic bodies and cellular debris. The resulting
supernatant was collected and subjected to ultra-centrifugation for 90 min at
120,000xg at 4°C in a SW32 Ti rotor (Beckman Coulter, Mississauga, ON). The
resulting pellets were resuspended in PBS (Sigma), pooled, and ultra-centrifuged at
120,000xg in a SW41 Ti rotor (Beckman Coulter) for 90 min at 4°C. The resulting
pellet was resuspended in 300uL of PBS and stored at -20°C.

EVs were isolated from HepG2 cells infected with Ad3F-SMN using a
polyethylene glycol (PEG)-based approach. HepG2 cells were plated in one 100
mm dish per treatment condition (4.4x108 cells per dish) and, next day, infected with
Ad3F-SMN as described above. Seventy-two hpi, CM was collected and centrifuged
at 2,500xg for 15 min, the resulting supernatant was collected and mixed 1:1 with
16% PEG (w/v) prepared in PBS (Sigma) and incubated at 4°C overnight. Following
incubation, the CM/PEG solution was centrifuged at 1,500xg for 30 min to pellet the
EVs. The supernatant was discarded and the pellet was washed with 500 pL of PBS
and centrifuged at 1,500xg for 5 min. The supernatant was discarded and the
resulting pellet was washed with 500 yL PBS, then resuspended in 300 pyL of PBS
and stored at -20°C.

Concentration and diameter of the EVs was determined by nanoparticle
tracking analysis (NTA) using a NanoSight NS300 (Malvern Panalytical,
Westborough, MA). NanoSight NTA 3.4 software was used to capture videos and

analyze isolated particles. Samples were diluted in 0.1 um filtered PBS immediately
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before analysis. For each sample, 2 independent analyses were conducted using a
syringe pump, each capturing 60 s of video 3 times. Videos were captured using the
following settings: syringe pump speed 50, focus 129, screen gain 2.2, camera level
14. Particles were analyzed using the following settings: screen gain 10, detection

threshold 6.

CM Treatments. For all media transfer experiments, the CM was subjected to low-
speed centrifugation to remove cell debris and large EVs (e.g. apoptotic bodies)
prior to application to the recipient cells, but was not concentrated or further
processed. HepG2 cells were plated in 100 mm dishes (4.4x108 cells per dish) and,
next day, infected with Ad3F-SMN or AdmCherry-SMN as described above at an
MOI=200. Seventy-two hpi, CM was collected and centrifuged at 2,500xg for 15 min
to remove apoptotic bodies and cellular debris. CM was either used immediately or
frozen at -80°C until time of use. For frozen CM, the CM was thawed in a 37°C water
bath and centrifuged at 2,500xg for 15 min to pellet residual debris prior to
application to the recipient cells.

For recipient cells that were to undergo immunofluorescent staining, cells
were seeded at a density of 3x10* cells per well in 8-well chambered slides (80841,
Ibidi, Fitchburg, WI). The next day, medium was removed and the cells were pre-
treated with 100 pM of 5,6-dichloro-1-B-D-ribofuranosylbenzimidazole (DRB)
resuspended in dimethyl sulfoxide (DMSO) or vehicle control, both at a final DMSO
concentration of 0.001% v/v for 1 h at 37°C. Two hundred puL of CM per well was

supplemented with 100 yM of DRB or vehicle, both at a final DMSO concentration
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of 0.001% v/v, and the cells were treated for 2 h at 37°C.The cells were washed 3
times with PBS and prepared for immunofluorescence staining as detailed below.
Parental A549 cells and fibroblasts derived from a patient with SMA underwent the

same process without the addition of DRB.

Co-immunoprecipitation. Cells in 150 mm dishes were trypsinized and counted,
and 5x10° cells were lysed in 500 uL of RIPA buffer (New England Biolabs). Lysates
were cleared by centrifugation at 21,130xg for 10 min at 4°C, and the supernatant
transferred to a fresh tube. The cleared lysate was aliquoted into 4 tubes (100
pL/tube), and the volume adjusted to 400 yL with RIPA buffer (New England
Biolabs). The remaining portion of cleared lysate was retained to use as the input
sample during immunoblot analysis. Four pg of anti-FLAG (F1804, Sigma), mouse
IgG isotype control (5415, Cell Signalling, Danvers, MA), anti-HA (ab236632,
Abcam), or rabbit IgG isotype control (2729, Cell Signalling) was added to the diluted
lysate and mixed by rotation at 4°C overnight. Forty uL of Dynabeads protein G
(10004D, Invitrogen) or Dynabeads protein A (10001D, Invitrogen) were washed in
RIPA buffer, then added to each tube of lysate/antibody solution and incubated at
4°C for 90 min. The bound and unbound fractions were separated using a magnetic
tube rack. The bound fraction was washed 3 times with RIPA buffer and
resuspended in 40 pL 2x Laemmli buffer (62.5 mM Tris-HCI pH 6.8,
25% w/v glycerol, 5% v/v B-mercaptoethanol, 2% w/v sodium dodecyl sulphate

(SDS), 0.01% w/v bromophenol blue).
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Immunoblot. Cells and EVs were either lysed in passive lysis buffer (Promega) at
the time of collection then mixed with an equal volume of 2x Laemmli buffer or lysed
directly in 2x Laemmli buffer, and stored at -20°C. Cells cultured in 35 mm, 100 mm,
and 150 mm dishes were collected in 200 pL, 500 pL, and 1000 uL final volume of
buffer, respectively. Samples were boiled for 10 min prior to protein separation by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).
Separated proteins were transferred to an Immobilon-P polyvinylidene difluoride
(PVDF) membrane (Millipore, Burlington, MA). Membranes were blocked with
Intercept (PBS) Blocking Buffer (927-70001, LI-COR Biosciences, Nebraska) for 1
h at RT and probed with the following primary antibodies diluted in blocking buffer
supplemented with 0.2% Tween 20: SMN (1:5000 1 h at room temperature (RT) for
cell lysates, 1:1000 overnight at 4°C for EVs; BD Transduction, Mississauga, ON),
FLAG (1:5000 1 h at RT for cell lysates, 1:1000 overnight at 4°C for EVs; F1804,
Sigma), Tubulin (1:10000 1 h at RT;, ab59670, Abcam, Cambridge, UK or CPO06,
Millipore), Flotillin-2 (1:1000 overnight at 4°C; C42A3, Cell Signaling Technologies,
Danvers, MA), Gemin2 (1:5000 1 h at RT; ab7084, Abcam), ALIX (1:1000 overnight
at4°C; ab186429, Abcam), CD29/Integrin beta-1 (1:1000 overnight at 4°C; 04-1109,
Millipore), HA (1:5000 overnight at 4°C; ab236632, Abcam). Membranes were
washed three times in PBS containing 0.1% Tween 20 (PBST), and incubated with
the following fluorescently-labelled secondary antibodies in blocking buffer
supplemented with 0.2% Tween 20 and 0.01% SDS: IRDye goat anti-mouse 680
(926-68070, LI-COR), IRDye goat anti-mouse 800 (925-32210), IRDye goat anti-

rabbit 680 (925-68071, LI-COR), IRDye goat anti-rabbit 800 (926-32211, LI-COR).
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Membranes were developed using Odyssey CLx and visualized using LI-COR

Image Studio 4.0 software.

Immunofluorescence staining and microscopy. Cells were fixed in 4%
paraformaldehyde in PBS for 10 min at RT, washed 3 times with PBS, and
permeabilized with 0.25% Triton X-100 (Sigma) in PBS for 10 min at RT. The cells
were blocked in 10% donkey serum (S30, Millipore) in PBS for 30 min at RT, and
then incubated in 10% donkey serum (Millipore) overnight at 4°C with the following
antibodies: SMN (1:250; BD Transduction), FLAG (1:250; F1804, Sigma), Tubulin
(1:500; ab59670, Abcam), Gemin2 (1:250; ab7084, Abcam), HA (1:250, ab236632,
Abcam). The cells were washed three times for 5 min with 1% donkey serum
(Millipore) in PBS, then incubated with the following secondary antibodies in 10%
donkey serum in PBS (Millipore) for 1 h at RT; Alexa Fluor donkey anti-rabbit 488
(1:1000; A21206, Invitrogen, Eugene, OR), Alexa Fluor donkey anti-rabbit 594
(1:1000; A21207, Invitrogen), Alexa Fluor donkey anti-mouse 488 (1:1000; A21202,
Invitrogen) or Alexa Fluor donkey anti-mouse 594 (1:1000; A21203, Invitrogen).
Following incubation with secondary antibody, the cells were stained with Hoechst
33342 at a concentration of 1 ug/mL (H3570, Life Technologies, Eugene, OR) in 1%
donkey serum in PBS (Millipore) for 5 min at RT to visualize nuclei. The cells were
washed three times for 5 min each with 1% donkey serum in PBS. Epifluorescence
microscopy images were captured with a Zeiss Axio Imager M2 upright microscope,
and processed using FlJI software'?5. Confocal images were captured with a Zeiss

LSM 900 inverted confocal microscope, and processed using FIlJI. Orthogonal
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projections were generated from 4-9 z-stacks captured every 1.0 um using ZEN blue
version 3.2 (Carl Zeiss Microscopy, Oberkochen, Germany). Fluorescence intensity
in the images was quantified using CellProfiler'?6,

Nuclear gem quantification was conducted as follows: For the data included
in figures 2.1 and 2.3, the number of nuclear gems per nucleus was counted in three
independent fields of view each containing 50-80 cells, and converted to the number
of nuclear gems per 100 nuclei for each field of view. Statistical significance was
assessed using each independent fields of view as a separate replicate. For the
data included in figure 2.5, three independent media transfer experiments were
conducted. For each experiment, three images per treatment group were captured.
The average number of gems per nucleus was quantified in each image, and the
average of the three images, each containing 60-100 nuclei, was calculated to
gather each independent replicate. The number of nuclear gems per nucleus was
then converted to the number of nuclear gems per 100 nuclei. Statistical significance

was assessed using each independent experiment as a separate replicate.

Statistical analysis. All statistical analyses were performed using Prism version
9.1.0, and the test performed is indicated in the figure legend. Parametric tests were
chosen to evaluate statistical significance as the data is not ranked or ordinal, and
is normally distributed. Data is presented as the mean * standard deviation. Data in
figures 2.4 and 2.5 was transformed by log transformation to analyze the data in
different treatment groups on a similar scale. In all tests, one asterisk (*) indicates

p<0.05, two asterisk (**) indicates p<0.01, three asterisk (***) indicates p<0.001, and
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four asterisk (****) indicates p<0.0001.
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3.1 Abstract

A key challenge in gene therapy is achieving efficient delivery of a therapeutic to the
desired target tissue or, for some diseases, body-wide. In this study, we used a gene
therapy approach to engineer the liver of mice to release extracellular vesicles
enriched with a therapeutic protein, the survival of motor neuron (SMN) protein,
facilitating systemic distribution of the protein throughout the animal, including
critical regions such as the brain and spinal cord. Our findings demonstrate a viable
approach to achieve body-wide distribution of a therapeutic protein, which holds

promise as a potential therapy for patients presenting with diverse diseases.
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3.2 Introduction

A central challenge in gene therapy of genetic and acquired disorders is the
ability to efficiently deliver the therapeutic to the desired target tissue. For diseases
affecting multiple cell types and tissues, this may necessitate delivery of the
therapeutic body-wide. For example, for treatment of spinal muscular atrophy
(SMA), a genetic neuromuscular disorder, therapies to date have focused primarily
on restoring the levels of survival motor neuron (SMN) protein in alpha motor
neurons of the spinal cord, widely considered a key tissue affected in individuals
with the disorder’. Recently approved disease-modifying therapies for the treatment
of SMA have significantly improved the quality of life and survival of many individuals
affected by the disorder®®. However, low SMN protein concentration actually
impacts many different tissue types, including brain®’, gastrointestinal and enteric
nervous system®, heart®'°, liver'"'2, lung'3, kidney'*'® pancreas'®'’, spleen’®1®,
skeletal muscle?®?2, and thymus'®, and thus SMA appears to be a body-wide
disease. Indeed, application of the approved therapies has led to an evolution of the
SMA phenotype, with now a greater appreciation of some of these non-central
nervous system (CNS) contributors to the disease in individuals with SMA that are
now living longer?®28, Thus, truly effective treatment for SMA may require restoring
SMN protein levels in all tissues in the body.

Numerous studies have shown that extracellular vesicles (EVs) can deliver
protein to all tissues of the body, and also have an innate ability to cross the blood-
brain barrier (BBB) and deliver cargo to the CNS?7-32, Thus, EVs have gained

significant attention as therapeutic delivery vehicles. EVs are small, membrane
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bound particles released from all cell types and found in all bodily fluids®3. There are
several subtypes of EVs, with most studies focusing on small EVs, which are on
average less than 200 nm in diameter and primarily comprised of exosomes and
microvesicles®*. Although originally thought to be involved only in the elimination of
cellular waste, EVs actually perform an array of physiological functions in the body3*.
EVs are involved in intercellular communication, transferring proteins, lipids, and
nucleic acids to recipient cells, which may be located close to or distant from the site
of EV origin®. The specific biomolecules contained in the EVs are dictated by the
type and physiological state of the originating cell®.

As mentioned, SMA is a genetic neuromuscular disorder characterized by
atrophy of skeletal muscle due to degeneration of the alpha motor neurons of the
spinal cord'3"3_The disorder is caused by homozygous mutation or deletion of the
survival of motor neuron 1 (SMN1) gene®, resulting in inadequate levels of survival
motor neuron (SMN) protein®°. In the most severe form of the disease, SMA Type |,
patients succumb to respiratory failure before they reach two years of age if
untreated*’43. SMN protein is found in both the cytoplasm of the cell and in small
nuclear bodies called gems (gemini of Cajal bodies)**45. The SMN protein is
involved in many processes, including the assembly of spliceosomal small nuclear
ribonuclear proteins (snRNPs) essential for pre-mRNA splicing*6-%', translational
regulation®?, active transport®354, actin dynamics®%%, and resolution of R-loops in
genetic terminal regions®’. The precise cellular role of SMN protein that results in
pathogenesis of SMA remains unknown. Previously, we demonstrated that SMN

protein is naturally released from cells in EVs, and that the quantity of SMN protein
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in the EVs reflects the state of the cell®®. For example, a fibroblast cell line derived
from a patient with SMA released EVs with less SMN protein compared to cells
derived from healthy controls®®%°. Furthermore, cells engineered to overexpress the
SMN protein, either stably or through adenovirus (Ad) vector-mediated expression
of the SMN1 gene, release EVs containing a greatly enhanced quantity of SMN
protein®889_ Importantly, we showed that EVs loaded with SMN protein can efficiently
deliver the protein to recipient cells in culture, and this delivered protein can transit
to the nucleus where it co-localizes with normal protein partners®. Thus, EVs loaded
with SMN protein may represent a novel therapy for SMA. However, SMN protein
has a natural half-life of only ~6 h8'-62, suggesting that a therapy based solely on
delivery of therapeutic EVs would need to be readministered at least on a daily basis
to maintain therapeutic levels of the SMN protein in the recipient cells. In this study,
we show that the liver of a mouse can be engineered to release EVs containing
enhanced levels of the SMN protein which subsequently distribute throughout the
body of the animal. Thus, we have developed a novel approach to achieve body-
wide distribution of a therapeutic protein for treatment of SMA and, potentially, other
disorders, that unlike current SMA-directed therapies, can restore protein to all

affected tissues in the body, including the CNS.
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3.3 Results
3.3.1 EVs efficiently deliver SMN protein to recipient SMA patient fibroblasts.
Previously, we demonstrated that infection of HepG2 hepatocellular
carcinoma cells with a replication-defective Ad vector expressing the SMN protein
led to the release of EVs containing high levels of the SMN protein®. Furthermore,
these EVs could efficiently deliver the SMN protein to recipient human A549
adenocarcinoma cells in culture, and the delivered protein co-localized with
endogenous protein partners in the nucleus of the recipient cells. Cells with reduced
levels of SMN protein show aberrant endocytosis®®-5, a common method of EV
internalization®®, and intracellular trafficking®”-¢8, which could affect the ability of the
cell to take up EVs. We first confirmed our observation that EVs could also effectively
deliver SMN protein to fibroblast cells derived from a patient with SMA, using
confocal microscopy and orthogonal projection analysis. As in our previous work,
we utilized conditioned medium (CM) from HepG2 cells that had been transduced
with a replication-defective Ad vector encoding a triple-FLAG-tagged SMN (3F-
SMN) protein as a source of EVs®. We confirmed loading of the 3F-SMN protein
into EVs released from the transduced HepG2 cells (Supplemental Figure S2). CM
from mock- or Ad3F-SMN-transduced HepG2 cells was applied to the recipient
SMN-deficient fibroblasts in the absence or presence of 5,6-dichloro-1-3-D-
ribofuranosylbenzimidazole (DRB), an inhibitor of RNA polymerase transcription
elongation, to block de novo gene expression from any residual Ad3F-SMN
remaining in the CM, and the association of 3F-SMN protein was examined 2 h later.

As shown in Figure 3.1A, no FLAG signal was observed in cells treated with CM
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from mock-transduced cells whereas significant signal was observed in cells treated
with CM containing EVs loaded with 3F-SMN protein. A similar FLAG signal was
observed in the presence or absence of DRB, suggesting no significant affect from
any Ad3F-SMN that may have been present in the CM. Importantly,
ultracentrifugation-mediated depletion of EVs from the 3F-SMN CM resulted in a
significant reduction in transfer of the 3F-SMN protein to the SMN-deficient cells
(Supplemental Figure S3), suggesting that the FLAG signal we observed was due
to protein delivery mediated by EVs. We also examined orthogonal projections
generated from three-dimensional (3D) reconstructions from the images captured
by confocal microscopy. In cells, SMN protein is routinely found in both the
cytoplasm and in small nuclear bodies called gems**45. In both vehicle and DRB
treatment groups, FLAG-positive foci were present throughout the cytoplasm and
nucleus of the cells treated with CM containing EVs loaded with 3F-SMN protein
(Figure 3.1B). Specifically, within the nucleus, FLAG-positive nuclear bodies,
reminiscent of gem-like structures, were present, which were more clearly illustrated
in the ZX (Figure 3.1B, panels ii and v) and ZY (Figure 1B, panels iii and vi) cross
sections. These nuclear bodies are similar to those observed in A549 lung
adenocarcinoma cells treated with 3F-SMN protein loaded EVs, which we showed
localized with endogenous Gemin2 protein®, suggesting these structures are
indeed nuclear gems. Together, these data indicate that cells deficient in SMN
protein are able to readily take up EV-delivered 3F-SMN protein, and that the protein
can transit to the nucleus to form gem-like structures. Thus, EVs loaded with SMN

protein may represent a novel therapy to restore SMN protein levels for treatment
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Figure 3.1 EV-delivered 3F-SMN protein is internalized by recipient fibroblasts
and localizes in nuclear gem-like structures. Panel A: CM containing EVs loaded
with the 3F-SMN protein or mock CM was applied to fibroblasts derived from an
individual with SMA in the presence or absence of 100 yM DRB, an inhibitor of RNA
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polymerase transcription elongation, to block de novo gene expression from residual
Ad3F-SMN that may be contained in the CM. Two hours later, the treated cells were
processed for immunofluorescent staining with antibodies to FLAG and tubulin, and
images were captured by confocal microscopy. Scale bars represent 10 um. Panel
B: Orthogonal projections generated of z-stacks of treated fibroblasts from Panel A.
Scale bars represent 10 um.
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of SMA.

3.3.2 Characterization of an Ad vector expressing a Cre-activatable
bioluminescent SMN fusion protein.

Several groups have shown that repeated administration of EVs can
effectively treat diseases over prolonged periods®®’'. Similarly, EVs loaded with
SMN protein present a potential novel treatment modality for patients with SMA.
Several approaches are available for the production and purification of large
quantities of clinical-grade EVs347273, However, given the approximately 6 h half-life
of SMN protein®?, it is likely that daily administration of therapeutic EVs might be
required to ensure proper maintenance of SMN protein levels. To circumvent the
need for repeated administration of therapeutic EVs, we explored a novel approach
to utilize the liver as a “factory” for the production and release of EVs loaded with
SMN protein. Several studies have shown that gene therapy can be used to
significantly increase the levels of a protein in the liver of a mouse’’7. For Ad
vectors, systemic administration results in greater than 90% of the vector localizing
to the liver’®79, and a single vector administration can lead to transgene expression
in the liver for the lifetime of a mouse®’, and for at least 7 years in non-human
primates®'. Studies have also shown that the liver contributes approximately 15% of
the circulating EVs found in blood®283. Thus, the liver may be an ideal organ for the
production of SMN protein-loaded EVs for systemic delivery of the protein
throughout the body.

To evaluate whether liver-derived SMN protein can be detected in peripheral
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tissues, we wished to ensure that Ad-mediated transgene expression was confined
to the liver. We utilized transgenic mice that express Cre recombinase protein from
the liver-specific albumin promoter®*, and thus only express Cre protein in
hepatocytes. We then designed an Ad vector that would only “turn-on” transgene
expression in the presence of Cre recombinase (Figure 3.2A). This vector,
designated AdfloxNlucSMN, possesses a loxP-flanked green fluorescent protein
(GFP) cDNA in which the start codon for the gene is located upstream of the 5’ loxP
site, and also contains a downstream NlucSMN gene that lacks a start codon (ATG).
Cre-mediated recombination results in removal of the GFP cDNA and enables in-
frame translation of the NlucSMN protein. Consequently, systemic administration of
AdfloxNlucSMN is expected to predominantly target the liver, resulting in production
of the NlucSMN fusion protein exclusively in hepatocytes. Thus, any NlucSMN
protein present in peripheral tissues would originate from the liver. We also
generated a control vector that provides constitutive expression of NlucSMN,
designated AdNIucSMN (Figure 3.2A).

We first evaluated the ability of AdfloxNlucSMN to provide Cre-mediated
induction of NIucSMN expression in tissue culture. A549 cells, a lung
adenocarcinoma cell line commonly used for tissue culture studies of Ad, were
transduced with AdfloxNlucSMN or AdNIucSMN along with AdGFP (negative
control) or AdCre. Protein from transduced cells was isolated 24 hours post infection
(hpi) and expression of the NlucSMN fusion protein was assessed by immunoblot
(Figure 3.2B) and Nluc activity assay (Figure 3.2C). As shown in Figure 3.2B, co-

transduction of A549 cells with AAGFP and AdfloxNlucSMN did not result in
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Figure 3.2 Cre-mediated induction of NIucSMN expression from
AdfloxNIlucSMN in tissue culture. Panel A: Schematic representation of
AdfloxNlucSMN and AdNIucSMN. AdfloxNlucSMN is an early region 1 (E1)/E3
deleted human adenovirus serotype 5 (HAdV-5)-based vector possessing a loxP-
flanked green fluorescent protein (GFP) cDNA in which the start codon for the gene
is located upstream of the 5’ loxP site, and a downstream NlucSMN gene lacking a
start codon (AATG). Cre-mediated recombination results in removal of the GFP gene
and places the start codon in-frame with the NlucSMN gene, thereby permitting
expression of the protein. Transgene expression is driven by the human CMV
immediate early enhancer/promoter. ANIucSMN is a E1/E3 deleted HAdV-5-based
vector in which a CMV enhancer/promoter drives constitutive expression of the
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NlucSMN fusion protein (i.e. NlucSMN is expressed in both the absence and
presence of Cre). Panel B: A549 cells were transduced at a multiplicity of infection
(MOI)=10 with AdfloxNIlucSMN or AdNIucSMN, in combination with an E1/E3
deleted HAdV-5-based vector expressing Cre (AdCre) or GFP (AdGFP), also at an
MOI=10, or mock transduced. Cells were lysed 24 hpi and expression of NlucSMN
was assessed by immunoblot. Grey arrows indicate NlucSMN fusion protein, black
arrows indicate the endogenous SMN protein and a star marks an aberrant SMN
protein. Panel C: Nluc activity as assessed by luciferase assay. Data is plotted on a
logarithmic scale, while statistical significance was determined on log-transformed
data using one-way ANOVA followed by Tukey’s multiple comparisons test. One
asterisk (*) indicates p<0.05. Data represents 3 independent experiments, where
cells were transduced in duplicate, and luminescence of each sample was read in
duplicate. Schematic in Panel A generated with BioRender.
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expression of NIucSMN protein, whereas co-transduction of AdCre and
AdfloxNIlucSMN vyielded robust expression of the NlucSMN protein. Indeed, the
quantity of NlucSMN protein present in these cells was similar to the level of protein
produced through constitutive expression from AdNIucSMN. Quantitative analysis
of Nluc activity present in crude protein lysates from cells transduced with
AdfloxNlucSMN and AdCre showed similar expression as AdNIucSMN, which was
a 4-log induction of expression relative to the uninduced state (Figure 3.2C). Overall,
this data shows that the Cre-activatable vector AdfloxNlucSMN provides minimal

background expression of NlucSMN and high Cre-mediated induction.

3.3.3 Systemic administration of AdfloxNlucSMN leads to high-levels of
NlucSMN fusion protein in the liver in Alb-Cre mice.

We next examined activation of expression from AdfloxNlucSMN in the Alb-
Cre mice compared to the C57BL/6 parental strain that lacks Cre. For this study, we
used a derivative of AdfloxNlucSMN that also encoded a CMV-driven firefly
luciferase (Fluc) gene in the E3 region of the vector, designated AdfloxNIlucSMNFluc
(Figure 3.3A). In this vector, NlucSMN is only expressed in the presence of Cre (i.e.
in the liver of Alb-Cre mice), whereas Fluc would be constitutively expressed in all
tissues that the vector transduces. Thus, Fluc expression can be used to monitor
vector distribution, as well as normalize Nluc activity (Supplemental Figure S4).

Five-week-old Alb-Cre and C57BL/6 mice were administered PBS or
AdfloxNIucSMNFluc at a dose of 5x10'2 viral particles (vp)/kg by tail vein injection.

Seventy-two hpi, tissues were collected, snap frozen in liquid nitrogen and stored at
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-80°C until the time of analysis. Plasma was collected at the time of sacrifice and
also stored at -80°C until the time of analysis. We first performed immunoblot
analysis on liver lysates from the treated animals to analyze protein expression from
our vector. As shown in Figure 3.3B, induction of expression of the NlucSMN fusion
protein was observed in the liver of vector-treated Alb-Cre mice, with no detectable
NlucSMN protein in liver lysates from vector-treated C57BL/6 mice. In the
AdfloxNlucSMNFluc-treated Alb-Cre mice, we observed several protein bands on
immunoblots probed with SMN or FLAG antibody, ranging in size from 20 to 65 kDa.
The NlucSMN fusion protein is predicted to be ~48 kDa, and a predominant band of
this size was noted on both SMN and FLAG immunoblots. We also observed
prominent bands of 38 kDa on the SMN immunoblot and a doublet of ~20 kDa on
the FLAG blot, which are consistent with the molecular weight of SMN and Nluc
proteins, respectively. Thus, some proteolytic degradation of the fusion protein may
have occurred near the junction of the two proteins. The ~65 kDa band likely
represents an aberrant splice product that we have observed previously when using
Ad vectors encoding SMN protein®, and may represent splicing from the SMN gene
to downstream Ad sequences®>®. To estimate the level of overexpression of SMN
protein in the liver of treated mice, we compared the SMN protein signal in PBS-
treated Alb-Cre mice to the combined SMN and NIucSMN signal in
AdfloxNlucSMNFluc-treated Alb-Cre mice by immunoblot, which showed a level of
overexpression of approximately 7.5-fold (Supplemental Figure S5A, S5B).

We also analyzed Fluc and Nluc activity in liver tissue lysates. As expected,

C57BL/6 and Alb-Cre mice treated with AdfloxNlucSMNFluc showed a similar level
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Figure 3.3 Administration of AdfloxNlucSMNFluc to Alb-Cre mice leads to
robust expression of NIucSMN protein in the liver. Panel A: Schematic
representation of AdfloxNlucSMNFluc. AdfloxNlucSMNFIluc is an early region 1
(E1)/E3 deleted HAdV-5-based vector that contains a CMV driven expression
cassette comprised of a loxP-flanked GFP cDNA in which the start codon for the
gene is located upstream of the 5’ loxP site, and a downstream NlucSMN gene
lacking a start codon (AATG), and also contains a CMV-Fluc expression cassette
within the E3 region. Panel B: Five week old female C57BL/6 and Alb-Cre mice were
injected by tail vein with 5x10"? vp/kg AdfloxNlucSMNFIuc. Blood and tissues were
harvested 72 hpi. The levels of NlucSMN fusion protein were assessed in liver tissue
by immunoblot. Grey arrows indicate NlucSMN fusion protein, black arrows indicate
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endogenous SMN protein, white arrows indicate Nluc protein, and the black star
indicates an aberrant protein product. Samples from two different mice from each
treatment group is shown. Panel C: Fluc activity in liver tissue was assessed by
luciferase assay. Panel D: Nluc activity in liver tissue was assessed by luciferase
assay. Data in panels C and D is plotted on a logarithmic scale, but was assessed
by one-way ANOVA for statistical significance using log-transformed data followed
by Tukey’s multiple comparisons test. One asterisk (*) indicates p<0.05, two asterisk
(**) indicates p<0.01, and four asterisk (****) indicates p<0.0001. Data represents 3
mice per treatment group. Panel E: Liver tissue sections were stained with anti-
FLAG antibody and imaged by epifluorescence microscopy. Scale bars represent
30 uym. Of note, the methanol/acetone fix used in processing the tissues inactivates
GFP, thus inhibiting fluorescence emission from the GFP in tissues from animals
treated with AdfloxNlucSMNFluc. Schematic in Panel A generated with BioRender.
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of Fluc activity in liver (Figure 3.3C), indicating that there was no difference in liver
transduction efficiency in the two different strains of mice. Although C57BL/6 mice
treated with AdfloxNlucSMNFIluc did show an ~10-fold increase in Nluc activity in
the liver compared to PBS-treated mice, suggesting low level of spurious expression
from the vector, Alb-Cre mice showed an over 100-fold increase above this
background level (Figure 3.3D). Thus, we observed robust induction of expression
of the NlucSMN fusion protein in the liver of vector-treated Alb-Cre mice. Sections
of liver from the various treated mice showed an induction of NlucSMN protein levels
in tissue from the AdfloxNlucSMNFluc-treated Alb-Cre mice, with no detectable
protein in the other treatment groups (Figure 3.3E, Supplemental Figure S5). Thus,
Cre-mediated induction of expression from AdfloxNIlucSMNFluc in Alb-Cre mice
provides an excellent system to evaluate EV-mediated distribution of protein

originating from liver.

3.3.4 NlucSMN fusion protein is released from the liver within EVs.

Following our determination that systemic administration of
AdfloxNlucSMNFIluc leads to robust NlucSMN fusion protein expression in the liver
of Alb-Cre mice, we investigated whether the liver-derived protein was released into
circulation in EVs. Plasma samples from C57BL/6 or Alb-Cre mice treated with PBS
or AdfloxNlucSMNFluc were evaluated for Fluc and Nluc activity. Fluc activity in
whole plasma samples was below the threshold of detection in the vector-treated
animals and was not significantly different from that observed in PBS-treated mice

(Figure 3.4A). In contrast, Nluc activity in plasma of vector-treated Alb-Cre mice was
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Figure 3.4 NlucSMN protein is contained in the EV fraction of blood plasma
samples from AdfloxNlucSMNFIluc-treated Alb-Cre mice. Mice were treated with
AdfloxNlucSMNFIluc as described in Figure 4, and plasma samples isolated 72 h
post-treatment. Panel A: Fluc and Nluc activity in plasma was assessed by
luciferase assay. Panel B: EVs isolated from plasma of control, untreated mice using
Exoquick reagent were assessed for particle diameter and concentration by
nanoparticle tracking analysis. Of note, this plasma was not from the same animals
shown in panel A, but is provided to illustrate the typical EV profile obtained from
this isolation method. Panel C: Fluc and Nluc activity in EVs isolated from plasma
was assessed by luciferase assay. Data is plotted on a logarithmic scale, but
assessed by one-way ANOVA for statistical significance using log-transformed data
followed by Tukey’s multiple comparisons test. One asterisk (*) indicates p<0.05,
two asterisk (**) indicates p<0.01, three asterisk (***) indicates p<0.001, and four
asterisk (****) indicates p<0.0001. Data represents 3 mice per treatment group.
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~10-fold higher than background activity observed in PBS controls or vector-treated
C57BL/6 mice, suggesting that NlucSMN protein from the liver was released into
circulation. We further evaluated Fluc and Nluc activity in EVs isolated from the
plasma from the various treatment groups using Exoquick reagent to isolate the
EVs. As shown in Figure 3.4B, the particles isolated from plasma had a size
distribution consistent with small EVs. Within the isolated particles, we observed a
similar level of enrichment of Fluc activity in EVs isolated from plasma derived from
both strains of mice treated with vector (Figure 3.4C). We also observed significant
Nluc activity in the EVs isolated from plasma collected from AdfloxNlucSMNFluc-
treated Alb-Cre mice. Given that NlucSMN expression is only activated in the liver
of Alb-Cre mice, these data indicate that the NlucSMN protein produced in the liver
is packaged into EVs which can then be found circulating in the blood of treated

mice.

3.3.5 Liver-derived SMN protein is present in peripheral tissues of vector-
treated mice.

As EVs loaded with NlucSMN protein had entered circulation in vector-
treated Alb-Cre mice, we next examined if NlucSMN protein was distributed to
peripheral tissues of the mouse. Tibialis anterior (TA) muscle, kidney, spinal cord,
brain, heart, and lung tissue lysates were analysed by dual luciferase assay to
examine the level of luciferase activity (Figures 3.5A, 3.5B). In both C57BL/6 and
Alb-Cre mice, increased Fluc activity was found in all tissues of vector-treated mice

compared to mice administered PBS (Figure 3.5A). This Fluc activity would be a
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Figure 3.5 Liver-derived production of NlucSMN protein leads to high levels of
the protein in peripheral tissues. Mice were treated with AdfloxNlucSMNFluc, and
tissue samples were isolated 72 h post-treatment. Panel A: Fluc activity in TA
muscle, kidney, spinal cord, brain, heart, and lung tissue was analyzed by luciferase
assay. Panel B: Nluc activity in the tissues was analyzed by luciferase assay. Panel
C: Nluc activity normalized to Fluc activity for the various tissues. Panel D: The ratio
of normalized Nluc activity for Alb-Cre mice to C57BL/6 mice is shown. Equal Nluc
expression in both animals would yield a value of 10° (i.e. 1), while enhanced Nluc
activity in the tissues would yield a value above this line. Data in panels A and B is
plotted on a logarithmic scale, but assessed by one-way ANOVA for statistical
significance using log-transformed data followed by Tukey’s multiple comparisons
test. Data in panel C was tested for statistical significance by unpaired t-test. One
asterisk (*) indicates p<0.05, two asterisk (**) indicates p<0.01, three asterisk (***)
indicates p<0.001, and four asterisk (****) indicates p<0.0001. Data represents 3
mice per treatment group.
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combination of EV-mediated transit of Fluc protein produced in the liver into these
tissues and also any primary transduction of vector directly into these tissues. As
mentioned, unlike adeno-associated virus (AAV), Ad does not efficiently
extravasate, and thus exhibits only extremely low transduction of tissues other than
liver following systemic administration in mice’87.8, C57BL/6 mice treated with
AdfloxNlucSMNFIluc showed only background levels of Nluc activity in all tissues
(Figure 3.5B). In contrast, we observed enhanced Nluc activity in many tissues
examined in the AdfloxNlucSMNFluc-treated Alb-Cre mice. Normalizing Nluc activity
to the Fluc activity in the various tissues showed an elevated level of Nluc in four of
the nine tissues examined in the Alb-Cre mice relative to the C57BL/6 (Figure 3.5C).
Indeed, calculation of the fold increase in normalized Nluc activity in Alb-Cre relative
to C57BL/6 illustrated that all tissues showed a trend towards greatly enhanced
relative expression (Figure 3.5D). Unsurprisingly, the highest relative abundance of
Nluc activity was observed in the liver, followed by plasma/plasma EVs, TA muscle,
spinal cord and brain. We used immunoblot analysis to directly examine the quantity
of NlucSMN protein in TA and brain. As shown in Figure 3.6, we detected the
NlucSMN protein in both tissues. For the TA samples, densitometry analysis of the
immunoblots showed that the quantity of the 48 kDa NIucSMN protein in the two
samples analyzed was ~40 and 90% of their respective endogenous 38 kDa SMN
protein signal (Figure 3.6A). As expected, the 48 kDa NIlucSMN protein was also
detected with anti-FLAG antibody. We also detected proteins of ~20 and 38 kDa with
the anti-FLAG antibody in the animals treated with vector, similar to the size of the

putative proteolytic cleavage products of the Nluc and SMN fusion protein observed
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Figure 3.6 Liver-derived production of NlucSMN protein leads to high levels of
the protein in muscle and brain. Mice were treated with AdfloxNlucSMNFIluc, and
tissue samples were isolated 72 h post-treatment. Protein lysates from TA (panel A)
and brain (panel B) were assessed by immunoblot with antibodies to SMN and
FLAG, with vinculin as a loading control. Grey arrows indicate NlucSMN fusion
protein, black arrows represent SMN protein, the white arrows indicate Nluc protein,
and the black stars indicate an aberrant protein product. Samples from two mice
from each treatment group are shown.
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in the liver of treated animals (Figure 3.3B). This ~38 kDa proteolytic SMN protein
likely contributed to the apparent 2- to 3-fold higher signal for the 38 kDa SMN
protein in the TA muscle of animals treated with vector relative to the animals treated
with PBS, when normalized to the vinculin loading control. Thus, overall, a 7.5-fold
overexpression of NlucSMN in the liver (Figure 3.3, Supplemental Figure S5) led to
a ~40-90% increase in SMN protein in the TA muscle of treated animals. In the brain,
the NlucSMN protein was also detected with both the SMN and FLAG antibodies,
but was present at a much lower level than the endogenous SMN protein (Figure
3.6B).

As shown in Figures 3.5 and 3.6A, the TA muscle appeared to have the
highest level of SMN protein uptake of all tissues examined. We performed
immunofluorescence microscopy on histological sections of TA muscle to examine
the localization of the liver-derived SMN protein within this tissue. In this experiment,
wildtype C57BL/6 mice were administered 5x10'? vp/kg by tail vein injection of either
an E1/E3-deleted Ad vector contained a CMV-driven SMN gene that contained an
N-terminal mCherry and FLAG epitope tag, designated AdmCherry-SMN, or with
the same dose of control Ad vector lacking a transgene (AdEmpty), or PBS. TA
muscle was collected 72 hpi and processed for epifluorescence imaging using
antibodies to FLAG or laminin. As anticipated, no FLAG signal was detected in the
PBS- or AdEmpty-treated animals (Figure 3.7). In contrast, the FLAG-tagged SMN
protein was detected in the TA muscle of AdmCherry-SMN-treated mice, and
appeared to co-localize with the basal lamina surrounding the myofibers in the TA

muscle tissue. Importantly, examination of tissue sections isolated from varying
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Figure 3.7 Visualization of liver-derived SMN protein in the TA muscle of mice
using immunofluorescence microscopy. Mice were treated with 5x10'2 vp/kg of
AdmCherry-SMN, AdEmpty, or PBS, and TA muscles were collected 72 h post-
treatment. Muscle tissue sections were stained with anti-FLAG and anti-laminin
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antibodies and imaged by epifluorescence microscopy. Scale bars represent 100
pm.
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positions within the TA muscle showed that the mCherry-SMN protein had
distributed throughout the muscle (Supplemental Figure S6). We were not able to
conclusively detect liver-derived SMN protein directly within the myofibers of treated
mice, likely reflecting the limit of sensitivity of standard immunofluorescence
microscopy. However, numerous studies have shown that systemic delivery of EVs
in mice or rats results in cellular uptake®-', suggesting that at least a portion of the
liver-derived SMN protein present in TA muscle is likely internalized by the cells.
Overall, our data shows that a gene therapy approach can effectively convert the
liver into a “factory” for producing EVs containing a therapeutic protein that
distributes throughout the body and is taken up by peripheral tissues, including the

CNS.
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3.4 Discussion

EVs have garnered significant attention as therapeutic delivery vehicles for a
number of conditions and disorders®-%5, EVs can deliver cargo to all tissues in the
body?” and cross the BBB%, exhibit low immunogenicity®”-°8, and are relatively
stable®®. Previously, we demonstrated that EVs can deliver SMN protein to cells in
culture, and that the delivered protein localizes to gem-like structures in the nucleus
of recipient cells similar to endogenous protein®. We have extended these findings
to show that EVs can effectively deliver SMN protein to fibroblast cells derived from
an individual with SMA. Cells with low levels of SMN protein show defects in
endocytosis®3-6568 and intracellular trafficking®”-¢8, both of which are essential for
effective EV-mediated delivery of a therapeutic protein. Administration of CM
containing 3F-SMN-loaded EVs to the SMA fibroblasts resulted in uptake of the
protein (Figure 3.1), indicating that deficits in these pathways do not impede the use
of EVs as a therapeutic for this disease. That delivery of the 3F-SMN protein was
mediated by EVs was supported by EV depletion studies: ultracentrifuge-based
depletion of EVs from CM significantly reduced delivery of the 3F-SMN protein to
the recipient cells (Supplemental Figure S3). Using 3D reconstruction of confocal
microscopy images, we showed that the delivered protein was present in both the
cytoplasm and nucleus of recipient cells. In the nucleus, the 3F-SMN protein
localized to nuclear bodies reminiscent of gem-like structures (Figure 3.1). In
previous work, we showed that human cancer cells treated with CM containing EVs
loaded with 3F-SMN protein also showed similar nuclear bodies, and that the 3F-

SMN signal co-localized with Gemin2 protein®, suggesting these structures are
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indeed nuclear gems and that the delivered protein is in the proper cellular
compartmentalization for functional activity. Taken together, these data suggest that
SMN protein-loaded EVs may represent a novel therapeutic for treatment of patients
with SMA. However, given the naturally short half-life of SMN protein within the cell
(~6 h®162) daily re-administration of these EVs would likely be required to maintain
a therapeutic benefit. Unfortunately, production of large quantities of pure EVs has
remained a major barrier to clinical application in the field of EV-based
therapeutics'°.

To overcome the challenge of producing large quantities of pure EVs for
therapeutic use, we utilized a gene therapy approach to engineer the liver of mice
to release SMN protein into circulation. Hepatocytes naturally release EVs'®', and
the liver contributes approximately 15% of the total EVs found in blood'%%1%, To
determine if the liver could serve as a factory for production of EVs loaded with SMN
protein that subsequently distribute throughout the body, we utilized an Ad vector
containing a Cre-inducible cassette for expression of NlucSMN in combination with
Alb-Cre transgenic mice to ensure protein was produced solely in the liver (Figure
3.2, Supplemental Figure S4, S5). Systemic delivery of AdfloxNlucSMN to Alb-Cre
mice resulted in an ~7.5-fold overexpression of the NlucSMN protein in the liver,
relative to endogenous SMN protein, with no protein detected in vector-treated
wildtype C57BL/6 mice (Figure 3.3, Supplemental Figure S5C). NlucSMN protein
was subsequently detected in the plasma of treated mice and specifically in the EV
fraction of the plasma (Figure 3.4). NlucSMN protein was also detected in all tissues

examined by luminescent assay, including the brain and spinal cord (Figure 3.5). In
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the TAmuscle, NlucSMN protein was also easily detectable by immunoblot and was
present at a level equivalent to ~40-90% of the endogenous protein (Figure 3.6A),
suggesting effective distribution to this tissue. NlucSMN protein was also detected
by immunoblot of protein samples from the brain of treated mice (Figure 3.6B),
consistent with previous observations that EV can readily cross the BBB?-32. Based
on relative Nluc activity observed in the various tissues (Figure 3.5), we estimate
that the liver-derived EVs delivered the equivalent of ~10% of the endogenous level
of SMN protein to the spinal cords of these mice (Figure 3.5). In the Smn?2 mouse
model of SMA, Smn??” mice that have ~25% of wildtype levels of the SMN protein
in the spinal cord have a significantly reduced lifespan (~28 days) and exhibit all the
hallmarks of SMA disease, while Smn?#?2 mice that have ~36% of wildtype levels
of SMN protein in the spinal cord are phenotypically normal'%1%_ Thus, our ability
to increase the quantity of SMN protein in CNS tissues by 10%, as well as also
increase SMN protein levels in all other peripheral tissues, may be expected to be
of therapeutic benefit. We used an E1-deleted Ad vector with a Cre-inducible system
to ensure NlucSMN protein was produced exclusively in the liver (Figures 3.2, 3.3)
in this proof-of-concept study. Mosaicism has been reported in Cre-lox mouse
models, in which not all cells in a tissue of interest express Cre'%”1% which would
effectively prevent maximal induction of NlucSMN expression from our vector.
Indeed, not all hepatocytes in vector-treated Alb-Cre mice appeared positive for an
NlucSMN signal (Figure 3.3E). Constitutive expression of NlucSMN from a gene
therapy vector would be expected to yield much higher levels of NlucSMN protein

in the liver, and consequently greater quantities of therapeutic protein in peripheral

124



tissues and the CNS. A combination of helper-dependent Ad, which are deleted of
all viral protein coding sequences and associated with very long-term transgene
expression relative to traditional E1-deleted Ad vectors®8', and an appropriate
house-keeping promoter, which are less susceptible to epigenetic shut-down'0%-111,
could provide high-level expression of the SMN protein for many years. However,
engineering of the “donor” tissue could be achieved with any vector system,
including AAV, lentivirus, or plasmid, providing a sufficient level of expression is
achieved. Compared to AAV, Ad typically gives rise to much higher levels of gene
expression per delivered viral genome''?13, Use of a codon-optimized SMN1 gene
or delivery of a gene encoding a phospho-mimetic form of the SMN protein exhibiting
higher protein stability®?''4, could also enhance the levels of SMN protein in the
donor tissue and subsequently in the recipient tissue.

We demonstrated that liver-derived SMN protein distributes throughout
skeletal muscle tissue, and was visualized surrounding myofibres in TA muscle
(Figure 3.7, Supplemental Figure S6). It is likely that at least a portion of the protein
reaching the TA muscle, and other tissues, is internalized into cells. Through the
elegant use of reporter mice, many studies have shown that systemic delivery of
EVs in mice or rats leads to cellular uptake®®-°1. Using fibroblasts derived from SMA
patients, we showed that EV-delivered SMN protein is able to transit to the nucleus
and co-localize with normal cellular partners, suggesting the EV-delivered SMN
protein is bioavailable and functional®®. Thus, we would predict that liver-derived
SMN protein delivered to peripheral tissues would be similarly functional. We

recently showed in the Smn?2 mouse model of SMA that administration of an AAV
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vector encoding SMN1 under regulation by the liver-specific albumin promoter,
resulting in significant transduction of liver and no detectable transgene expression
in the CNS, led to improved survival and corrected many disease-associated tissue
pathologies, including liver steatosis, muscle fibre cross sectional area, and
pancreatic cell imbalance'?. Although many of these effects may be due to
restoration of SMN protein levels specifically in the liver, and thus restoration of
paracrine signaling from the liver, at least part of this effect could also be due to EV-
mediated distribution of SMN protein to peripheral tissues. However, in that study,
vector-derived SMN protein was only detected in liver samples and was not detected
in spinal cord or TA muscle by immunoblot, suggesting that any EV-mediated
transfer of the SMN protein between tissues was low, and below the level of
detection. As mentioned, Ad typically provides much higher levels of gene
expression per delivered viral genome compared to AAV''213 which may have
affected detection of any EV-transferred protein in that study.

Current SMA therapies approved for treatment of SMA, including nusinersen,
risdiplam, and onasemnogene abeparvovec, have all been shown to be present in
the liver, and increase SMN protein levels in this tissue?''%16_ We speculate that at
least a portion of the therapeutic efficacy of these treatments could be attributable
to an increase in SMN protein at sites other than the CNS, such as the liver, resulting
in release of SMN-loaded EVs, thus delivering SMN protein to cells body-wide,
similar to what we demonstrated in this study. In particular, onasemnogene
abeparvovec is administered systemically and results in very high uptake of vector

by the liver, up to 400 vector genome copies per hepatocyte'®, giving rise to high
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levels of SMN mRNA transcripts and almost certainly resulting in substantial
quantities of SMN protein in these cells. We expect that these transduced
hepatocytes are releasing EVs loaded with SMN protein, which are then able to
deliver protein to all tissues in the patient body. Thus, the reliance on direct CNS
transduction of the onasemnogene abeparvovec vector may be less critical than
previously thought, given the potential systemic benefits of liver EV-derived SMN

protein delivery.

Conclusion

In conclusion, we have demonstrated that a gene therapy approach can be
used to engineer the liver to release EVs containing a therapeutic protein into
circulation, which subsequently distribute to all tissues of the body, including the
CNS. Thus, we have developed an approach that may be applicable to many

diseases that require body-wide delivery of a therapeutic protein.
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3.5 Materials and Methods

Cell culture. GM00232 and AGO08498 were obtained from Coriell Institute for
Medical Research (Camden, NJ). GM00232 was collected from a 7-month old male
who was diagnosed with SMA type 1 with a homozygous deletion of exons 7 and 8
of SMN1 and 2 copies of SMN2. AG08498 was collected from a 1-year old healthy
male. Cells were maintained in Minimum Essential Medium (MEM) (M2279, Sigma,
Oakville, ON) supplemented with 15% (v/v) fetal bovine serum (FBS) (35-077-CV,
Corning, Corning, NY), 2 mM GlutaMAX (35050061, Gibco, Grand Island, NY), and
1X antimycotic-antibiotic (15240062, Gibco). Reduced expression of SMN protein
in the GM00232 cell line, relative to the AG08498 control cell line was confirmed
(Supplemental Figure S1). A459 cells'” were obtained from the American Type
Culture Collection (ATCC) (CCL-185, ATCC, Manassas, VA) and were grown in
MEM supplemented with 10% (v/v) FBS, 2 mM GlutaMAX, and 1X antimycotic-
antibiotic. HepG2 cells''® (HB-8065, ATCC), were grown in Dulbecco’s Modified
Eagle Medium (D5671, DMEM, Sigma) supplemented with 10% FBS, 2 mM
GlutaMAX, and 1X antimycotic-antibiotic. FBS used in this study was not depleted
of EVs, and thus conditioned medium (CM) collected from cells contained both EVs
released from the cells and EVs present within FBS. All cells were incubated at 37°C

and 5% CO2in a humidified chamber.

Viral vectors. Ad3F-SMN is a human adenovirus serotype 5 (HAdV-5)-based vector

devoid of early region 1 (E1) and E3, and possessing an expression cassette

containing the human cytomegalovirus (CMV) immediate early enhancer/promoter
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driving expression of a triple FLAG-tagged SMN7 cDNA replacing the E1 region,
and has been described previously®®. AdmCherry-SMN is an HAdV-5-based vector
the lacking E1 and E3 regions, possessing an expression cassette containing the
CMV immediate early enhancer/promoter driving expression of a mCherry- and
FLAG-tagged SMN171 cDNA replacing the E1 region, and has been described
previously®®. AdEmpty (laboratory designation AdRP2014) is an HAdV-5-based
vector lacking the E1 and E3 regions with no foreign transgene, and has been
previously described®.

AdfloxNIlucSMN (laboratory designation AdRP3280) is a HAdV-5 E1/E3
deleted vector containing an expression cassette comprised of the CMV immediate
early enhancer/promoter driving expression of a loxP flanked green fluorescent
protein (GFP). The start codon for the GFP gene is located upstream of the 5’ loxP
site. Downstream of the floxed GFP gene is a gene for expression of a Nanoluc
luciferase-FLAG-SMN (NlucSMN) fusion protein lacking a start codon (ATG). Cre-
mediated excision of the GFP gene places the 5’ start codon in frame with the
NlucSMN gene, thus allowing for expression of the protein. AdfloxNlucSMNFluc
(AdRP3281) is similar in structure to AdfloxNlucSMN, but also contains a human
CMV immediate early enhancer/promoter driving expression of the firefly luciferase
(Fluc) gene replacing the E3 region. AANIucSMN (AdRP3272) is an E1/E3 deleted
HAdV-5-based vector that contains a gene for expression of NlucSMN in the E1
region, under regulation by the human CMV early enhancer/promoter, and provides
constitutive expression of the protein. AAGFP is an E1/E3 deleted HAdV-5-based

vector that encodes GFP in the E1 region, driven by the human CMV early
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enhancer/promoter, and has been described previously'?°. AdCre is an E1/E3
deleted HAdV-5-based vector that possesses the Cre recombinase gene in the E1
region'?!, driven by the murine CMV early enhancer/promoter'??. All Ad vectors were
grown, purified, and titered on 29323 or 293N3S'%4 cells as previously described'?.
Cells were transduced with vector at the indicated multiplicity of infection (MOI) or
mock transduced with an equivalent volume of phosphate buffered saline (PBS)
(D8537, Sigma) for 1 h at 37°C, with rocking to redistribute the virus every 15 min.
Cells were then washed three times with PBS to remove unattached virus. Cell

lysates and conditioned medium (CM) were collected 72 hpi.

Isolation and analysis of extracellular vesicles (EVs). EVs were isolated from
CM for immunoblot analysis as previously described®®. Briefly, HepG2 cells were
transduced with Ad3F-SMN as described above. Seventy-two hpi, CM was collected
and centrifuged at 2,500xg for 15 min, then the resulting supernatant was collected
and subjected to ultracentrifugation for 90 min at 120,000xg at 4°C in a TLA-100
rotor (Beckman Coulter). The resulting pellets were resuspended in PBS (Sigma),
pooled, and subjected to ultracentrifugation at 120,000xg in a TLA-100 rotor for 90
min at 4°C. The resulting pellet was resuspended in 100 uL of PBS and stored at -
20°C.

EVs were isolated from 50 pL of mouse plasma using a commercially
available kit (Exoquick, EXOQ5A-1, SBI Biosciences, Palo Alto, CA) according to
the manufacturer’s instructions. The resulting pellet was resuspended in 50 yL of

PBS or reporter lysis buffer (E397A, Promega, Madison, WI).
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The diameter and concentration of EVs was determined by nanoparticle
tracking analysis using a NanoSight NS300 (Malvern Panalytical, Westborough,
MA). NanoSight NTA 3.4 software was used to capture videos and analyze isolated
particles. Samples were diluted into a working range of the system in 0.1 pm filtered
PBS immediately before analysis. Samples were loaded using a syringe pump at an
infusion rate of 50 and 2 independent analyses were conducted for each sample,
each capturing 3 videos of 60 s. Capture settings remained consistent across all

analyses.

Immunoblot. Cells in 35 mm dishes were lysed directly in 200 pL of 2x Laemmli
buffer (LB, 62.5 mM Tris-HCI pH 6.8, 25% w/v glycerol, 5% v/v 3-mercaptoethanol,
2% w/v sodium dodecyl sulphate (SDS), 0.01% w/v bromophenol blue) and stored
at —20°C. Isolated EVs in PBS were mixed 1:1 with 5X LB. Mouse tissue lysates
were combined with equal volume of 2X LB. All samples were boiled for 10 min prior
to protein separation by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). Separated proteins were transferred to an Immobilon-
P polyvinylidene difluoride (PVDF) membrane (Millipore, Burlington, MA).
Membranes were blocked with 5% w/v skim milk powder dissolved in Tris-buffered
saline (20 mM Tris-HCI pH 7.6, 135 mM NaCl) containing 0.2% Tween 20 (Thermo
Fisher Scientific) (TBST) or Intercept (PBS) Blocking Buffer (927-70001, LI-COR
Biosciences, Nebraska) for 1 h at room temperature (RT) and probed with the
following primary antibodies diluted in blocking buffer containing 0.2% Tween 20:

SMN (1:5000 1 h at RT for cell lysates and tissues, 1:1000 overnight at 4°C for EVs;
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BD Transduction, Mississauga, ON), FLAG (1:5000 1 h at RT for cell lysates and
tissues, 1:1000 overnight 4°C for EVs; F1804, Sigma), Tubulin (1:10000 1 h at RT;
ab59670, Abcam, Cambridge, UK or CP06, Millipore), Flotillin-2 (1:1000 overnight
at 4°C; C42A3, Cell Signalling Technologies, Danvers, MA), ALIX (1:1000 overnight
at4°C; ab186429, Abcam), CD29/Integrin beta-1 (1:1000 overnight at 4°C; 04-1109,
Millipore), Vinculin (1:10000 1 h at RT; ab129002, Abcam). For membranes to be
visualized by chemiluminescence, membranes blocked in 5% skim milk in TBST
were washed three times in TBST and incubated with either goat anti-mouse
horseradish peroxidase (HRP) conjugate (1706516, BioRad, Hercules, CA) or goat
anti-rabbit HRP conjugate (1706515, BioRad). Blots were developed using
Immobilon Classico Western HRP Substrate (Millipore) and visualized by standard
autoradiography. For membranes to be visualized by infrared fluorescence,
membranes blocked in Intercept (PBS) Blocking Buffer were washed three times in
PBS containing 0.2% Tween 20 (PBST), and incubated with the following
fluorescently-labelled secondary antibodies in blocking buffer containing 0.2%
Tween 20 and 0.01% SDS: IRDye goat anti-mouse 680 (926-68070, LI-COR),
IRDye goat anti-mouse 800 (925-32210), IRDye goat anti-rabbit 680 (925-68071,
LI-COR), IRDye goat anti-rabbit 800 (926-32211, LI-COR). Membranes were

developed by Odyssey CLx and visualized using LI-COR Image Studio 4.0 software.

Isolation of conditioned medium and EV transfer treatments. EV uptake

experiments in tissue culture were performed directly with conditioned medium from

donor cells, without further concentration of the EVs, as previously described®.
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Briefly, HepG2 cells were plated in 35 mm dishes (6x10° cells per dish) and, next
day, transduced with Ad3F-SMN at an MOI=200. CM was collected 72 h later,
centrifuged at 2,500xg for 15 min to pellet large cellular debris, and used
immediately. For studies using CM depleted of EVs, half of the CM was maintained
at 4°C, while the other half was subjected to ultracentrifugation at 120,000xg in a
TLA-110 rotor overnight at 4°C to pellet the EVs. After centrifugation, the supernatant
was retained and used immediately.

For CM treatments, GM00232 were seeded at a density of 3x10* cells per
well in 8-well chambered slides (80841, Ibidi, Fitchburg, WI). Next day, the medium
was removed and the cells were pre-treated with 100 uM 5,6-dichloro-1-3-D-
ribofuranosylbenzimidazole (DRB) or vehicle control, both at a final DMSO
concentration of 0.001% v/v for 1 h at 37°C. CM (200 uL per well) was supplemented
with DRB or vehicle, both to a final DMSO concentration of 0.001% v/v, and the cells
were treated for 2 h at 37°C. DRB was used as an inhibitor of transcription
elongation'?®, to prevent de novo gene expression from residual HAdV vector that
may be retained in the CM. The cells were washed 3 times with PBS and prepared

for immunofluorescent staining as detailed below.

Immunofluorescence staining and microscopy. Cells were seeded at a density
of 3x10* cells per well in 8-well chambered slides (80841, Ibidi, Fitchburg, WI). Next
day, the cells were treated with CM as described above. After the 2 h incubation with
CM, the cells were fixed with 4% paraformaldehyde (PFA) in PBS for 10 min at RT,

washed 3 times with PBS, and permeabilized with 0.25% Triton X-100 (Sigma) in
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PBS for 10 min at RT. The cells were blocked in 10% donkey serum (S30, Millipore)
in PBS for 30 min at RT, and then incubated in 10% donkey serum (Millipore)
overnight at 4°C with the following antibodies: SMN (1:250; BD Transduction), FLAG
(1:250; F1804, Sigma), and Tubulin (1:500; ab59670, Abcam). The cells were
washed three times for 5 min with 1% donkey serum (Millipore) in PBS, then
incubated with the following secondary antibodies in 10% donkey serum in PBS
(Millipore) for 1 h at RT; Alexa Fluor donkey anti-rabbit 594 (1:1000; A21207,
Invitrogen, Eugene, OR) and Alexa Fluor donkey anti-mouse 488 (1:1000; A21202,
Invitrogen). Following incubation with secondary antibody, the cells were stained
with Hoechst 33342 at a concentration of 1 pg/mL (H3570, Life Technologies,
Eugene, OR) in 1% donkey serum in PBS (Millipore) for 5 min at RT to visualize
nuclei. The cells were washed three times for 5 min with 1% donkey serum in PBS
(Millipore). Epifluorescence microscopy images were captured with a Zeiss Axio
Imager M2 upright microscope, and processed using FIJI'?7. Confocal images were
captures with a Zeiss LSM 900 inverted confocal microscope, and processed using
FIJI. Orthogonal projections were generated from 12-16 z-stacks captured 0.5 pm
apart using ZEN blue version 3.2 (Carl Zeiss Microscopy, Oberkochen, Germany).

Sectioning and staining of mouse livers were performed at the Louise
Pelletier Histology Core Facility at the University of Ottawa. Frozen tissue was
sectioned by cryostat into 5-7 pym sections. The slides were dried, fixed with
methanol/acetone (1:1) for 10 min and air dried. Of note, methanol/acetone fix is
known to inactivate GFP'28, thus inhibiting fluorescence emission from the GFP in

tissues from animals treated with AdfloxNlucSMNFIluc. Sections were blocked for 30
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min with Rodent Block M (Biocare RBM961H) and incubated with FLAG primary
antibody (1:250; F1804, Sigma, Oakville, ON) for 2 h at RT. Sections were washed
with 1x TBST and incubated with goat anti-mouse 488 and Phalloidin-594 antibodies
for 2 h at RT, followed by incubation for 5 min with Vector TrueView Autofluorescence
Quenching reagent (SP-8400, Vector Labs) to decrease autofluorescence. Sections
were washed and incubated with 5 pg/mL of DAPI (62248, ThermoScientific).
Fluorescence images were captured with a Zeiss Axio Imager M2 upright
microscope, and processed using FIJI. Fluorescence intensity in the images was
quantified using CellProfiler'?°, and normalized to cell area using the tubulin signal.

Mouse tibialis anterior (TA) muscle tissue was fixed in 4% PFAfor 24 h at4°C
immediately upon collection. The tissue was cryopreserved by three sequential
incubations in 30% sucrose in PBS at 4°C for 24 h. Following cryopreservation, TA
muscle tissue was embedded in Tissue-Tek O.C.T. compound (4583, Sakura
Finetek, Torrance, CA) and frozen at -80°C. The tissue was sectioned by cryostat
into 6 ym sections. Sections were dried for 20 min at RT, rehydrated with PBS for
10 min at RT, and permeabilized with 0.25% Triton X-100 (Sigma) in PBS for 10 min
at RT. Sections were blocked for 1 h at RT with 10% goat serum (16210064, Gibco),
washed three times for 10 min with PBS at RT, blocked with ReadyProbes Mouse-
on-Mouse IgG Blocking Solution (R37621, Invitrogen) for 1 h at RT, and washed
three times for 10 min with PBS at RT. Tissue sections were stained with anti-FLAG
(1:250; F1804, Sigma) and anti-laminin (1:500; PA1-16730, Invitrogen) in 10% goat
serum in PBS overnight at 4°C. The following day, sections were washed three times

with 1% goat serum in PBS for 10 min at RT. Sections were incubated with goat anti-
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mouse IgG1 647 (1:500; A-21240, Invitrogen) and goat anti-rabbit IgG 488 (1:1000;
A-11008, Invitrogen) in 10% goat serum in PBS for 1 h at RT. Following incubation
with secondary antibody, the sections were stained with Hoechst 33342 (Life
Technologies) at a concentration of 1 yg/mL in 1% goat serum in PBS for 5 min at
RT to visualize nuclei. Sections were washed three times for 5 min at RT with 1%
goat serum in PBS. Fluorescence images were captured with a Zeiss Axio Imager

M2 upright microscope, and processed using FIJI.

Animal studies. All animal experiments were approved and performed according
to the Animal Care and Veterinary Services (ACVS) guidelines at the University of
Ottawa and conducted according to the Canadian Council on Animal Care. Mice
were housed in ventilated cages in groups of 3 in a 12h/12h light/dark cycle with
access to food and water ad libitum. For the data presented in Figures 3.3-6 and
Supplemental Figure S5, five-week-old female C57BL/6 (Strain #000664, Jackson
Laboratories) and B6.Cg-Speer6-ps179(Alb-Cre)32MGN]jJ (Alb-Cre)®* (Strain#003574,
Jackson Laboratories) mice were injected by tail vein with 5x10'> vp/kg
AdfloxNlucSMNFluc (~1.25x10" vp per mouse) in 100 uL of PBS or with 100 pL
PBS as a control. Three days post vector administration, mice were anesthetized
with isoflurane and blood was collected in K2EDTA tubes (Microvette, 20.1314.100,
Sarstedt, Numbrecht, Germany) by cardiac puncture. Tissues were harvested, snap
frozen in liquid nitrogen and stored at -80°C until processing. Tissues were combined
with Reporter Lysis Buffer (RLB) (Promega, Madison, WI) and homogenized for 30

sec (PowerGen 125, Fisher Scientific). Whole TA muscle, lung, and kidney were
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homogenized in 200, 400, and 500 pL of RLB, respectively. Approximately half of
the heart, spinal cord, brain, and liver were homogenized in 200, 200, 600, and 1000
uL of RLB, respectively. Homogenized tissues were then frozen for at least 1 h at -
80°C, thawed on ice and centrifuged at 15,000xg for 3 min at 4°C to attain a cleared
lysate. For the data presented in Figure 3.7 and Supplemental Figure S6, five-week-
old female C57BL/6 (Strain #000664, Jackson Laboratories) were injected by tail
vein with 5x10'? vp/kg (~1.25x10"" vp per mouse) of AdmCherry-SMN or AdEmpty
in 100 pyL of PBS or with 100 yL PBS as a control. Three days post vector

administration, TA muscles were collected and fixed in 4% PFA.

Luciferase Assay. Luciferase assays were performed with the Nano-Glo Dual
Luciferase Reporter Assay kit (N1630, Promega, Madison, WI, USA), and were
conducted according to the manufacturer’s protocol. Luciferase activity was
determined using a 20/20 luminometer (Turner Biosystems, Sunnyvale, CA, USA),
and normalized to protein concentration as determined by Bradford assay (BioRad,

Hercules, CA, USA).

Statistical analysis. All statistical analyses were performed using Prism version
9.1.0, and the specific test performed is indicated in the figure legends. In all tests,
one asterisk (*) indicates p<0.05, two asterisks (**) indicates p<0.01, three asterisks

(***) indicates p<0.001, and four asterisks (****) indicates p<0.0001.
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Chapter 4: General Discussion
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SMA is a devastating neuromuscular disease caused by low cellular levels of SMN
protein following homozygous mutation or deletion of SMN1. There are three
therapeutics currently available to treat SMA, each focusing on increasing cellular
levels of SMN protein through gene replacement or gene targeting strategies.
Unfortunately, not all patients with SMA respond to these therapies, and therefore,
there is a need for the development of new therapeutic strategies. The Parks lab
has previously demonstrated that SMN protein is naturally contained within EVs,
and therefore, EVs may be an ideal therapeutic vehicle to deliver SMN protein. Thus,
the overall purpose of the work contained within this thesis was to assess the utility
of EVs as a delivery vehicle for SMN protein, in cell culture and animal models. The
results obtained are discussed below, as well as the implications and future
directions of this work.

4.1 SMN protein-loaded EVs

As detailed in chapters 1, 2, and 3 of this thesis, SMA pathology is caused by
low levels of SMN protein, and there is a need for the development of new therapies
to treat this devastating disease. In line with previous studies, we have
demonstrated that SMN protein is present within EVs (Figure 2.2). Thus, we wanted
to utilize EVs as delivery vehicles of this crucial SMN protein. We have shown that
Ad-mediated delivery of SMN71 cDNA to cells can be used to increase the amount
of SMN protein contained within EVs (Figure 2.4). The Ad-based method used to
increase SMN protein levels in cells and subsequently within EVs released by these
cells has many advantages over other cargo loading methods. Loading cargo into

EVs after their biogenesis commonly relies on disruption of the EV membrane, which

149



can be inefficient and cause permanent damage to the membrang?54.256-258,
Incorporating cargo into EVs during the biogenesis of the vesicles allows for the
membrane to remain intact. One such method where cargo is loaded during
biogenesis is transfection, where DNA or RNA is incorporated into cells, which then
release EVs loaded with the desired cargo®'5316. However, transfection complexes
may impair the ability of EVs to deliver cargo to target cells and also can generate
artefacts that confound analysis of EV-mediated cargo delivery®'53'6. Thus,
transfection is also a flawed method to achieve cargo loading. Alternatively, similar
to Ad transduction, lentiviral-mediated transduction of a desired gene has been used
to endogenously incorporate cargo into EVs during biogenesis. Unfortunately, the
enveloped structure and size of lentivirus makes it difficult to differentiate the
released EVs and lentivirus in the extracellular space®'’. In contrast, Ad is a non-
enveloped virus3'®, and thus, EVs released by cells can be differentiated from any
Ad vector that was not internalized by cells and thus persists in the extracellular
space. We have demonstrated that Ad transduction can give rise to high levels of
cargo loading into EVs (Figure 2.4), and could be used to load other cargos of
interest into EVs. Ad vectors devoid of E1/E3, such as those used in this work, have
a cloning capacity of ~8 kb3'® and helper-dependent Ad vectors (HDAd) devoid of
viral coding sequences have a cloning capacity up to ~37 kb3, thus even very large
transgenes can be carried by these vectors. Therefore, Ad transduction of parental
cells may be an ideal method to load EVs released by these cells with an abundance
of different target cargos during biogenesis, as demonstrated herein with SMN

protein.
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The results presented in this thesis demonstrate that EVs loaded with SMN
protein can deliver this SMN protein to cells in tissue culture (Figure 2.5, 2.8).
Importantly, this delivered SMN protein localized in nuclear gem-like structures and
co-localized with endogenous protein partners (Figures 2.6, 2.7, 2.8). Previously,
other groups have sought to deliver supplemental SMN protein to cells in culture.
One approach utilized a recombinant SMN protein fused to the catalytic and
transmembrane domains of diphtheria toxin (Dtx) and tetanus toxin fragment C
(TTC)3?'. Unfortunately, the SMN-Dtx-TTC fusion protein was unable to transit to the
nucleus, instead remaining at the surface of primary neurons in tissue culture.
Another approach utilized a fusion protein of SMN and the human immunodeficiency
virus transactivator of transcription (TAT) cell-penetrating peptide, however the TAT-
SMN fusion protein was unable to be internalized by SH-SY5Y cells, a
neuroblastoma cell line, or rat cortical neurons®?2. Recently, another study utilized a
TAT-SMN fusion protein to treat murine motor neuron-like NSC-34 cells in tissue
culture®?3. Following 48 h of treatment with 100 nM of TAT-SMN, mass spectrometry
analysis confirmed that the NSC-34 cells internalized the TAT-SMN fusion protein,
however it is unclear if the SMN protein was able to escape the endosome or transit
to the nucleus. Indeed, previous studies have indicated that TAT fusion proteins
enter the cell by an endocytic pathway and thus need to escape the endosome to
perform cellular functions®?#, and that TAT fusion proteins do not efficiently localize
to the nucleus of treated cells in culture3?%326, Importantly, the results presented in
this thesis demonstrate the ability of EVs to efficiently deliver SMN protein to

recipient cells in culture.
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Overall, these data demonstrate the ability of EVs to be used as a vehicle to
deliver SMN protein to cells in tissue culture. The data presented in this thesis could
be strengthened by demonstrating the ability of SMN protein-loaded EVs to deliver
SMN protein to motor neurons in culture. Previous studies have demonstrated the
ability of EVs to deliver cargo to primary motor neurons isolated from a mouse model
of amyotrophic lateral sclerosis (ALS) and wildtype mice3?73%8 It would be
interesting to assess EV-mediated delivery of SMN protein to primary motor neurons
isolated from moderate and severe mouse models of SMA, and to iPSC-derived
motor neurons from human patients with SMA. Delivery of SMN protein by EVs to
motor neurons with low levels of SMN protein would further support the use of EVs
as delivery vehicles of therapeutic SMN protein, a potential novel approach to treat
SMA.

Indeed, SMN protein-loaded EVs have the potential to be used as a therapy
for SMA. Following IV administration, EVs distribute throughout the body and
accumulate in various tissues, including the brain, kidney, heart, spleen, and liver?'®,
and can deliver cargo to a wide variety of cell types, importantly including motor
neurons®?’. Thus, EVs could be used as a delivery vehicle to correct defects caused
by low SMN protein levels in many cell types. Daily systemic administration of SMN
protein-loaded EVs to a mouse model of SMA would provide insight into the
therapeutic benefit of these EVs.

Interestingly, EVs can cross the placental barrier®?®, and EVs administered
into amniotic fluid reach the fetal lung in rodent models of pulmonary hypoplasia,

rescuing fetal lung underdevelopment33%331, The ability of EVs to provide therapeutic
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benefit as a prenatal therapy suggests that SMN protein-loaded EVs could be used
as a vehicle to deliver supplemental SMN protein to a fetus identified as at-risk of
severe SMA. Fetal therapy for SMA has gained attention in recent years, and
increasing SMN protein levels in utero has demonstrated greater therapeutic benefit
compared to initiating treatment after birth in a severe mouse model of SMA332,
Delivering SMN protein in utero with EVs could slow SMA pathology until alternative
therapy can be administered post-birth. Furthermore, severe forms of SMA are
associated with structural abnormalities in the brain'® and heart''!, and thus
delivery of supplemental SMN protein during fetal development could potentially
ameliorate these defects. The utility and efficacy of SMN protein-loaded EVs could
be evaluated in a mouse model of SMA by administering SMN protein-loaded EVs
IV into pregnant dams, into the amniotic fluid, or into the placenta and evaluating
the therapeutic benefit in a severe mouse model of SMA.

In addition, EVs loaded with SMN protein may also be useful as an add-on
therapy for SMA. Patients who are treated with nusinersen and/or risdiplam can
show varying responses to treatment, with some patients not gaining or maintaining
motor milestones'7:163.333-335  Recently, an in vitro study demonstrated that the
amount of full-length SMN protein produced by cells of SMA patients following
treatment with risdiplam or nusinersen was independent of SMN2 copy number and
which drug was used?%®. Thus, patients receiving these therapies may benefit from
supplemental SMN protein delivered in EVs. Overall, SMN protein-loaded EVs could
potentially provide therapeutic benefit to a spectrum of patients with SMA by

supplying supplemental SMN protein.
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4.2 in situ production and systemic distribution of liver-derived protein

The work presented in chapter 2 demonstrated the ability of EVs to deliver
SMN protein to recipient cells that localized similarly to endogenous SMN protein
and co-localized with endogenous protein partners, highlighting the potential of EVs
to be used as a delivery vehicle of therapeutic SMN protein to treat SMA. This work
was expanded upon in chapter 3, further demonstrating the ability of EVs to deliver
SMN protein to fibroblasts derived from a patient with SMA. The EV-delivered SMN
protein localized in the cytoplasm and nucleus in gem-like structures (Figure 3.1,
3.2), demonstrating that although some cells with low levels of SMN protein can
exhibit defects in endocytosis*®-%'336 and intracellular trafficking*®3%’, these cells
were still able to take up SMN protein-loaded EVs. Thus, EVs loaded with SMN
protein may represent a novel therapeutic strategy to replenish low cellular levels of
SMN protein in patients with SMA. However, due to the ~6 h half-life of SMN protein
within the cell’™> '8, it is likely that SMN protein-loaded EVs would need to be re-
administered every day to maintain a therapeutic benefit. Thus, an alternative
approach to circumvent the need for continuous re-administration of EVs was
desirable.

As hepatocytes naturally release EVs?%, and the liver contributes ~15% of
the total EVs in circulation?18338339 | ytilized a gene therapy approach to engineer
the liver of mice to release SMN protein into circulation, encapsulated within EVs.
To determine if the liver could be used as a factory for the production of SMN protein-
loaded EVs that distributed throughout the body, a system was generated to give

rise to liver-specific production of a bioluminescent SMN fusion protein. An Ad vector
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was created, containing a Cre-inducible cassette for expression of NlucSMN to be
used in combination with Alb-Cre transgenic mice, giving rise to liver-specific protein
production (Figure 3.3). Systemic delivery of this vector led to high levels of
NlucSMN protein synthesis in the liver of Alb-Cre mice and no detectable NlucSMN
protein in wildtype mice (Figure 3.4). The NlucSMN protein was also detected in
plasma and EVs isolated from plasma of vector-treated Alb-Cre mice (Figure 3.5),
indicating that the protein produced in the liver was entering circulation in EVs.
Importantly, NlucSMN was detected in all tissues examined by luminescent assay
(Figure 3.6) and in the brain and TA muscle as assessed by immunoblot (Figure
3.7). Thus, NlucSMN protein produced in the liver was able to enter circulation, likely
within EVs, and distribute to peripheral tissues, including the brain and spinal cord.
Together, these data indicate that the liver can be used as a “factory” of therapeutic
protein loaded EVs that distribute throughout the body.

The clear next step for this work is to test the efficacy of this approach as a
therapeutic strategy for SMA by using this same system in a mouse model of the
disease. It was recently demonstrated by Sutton et al.’'® that modestly increasing
SMN protein levels exclusively in the liver of a mouse model of SMA increases
survival and corrects many disease-associated pathologies, including muscle fibre
cross sectional area, liver steatosis, and pancreatic cell imbalance. These effects
may be due to improvements in paracrine signalling from the liver following increase
in SMN protein levels in the liver. Overall, the data presented in this study
demonstrated that increasing SMN protein level in the liver has a therapeutic benefit

in @ mouse model of SMA. Thus, following systemic administration of AASMN into a
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mouse model of SMA, subsequently increasing SMN protein level in the liver, it is
likely that there would be a therapeutic benefit. However, it would be difficult to
definitively determine whether rescue in survival and/or disease-associated
pathology was due to the effect of increasing SMN protein level in the liver, or due
to distribution of SMN protein to peripheral tissues in EVs, or a combination of both.
Inhibition of EV release would allow for differentiation between the benefit of
increasing SMN protein level in the liver and systemic distribution and uptake of the
protein. However, it is possible that inhibition of EV release could have detrimental
consequences on the health of the mice, as EVs are mediators of intercellular
communication?'4288, Alternatively, continuous systemic administration of SMN
protein-loaded EVs would provide insight into the therapeutic benefit of these EVs.
Producing SMN protein-loaded EVs in cell culture and administering these EVs by
daily IV injection in a mouse model of SMA could replicate the release of EVs by the
liver. To more closely replicate endogenous release of EVs by the liver, cells
producing high levels of SMN protein could be implanted into a mouse model of
SMA, releasing EVs loaded with SMN protein into circulation. This approach has
been used before, where subcutaneously implanted 293T cells expressing
luciferase or catalase released EVs containing this cargo, delivering the cargo to the
brain, spleen, and liver of mice34?. Use of implanted liver-derived cells releasing EVs
loaded with SMN protein would allow for simple differentiation between the effect of
restoring SMN protein level in the liver and the systemic distribution of liver-derived

SMN-loaded EVs. Thus, there are several methods that could be used to elucidate
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whether the therapeutic benefit demonstrated after increasing SMN protein levels in
the liver is due to systemic distribution of the SMN protein within liver-derived EVs.

The work presented herein utilized E1/E3 deleted Ad vectors with CMV
promoter-driven transgenes, which are prone to epigenetic silencing®*'. High-level
expression of SMN protein in the liver for many years could be provided through the
use of HDAd, which are associated with very long-term transgene expression
relative to traditional E1-deleted Ad vectors®°83'4 and a house-keeping promoter
that is less susceptible to epigenetic silencing®*'-343. However, the liver could be
engineered with a variety of other vector systems. One such vector is AAV, however
Ad typically gives rise to much higher levels of gene expression per delivered viral
genome344:345_ This problem could be circumvented through the use of a codon-
optimized SMN1 cDNA or delivery of a cDNA encoding a phospho-mimetic form of
the SMN protein exhibiting higher protein stability'®'8%. These strategies would
enhance the level of SMN protein in the liver, and thus the amount of protein
delivered to recipient tissues. Recently, base editing of the SMN2 gene has been
explored as a method to permanently increase production of full-length SMN
protein346:347 As the C-to-T transition in SMN2 relative to SMN1 is responsible for
the exclusion of exon 7 in the majority of SMN2 pre-mRNA transcripts'®'4, using
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-based
adenine base editing to change the T at position 840 of SMNZ2 to a C can make the
gene function more similarly to SMN1. This base editing results in the inclusion of
exon 7 in the majority of pre-mRNA transcripts, giving rise to production of more full-

length SMN protein346:347 At present, many of the strategies employed to carry out
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base editing are packaged in dual AAV vectors, as the relatively small packaging
capacity of AAV (~4.5 kb) can prevent the entire system from being incorporated in
one AAV vector346-348_|nterestingly, Ad vectors have gained attention as vehicles for
prime and base editors due to their large packaging capacity3'9-320:349_|n fact, the
capacity of HDAd vectors is so large that it is possible to generate a vector that
includes a cassette encoding SMN71 cDNA and another encoding an adenine base
editor to carry out a T-840-C transition in SMN2. Thus, these two methods
incorporated in a single vector would each increase production of full-length SMN
protein in the liver. The SMN7 cDNA would rapidly give rise to high levels of SMN
protein synthesis that would be sustained for many years, and the base editing of
SMNZ2 would permanently increase the production of full-length SMN protein. Thus,
there are numerous strategies that can be used to increase production of SMN
protein in the liver, ultimately leading to the release of EVs loaded with this SMN
protein that are distributed throughout the body.

Indeed, there are many methods that can be used to increase SMN protein
levels in the liver. It is noteworthy that the current disease-modifying therapies
available for SMA, nusinersen, risdiplam, and OA, have all been shown to be
present in the liver, increasing SMN protein levels in this tissue'531803%0  For
example, IV administration of OA in patients with SMA led to very high uptake of the
vector by the liver (~300 vector genomes per hepatocyte), which led to very high
levels of SMN mRNA transcripts relative to GADPH in liver tissue'®, and these high
levels of mMRNA would almost certainly be accompanied by a massive increase in

level of SMN protein produced in the liver. Therefore, as these therapeutics increase
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SMN protein levels in the liver, and the liver releases EVs into circulation, it is
probable that SMN protein is being distributed to peripheral tissues in a process
mediated by liver-derived EVs. The SMN protein delivered to tissues by EVs could
be responsible for at least a portion of the therapeutic effect of these treatments.
Thus, the need for direct, high-level transduction of the CNS may not be as high as
currently believed. This could be tested empirically by administering AAV-SMN [V to
a mouse model of SMA and comparing the therapeutic effect to a treatment group
receiving AAV-SMN that cannot be expressed in hepatocytes. Transgene
expression can be dramatically reduced in hepatocytes through the inclusion of miR-
122 binding sites in the 3’ UTR of a transgene, which has been demonstrated in an
AAV vector carrying a codon-optimized SMN transgene administered systemically
in a severe mouse model of SMA'5, It would be interesting to compare the
therapeutic efficacy of AAV-SMN with and without miR-122 binding sites to further
elucidate the benefit of SMN protein produced in the liver in a mouse model of SMA.
In order for this approach to be viable, the reduction of AAV-mediated SMN
expression in the liver would need to be below the level required for rescue as
observed in the Sutton et al. study'"®. High levels of hepatocyte transduction are an
off-target effect of OA due to the natural biodistribution of AAV'%4, however it is likely
that liver transduction with the vector is beneficial. Overall, it is clear that the
therapies currently available to treat SMA increase SMN protein levels in the liver,
however exactly how beneficial this effect is in patients remains unknown.

The work contained within this thesis demonstrates the ability of the liver to

be engineered to release extracellular vesicles that distribute a therapeutic protein
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throughout the body and central nervous system of mice. Here, SMN was used as
the therapeutic protein of interest, however this approach could be used with a
variety of other therapeutic proteins for treatment of other diseases, such as
Duchenne muscular dystrophy (DMD). DMD is an X-linked recessive disorder
caused by mutations in the DMD gene that prevent production of the muscle isoform
of dystrophin®5'. Dystrophin connects the cytoskeleton of the muscle fibre to the
extracellular matrix, and without this vital protein, patients experience severe,
progressive muscle wasting, followed by death typically between 20 and 40 years
of age from cardiac and/or respiratory failure35'.3%2. Therapeutic development for
DMD has been complicated by the fact that the DMD gene is the largest known gene
in the human genome, and thus the complete gene cannot be packaged into AAV
vectors3%3:3%4 Micro-and mini-dystrophin genes have been explored, which encode
truncated forms of dystrophin protein that function similarly to full-length
dystrophin3%5-357_ As the NlucSMN protein produced in the liver distributed well to the
skeletal muscle (Figure 3.5, 3.6), and Ad vectors have a high packaging capacity,
Ad-mediated overexpression of dystrophin in the liver to give rise to systemically
distributed dystrophin could deliver this protein to skeletal muscle, and may be a
fitting therapeutic strategy to treat DMD.

The novel system of in situ production and distribution of therapeutic liver-
derived proteins presented in this thesis could be used to deliver therapeutic
proteins systemically to treat a countless number of diseases. This approach is
applicable to any protein that is naturally loaded into EVs, however, there are several

methods that can be used to achieve or enhance loading of target protein cargo, as
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described in René and Parks?’>. Not only can therapeutic proteins be distributed
systemically in EVs, but it is also possible to systemically distribute small interfering
RNA (siRNA) to decrease levels of detrimental proteins in peripheral tissues. EVs
can efficiently be loaded with siRNAs through the incorporation of a pre-miR-451
backbone3%®. Systemically distributed siRNAs encapsulated in liver-derived EVs
have the potential to treat disorders such as Huntington’s disease3%°, Parkinson’s
disease??®, and superoxide dismutase 1 (SOD1)-associated ALS3%. Overall, in situ
production of liver-derived EVs loaded with therapeutic cargo that are systemically
distributed to peripheral tissues and the CNS has the potential to be harnessed as
a therapeutic strategy for innumerable disease states.

4.3 Conclusions

The data presented within this thesis have demonstrated the ability of EVs to deliver
SMN protein to cells in culture. This protein was internalized by recipient cells,
localizing in the cytoplasm and nucleus in gem-like structures. The EV-delivered
SMN protein was able to interact with endogenous protein partners, overall
indicating the SMN protein functioned similarly to endogenous SMN protein,
supporting the use of EVs as delivery vehicles of therapeutic SMN protein. It was
also demonstrated that a gene therapy approach can be used to engineer the liver
to release EVs loaded with SMN protein into circulation. These SMN protein-loaded
EVs distributed to many peripheral tissues, including those of the CNS. This
approach could be used to deliver numerous different therapeutic cargoes, and has
the potential to be utilized as a therapeutic approach to treat SMA, as well as many

diseases that require systemic delivery of therapeutic cargo.
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Supplemental Figure S1. Characterization of fibroblast cell lines derived from
an individual with SMA and healthy control. Panel A: The quantity of SMN protein
in lysates from fibroblast cells derived from a healthy individual and a patient with
SMA were assessed by immunoblot. Panel B: The SMN protein signal obtained in
panel A was quantified and normalized to tubulin. Panel C: Epifluorescence
microscopy images of fibroblast cells derived from a healthy individual and a patient
with SMA, probed with antibodies to SMN and tubulin. White arrows indicate nuclear
gems. Scale bars represent 10 um. Panel D: The number of SMN-positive nuclear
gems in fibroblast cells derived from a healthy individual and a patient with SMA
were enumerated and plotted per 100 cells by first counting the number of gems per
nucleus in three independent fields of view each containing 15-25 cells, then
converting to the number of nuclear gems per 100 cells for each field of view. The
number of nuclear gems per 100 cells in the three independent fields of view was
averaged and plotted.
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Supplemental Figure S2. Production and characterization of EVs loaded with
3F-SMN protein produced from Ad3F-SMN-transduced HepG2 cells. HepG2
cells were transduced with Ad3F-SMN at an MOI=200, or mock infected with PBS,
and conditioned medium (CM) and cell lysates were collected 72 hpi. Panel A: To
examine EV protein content, EVs were isolated from the CM by ultracentrifugation,
and the 3F-SMN and Flotillin-2 protein, a common EV marker34, was assessed by
immunoblot analysis. The black arrow indicates endogenous SMN protein and the
grey arrow indicates 3F-SMN protein. Immunoblotting with an SMN antibody
revealed a band at approximately 38 kDa in both mock and Ad3F-SMN transduced
cells, corresponding to the endogenous SMN protein. Additionally, a band at
approximately 41 kDa, detected only in cells transduced with Ad3F-SMN and
confirmed by FLAG immunoblotting, represented the vector-expressed 3F-SMN
protein. A similar pattern was observed in EVs isolated from the cells. EVs isolated
from medium from the parental cell line showed only the ~38 kDa endogenous
protein, whereas EVs isolated from medium from the Ad3F-SMN-transduced cells
showed bands of ~38 and ~41 kDa, the latter of which was reactive with the FLAG
antibody. Panel B: A comparison of the particle diameter profile by nanoparticle
tracking analysis (NTA) for EVs isolated from mock- or Ad3F-SMN-transduced cells
yielded populations of particles <200 nm in diameter, which shifted slightly larger for
EVs isolated from Ad-transduced cells, overall consistent with small EVs.
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Supplemental Figure S3. 3F-SMN protein delivery to fibroblast cells is
mediated by EVs. HepG2 cells were transduced with Ad3F-SMN at an MOI=200,
or mock transduced (PBS), and conditioned medium (CM) was collected 72 h later.
Cellular debris was removed by centrifugation. A portion of the CM was subjected to
ultracentrifugation at 120 000 xg overnight at 4°C to pellet the EVs, and the resulting
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supernatant, depleted of EVs, was retained. Panel A: CM from mock-transduced
cells, 3F-SMN CM and 3F-SMN CM depleted of EVs were analyzed by nanoparticle
tracking analysis (NTA) for particle diameter and concentration. Panel B: Particle
concentration, as assessed by NTA, was compared between 3F-SMN CM and 3F-
SMN CM depleted of EVs, and fold change in particle concentration was plotted.
Panel C: SMA fibroblasts were pretreated for 1 h with 100 yM 5,6-dichloro-1-3-D-
ribofuranosylbenzimidazole (DRB), or vehicle (dimethyl sulfoxide (DMSO)), then
treated for 2 h with mock CM, 3F-SMN CM or 3F-SMN CM depleted of EVs in the
presence or absence of DRB or vehicle (DMSO). Cells were processed for
immunofluorescence staining with antibodies to FLAG and tubulin, and images were
captured by epifluorescence microscopy. Scale bars represent 10 ym. Panel D:
FLAG signal intensity was quantified by CellProfiler from epifluorescence
microscopy images shown in panel C. Data in panels B and D were tested for
statistical significance by unpaired t-test, one asterisk (*) indicates p<0.05, two
asterisk (**) indicates p<0.01. Data represents n=3.
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Supplemental Figure S4. Schematic of NlucSMN and Fluc expression in liver
tissue of C57BL/6 and Alb-Cre mice following tail vein injection of
AdfloxNlucSMNFluc. Systemic administration of AdfloxNlucSMNFluc in C57BL/6
mice results in uptake of the vector primarily by hepatocytes, which gives rise only
to expression of Fluc. Administration of AdfloxNlucSMNFIluc to Alb-Cre mice results
in uptake of the vector by hepatocytes which express Cre, resulting in excision of
the floxed GFP from the vector, and subsequent activation of NlucSMN expression
and protein production. Packaging of the NIucSMN protein into EVs results in
distribution of the protein throughout the body of the mouse. Generated with

BioRender.
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Supplemental Figure S5. Quantification of expression of NlucSMN protein in
the liver of Alb-Cre mice. Panel A. A liver protein lysate from an Alb-Cre mouse
treated with 5x10'? vp/kg AdfloxNlucSMNFluc was serially diluted and the protein
signal compared to lysate from an Alb-Cre mouse treated with PBS to estimate the
level of over-expression of the vector-derived NIucSMN protein. The black arrow
indicates endogenous SMN protein and the grey arrow indicates NlucSMN protein.
Panel B: Quantified endogenous SMN and NIucSMN protein signals in panel A.
Panel C: Liver tissue from the various treatment groups was sectioned and stained
with antibody to FLAG, and imaged by epifluorescence microscopy. FLAG signal
intensity in images was quantified by CellProfiler. Data was tested for statistical
significance by two-way ANOVA, three asterisk (***) indicates p<0.001. Data
represents n=3.
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muscle of mice using immunofluorescence microscopy. Mice were treated with
5x10'2 vp/kg of AdmCherry-SMN, AdEmpty, or PBS, and TA muscles were collected
72 h post-treatment. Muscle tissue sections were stained with anti-FLAG and anti-
laminin antibodies and imaged by epifluorescence microscopy. Scale bars represent
20 ym. Sections 1, 2, and 3 represent 6 pym thick tissue sections collected ~100,
300, and 450 pm from the proximal end of the TA muscle, respectively.

201



Appendix 3: Published Reviews

202



Appendix 3.1: Delivery of Therapeutic Agents to the
Central Nervous System and the Promise of Extracellular
Vesicles

203



<

pharmaceutics

Review

Delivery of Therapeutic Agents to the Central Nervous System
and the Promise of Extracellular Vesicles

Charlotte A. René 1> and Robin J. Parks 1-2-34*

check for

updates
Citation: René, C.A.; Parks, R.J.
Delivery of Therapeutic Agents to the
Central Nervous System and the
Promise of Extracellular Vesicles.
Pharmaceutics 2021, 13, 492.
https:/ /doi.org/10.3390/
pharmaceutics13040492

Academic Editors: Winfried Neuhaus,

Gert Fricker and Maria A. Deli

Received: 8 March 2021
Accepted: 30 March 2021
Published: 3 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

Regenerative Medicine Program, Ottawa Hospital Research Institute, Ottawa, ON K1H 8L6, Canada;
chrene@ohri.ca

Department of Biochemistry, Microbiology, and Immunology, University of Ottawa,

Ottawa, ON K1N 65N, Canada

Centre for Neuromuscular Disease, University of Ottawa, Ottawa, ON KIN 6N5, Canada

4 Department of Medicine, The Ottawa Hospital, Ottawa, ON K1H 8L6, Canada

*  Correspondence: rparks@ohri.ca

Abstract: The central nervous system (CNS) is surrounded by the blood-brain barrier (BBB), a
semipermeable border of endothelial cells that prevents pathogens, solutes and most molecules
from non-selectively crossing into the CNS. Thus, the BBB acts to protect the CNS from potentially
deleterious insults. Unfortunately, the BBB also frequently presents a significant barrier to therapies,
impeding passage of drugs and biologicals to target cells within the CNS. This review provides
an overview of different approaches to deliver therapeutics across the BBB, with an emphasis in
extracellular vesicles as delivery vehicles to the CNS.

Keywords: central nervous system; blood-brain barrier; therapeutic; extracellular vesicles

1. Introduction

The central nervous system (CNS) is comprised primarily of the brain and spinal cord
(in addition to nerves of the olfactory and visual systems), and is tasked with interpreting,
coordinating and executing most functions in the body. These functions include movement,
sensation, speech, awareness, thought, and memory. Not surprisingly, given such a
“central” role in orchestrating life, many of our most debilitating disorders are due to
dysfunction of the CNS. Disorders of the CNS include vascular (e.g., stroke), infection
(e.g., meningitis), structural (e.g., traumatic brain injury), functional (e.g., epilepsy) and
degenerative (e.g., amyotrophic lateral sclerosis (ALS)). New approaches to the treatment
of these varied disorders are a goal of many basic and clinical research labs.

The CNS is surrounded by a protective blockade, termed the blood-brain barrier
(BBB)—or blood-spinal cord barrier (BSCB) in the case of the spinal cord—a highly selective,
semipermeable border of endothelial cells (EC) that prevents pathogens, solutes and most
molecules from non-selectively crossing into the CNS. While normally helping to protect
the CNS, in the case of disease the BBB and BSCB also function as a “barrier” to therapies,
and can prevent effective delivery of therapeutics to target cells or regions within the
CNS. In the development of therapeutics for disorders of the CNS, achieving sufficient
penetration of the BBB and BSCB is a major hurdle [1]. Since the BSCB shares many
properties with the BBB, this review will focus on the BBB, but many of the principles also
apply to the BSCB.

2. The Blood-Brain Barrier

The BBB is a complex and dynamic interface that regulates the movement of ions,
molecules, and cells between the blood and the CNS [2]. Control of CNS homeostasis
permits correct neuronal function, and also protects neural tissue from harm due to disease,
inflammation, injury, toxins, and pathogens. The primary barrier in the BBB is EC, which
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line the walls of capillaries that feed into the brain. These EC are connected through tight
junctions (T]) which restrict the passage of substances from the blood more selectively
than EC elsewhere in the body. Indeed, EC in the CNS are quite distinct from those of
the periphery in several ways. Specifically, EC of the CNS express BBB-specific proteins
to control the entry and exit of metabolites across cells (transcellular pathway), possess
highly electrical-resistant TJ to limit the flux of molecules between adjacent EC (paracellular
pathway), and lack fenestrations (pores which are present in peripheral EC to allow rapid
exchange of molecules between blood and tissue), all designed to limit the movement of
molecules through the EC barrier [2,3].

EC are not the only cell type that contribute to BBB selectivity (Figure 1). Pericytes
(PC) are embedded in the vascular basement membrane that surrounds EC [4]. CNS
microvasculature has an EC:PC ratio of between 1:1 and 1:3, whereas vasculature found
in, for example, striated muscle tissue has a ratio of approximately 100:1 [5]. PC are
responsible for the regulation of capillary blood flow [6], by modulating capillary diameter
through contraction-stimulated intracellular calcium ion (Ca?*) concentration [7,8]. BBB PC
function in part to maintain proper chemical composition of the surrounding environment,
regulate transendothelial fluid transport and paracellular flow between cells, and also
protect EC [9]. Astrocytes are major glial cells present at the abluminal side of the BBB, and
help to relay signals to regulate blood flow in response to neuronal activity [10]. Neurons
are present in close proximity to astrocytic end-feet at the abluminal side of the BBB, and
also play a role in regulation of blood flow and microvascular permeability [11].

Astrocyte
Microglia y

Pericyte

Tight junction

Endothelial cell

<+————— Neuron

Basement membrane

Figure 1. The blood-brain barrier. The BBB is formed by endothelial cells of the capillary wall, the
dendrites of neurons and astrocyte end-feet ensheathing the capillary, and pericytes embedded in the
capillary basement membrane.

While the BBB is very selective for what can pass through, the barrier is not completely
impenetrable. Some small, lipophilic molecules are able to passively diffuse through EC
to cross between the bloodstream and CNS [12,13] (Figure 2A). Water and some small
hydrophilic molecules are able to use paracellular transport to cross the BBB [14] (Figure 2B).
However, approximately 98% of all small molecules and almost all large molecules (those
with a molecular weight greater than 1 kD), are unable to cross the BBB [15]. Most molecules
that transit across the BBB do so by interacting with specific receptors and/or transporters
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that are expressed on EC [16]. For example, small essential hydrophilic compounds,
like glucose and amino acids, use transporters that are expressed on both the luminal
(blood) and basolateral (brain) side of the EC [16]. Regulation of ion concentrations,
including potassium (K*), calcium (Ca?*), and magnesium (Mg?*), is accomplished through
the presence of specific ion channels and transporters (Figure 2C) [17]. Large essential
hydrophilic molecules, like hormones and lipoproteins, cross the BBB via endocytosis and
transcytosis through use of specific receptors and transporters, respectively, that are highly
expressed on the luminal side of EC [3] (Figure 2D,E). In short, the BBB is a very effective
barrier that tightly regulates the passage of molecules into the CNS.

¢

Endothelial cell:

Tight junction

Figure 2. Transport routes across the blood-brain barrier. Molecules can cross the BBB using a variety
of mechanisms. Lipophilic molecules of a low molecular weight can diffuse passively through EC (A),
while hydrophilic molecules of a low molecular weight can pass between EC (B). Some solutes use
transport proteins to cross the BBB (C), while others rely on receptor-mediated transcytosis (D) or
adsorptive transcytosis (E). Adapted from [18], Drug Delivery and Translational Research. 2020.

3. Methods to Enhance Drug Delivery to the CNS

Invasive approaches are physical techniques that deliver a therapeutic to the CNS by
mechanically breaching the BBB [19].

3.1. Invasive Approach
3.1.1. Direct Injection

Intra-cerebral injection is an invasive approach that relies on direct injection of a
therapeutic into the brain, and subsequent diffusion of the therapeutic from the site of
injection into surrounding regions. The injection site must be very precise for this method
to be effective, as distribution of therapeutics within the brain by simple diffusion decreases
significantly with distance [20]. For example, injection of chemotherapeutic agents into
tumor resection cavities has been used in the treatment of brain tumors [21-24]. Direct
injection of recombinant adeno-associated virus (AAV) expressing various factors has been
studied for treatment of CNS disorders, such as Spinal Muscular Atrophy (SMA) [25],
Niemann-Pick type C1 disease (NP-C) [26], Leigh Syndrome (LS) [27] in mouse models, as
well as Parkinson’s disease (PD) in monkeys [28] and patients [29], and Alzheimer’s disease
(AD) in mouse models [30,31]. Delivery to the cerebral ventricle of a self-complimentary
AAV serotype 9 (AAV9) encoding a codon-optimized human survival motor neuron 1 gene
(SMN1) led to a dose-dependent rescue of lifespan and growth [25]. Similarly, direct
injection of an AAV9 encoding a human intracellular cholesterol transporter 1 gene (NCP1)
improved lifespan, locomotor function, and disease pathology in a mouse model of NP-
C [26]. The relative efficacy of direct injection into cerebral ventricles versus systemic
intravenous (IV) delivery was compared in a mouse model of LS, using an therapeutic
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AAV2/9 encoding the human ubiquinone oxidoreductase iron-sulfur protein 4 (NDUFS4)
gene [27]. This study concluded that systemic IV administration was able to correct disease
pathology only in peripheral organs, whereas direct injection was able to partially improve
disease pathology only in the brain, and neither treatment was able to improve the lifespan
of the mice. [27]. However, treatment with both methods of administration was able to
significantly improve lifespan and disease pathology.

3.1.2. Intracerebroventricular Infusion

Intracerebroventricular (ICV) infusions involve prolonged administration of a thera-
peutic substance directly into the CSF contained in the cerebral ventricle. Administration
can be achieved through use of an implanted osmotic pump or IV catheter. ICV infusions
can occur over the course of several days or weeks, and delivery to the brain parenchyma
is accomplished by simple diffusion [32-34].

ICV infusion of dopamine or dopamine agonists via a catheter implanted in the
cerebral ventricle in a rat model of PD were found to restore dopamine levels in the
CNS [35]. Similarly, ICV infusion of these compounds restored normal behavior patterns
in monkeys that had been rendered akinetic through treatment with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) [35]. However, the ICV infusion was complicated due
to intolerance to the pump, or frequent disconnection of the pump from the catheter [35].
Infusion of recombinant human platelet derived growth factor-BB (thPDGF-BB) over the
course of two weeks in rats with 6-hydroxydopamine-induced nigrostriatal lesions resulted
in the restoration of striatal dopamine transporter binding sites and expression of nigral
tyrosine hydrolase (TH), and normalized amphetamine-induced rotational behavior [36].
ICV infusion of rhPDGF-BB was used safely in a human clinical trial for treatment of
PD, reducing Parkinsonian symptoms and may have increased the integrity and function
of dopaminergic neurons [37]. ICV infusion of anti-f3-secretase (BACE1) in non-human
primates resulted in a sustained reduction of 70% of amyloid-f peptides in the CSE,
suggesting a possible therapeutic avenue for neurodegenerative disorders such as AD and
PD [38]. Unfortunately, ICV infusions are not an efficient method of achieving brain-wide
drug delivery, but may be applicable to cases in which the target region is in close proximity
to the cerebral ventricles [20].

3.1.3. Convection Enhanced Delivery

Convection enhanced delivery (CED) seeks to increase the overall area of the brain
that receives exposure to a therapeutic. CED involves stereotactically guided insertion of
a cannula into the brain parenchyma, followed by active pumping of a drug through the
cannula over several hours or days [39]. CED is thus powered by the pressure gradient
created through use of the pump, which allows for greater dispersion of a therapeutic
relative to standard diffusion [40—-42]. CED was used in a phase 1 clinical trial to investigate
the efficacy of ['2*I]-labelled 8H9 murine monoclonal antibody (MADb) for treatment of
diffuse intrinsic pontine glioma in children [43]. 8H9 binds B7-H3, a surface antigen and
immune modulator of natural killer and T cells, and is overexpressed in most high-grade
gliomas [44]. CED delivery of [1241]-labelled 8HY was deemed safe, with no treatment-
related deaths or grade 4 adverse events, and patient survival was extended, although this
latter point may have been confounded by potential patient selection bias [43]. Limitations
of CED include that optimal therapeutic delivery is contingent on proper placement of the
catheter, and that some areas of the brain are difficult to saturate fully with a therapeutic by
CED, particularly areas surrounding a cavity [45]. Some studies comparing CED to direct
injection have noted greater distribution and efficacy with bolus injection [24,46].

3.1.4. Barrier Disruption

The BBB can also be physically breached by disrupting the connections between EC,
causing leakage between cells [17]. One method to compromise the integrity of the BBB
is through osmotic disruption, in which EC shrink due to application of osmotic shock,
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thereby increasing the gap between cells [16]. Pretreatment by carotid artery injection
of 25% mannitol, to induce osmotic shock and disruption of the BBB, led to significantly
enhanced uptake of hydrophobically modified siRNA (hsiRNA) and subsequent target-
gene silencing in rat brain [47].

Magnetic resonance imaging (MRI)-guided focused ultrasound can also be used to
disrupt the BBB [16]. In animal models of cancer, disruption of the BBB using MRI-guided
focused ultrasound enhanced delivery of chemotherapeutic agents such as bevacizumab,
temozolomide (TMZ), and doxorubicin (DOX), slowing tumor progression and improving
survival [48]. Focused ultrasound combined with viral microbubbles carrying brain-
derived neurotrophic factor (BDNF) have been explored as a potential therapeutic in a rat
model of AD [49]. However, this approach requires that the animal/patient is anesthetized
and can be costly, and neurons can suffer permanent damage due to influx of blood
component into the brain [50,51].

3.2. Lipophilic Approach

Lipophilic approaches to enhance drug delivery to the CNS involve modification
of drugs at the molecular level to increase passive movement across the BBB [19]. For
example, reducing the relative number of polar groups in a drug increases its transport
across the BBB [52]. Covalent addition of a 1-methyl-1,4-dihydronicotinate moiety to
the hydroxymethyl group of ganciclovir enhanced delivery to the brain for treatment
of cytomegalovirus-induced encephalitis [53]. Ganciclovir is a prodrug and must be
converted to an active form for efficacy. Direct-acting compounds can also be modified to
enhance passage across the BBB, such as use of pyrrolopyrimidines to modify antioxidants
to increase their ability to reach target cells in the CNS [54]. However, although these
molecular changes can enhance the ability of compounds to cross the BBB, the modifications
may also alter the functionality of the compound, thereby reducing effectiveness [19].

3.3. Physiological Approach
3.3.1. Receptor-Mediated Transcytosis

Large molecules that require access to the brain typically utilize receptor-mediated
transcytosis (Figure 3), a multi-step process involving specific receptors expressed on
the EC, such as transferrin receptors [55,56], insulin receptors [57,58], and low-density
lipoprotein (LDL) receptor related proteins (LRP) [59]. The process of receptor-mediated
transcytosis, also called clathrin-mediated endocytosis, begins with engagement of ligand
with the receptor located on the luminal side of the BBB, followed by receptor-mediated
endocytosis of the ligand-receptor complex into the EC, forming a clathrin-coated vesicle
within the cell. This vesicle then fuses with the early endosome in the cytoplasm of the
EC. Acidification of the endosome results in dissociation of the biomolecule from the
receptor [60]. The acidified endosome then transits to the abluminal side of the EC, and
fusion of the vesicle with the cell membrane releases the biomolecule into the CNS [20,61].

Transferrin receptors are responsible for facilitating transcytosis of transferrin-coupled
iron to the brain parenchyma [20]. Drugs can be targeted to the transferrin receptors
through conjugation to transferrin or antibodies (Ab) specific to the transferrin receptor
in human tissue culture [62,63], rats [64], and primates [63]. Several studies have used
this approach to delivery therapeutics to the CNS, including vasoactive intestinal peptide
(VIP) [65], epidermal growth factor (EGF) [66], amyloid 31-40 peptide (Ap31-40) [67], and 3-
galactosidase [68]. Recently, this approach has been used in clinical trials to lower levels of
heparin sulfate in CSF, showing promise as a treatment for Hunter syndrome [69]. Indeed,
several companies have now advanced transferrin-conjugated therapeutics into clinical
trial for treatment of a variety of CNS disorders [69]. A similar approach has used Ab to
the insulin receptor in primate studies to enhance CNS delivery of BDNE, fibroblast growth
factor-2 (FGF-2), siRNA, and neurotrophin [70].
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Figure 3. Receptor-mediated transcytosis. The ligand engages with the receptor at the luminal
side of the BBB, followed by receptor-mediated endocytosis of the receptor-ligand complex into the
EC, forming a clathrin-coated vesicle. The vesicle fuses with the endosome, after which the vesicle
undergoes exocytosis, and the biomolecule is released on the abluminal side of the BBB.

The LDL receptor related proteins 1 and 2 (LRP-1 and -2) have also been used to
transport target drugs to the CNS. LRP is a multi-ligand, transmembrane protein that is
expressed on many cells of the CNS, including EC [59], neurons [71,72], and astrocytes [72].
LRP naturally transports apolipoprotein E and B into the CNS, and it is hypothesized that
some therapeutic nanoparticles may naturally preferentially bind these apolipoproteins,
which facilitates transcytosis via LRP [73]. Alternatively, fusion proteins can be created
that specifically bind LRP, thus facilitating uptake. For example, fusion of the lysosomal
enzyme glucocerebrosidase to the low-density lipoprotein receptor-binding domain of
apolipoprotein B resulted in effective delivery of the protein to the CNS by LPR-mediated
transcytosis in mice [74].

Rabies virus naturally infects neurons [75], and a peptide derived from the rabies
virus glycoprotein (RVG), which binds the nicotinic acetylcholine receptor, was shown to
facilitate delivery of therapeutic siRNA to the brain following systemic delivery [76]. In
this approach, severe combined immunodeficient (SCID) mice were infected with Japanese
Encephalitis Virus (JEV) and subsequently treated with IV injection of JEV-directed siRNA
(siFvE!) complexed with the RVG peptide. Treated mice showed 80% survival, compared to
100% lethality in untreated mice, suggesting that siFvE! /RVG-peptide may be an effective
therapeutic for treatment of JEV-induced encephalitis.

Innovative formulation technologies, such as nanoparticles that are engineered to bind
receptors on the BBB, show promise as an effective platform for delivery of therapeutics to
the CNS [77]. Nanoparticles bonded to transferrin or MADb against transferrin receptors
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were used to successfully deliver loperamide, a model drug, into the brain [78]. Receptor-
mediated transcytosis can also be used to transport plasmid DNA across the BBB [79].
For example, liposome-encapsulated DNA can be coated with polyethylene glycol (PEG),
and then conjugated with MAD specific for an appropriate receptor, creating pegylated
immunoliposomes (PIL) [80]. IV administration of a PIL-encapsulated plasmid encoding
TH under regulation by the glial fibrillary acidic protein (GFAP) promoter resulted in an
82% reduction in apomorphine-induced rotation in a rat model of PD [81]. PIL conjugated
to a murine MADb that binds the human insulin receptor were used to deliver a human
EGEFR antisense gene to treat a U87 human glioma cell xenograft brain tumor mouse model
of cancer, and resulted in a 70-80% inhibition in cancer cell growth [82].

Although promising, receptor-mediated transcytosis does have potential drawbacks.
Some studies have shown that nanoparticles have a tendency to accumulate in brain
capillary EC, which reduces their effective delivery to the target tissue in rats [83,84].
As there are a finite number of receptors on both the luminal and abluminal sides of
the BBB, receptor-mediated transcytosis is a saturable process [85], which may limit the
concentration of the delivered drug that can be achieve in the brain parenchyma [86,87].
Finally, there is the concern of potential immunogenicity, or even toxicity, due to use of
non-human Ab [88].

3.3.2. Transporter-Mediated Processes

Drugs that closely resemble a molecule that naturally transits the BBB by a trans-
porter are able to take advantage of this transporter system [20]. For example, L-Dopa
naturally has high affinity for the amino acid transporter system L [89], and has been
used to deliver L-Dopa to treat PD [90]. Alternatively, a drug can be conjugated to a
molecule naturally transported through this system, thus allowing co-transport of the
drug. A plasmid encoding human tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) was complexed with DOX, and subsequently conjugated to a choline derivate, for
transport by the choline transporter [88]. The resulting complex showed greater uptake in
human neuronal glioblastoma-astrocytoma U87 MG cells and enhanced ability to induce
apoptosis in vivo and in vitro compared to each component alone. To use a transporter
protein to enhance drug delivery through the BBB, the structural binding requirements
of the transporter and possible deleterious effects due to modification of the therapeutic
compound must be considered [16].

Once in the CNS, inhibition of efflux transports can be used to maintain levels of
the drug. The antibiotic cefadroxil is a substrate for multiple transporters present at
the BBB, such as organic anion transporters (OATs) [91,92], organic anion transporting
polypeptides (OATPs) [93], multidrug resistance-associated proteins (MRPs) [94,95], and
peptide transporter 2 (PEPT2) [96], some of which can efflux the drug. Inhibition of OATSs,
OATPs, and MRPs with probenecid significantly increased the concentration of cefadroxil, a
model drug, in brain extracellular fluid due to inhibition of cefadroxil efflux at the BBB [97].
Brain slice experiments indicated that PEPT2 is involved in uptake of cefadoxil, however
inhibiting PEPT2 with Ala-Ala did not increase brain ECF cefadroxil levels.

3.3.3. Adsorptive Mediated Endocytosis

Adsorptive mediated endocytosis is triggered by the uptake of cationic molecules
into endocytic vesicles on the luminal surface of the BBB, and subsequent fusion of the
vesicles at the abluminal membrane, resulting in release of the endocytic contents into the
brain parenchyma. Compounds such as avidin, histone, and protamine rely on adsorptive
mediated endocytosis to cross the BBB [98,99]. As adsorptive mediated endocytosis requires
a substance to be cationic to facilitate binding of the molecule to the negatively charged cell
surface, cationizing can allow other molecules to utilize this transport process to enter the
CNS. Chemical cationization of a protein is possible through the amidation of carboxylic
acid groups on the protein [100]. Covalent addition of hexamethylenediamine to anti-
tetanus Ab fragments cationized the fragments and allowed entry of the molecule into the
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CNS [101]. This cationization did not alter the affinity of the Ab fragment for the tetanus
toxin in vitro, and showed promise as a therapeutic strategy for treatment of tetanus.
Similarly, putrescene-modified catalase was shown to increase the ability of catalase to
cross the BBB in mouse models of ALS [102,103]. Limitations of chemical cationization
include potential deleterious effects of the modification on protein function, and formation
of immune responses against the modified protein [104]. There is also the concern of
inducing immune complex-mediated glomerulonephritis, as cationic antigens and immune
complexes containing cationic Ab can deposit in the glomeruli [105].

An alternative to chemical cationization is through the use of cell-penetrating peptides
(CPP). CPP are small peptides with positive charge that are derived from proteins that have
a natural ability to bind to and cross the cell membrane, such as the human immunodefi-
ciency virus (HIV) transactivator of transcription (Tat) protein, first described in a human
leiomyosarcoma cell line, SK-LSM [106]. CPP can be attached to biomolecules or to the sur-
face of nanoparticles, and mediate delivery to the CNS. This approach was used to deliver
ciprofloxacin, a model antibiotic, across the BBB as a potential treatment for infections of
the CNS [107]. In another study, the surface of chitosan (CS)-coated nanostructured lipid
carriers (NLC) were modified with Tat (CS-NLC-Tat), and used to deliver glial cell-derived
neurotrophic factor (GDNF) (CS-NLC-Tat-GDNF) to a mouse model of PD [108]. Treated
mice exhibited significant motor recovery, as well as increased numbers of TH+ fibers in
the striatum and TH+ neurons in the substantia nigra, indicating that intranasal delivery
of CS-NLC-Tat-GDNF may be a promising therapy for treatment of PD [108]. However,
use of CPP have raised some concerns due to toxicity, as Tat can induce toxicity in cells in
culture [109] and in rat neurons [110] and can also induce apoptosis of EC [111].

4. Extracellular Vesicles as Delivery Vehicles to the CNS

Many groups have shown that extracellular vesicles (EV) have a natural ability to
transit the BBB and deliver biomolecules to the CNS. EV are tiny, membrane bound particles
released from all cell types and found in all bodily fluids [112]. Although originally thought
to represent cellular waste, EV actually perform an array of physiological functions in the
body [113]. EV are naturally involved in intercellular communication, transferring proteins,
lipids, and nucleic acids to recipient cells which may be located some distance from the site
of EV origin [114]. Specific function and physical composition of the vesicle depends on
the type of cell from which the EV originates [112].

4.1. EV Biogenesis

There are three main subtypes of EV that are differentiated based upon their biogen-
esis, release pathways, size, content, and function; exosomes, microvesicles (MV), and
apoptotic bodies (Figure 4). Exosomes are the smallest, with vesicles having a diameter
of between 40-100 nm [115]. Exosomes are formed within the endosomal network in
multivesicular bodies (MVB) and subsequently released into the extracellular environ-
ment after fusion of the MVB with the plasma membrane [116]. MV are slightly larger,
generally considered to be 100-1000 nm in diameter, and are generated by budding at
the plasma membrane [112,115]. The final class of EV are apoptotic bodies, which form
through blebbing from the plasma membrane of dying cells. Apoptotic bodies are the
largest classification of EV, with a diameter over 1000 nm [115].
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Figure 4. Biogenesis of microvesicles and exosomes. Microvesicles are generated by budding of the
plasma membrane. Exosomes are formed through the endosomal network and released into the extra-
cellular space after the MVB containing intraluminal vesicles (ILV) fuses with the plasma membrane.

Exosomes and MV are continually released under normal conditions but their release
is upregulated under times of stress [112]. This enhanced release of EV may function as a
method of eliminating waste and potentially toxic cellular contents from the cell, as well
as a way to communicate intracellular stress to nearby or distant cells [115]. Obviously,
apoptotic bodies are only released as a result of severe and terminal cellular insult.

Knowing which class of EV is used in a particular study can be somewhat challenging.
Current methods of isolation are not capable of fully separating the various classes of EV,
only enriching for certain size populations (e.g., “large” versus “small” EV). Moreover, the
lack of standard methods for isolating EV makes it difficult to know what class of EV was
actually used or to compare between studies. Finally, the term “exosome” is frequently
used synonymously with EV, regardless of particle size. The International Society of
Extracellular Vesicles has attempted to clarify some of these points with strong guidelines
for EV terminology, isolation and characterization [117]. In the studies described below,
we will utilize the terminology used in the cited work.

4.2. EV Uptake and Mechanism of Transit Across the BBB

As mentioned, one of the functions of EV appears to be to transmit signals between
cells located both near and far from the cell of origin. Once bound to the plasma mem-
brane of the target cell, EV can dissociate, remain stably associated, fuse with the plasma
membrane, or be internalized by the cell. The mechanism of uptake of EV by a target cell is
dependent on the recipient cell type [112], and can include endocytosis, clathrin-dependent
endocytosis, caveolin-dependent endocytosis, phagocytosis, and macropinocytosis [118].

The mechanism that EV use to cross the BBB has yet to be fully elucidated. In an
in vitro model of the BBB, purified exosomes appeared to be internalized by EC via endo-
cytosis, either by a clathrin- or caveolin-dependent pathway, and subsequently trafficked
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via endocytic mechanisms [119]. Interestingly, treatment of this model with the pro-
inflammatory cytokine TNF-«, to mimic stroke-like conditions, increased the permeability
of the EC monolayer, allowing passage of the EV by a transcellular route [119]. In the
absence of TNF-«, EV were not found in the abluminal side of the EC. Thus, the route or
efficiency of EV passage through the BBB may be strongly influenced by the inflammatory
state of the host.

Transit of EV across the BBB has also been examined using tumor-derived EV [120,121].
Administration of purified MDA-MB-231 breast cancer cell-derived EV to an in vitro model
of the BBB, or following cardiac injection of zebrafish in vivo, showed that EV cross the
brain endothelium via transcytosis [120]. In this system, transcytosis appeared to involve
caveolin-independent, clathrin-dependent endocytosis. In an in vitro study examining the
mechanism of binding and internalization of exosomes derived from a brain-metastatic
melanoma cell line (SK-Mel-28) in human BBB-derived EC (hCMEC/D3 cells), CD46 was
determined to be a major receptor for exosome uptake in this cell type [121].

4.3. Therapeutic Applications

EV have a number of advantages as biotherapeutics [122]. Cells release EV continu-
ously, and thus large quantities of therapeutic EV can be produced relatively easily. EV
are also stable ex vivo, allowing for easy storage of therapeutic stocks. EV are resistant to
breakdown in the bloodstream, and the lipid bilayer thus protects cargo from degradation.
The hydrophilic shell of EV contain anti-phagocytosis surface markers, such as CD47, that
enable the vesicles to evade phagocytosis by macrophages and monocytes, limiting their
clearance by the recticulo-endothelial system [123,124]. Therapeutic EV induce minimal
immunogenicity and toxicity in vitro and in vivo [125,126]. Finally, as mentioned, EV that
are in circulation are capable of crossing the BBB, and are able to move both into and out of
the CNS [122].

EV can be loaded with therapeutic cargo using either exogenous or endogenous
loading. In exogenous loading, EV are first isolated and purified, and then compounds are
incorporated through methods such as co-incubation, electroporation, permeabilization,
freeze-thaw cycles, extrusion, or sonication [127-129]. In endogenous loading, the cells
that will ultimately release the EV are manipulated, for example through engineering to
overexpress a particular therapeutic protein, so that the protein is incorporated in the
released EV [130,131]. EV can also be modified to enhance uptake by cells of the CNS.
Expression of a fusion protein comprised of Lamp2b (normally found in the membrane of
exosomes) with an RVG peptide allows presentation of the peptide on the surface of the
exosomes, resulting in enhanced targeting and uptake by neurons [132].

4.3.1. EV as a Vehicle for Delivery of Small Molecules

Curcumin (Cur) is well known for its anti-inflammatory, anti-cancer, anti-microbial,
anti-diabetic, and neuroprotective properties [133-138]. Unfortunately, Cur shows poor
stability and bioavailability, which has limited its therapeutic use. In a mouse model of LPS-
induced encephalitis, Cur loaded into exosomes showed increased stability and bioavail-
ability compared to Cur alone, thus providing a greater protective effect in vivo [128]. To
prepare the therapeutic EV, Cur was mixed with murine lymphoma cell (EL4)-derived
exosomes and subjected to a sucrose concentration gradient to load Cur into the exosomes.
Use of a concentration gradient alters the osmolarity of the exosomes, allowing a com-
pound of interest, such as Cur, to flow into the exosomes. When administered intranasally,
Cur-loaded exosomes induced microglial apoptosis, which in turn led to a decrease in
inflammation in the brain [128]. Intranasal administration of exosomes loaded with either
Cur or JSI124, an inhibitor of Stat3 signaling, protected mice against LPS-induced brain
inflammation, and showed beneficial effects in an model of autoimmune encephalomyelitis
(EAE) and a GL26 tumor model [133].

Drug-loaded exosomes have also been used for a combined imaging and therapeu-
tic application. In this study, exosomes were loaded with Cur and superparamagnetic
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iron oxide nanoparticles (SPION) by electroporation. SPION can function as a negative
contrast agent for MRI, as well as provide a therapeutic effect through magnetic fluid
hyperthermia (MFH) [139,140]. The resulting Cur/SPION exosomes were then conjugated
with a neuropilin-1-targeting peptide (RGE) (RGE-Exo-SPION/Cur), to facilitate targeting
to glioma cells [139]. Following tail vein delivery in a mouse model of glioma, the RGE-
Exo0-SPION/Cur allowed for targeted imaging of glioma tumors, which may aid in early
detection of the disease. Importantly, administration of RGE-Exo-SPION/Cur significantly
inhibited tumor growth, and appeared to act synergistically compared to RGE-Exo-SPION
or RGE-Exo-Cur alone [139].

IV delivery of mesenchymal stromal cell (MSC)-derived exosomes conjugated to
cyclo(Arg-Glys-Asp-D-Tyr-Lys) (c(RGDyK)), a peptide that has high affinity for o, 33, was
shown to target the lesion region in an ischemic brain [141]. These exosomes were loaded
with Cur and administered to a transient middle cerebral artery occlusion (MCAO) mouse
model of ischemic stroke. Administration of these therapeutic exosomes significantly
suppressed the inflammatory response and reduced cellular apoptosis in the lesion region.
Results of this study suggest that targeted exosomes loaded with Cur may serve as an
effective treatment following ischemic stroke.

Exosomes have also been explored as a delivery vehicle for anti-cancer drugs to the
brain. Exosomes isolated from brain endothelial bEND.2 cells were loaded with DOX by
simple coincubation [142]. Zebrafish embryos that had been injected in the brain ventricle
with U87 MG tumor cells were treated with the therapeutic EV by cardiac vein injection.
Embryos treated with these therapeutic EV exhibited reduced tumor cell growth compared
to embryos treated with the drug alone or buffer control. Exosome-delivered DOX was also
found to significantly suppress vascular endothelial growth factor (VEGF) mRNA levels
within the tumor, a surrogate marker of cancer growth [142]. Similarly, human endometrial
stem cell-derived exosomes loaded with atorvastatin were effective in inducing apoptosis
in U87 cells and also in inhibiting tumor growth in a 3D glioblastoma model [143].

4.3.2. EV as a Vehicle for Delivery of Nucleic Acids

EV can also be used to deliver therapeutic nucleic acids to the CNS. Coincubation of
hsiRNAs targeted to Huntingtin mRNA (hsiRNAHTT) with purified exosomes resulted in
efficient loading [144]. hsiRNAHTT Joaded exosomes were administered by ICV infusion
over the course of 7 days, and were effective in reducing Huntingtin mRNA levels by
up to 35% in the mouse brain. Cells engineered to overexpress a specific miRNA can
also be used as a source of therapeutic EV. miR-133b is known to promote neurovascu-
lar plasticity [145,146], MSC transduced with a lentiviral vector to overexpress miR-133b
released exosomes with increased levels of the miRNA [147]. Intra-arterially delivery of
miR-133b-containing exosomes to a middle cerebral artery occlusion (MCAQO) model of
stroke in rats significantly improved functional recovery and increased neural plasticity.
Similarly, exosomes isolated from EPC engineered to express elevated levels of miR-137
were able to provide a neuroprotective effect against apoptosis and mitochondrial dys-
function in SH-SY5Y human neuroblastoma cells [148]. Finally, stimulation of dendritic
cells (DC) with IFN-y causes release of EV enriched with miRNA-219 which, when ap-
plied intranasally, reduced oxidative stress and regulated oligodendrocyte remyelination
in vivo [149], suggesting a novel therapeutic for multiple sclerosis.

As mentioned, presentation of the RVG peptide on the surface of EV can enhance hom-
ing of systemically delivered EV to the brain [132]. Electroporation-mediated loading of
these CNS-targeted exosomes with siRNA to BACE], a therapeutic target in AD, resulted in
knockdown of BACE1 mRNA (60%) and protein (62%) in the brain of mice [132]. Similarly,
systemic delivery of RVG-targeted exosomes loaded with siRNA to a-synuclein to a mouse
model of PD resulted in a decrease in x-synuclein by 84%, and decreased x-syn-mRNA by
49% in the midbrain, 56% in the striatum, and 50% in the cortex [150].

Circular RNA (circRNA) have covalently connected 5’ and 3’ terminal ends, creating
a closed long non-coding RNA (IncRNA) [151]. CircSHOC?2, a circRNA transcribed from
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the SHOC?2 gene, delivered in exosomes suppressed apoptosis and ameliorated neuronal
damage in an ischemic stroke model by acting through the miR-7670-3p /SIRT1 pathway
to regulate autophagy [152]. In this study, ischemic-preconditioned astrocyte-derived
exosomes (IPAS-Exo) were used, as these exosomes were found to have significantly
increased levels of CircSHOC2 caused by ischemic treatment.

4.3.3. EV as a Vehicle for Delivery of Therapeutic Proteins

EV can also be used to deliver therapeutic proteins. Delivery of exosomes loaded with
catalase promoted neuroprotective effects following intra-nasal delivery in a mouse model
of PD [129]. Exosomes were loaded with catalase by several different methods, including
sonication, freeze-thaw, extrusion, permeabilization with saponin, or co-incubation at room
temperature. Exosomes loaded through sonication, extrusion, or saponin permeabilization
were found to have the most significant loading and release of catalase. Administration
of the catalase-loaded exosomes provided a significant neuroprotective effect in a mouse
model of PD, with exosomes loaded utilizing saponin permeabilization providing the
greatest effect. More recently, EV were used to deliver Neprilysin (NEP), an enzyme
involved in the clearance of aggregated 3-amyloid sheets in the brain [153,154]. Bone
marrow-derived MSCs were used as a source of the EV, and NEP was loaded into the
EV by freeze-thaw cycles, which interrupts the integrity of the EV membrane allowing
internalization of NEP. Intranasal delivery of NEP-EV in a rat model of AD resulted in an
increase in expression of B cell leukemia/lymphoma 2 (BCL2), an anti-apoptotic factor, and
also a decrease in expression of both IL-1f3, an inflammation factor, and BCL2-associated
X protein (BAX), a pro-apoptotic factor, in the rat brain, overall improving brain-related
behavioural function [153].

More recently, ARMMSs, a new class of EV [155], have been explored as a potential
therapeutic vehicle. A HEK293T-based cell line was generated that stably expressed a
fusion of the tumor-suppressor p53 protein to ARRDC1 (a protein naturally loaded into
ARMMs), resulting in enhanced loading of the p53 fusion protein [155,156]. IV delivery
of ARRCD1-p53 ARMMS resulted in protein delivery to multiple tissues, and induced
significant DNA damage-dependent apoptosis in the thymus and spleen in p53-null mice.
This approach may represent a novel therapeutic against many cancers in which the
function of p53 is compromised [156].

5. Conclusions

In this review, current approaches for delivering therapeutics across the BBB and into
the CNS have been discussed. Physiological, lipophilic, and invasive methods can effec-
tively deliver therapeutics across the BBB, but each is associated with technical problems
or safety concerns. EV have gained attention in the last several years as possible delivery
vehicles for therapeutic compounds, including nucleic acids, proteins, and small molecule
drugs. EV have shown great promise for delivery to the CNS in varied models of disease,
and it is hoped that continued development and refinement in EV technology will further
improve their utility for treating diseases of the CNS.
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Abstract: Spinal muscular atrophy (SMA) is a devastating neuromuscular disorder caused by mu-
tations in the survival of motor neuron 1 (SMN1) gene, which leads to a reduced level in the SMN
protein within cells. Patients with SMA suffer from a loss of alpha motor neurons in the spinal cord
leading to skeletal muscle atrophy in addition to deficits in other tissues and organs. Patients with
severe forms of the disease require ventilator assistance and typically succumb to the disease due to
respiratory failure. Onasemnogene abeparvovec is an adeno-associated virus (AAV)-based gene ther-
apeutic that has been approved for infants and young children with SMA, and it is delivered through
intravenous administration using a dose based on the weight of the patient. While excellent outcomes
have been observed in treated patients, the greater viral dose necessary to treat older children and
adults raises legitimate safety concerns. Recently, onasemnogene abeparvovec use was investigated
in older children through a fixed dose and intrathecal administration, a route that provides a more
direct delivery to affected cells in the spinal cord and central nervous system. The promising results
observed in the STRONG trial may support approval of onasemnogene abeparvovec for a greater
proportion of patients with SMA.

Keywords: gene therapy; onasemnogene abeparvovec; neuromuscular disease; motor neuron disease;
spinal muscular atrophy

1. Introduction

Spinal muscular atrophy (SMA) is a genetic neuromuscular disorder that was initially
described at the end of the nineteenth century by Werdnig [1] and by Hoffmann [2]. SMA
is characterized by a degeneration of the alpha motor neurons of the spinal cord, which
leads to atrophy of skeletal muscle, although primary defects also occur in many other
tissues and organs [3-5]. SMA is caused by the homozygous mutation or deletion of the
survival of motor neuron 1 (SMNT1) gene [6], resulting in inadequate levels of survival of
motor neuron (SMN) protein within cells [7]. Humans have a paralogous gene, termed
SMN?2, that contains a key C-to-T base transition relative to SMNT1 that induces a skipping
of exon 7 in the majority of the messenger RNA (mRNA) transcripts that are derived from
this gene, leading to the production of only ~10% full-length SMN protein [8,9]. SMN2
is variably amplified in humans, and more copies of the gene result in the production of
a greater amount of the full-length SMN protein within cells [10]. Thus, more copies of
SMN2 commonly leads to less severe disease for a patient with SMA [11].

Fortunately, several treatments have been approved for this devastating disorder,
including nusinersen and risdiplam, both of which promote the inclusion of exon 7 in the
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SMN2-derived mRNA, and thus a greater production of the full-length SMN protein [12-14].
Arguably, the most promising therapy, onasemnogene abeparvovec, an adeno-associated
virus (AAV)-based vector that encodes the SMN1 gene, has only been approved for use in
infants and young children [15-18]. Onasemnogene abeparvovec is currently administered
intravenously (IV) using a dose based on patient weight, and it is presently unavailable
to older children with SMA due to safety concerns related to high absolute doses of
vector [15-19]. However, a recent trial has explored the use of administering fixed-dose
onasemnogene abeparvovec in children who are up to 5 years of age through intrathecal
(IT) administration [20]—a more direct route through which to deliver the therapy to the
cells of the spinal cord and central nervous system (CNS). In this review, we will provide
background and context for this recent trial.

2. Onasemnogene Abeparvovec

Onasemnogene abeparvovec, marketed as Zolgensma, is a self-complementary AAV
serotype 9 (scAAV9) vector that encodes a functional copy of SMNT1 that is under the control
of a hybrid cytomegalovirus (CMV) enhancer-chicken beta-actin promoter (CBA) [21]. The
safety and efficacy of onasemnogene abeparvovec has been explored in several clinical
trials, as detailed in Table 1.

Table 1. Onasemnogene abeparvovec clinical trials.

SMN2 Administration

.. . . "
Clinical Trial Patient Age Copy # n Method Dose Status
START . 13
Phase 1 <8 months 2 15 Intravenous I]:IO“},\ (171 >><< 11%14 Vg//llig Completed
NCT02122952 18 2 ve/ke
STR1VE-US
Phase 3 <6 months lor2 22 Intravenous 1.1 x 1014 vg/kg Completed
NCT03306277
STR1VE-EU
Phase 3 <6 months lor2 33 Intravenous 1.1 x 10" vg/kg Completed
NCT03461289
SPRINT
Phase 3 <6 weeks 1,2,0r3 30 Intravenous 1.1 x 1014 vg/kg Completed
NCT03505099
STRONG Low: 6.0 x 103 vg
Phase 1 6-60 months 3 32 Intrathecal Medium: 1.2 x 10 vg Terminated
NCT03381729 High: 2.4 x 10 vg
SMART N/A
Phase 3b <17 years N/A 24 Intravenous . 14 Active
NCT04851873 (likely 1.1 x 10 vg/kg)
STEER 125
Phase 3 >2-<18 years N/A (esti- Intrathecal 1.2 x 1014 vg Recruiting
NCT05089656 mated)
* as of June 2023.

Initially, the safety and efficacy of a single IV infusion of onasemnogene abeparvovec
was examined in the phase 1 START trial (NCT02122952), which involved symptomatic
infants <8 months of age with SMA type 1 and who possessed two copies of SMN2. A
total of 15 infants received either a low (6.7 x 10'3 viral genomes (vg)/kg; 1 = 3) or a high
(1.1 x 10 vg/kg; n = 12) dose of IV onasemnogene abeparvovec. All 15 infants were
alive without the need for mechanical ventilation at 20 months of age, a dramatic im-
provement from the 8% survival rate observed in the historical control cohort. Among
11/12 children in the high-dose cohort, an increase in survival was accompanied by im-
provements in the Children’s Hospital of Philadelphia Infant Test of Neuromuscular Dis-
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orders (CHOP-INTEND) scores compared to their baseline. A total of 13 patients from
the START trial were enrolled in a long-term follow-up (LTFU) study (NCT03421977) in
which all 10 children from the high-dose group were alive without the need for permanent
ventilation and maintained previously achieved motor milestones for up to 7.5 years post-
treatment, demonstrating the longevity of onasemnogene abeparvovec [22,23]. Without
treatment, children with SMA type 1 with two copies of SMN2 rarely survive past the age
of two, typically succumbing to respiratory failure [24,25].

The follow-up phase 3 trials, STRIVE-US (NCT03306277) and STR1VE-EU
(NCTO03461289), treated children < 6 months of age with SMA type I and up to two
copies of SMIN2 with the high dose used in the START trial [21,26,27]. Both of these
trials demonstrated that over 90% of infants survived free of the need for permanent
ventilation at 14 months compared to 26% in the natural history cohort; furthermore,
approximately half achieved independent sitting at 18 months, a milestone that was not
achieved in the natural history cohort. Both STR1VE trials showed a very good benefit-risk
profile for the IV administration of onasemnogene abeparvovec in symptomatic infants
with SMA that were younger than 6 months, thus supporting the case for the drug’s ap-
proval [15]. This favourable benefit-risk profile was also demonstrated in the SPRINT
trial (NCT03505099), which treated pre-symptomatic infants less than 6 weeks of age with
2 (n=14) or 3 (n = 15) copies of SMIN2 [28,29]. The START, STR1VE, and SPRINT trials exam-
ined the safety of onasemnogene abeparvovec in both symptomatic and pre-symptomatic in-
fants with SMA; however, all the infants who participated in these studies weighed < 8.5 kg.
The Global Managed Access Program (GMAP) launched by Novartis in January 2020 pro-
vided treatment to all patients with SMA under the age of 24 months and
weighing < 21 kg [30]. As of 2022, 5 out of 102 children who were treated through
this program were >13.5 kg, the heaviest of which was 17 kg (this patient received a dose
of 1.87 x 10'5 total vg). The GMAP data showed that the safety findings of patients that
were >8.5 kg at the time of infusion were consistent with the previous data of patients who
were <8.5 kg.

As of January 2023, IV onasemnogene abeparvovec was approved in 45 countries [31],
although the maximum patient age and/or weight varies between countries. In the United
States and Japan, the first countries to approve onasemnogene abeparvovec, the drug is
approved for use in children with SMA up to two years old, regardless of weight [15,16].
In Canada and Europe, onasemnogene abeparvovec is used for the treatment of pediatric
patients with 5q SMA that have bi-allelic mutations in the SMN1 gene, and who are
either clinically diagnosed as SMA type 1, or possess three or fewer copies of the SMN2
gene [17,18,32]. This regulatory approval includes dosing guidance for babies and young
children up to 21 kg. Based on natural history studies, the majority of untreated children
5 years old or younger with SMA type 1 or type 2 would likely be <21 kg, and this could
include children as old as 8 years of age [33].

To further explore the efficacy and safety of IV onasemnogene abeparvovec in heav-
ier children, the SMART phase 3b trial (NCT04851873) is investigating the use of IV
onasemnogene abeparvovec in children with SMA who were <18 years of age and who
weighed > 8.5 kg to <21 kg. Although recruitment criteria for this trial permit participants
to be up to 17 years of age, it is unlikely that participants over 8 years of age would meet
the weight requirement of <21 kg at the time of infusion [33].

Following the success of the STR1VE and SPRINT trials, there was an obvious desire
to examine the efficacy of onasemnogene abeparvovec in an older patient population.
However, there are inherent challenges in treating older, and thus larger, patients with
SMA. To date, the therapeutic dose has been calculated based on weight at 1.1 x 101 vg/kg.
Larger patients would require larger absolute doses of vector. A very high dose of vector
is required because IV administration is a relatively inefficient method through which to
deliver vector to the CNS—only a small portion of the vector actually transits through the
blood-brain barrier (BBB) and transduces the target tissues located within the CNS [34,35].
The majority of the IV-administered vector actually accumulates in the liver and peripheral
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tissues [36]. No gene therapy vector is completely “safe”; thus, administering a greater
quantity of vector raises legitimate safety concerns. Use of AAV, such as onasemnogene
abeparvovec, can cause serious adverse events, including acute liver failure in large animal
models [34] and in human trials [19], as well as thrombotic microangiopathy (TMA) in
human trials [37]—the risk of which increases as more viral genomes are administered.
Indeed, trends toward greater elevations in liver transaminases have been reported amongst
heavier children who were administered onasemnogene abeparvovec [38,39]; however, this
was not the case in all studies [30]. Tragically, two children have died of acute liver failure
within 5 to 6 weeks following IV administration of onasemnogene abeparvovec [40,41].
Novartis released a statement following the patient fatalities, highlighting that acute liver
failure is a known side effect of onasemnogene abeparvovec; however, the benefit-risk
profile is still favourable [41]. Similarly, four children in a clinical trial for the genetic
neuromuscular disorder X-linked myotubular myopathy (XLMTM) died following the IV
administration of AAV8-MTM1, three of which received a dose of 3.5 x 10'* vg/kg and
were confirmed to have died from complications of liver failure [42-45]. AAV may not have
been the sole cause of liver failure in these children; it is possible that the administration of
the vector could have exacerbated pre-existing liver dysfunction, as intrahepatic cholestasis
has been found to be a clinically significant feature of XLMTM [46]. Finally, although the
majority of delivered AAV genomes remain episomal, AAV can insert in the cell’s genome,
which has been associated with hepatocellular carcinoma in humans [47] and mice [48-50]
(although not in all studies [51-54]). In short, although AAV-mediated gene therapy can be
very effective, it does not come without risk. For SMA, an alternative approach to achieve
efficient delivery to the CNS using less vector is greatly desired.

3. Intrathecal Administration of Onasemnogene Abeparvovec

To circumvent the need for the extremely high numbers of vg required for IV treatment
in older, and thus larger, patients, IT administration of onasemnogene abeparvovec has
been explored with the aim of providing a more efficient transduction of the CNS. In
mice and nonhuman primates, IT administration of scAAV9-SMN results in widespread
transgene expression throughout the spinal cord, and this is achieved using 10-fold less
vector compared to IV administration [55].

Initiated in 2017, the phase 1 STRONG trial (NCT03381729) evaluated a single IT
fixed-dose administration of onasemnogene abeparvovec in non-ambulatory children with
SMA type 2 and who were 6 to <60-months of age with three copies of SMN2. Unlike the
previous trials that investigated onasemnogene abeparvovec, there was no weight limit
in the eligibility criteria for the STRONG trial. This phase I dose escalation study used
doses ranging from 6.0 x 103 to 2.4 x 10™ total vg, which is significantly less than the
highest dose administered to patients in the IV phase 1 START trial (which administered
1.69 x 10 total vg to the largest patient [21]). Unfortunately, a partial clinical hold was
placed on the STRONG trial by the FDA in October 2019, citing concern due to dorsal
root ganglia (DRG) mononuclear cell inflammation observed in animals treated with IT
onasemnogene abeparvovec [56,57]. Following further long-term preclinical safety studies,
the partial clinical hold was lifted in August of 2021 [58].

Recently, results of the completed STRONG trial were published [20]. 32 children
were divided into two groups based on age at dosing: younger (6 to <24 months) and
older (24 to <60 months). Patients in the younger children grouping were enrolled into
one of three fixed-dose cohorts: low- (6.0 x 103 total vg, n = 3), medium- (1.2 x 10 total
vg, n = 13), and high-dose (2.4 x 10 total vg, n = 4). The older group all received the
medium dose (1.2 x 10! total vg, n = 12). Amongst the younger patients, 1/3 (33.3%) in
the low-dose cohort and 1/13 (7.7%) in the medium-dose cohort (or 12.5% (2/16 treated
patients) when combining the two dosing groups) achieved independent standing. Based
on natural history studies, 13.7% would have been predicted to achieve this milestone.
Again, amongst the younger children cohort, two children that received the low dose
gained a total of four motor Bayley-III milestones (crawls, n = 2; pulls to stand, n = 1;
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and stands alone, n = 1), while six children in the medium-dose cohort gained a total of
15 motor milestones (rolls, n = 4; crawls, n = 2; pulls to a stand n = 2; stands with assistance,
n = 3; stands alone, n = 1; walks with assistance n = 2; and walks alone, n = 1). Three
children in the high-dose cohort achieved 3 motor milestones (rolls, n = 1; pulls to a stand,
n = 1; and stands with assistance n = 1). Older children who received the medium dose
(1.2 x 10™ total vg, n = 12) showed a mean change of 6.0 points in their Hammersmith
Functional Motor Scale Expanded (HFMSE) scores at month 12 when compared to baseline,
which was significantly different from the natural history cohort, who only saw a 0.5-point
change. Furthermore, 11/12 (91.7%) of treated children achieved a clinically meaningful
(>3-point) increase in their HFMSE score compared to their initial score at baseline visit,
which is far greater than the 13.3% who achieved a similar improvement in the natural
history cohort. Three children in this group achieved a total of four Bayley-III motor
milestones (rolling, n = 1; standing with assistance, n = 2; and walking with assistance,
n = 1). No deaths were reported in this study. Several adverse events of special inter-
est (AESI) were reported, including nine hepatotoxicity events in seven children (21.9%),
including one patient in the medium-dose cohort who experienced elevated alanine amino-
transferase (ALT) and aspartate aminotransferase (AST)—which was deemed a treatment-
related serious adverse event. There were also five thrombocytopenia events observed
in five children (15.6%, one of which was deemed probably treatment related), twelve
cardiac events in nine children (28.1%, including one instance each of sinus tachycardia
and increased creatinine phosphokinase-MB, which were deemed to possibly be treatment
related), and one instance of hepatomegaly (deemed probably treatment related). Overall,
the investigators concluded that IT onasemnogene abeparvovec is safe and well-tolerated,
and the therapy showed efficacy in children aged 2 to 5 years. Unfortunately, the primary
efficacy endpoint of independent standing for >3 s in children aged 6 to 24 months was
not met during the post-dose observation period of this study.

Patients enrolled in the STRONG trial could participate in LT-002 (NCT04042025), a
voluntary phase 4, 15-year follow-up safety and efficacy study, which also enrolled patients
from the STR1VE and SPRINT studies. Novartis provided an update on LT-002 at the
2023 Muscular Dystrophy Association Clinical and Scientific Conference. All children who
participated in the STRONG trial had maintained or achieved new developmental gains
at a mean follow-up length of 3.6 years [23]. In addition, 5/16 (31.3%) had achieved a
new motor milestone; 6 of 12 (50%) had a >3-point increase in HFMSE score; and 3 of
12 (25%) had a >10-point increase [59]. However, interpretation of the data is somewhat
complicated by the fact that some of the patients also received add-on therapy (nusinersen
or risdiplam) [23,59]. Of the 18 patients from the STRONG trial who were enrolled in
LT-002, 50% were also receiving add-on therapy [59]. This is far greater than the 24.6%
of patients who received add-on therapy following treatment with IV onasemnogene
abeparvovec in the STRIVE or SPRINT trials. It is unclear why a larger proportion of
patients that received the IT treatment also sought add-on therapy compared to the IV-
treated group. Perhaps the systemic distribution of onasemnogene abeparvovec to all
tissues of the body during IV treatment provides a better outcome than delivering vector
only to the CNS. While combining therapies may be in the best interest of the patient, it
does complicate interpretation of the data from the clinical trial as any improvement in
motor function may be attributed to more than just onasemnogene abeparvovec. As more
data become available, it will be interesting to see if there is a correlation between dose,
age, and performance in tests of motor function among those who received add-on therapy
compared to onasemnogene abeparvovec alone.

As the medium-dose of IT onasemnogene abeparvovec was well-tolerated and demon-
strated efficacy, it was selected for use in the ongoing phase 3 STEER trial (NCT05089656),
which is exploring the use of IT fixed-dose onasemnogene abeparvovec in patients
aged >2 to <18 years old. Unlike the SMART trial—in which patients were only eli-
gible if they were <21 kg in weight at the time of infusion—all treated patients in the
STEER trial will be administered 1.2 x 10 total vg, regardless of weight. Exploring the
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efficacy of onasemnogene abeparvovec in the oldest population to date through an IT
administration of a fixed dose has the potential to satisfy the unmet need for gene therapy
for children and adolescent patients with SMA.

Although IT onasemnogene abeparvovec may be a promising therapeutic option for
the treatment of SMA in older children, it is important to note that the most dramatic
improvement with IV onasemnogene abeparvovec were observed in pre-symptomatic
infants treated at less than 6 weeks of age [28,29]. In the SPRINT trial, infants with three
copies of SMN?2 all achieved independent sitting, and most achieved independent walking,
within the normal development window, which is typically not seen in patients with
SMA [29]. Amongst infants with two copies of SMN2, most sat independently for >30 s
within the normal development window, and all achieved this milestone by 18 months,
while none in the natural history cohort achieved this milestone [28]. In the STRONG trial,
children in the younger group gained more Bayley-III motor milestones than those in the
older group [20]. Treatment is likely most effective when supplied before the irreversible
loss of motor neurons has occurred. These data emphasize the urgent need for universal
newborn screening to identify at-risk children as early as possible in order to initiate
treatment early. Fortunately, newborn screening has been adopted in many countries
around the world [60]. The early treatment of individuals at high risk of developing SMA,
prior to symptom onset, results in improved outcomes and greater functional independence,
leading to improved quality of life.

4. Onasemnogene Abeparvovec versus Nusinersen or Risdiplam

The results of the STRONG trial should be compared to similar trials involving nusin-
ersen, marketed as Spinraza, which is currently available for the treatment of SMA in
patients of all ages. Nusinersen is an antisense oligonucleotide (ASO) delivered IT that
modulates the splicing of SMN2 pre-mRNA to promote the inclusion of exon 7, thereby in-
creasing the production of the full-length SMN protein [13,61,62]. As opposed to onasemno-
gene abeparvovec, which is delivered with a one-time infusion, nusinersen is administered
IT through a series of four loading doses over the course of the first two months, fol-
lowed by maintenance doses every four months [15,63]. All patients receive the same dose
(12 mg of the ASO in a 5 mL volume), regardless of age, size, or severity of disease. The
CHERISH trial (NCT02292537) used nusinersen to treat 84 children with SMA between 2
and 12 years of age and who had between two and four copies of SMN2, with 42 children
in a sham control group [64]. At 15 months, 57% of children in the treated group had
achieved a change in their HFMSE score of >3 points compared to 27% in the sham control
group [64]. This is far less than the 91.7% of children who were 2 to 5 years of age and
were treated with the medium dose of onasemnogene abeparvovec in the STRONG trial,
and who achieved the same increase in HMFSE score at month 12 [20]. Overall, the mean
increases in HMFSE scores were not as pronounced in the CHERISH trial at 15 months than
in the STRONG trial at 12 months [20,64]. Nevertheless, the CHERISH trial concluded that
significant improvement in motor function was observed in children with later-onset SMA
compared to the sham control group [64]. Complications associated with lumbar puncture
were significantly higher in the treated group than in the control group (15% versus 3%,
respectively), and these included back pain, headache, and vomiting. Pyrexia and epistaxis
were also >5 percentage points higher in the treated group relative to the control group
(pyrexia: 43% versus 36%; epistaxis: 7% versus 0%, respectively). This study reported no
elevations in ALT or AST as adverse events, unlike in some patients who were treated with
onasemnogene abeparvovec [19,20,64].

The use of ASOs such as nusinersen comes with some associated risks, such as renal
toxicity, thrombocytopenia, and coagulation abnormalities [63]. Recently, delivery of ASOs
into the cerebrospinal fluid (CSF) have been linked to neurotoxicity in mice, which is
caused by changes in the intercellular levels of calcium [65]. In several studies in mice,
ASO delivery to the CNS has led to behavioural abnormalities, such as decreased desire
to explore the cage, reduced responsiveness to stimulation, unusual postures, disrupted
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breathing patterns, and reduced consciousness [65-68]. However, this phenomenon has
not been reported in any human patients to date.

Importantly, up to 50% of patients in some clinical trials have failed to respond to
nusinersen for unknown reasons [64]. Regardless of these drawbacks, nusinersen is con-
sidered to be reasonably safe, reasonably effective, and is approved for a wider age group
than onasemnogene abeparvovec. Indeed, treatment with nusinersen has demonstrated a
stabilization of disease progression and even clinically meaningful improvements in the
motor function in some adult patients with SMA [69,70].

Risdiplam, marketed as Evrysdi, is a small molecule splicing modifier approved to
treat patients with SMA of all ages [71,72]. It also acts on SMN2 by stabilizing the SMN2
transcript and promoting the inclusion of exon 7 to increase the cellular levels of full-length
SMN protein [14]. The drug is taken once daily in an oral solution and is dosed based on
patient age and weight at 0.15 mg-0.25 mg/kg up to 20 kg, and 5 mg is the maximum
recommended dose for all patients above 20 kg [73]. In clinical trials, the use of risdiplam
improved HMFSE scores, although to a lesser degree than that observed for nusinersen
and IT onasemnogene abeparvovec [20,64,74,75]. Patients between 2 to 11 years of age
only achieved a mean 1.7-point increase in HMFSE score at month 24 following treatment
with risdiplam [74]. Unlike nusinersen, which is designed to interact with only SMN2
pre-mRNA, risdiplam does not necessarily target only SMIN2. Indeed, in animal models
risdiplam has been associated with alternative splicing of the off-target genes FOXM1
and MADD, which are associated with the cell cycle and apoptosis, respectively [14].
Whether the off-target splicing of FOXM1, MADD, or other genes has long-term, adverse
consequences in treated patients has yet to be determined. The degree of off-target splicing
(if any) in patients has not yet been reported [74,75]. The easy administration of risdiplam
makes the drug attractive to patients with SMA; however, the clinical benefits do not appear
to be as pronounced as onasemnogene abeparvovec or nusinersen.

5. Conclusions

For children with SMA between the ages of 2 and 5, the results of the STRONG trial
propose treatment with IT onasemnogene abeparvovec as a therapeutic option as it has a
favourable benefit-risk profile. Although there have been some adverse events associated
with onasemnogene abeparvovec, this treatment appears more effective than nusinersen in
older children with SMA (91.7% versus 57% of children attaining a >3-point increase in
HEMSE score for IT onasemnogene abeparvovec versus nusinersen, respectively) [20,64].
A >3-point change in HEMSE score is considered a clinically meaningful change involving
two or three skills [76,77]. Attaining these skills may translate into significant improvements
in the quality of life for children with SMA. For example, an improvement in the HFMSE
test item “one hand to head in sitting task” may mean that a patient could assist in their
feeding or do so independently. IV onasemnogene abeparvovec has been proven to be
effective for at least 7 years [22,23]; thus, it is possible the older children who were IT-
treated may also maintain achieved motor milestones for many years after treatment.
All of the approved treatments for SMA are exceedingly expensive, but a single dose of
onasemnogene abeparvovec is reported to be more cost effective than the chronic dosing of
nusinersen [78], and thus may ultimately save health care costs.

Some patients with SMA who previously were treated with onasemnogene abepar-
vovec have started an additional add-on therapy (nusinersen or risdiplam) [23,59]. In
fact, there are dedicated clinical trials exploring the safety and efficacy of treatment with
either nusinersen (NCT04488133) or risdiplam (NCT05861986) following treatment with
onasemnogene abeparvovec. In most cases, add-on therapy is initiated due to a perceived
or real plateauing of motor function improvement following the initial onasemnogene
abeparvovec treatment [79-81]. Results from combinatorial therapies have previously
been reported, but these are typically of small sample size or have relatively short follow-
up duration [79-81]. Onasemnogene abeparvovec, nusinersen, and risdiplam all aim to
increase SMN protein concentration, but they use different mechanisms of action to do
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so [12-18]. Although the use of multiple drugs will obviously increase the already high cost
of treatment, a combinatorial approach to treatment may provide an improved outcome
compared to monotherapy for some patients with SMA.

In recent years, the prognosis for SMA has been transformed by the availability of
life-changing therapeutics. Most notably, the availability of a gene therapy drug restoring
a functional copy of SMNT1 through a single intravenous infusion has allowed infants to
not only achieve previously unattainable motor milestones, but to also live far beyond
the average lifespan of untreated infants. Now, efforts are focusing on expanding the
availability of this transformative drug to other age groups. The results of the STRONG
clinical trial investigatingIT administration of onasemnogene abeparvovec in older children
provides optimism for the field, and positive outcomes from the STEER trial may support
broadening the availability of onasemnogene abeparvovec for patients up to the age of 18.
Clinically meaningful improvements in motor function from this and other therapies will
hopefully improve the quality of life for a wider group of patients with SMA.
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Extracellular vesicles (EVs) have the innate ability to carry
proteins, lipids, and nucleic acids between cells, and thus these
vesicles have gained much attention as potential therapeutic de-
livery vehicles. Many strategies have been explored to enhance
the loading of specific cargoes of interest into EVs, which could
result in the delivery of more therapeutic to recipient cells, thus
enhancing therapeutic efficacy. In this review, we discuss the
natural biogenesis of EVs, the mechanism by which proteins
and nucleic acids are selected for inclusion in EVs, and novel
methods that have been employed to enhance loading of spe-
cific cargoes into EVs. As well, we discuss biodistribution of
administered EVs in vivo and summarize clinical trials that
have attempted to harness the therapeutic potential of EVs.

INTRODUCTION

Extracellular vesicles (EVs) are small membrane-bound particles
secreted from cells into the extracellular space.' Initially, EVs were
thought be involved only in the elimination of cellular waste, but
EVs actually perform an array of physiological functions in the
body.” These vesicles shuttle proteins, lipids, and nucleic acids be-
tween cells to mediate intercellular communication.” The specific
function and physical composition of EVs is determined by both
the type and physiological state of the cell from which the EVs are
released.'

EVs are a heterogeneous population of particles, of which there are
three main subtypes: exosomes, microvesicles (MVs), and apoptotic
bodies. Exosomes have a diameter of between approximately 40
and 150 nm and are the smallest of the three subtypes.”® Exosomes
are formed through invagination of the membrane of multivesicular
bodies (MVBs) and are subsequently released into the extracellular
environment following fusion of the MVB with the plasma mem-
brane of the cell’ In contrast, MVs, which are approximately
40-1000 nm in diameter, are generated by budding at the plasma
membrane."*’ The largest subtype of EVs are apoptotic bodies,
>1,000-nm-diameter particles generated by dying cells through bleb-
bing from the plasma membrane.” Many other subtypes of EVs have
been described, such as large oncosomes and arrestin domain-con-
taining protein 1 (ARRDC1)-mediated MVs (ARMMs),” but these
particles are less-well characterized than the three main EVs. Differ-
entiating between the various subtypes of EVs can be challenging, as

the subtypes frequently have common cargo content and overlapping
particle diameter.” In the absence of actually observing the biogenesis
of the vesicle (i.e., whether the particle arises from fusion of the MVB
with the plasma membrane or directly from budding at the plasma
membrane), it is more accurate in an experimental context to refer
to EVs as either small (<200 nm) or large (>200 nm) EVs. This re-
view uses the term that was used by the original publication, whether
that is “EV,” “exosomes,” or “MVs.”

EVs have many attractive features as therapeutics for the treatment of
disease. The innate ability of EVs to shuttle cargo between cells makes
the vesicles attractive therapeutic vehicles. Some EV's can target their
uptake to specific cell types based on proteins presented on the surface
of the EV and a complementary “receptor” on the surface of the target
cell” Many studies have shown EVs administered to an allogeneic
recipient induce minimal immunogenicity in vitro or in vivo.'""'?
Some populations of EVs even have transmembrane proteins, such
as CD24,">'" CD47,"”° and programmed death-ligand 1 (PD-
L1),'®" that allow the EVs to avoid phagocytosis by macrophages,
thus providing the EVs with greater opportunity to deliver cargo to
the desired target cell. Given these distinct advantages, it is unsurpris-
ing that many groups are exploring the use of EVs as therapeutic de-
livery vehicles and also developing methods to target specific proteins
or nucleic acids into the EVs.

NATURAL BIOLOGY OF EVs

Biogenesis of exosomes and MVs

Exosomes and MVs are generated through different mechanisms of
biogenesis, which each involve several sequential steps (Figure 1).
For exosomes, the process begins with invagination of the plasma
membrane, resulting in the formation of early endosomes inside
the cell. The early endosome matures into the late endosome in a pro-
cess mediated by Ras-associated binding (Rab) GTPases, notably
those involved in the conversion of Rab5* endosomes to Rab7* endo-
somes."*"? This endosome maturation step is followed by formation
of intraluminal vesicles (ILVs) within the MVB through invagination
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of the endosomal membrane, mediated by the endosomal sorting
complex required for transport (ESCRT) machinery, composed of
the ESCRT-0, -1, -1, and -IIT multiprotein complexes.”’ Hepatocyte
growth factor-regulated tyrosine kinase (HRS), a subunit of the
ESCRT-0 complex, is recruited to the endosomal membrane where
it binds to phosphoinositide (PtdIns3P) on the endosome membrane,
initiating the process of ILV formation.”'** The tumor susceptibility
gene 101 (TSG101) subunit of the ESCRT-I complex binds to HRS
and, with ESCRT-II, drives the invagination of the endosomal mem-
52 1LV formation within the MVB is completed through
membrane scission mediated by ESCRT-III, which is composed of
vacuolar protein-sorting-associated protein 20 (Vps20), sucrose
non-fermenting protein 7 (Snf7), Vsp24, and Vps2.””*® The AAA
ATPase VPS4 disassembles the ESCRT-III complex, disassociating
its subunits from the MVB and enabling their reuse.””*

brane.

Exosome biogenesis can still occur in the absence of the ESCRT ma-
chinery,”" and several cellular proteins have been implicated in medi-
ating this ESCRT-independent pathway. Rab31 can be recruited to
the endosome, where it is phosphorylated by epidermal growth factor
receptor (EGFR) present on the surface of the endosome.’” Rab31
then interacts with flotillin proteins, thus driving ILV formation.
Similarly, tetraspanins, such as CD9, CD81, and CD63, are thought
to be involved in ESCRT-independent mechanisms of exosome
biogenesis.””** Indeed, depletion of CD9 leads to a reduction in for-
mation of early endosomes and decreased exosome secretion.’
Similar to HRS, CD63 can engage the endosomal membrane, permit-
ting ILV formation even in the absence of ESCRT-0.”” The syndecan-
syntenin-ALG-associated protein X (ALIX) pathway for exosome
biogenesis also does not require ESCRT-0; syndecan in the membrane
of the MVB interacts with syntenin, which promotes ILV biogenesis
through interaction with ALIX.***

Exosomes X’

Figure 1. Biogenesis of exosomes and microvesicles
Invagination of the plasma membrane of the cell leads to
development of the early endosome. The early endosome
matures into the MVB, at which point Rab5 is replaced by
Rab?. In ESCRT-dependent exosome biogenesis, ESCRT-
0 interacts with Ub-proteins and binds Ptdins3P on the
membrane of the endosome. ESCRT-| and ESCRT-II are
then recruited, driving the invagination of the endosomal

4 membrane. ESCRT-IlIl completes ILV formation and is

dissociated by Vps4. In ESCRT-independent exosome
biogenesis, ILV formation can be driven by Rab31, CD63,
or through the syndecan-syntenin-ALIX pathway. In both
types of biogenesis, the MVB fuses with the cell
membrane and leads to the release of ILV as exosomes.
In microvesicle biogenesis, outward budding of the cell
membrane and pinching off of the membrane results in

a ::zg the release of microvesicles. This process involves ARF1
@D Rab31 and ARF6. ESCRT, endosomal sorting complex required
: g?::ecan for transport; ILV, intraluminal vesicle; MVB, multivesicular
@ Syntenin body; Ptdins3, phosphoinositide; Rab, ras-associated
© ALIX GTPases; Ub, ubiquinated.

In both ESCRT-dependent and -independent exosome biogenesis, the
MYVB ultimately fuses with the plasma membrane of the cell to release
ILVs into the extracellular space as exosomes.'”*" A portion of the
exosomes released from the ILVs may remain associated with the
plasma membrane of the cell, mediated by tetherin located on the sur-
face of both the cell and exosome.** Alternatively, the MVB may fuse
with a lysosome, leading to degradation of the MVB contents due to
the action of hydrolases and proteases contained in the fused vesicle.”’

MVs differ from exosomes in that they originate from the outward
budding and fission of the cell plasma membrane, but much less is
known about their mechanism of biogenesis.** The outward budding
of the plasma membrane is accompanied by distinct changes in pro-
tein and lipid content of the membrane that leads to a change in the
curvature and rigidity of the membrane. ADP-ribosylation factor 1
(ARF1) can use myosin light-chain kinase (MLCK) to activate con-
tractile machinery to allow for pinching off of the plasma membrane
to release MV into the extracellular environment.”” ARF6 can also
activate the contractile machinery via MLCK, and can regulate the se-
lective recruitment of some proteins into MVs.** ARRDCI can
interact with TSG101 to release a subpopulation of MVs called
ARMMs.” ARRDCI is localized to the plasma membrane, and re-
cruits TSG101 to the membrane from the endosome. ARMMs are
released into the extracellular space following ubiquitination of
ARRDCL

Cargo loading

Thousands of proteins have been identified as EV cargo, and these
proteins are cataloged in databases such as Vesiclepedia (http://
www.microvesicles.org). Some of these proteins are actively loaded
into EVs, such as through the processes detailed below, but many
may be passively loaded, as any protein or nucleic acid that is in
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the general vicinity of EV biogenesis may ultimately be incorporated
into the EVs.

Many proteins involved in the biogenesis of EVs are retained within
mature EVs. These same proteins also frequently mediate the selective
loading of other cellular proteins, which are recruited to EVs as a conse-
quence of natural protein-protein interactions. As mentioned, one of
the possible fates of the MVB is to fuse with the lysosome, leading to
degradation of the MVB contents.” Indeed, some of the protein con-
tents of the ILV are ubiquitinated—a cellular protein modification
commonly used to tag a protein for degradation and disposal.***’
The ESCRT machinery, along with a number of accessory proteins,
plays a role in biomolecule sorting of exosomal cargo and can specif-
ically interact with ubiquitinated proteins to facilitate their loading
into EVs.”” The HRS and signal transducing adaptor molecule
(STAM) subunits of the ESCRT-0 complex both contain ubiquitin iden-
tification motifs, and can recruit ubiquitinated protein cargo to the en-
dosomal membrane, leading to their incorporation into exosomes.”’
Similarly, the TSG101 and ubiquitin-associated protein 1 (UBAP1) sub-
units of ESCRT-I each contain a ubiquitin binding domain that can also
recruit ubiquitinated cargo to the endosomal membrane.”>” The
Vps45 domain of ESCRT-II also can bind ubiquitinated proteins
and plays a role in loading of ubiquitinated cargo.”* EVs are enriched
in many tetraspanins, including CD9, CD37, CD63, CD81, and
CD82.7>°° CDY and CD63 can facilitate the incorporation of major his-
tocompatibility complex (MHC) class II proteins into exosomes.””*

Proteins may be selectively included into MVs during biogenesis,
such as proteins transported via the ARF6-regulated endosomal recy-
cling pathway, including B1 integrin receptors and vesicle-associated
membrane protein 3 (VAMP3).””” RAB22A, which is overexpressed
in many breast cancer cells and can selectively recruit proteins to
MVs, facilitates an increased production of MVs under hypoxic con-
ditions.”' These hypoxia-induced MVs were found to stimulate focal
adhesion formation, extracellular matrix deposition, and enhance
lung colonization by breast cancer cells in an RAB22A-dependent
manner in vitro.

Ribonucleic acid (RNA)-binding proteins (RBPs) make up approxi-
mately 25% of the total proteins contained within EVs, and thus
RNAs are also common cargo within EVs.®* There is a lack of
consensus on whether full-length messenger RNA (mRNA) can be
incorporated into EVs, as evidence suggests that fragmented tran-
scripts,®>®* full-length transcripts,>°® or both forms®’~* are loaded
into EVs. Many proteins are thought to mediate the loading of micro-
RNA (miRNA) into EVs, including various heterogeneous nuclear ri-
bonucleoproteins (hnRNPs),” 72 major vault protein (MVP),”® and
Y-box-binding protein-1 (YBX-1).”*’> Several sequence motifs in
RNA have been identified that are thought to lead to the enrichment
of specific RNAs within EVs.”*”* One such motif is CGGGAG that
can be recognized by two RBPs, fused in sarcoma (Fus) and Alyref,
promoting the loading of miRNA into EVs.”” Exploitation of these
natural pathways for cargo loading can be used to selectively enhance
uptake of RNA into EVs, as discussed below.

Table 1. Engineered cargo loading strategies

Cargo Strategy Reference
Overexpression of protein Nash et al.**
Fusion proteins
CD63 McCann et al.*
LAMP2B Alvarez-Erviti et al.””
GPI Kooijmans et al.”’
PDGFR Ohno et al.”!
Lactadherin Rountree et al.””
PTGFRN Dooley et al.”
Protein
BASP1 Dooley et al.”
Nef Manfredi et al.”
Protein:protein association
KFERQ motif Ferreira et al.””
EXPLORSs system Yim et al.”®
Rapamycin-FKBP-FRB system Somiya and Kuroda”’
WW-domain Sterzenbach et al.”
Ub tag Cheng and Schorey”™
EXOmotifs Villarroya-Beltri et al.”
Incorporation of pre-miR-451 backbone Reshke et al.'”’
RNA GUGCC-containing motif Bolukbasi et al.”®

TAMEL system Hung and Leonard'"!

1,102

G58T peptide Dar et a

ENGINEERED EV CARGO LOADING STRATEGIES
EVs can be loaded with cargo of interest using either exogenous
or endogenous”>*” loading. In exogenous loading, EVs are first har-
vested from a biofluid, and then cargo is loaded. Many different
methods have been used to achieve exogenous loading, including
electroporation, sonication, freeze-thaw cycles, extrusion, and the
use of pore-forming agents.”"**"*® Unfortunately, these approaches
can result in permanent damage of the EV membrane, as many of
these methods rely on transient disruption of the membrane to
load the cargo. The efficiency of electroporation was found to be
extremely low, with less than 0.05% encapsulation efficiency.”” In
endogenous loading, EVs are isolated from cells that have been
manipulated in some way, for example through engineering to over-
express a particular therapeutic protein, so that the protein is
incorporated into the EVs during their natural formation.**" Several
strategies have been developed to increase the efficiency of endoge-
nous cargo loading, thus increasing the concentration of the cargo
of interest within EVs (Table 1).

79-81

Protein

EV cargo content usually reflects the state of the cell from which they
originate, and simply overexpressing a protein of interest within
donor cells can lead to release of EVs loaded with high levels of
that protein.'*>'%* For example, we showed that plasmid- or adeno-
virus-mediated overexpression of survival motor neuron (SMN)
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protein in donor cells led to release of exosomes with elevated concen-
trations of SMN protein.*” Countless studies have shown a similar ef-
fect with numerous different proteins.

Fusion proteins

A popular approach to enhance uptake of a desired protein into EVs is
to create a fusion protein with a second protein that is naturally incor-
porated into EVs. Fusion of protein cargo to CD63 can increase the
presentation of that cargo on the surface of the EVs. CD63 is a tetra-
spanin found on the surface of cells, and is consequently also found in
endosomes and on the surface of EVs.”> HEK293T cells transfected
with a plasmid encoding a CD63-emerald green fluorescent protein
(emGFP) fusion protein incorporated more emGFP into EVs
compared with cells transfected with plasmid expressing emGFP
alone.*® GFP has been conjugated to several other EV proteins, and
vesicle association of GFP was more efficient when coupled to mem-
brane-associated proteins, such as CD9, CD63, and CD81, compared
with proteins normally found in the cytosol of EVs, such as ALIX,
Flotillin-2, or native-uncoupled GFP.'>'*® Conjugation of oval-
bumin (OVA) antigen (Ag) to CD63 (CD63-OVA) dramatically
increased the presence of OVA on the EV surface."”” Moreover,
CD63-OVA EVs elicited a stronger Ag-specific immune response
than OVA EVs or OVA alone following immunization of mice.
Fusion of the neuron-specific rabies viral glycoprotein (RVG) peptide
to the EV membrane protein lysosome-associated membrane glyco-
protein 2B (LAMP2B) resulted in presentation of RVG peptide on
the surface of exosomes, which was used to enhance targeting of
the vesicles to neurons in vivo.*”'*® Glycosylphosphatidylinositol
(GPI),” platelet-derived growth factor receptors (PDGFRs),”" and
lactadherin (C1C2 domain),” all of which are naturally found in
the membrane of EVs, have also been used to display proteins of in-
terest on the surface of EVs.

Proteins prostaglandin F2 receptor inhibitor (PTGFRN), a member of
the immunoglobulin superfamily, and brain acid soluble protein 1
(BASP1), a member of the myristoylated alanine-rich C-kinase sub-
strate protein family, are enriched in EVs compared with non-EV
fractions of conditioned medium as assessed by liquid chromatog-
raphy mass spectrometry.”” Cargo can be loaded into EVs with
high efficiency when fused to the PTGFRN or BASPI1. Fusion of
GFP to the intracellular domains of PTGFRN or BASP1 resulted in
enhanced loading of GFP into EVs compared with GFP alone.”
These same fusion proteins led to higher levels of association of
GFP with EVs than similar fusion proteins with LAMP2B, CD9,
CD63, or CD81, which may simply reflect the relative abundance of
the various membrane proteins naturally found in EVs. As
PTGEFRN is a single-pass transmembrane protein, target proteins
can be fused to the C or N terminus, resulting in the presence of
the target protein on either the extra- or intravesicular side of the
EV membrane, respectively. Fusion to PTGFRN permitted display
of several target molecules on the surface of EVs, including cytokines
and antigens.”” Fusion to BASP1 increased loading of several proteins
into the lumen of EVs, including clustered regularly interspaced short
palindromic repeat (CRISPR)-associated protein 9 (Cas9) protein.”®

The human immunodeficiency virus (HIV)-1 negative regulatory fac-
tor (Nef) protein is naturally incorporated into exosomes at high
levels.” Nef promotes viral replication of HIV-1 by enabling immune
escape of infected cells.'”>''” Use of an engineered mutant of Nef
(Nef™"), deficient in most functions of intact Nef protein, was able
to efficiently load several fusion proteins into exosomes, including
GFP and Ag from several viruses.”"''" These Ag-loaded exosomes
effectively primed cytotoxic T lymphocyte immunity in mice.'""

Protein:protein association

Cargo loading can also be increased through use of peptide motifs that
mediate non-covalent interaction with proteins normally recruited
into EVs. Proteomic and bioinformatic analysis of EVs derived
from cells either expressing or lacking LAMP2A, an EV scaffolding
protein, showed that proteins containing a KFERQ motif were un-
der-represented in the LAMP2A-deficient EVs.”” Fusion of the
KFERQ motif to mCherry led to binding of mCherry to LAMP2A,
as assessed by co-immunoprecipitation, and enhanced uptake of
the protein into EVs compared with mCherry alone. The authors
also showed that proteins tagged with KFERQ motifs were loaded
into EVs independent of the ESCRT machinery.

An elegant exosomal loading technique was developed called exosomes
for protein loading via optically reversible protein-protein interactions
(EXPLORs).”® This system is composed of two components. First,
photoreceptor cryptochrome 2 (CRY2) protein was fused to target
cargo, such as mCherry. Second, truncated CRY-interacting basic-he-
lix-loop-helix 1 (CIBN) protein was fused to the intraluminal side of
CD?9, which resulted in presentation of CIBN on the external surface
of the MVB. Application of blue light induced association of CIB1
and CRY2, recruiting the mCherry-CRY2 to the membrane of the
MVB to transiently interact with CIBN-CD?9, thus drawing the protein
into the exosome during ILV formation. Once the blue light was turned
off, mCherry-CRY2 disassociated from CIBN-CD9, resulting in release
of the protein into the intraluminal space of the exosomes, ensuring
that the target protein was not irreversibly stuck to the exosome mem-
brane, and ultimately allowing efficient delivery of the target protein to
recipient cells. This study further demonstrated functional delivery of
various proteins, such as Bax-mCherry:EXPLORs to HeLa cells, which
caused a release of cytochrome ¢ from the mitochondria, leading to cas-
pase-dependent apoptosis. Delivery of srIkB-mCherry:EXPLORs (su-
per-repressor IkB [srIkB], an inhibitor of nuclear factor [NF]-«B) to
HelLa cells reduced tumor necrosis factor-o. (TNF-a.)-induced translo-
cation of NF-kB to the nucleus of the cells, thereby decreasing the
expression of genes related to survival and inflammation of cancerous
"> Yim et al.”® used EXPLORSs to deliver Cre protein to a trans-
genic enhanced yellow fluorescent protein (EYFP) reporter mouse.
Ventrolateral injection of the brain with Cre:EXPLORs led to EYFP
protein expression mainly in neurons in the ventrolateral part of the
brain of these mice as assessed 96 h post-injection.

cells.!

Recently, a system similar to EXPLORs was developed that used rapa-
mycin to induce interaction of specific fusion proteins to enhance

their incorporation into EVs.”” Rapamycin naturally induces
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heterodimerization of FK506 binding protein (FKBP) and FKBO12-
rapamycin-binding (FRB) domains.'"> CD81 (naturally found in
the membrane of exosomes) was fused to FKBP, and FRB was fused
to the tetracycline transactivator (tTa) protein. HEK293T cells were
transfected with pCD81-FKBP, pFRB-tTa, and pVSV-G, a vesicular
stomatitis virus fusogenic glycoprotein known to enhance delivery ef-
ficiency of EVs," " and the cells were cultured in the presence or
absence of rapamycin. The FRB-tTa fusion protein was found in
much higher quantity in EVs isolated from cells cultured in rapamy-
cin, and these EVs delivered more tTa to recipient cells, compared
with EVs isolated from cells not treated with rapamycin, as measured
by induction of expression from a tTa-controlled reporter gene pre-
sent in the target cells. Cytoplasmic delivery of an FRB-fused protein
was also demonstrated using a split NanoLuc luciferase reporter, in
which one part of NanoLuc was fused to FRB and the complementing
fragment was expressed in the recipient cells, thus emitting lumines-
cence only if the FRB-fused protein was successfully internalized and
was available to complement NanoLuc activity. In place of CD81,
other EV-enriched proteins were tested using the EXPLORs
approach. CD63-FKBP and HIV Gag-FKBP showed weaker reporter
gene expression in recipient cells than CD81-FKBP as detected by the
split NanoLuc reporter, but were still significantly greater than con-
trol. The rapamycin-FKBP-FRB EV cargo loading method was also
used to package Cas9 protein and single guide RNA (sgRNA) into
EVs to induce therapeutic exon skipping in reporter mice and tissue
culture, including in Duchenne’s muscular dystrophy (DMD) pa-
tient-induced pluripotent stem cells (iPSCs)."' In that study, exon
45 of dystrophin was removed using this method to restore the
reading frame and dystrophin protein expression in the DMD pa-
tient-derived iPSCs containing exon 44 or 46-47 deletions. A
VGV-G-free method of rapamycin-FKBP-FRB EV cargo loading
has been developed through the use of Syncytin-1, an endogenous hu-
man fusogen protein.'"”

A ubiquitin-based technique has also been used to incorporate target
proteins into exosomes.”® Fusion of a WW-domain (a 35-amino
acid motif containing two conserved tryptophans) onto a protein al-
lows the protein to interact with Nedd4 family interacting protein 1
(Ndfipl), which facilitates Nedd4-mediated ubiquitination of the
target protein, and subsequent preferential loading into EVs.”%!'®!1
For example, transient expression of Cre protein alone within the pro-
ducer cells did not result in appreciable loading of the Cre protein into
exosomes, whereas WW-Cre protein was loaded into exosomes, but
only if Ndfipl was expressed in the producer HEK293 cells.”® The
requirement for Ndfipl was further demonstrated through the use of
murine embryonic fibroblasts (MEFs) isolated from Ndfip1 knockout
(KO) mice; WW-Cre was not effectively loaded into exosomes in the
Ndfip1-KO MEFs. Intranasal delivery of WW-Cre exosomes in trans-
genic reporter mice that can inducibly express tdTomato led to Cre-
mediated recombination in the brain.

Another method that took advantage of the natural ubiquitin-based
protein sorting system involved use of an engineered tag that mimics
ubiquitin.”® This method used a modified ubiquitin that was deleted

of the two C-terminal glycine residues of ubiquitin (designated cUb),
which improves the half-life of the protein.'*” Expression of a fusion
protein composed of cUb and the Mycobacterium tuberculosis pro-
teins Ag85B and early secreted antigen target 6 kDa (ESAT6) led to
a 10-fold increase in loading of the fusion protein into exosomes
compared with protein without the cUb tag.”” Exosomes containing
the Ag85B-ESAT6-cUb fusion protein were able to induce a stronger
antigen-specific immune response in naive mice compared with exo-
somes isolated from cells expressing Ag85B-ESAT6 lacking the cUb
tag. One caveat of this study is that it was not determined whether
the cUDb tag increases the immunogenicity of the fusion protein.

RNA

As mentioned, both deoxyribonucleic acid (DNA) and RNA,
including miRNA, are found naturally in EVs. Numerous studies
have analyzed the miRNA composition of EVs isolated from specific
cell types or pathological conditions, such as cancer,'*"'** to gain
insight into the disease state or identify potential new biomarkers.
miRNAs released in cancer cell-derived EVs can have profound effects
on neighboring cells, including promoting angiogenesis and tumori-
genesis."”>'** However, quantitative studies have shown that miRNAs
are only present at very low levels in EVs, ranging from one copy of a
given miRNA per EV to one copy per 10° EV,'*® and thus techniques
must be developed to increase the efficiency of miRNA loading.
Several proteins have been implicated in facilitating or chaperoning
the loading of miRNAs into EVs. Sumoylated heterogeneous nuclear
ribonucleoprotein A2B1 (hnRNPA2B1) binds a subset of miRNA
through recognition of specific sequence motifs, called EXOmotifs,
mediating their loading into exosomes.”’ Annexin A2 (AXA2) has
also been shown to play a role in loading of miRNA into EVs.'*® Small
interfering RNA (siRNA) silencing of AXA?2 significantly decreased
the amount of miRNA loaded into EVs in tissue culture.

Bioinformatic analysis of all miRNAs found in EVs isolated from
MEFs, MDA-MB-231 human breast cancer cells, and NSC-34 motor
neuron-like cells showed that pre-miR-451 is selectively enriched
within EVs, suggesting it may contain an RNA motif that mediates
preferential loading.'”” Indeed, incorporation of other miRNA se-
quences into the pre-miR-451 hairpin enhanced their loading into
EVs.'%”1?7 Incorporation of siRNAs targeting GFP, tetracycline
repressor, or superoxide dismutase 1 (SOD1) into the pre-miR-451
backbone caused these siRNAs to be enriched in EVs.'”’ Incorpora-
tion in the pre-miR-451 backbone of siRNA targeting GFP led to
an ~3,700-fold increase in incorporation of the modified siRNA
into EVs and was very effective in silencing GFP expression in pri-
mary motor neurons isolated from GFP transgenic mice. When these
EVs were administered to GFP transgenic mice by tail vein injection,
~50% GFP knockdown was observed in the small intestine and liver
of the animals, while no knockdown was noted in the heart, lungs, or
brown fat. In the G93A SOD1 mouse model of amyotrophic lateral
sclerosis, systemic administration of EVs loaded with siRNA targeting
SOD1 in the pre-miR-451 backbone resulted in knockdown of SOD1
by ~60% in the liver and ~75% in the small intestine. This study
clearly shows the promise of this approach in improving
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incorporation of a desired siRNA into EVs, but also highlights the
challenge of uneven distribution of EV's following systemic delivery.

Glyceraldehyde-3-dehydrogenase (GAPDH) can associate with the
surface of EVs through a phosphatidylserine-binding domain, termed
the G58 peptide.'”> G58T, a fusion protein consisting of the G58 pep-
tide and the RNA-binding domain of TAR RNA-binding protein 2
(TARBP2), was able to load siRNA onto EVs with high efficiency
without the need to incorporate a targeting sequence into the siRNA.
Delivery of EVs loaded with siRNA targeting GAPDH was able to
reduce the levels of the protein to ~15% of untreated N2a recipient
cells. These researchers also utilized the G58T system to develop
EVs that contained a mixture of siRNA directed toward Huntingtin
protein (Htt), designated G58TF/siRNA-RVG-EVs. The EVs also
had an RVG peptide on the surface to target EVs to neurons. The
G58T chimeric protein was further engineered to include a flock
house nodovirus (FHV) domain,'”> which has been shown to
enhance release of cargo from late endosomes.'*® In the Q140 mouse
model of Huntington’s disease, administration of G58TF/siRNA-
RVG-EVs once a week for 4 weeks resulted in ~40% reduction in
Htt expression in the mouse brain cortex.'”

For mRNAs, a 25-nucleotide sequence in the 3’ untranslated region
(UTR) of some mRNA appears to be involved in EV loading.”®
This sequence binds miR-1289 and includes a GUGCC core pre-
sented on a stem-loop structure. Incorporation of this sequence
into the 3’ UTR of a reporter mRNA led to increased loading into
MVs, although the protein or proteins responsible for the increased
loading of GUGCC motif-containing mRNA remains unknown.

A novel technique for loading RNA into EVs has been developed
called Targeted and Modular EV Loading (TAMEL).""" The coat pro-
tein from bacteriophage MS2 naturally binds to a stem-loop structure
present in the viral RNA genome.'*’ For the TAMEL system, the MS2
coat protein was fused to LAMP2B, a protein naturally recruited to
EVs, and the stem-loop structure from the MS2 genome was engi-
neered into the cargo RNA.'”' The TAMEL approach was able to
enhance the loading of cargo RNA into EVs up to 6-fold. When the
TAMEL approach was used in cells also expressing VSV-G, a
40-fold increase in cargo RNA loading into EVs was observed. The
authors hypothesized that this increase in loading may be due to
the ability of VSV-G to augment uptake of cargo into EVs via binding
to the low-density lipoprotein (LDL) receptor, which normally also
plays a role in VGV-G-mediated lentiviral delivery."**'*!

Taken together, these studies show that there are many elegant tech-
niques that can be exploited to load a specific nucleic acid or protein
into EVs. However, once a product is developed, the next hurdle is
producing and purifying sufficient product to perform in vitro and/
or in vivo characterization of efficacy.

ISOLATION AND PURIFICATION OF EVs
There are several methods currently in use for isolation of EVs. The
most common methods include differential ultracentrifugation, size-

exclusion chromatography, filter concentration, polyethylene glycol
(PEG) precipitation, density gradients, and tangential flow filtration
(TFF).® Each method has a different degree of specificity and recovery,
and unique advantages and disadvantages. Many insightful reviews
have discussed these different isolation methods in depth, as well as
challenges associated with large-scale manufacturing of therapeutic
EVs."** % The method of EV isolation employed for a particular study
in part depends on the intended application. For example, while PEG-
based methods may be ideal for isolation of EV's from small volumes of
biological fluids for biomarker studies, TFF may be more appropriate
for isolation of EVs from large volumes of tissue culture medium for
use in human clinical trials. Regardless of the method used to isolate
the EVs, the resulting product must be fully characterized to determine
the purity, quality and composition (e.g., particle size distribution, con-
centration) of the sample. The International Society for Extracellular
Vesicles has released a series of consensus papers entitled “Minimal in-
formation for studies of extracellular vesicles (MISEV),” most recently
in 2023 (MISEV2023),® that outline preferred methods to evaluate EV
samples. If adopted throughout the field, the MISEV guidelines should
lead to greater clarity and reproducibility of all EV studies.

BIODISTRIBUTION OF EVs

EVs are released by virtually every cell type and found in all bodily
fluids, including blood,"”” urine,"*® saliva,'* and cerebrospinal fluid
(CSF)."** EVs from different cell types will have specificity for
different target tissues, based on a combination of the composition
of proteins present on the EV surface and complementary receptors
found on the recipient cell."*""** This is also true for EVs mass-pro-
duced in tissue culture for in vivo studies. However, the method of EV
administration will also influence where delivered EVs accumulate.’

Intravenous administration

Many groups have demonstrated that EVs isolated from a variety of
cell types accumulate in liver, spleen, kidney, and lungs following tail
vein injection in mice, although the primary tissue in which the EVs
accumulated varied between studies.'**~"*° In one study, intravenous
(i.v.) administration of EVs resulted in preferential uptake by macro-
phages in the liver and spleen and endothelial cells in the lungs in
%7 In another study, EVs isolated from mesenchymal stem cells
(MSCs) labeled with fluorescent dye were found in not only the liver
and spleen, but also in the femur, tibia, and spinal cord following i.v.
administration in a radiation injury bone marrow mouse model."**
Accumulation of MSC-derived EVss at the site of injured bone marrow
could be detected as soon as 1 h post-injection (hpi) and fluorescence
was statistically unchanged between 2 and 24 hpi. The authors inter-
preted this as maintenance in concentration of therapeutic EVs at the
target tissue over time. Many of the studies listed below compared i.v.
administration with intraperitoneal (i.p.) or intranasal administra-
tion, and further demonstrate the wide variety of tissues EVs
distribute to following i.v. administration.

mice.

Intraperitoneal administration
The i.p. administration of therapeutic EVs has also been investigated
in mouse models. MSC-derived EVs were administered i.p. in healthy
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and pancreatic tumor-bearing mice.'*’ In both treatment groups at
6 hpi, EVs accumulated in the pancreas, but showed especially high
accumulation within the tumors in the pancreas. The study reported
that accumulation of EVs in the pancreas was greater than EV accu-
mulation within the liver, spleen, or lungs in both tumor-bearing mice
and controls. EVs were also present within pancreatic tumors
following i.v. administration of EVs, although to a lesser extent
than EVs administered i.p., and greater signal intensity was found
in the liver, lungs, and spleen compared with EVs administered i.p..
Accumulation of signal intensity in the pancreatic tumors at 24 and
48 hpi suggested tumor-specific EV retention. In another study that
compared methods of administration, EVs isolated from HEK293T
cells were labeled with the fluorescent lipophilic tracer DiR and
administered ip., iv., or subcutaneously in mice.” All treatment
groups had significant accumulation of EVs in the liver, but iv.
administration led to the highest level of liver uptake of the three de-
livery routes examined. The i.v. administration group also had the
greatest accumulation of EVs in the spleen. Accumulation of EVs
in the lungs was similar in mice treated subcutaneously or iv., but
lower in mice treated ip. In contrast, EV accumulation in the
pancreas was greatest in mice treated i.p. and lowest in mice treated
i.v. Significant accumulation of EVs was noted in the gastrointestinal
tract of mice treated i.p. and subcutaneously, and to a lesser extent in
mice treated i.v. Low levels of EV accumulation were also noted in
brain, heart, kidney, and quadriceps muscle of all treated mice.

Intranasal administration

Although EVss are naturally capable of transiting the blood-brain bar-
rier,””*'*" intranasal delivery of EVs has been used in an attempt to
increase delivery of EVs to the brain. Following intranasal delivery,
particles, such as EVs, are thought to be transported to the brain
via transcytosis of olfactory receptor neurons, which connects the
nasal cavity and olfactory bulb.'** In a study comparing methods of
administration, EVs isolated from MSC were administered intrana-
sally or iv. to mice, although mice treated i.v. were administered a
four times higher dose of EVs than the intranasal group.'”’
Twenty-four hours after administration, the greatest accumulation
of EVs was in the liver, lungs, and spleen of i.v.-treated mice, with
some accumulation in the heart, kidney, and brain. In contrast, rela-
tively high accumulation of EVs was noted in the brain of mice treated
intranasally, with relatively low levels in the heart and gut. In a similar
study, increasing doses of EVs containing luciferase were adminis-
tered to non-human primates (NHPs) either i.v. or intranasally.l';/1
Intranasal administration at all doses resulted in little-to-no detect-
able luminescence in plasma at a variety of time points spanning
from 1 min to 24 h post-administration. In contrast, doses adminis-
tered i.v. produced a luminescent signal in plasma but, surprisingly,
higher doses of EVs were cleared more rapidly from plasma than
lower doses, for reasons that are unclear. In CSF, luminescence was
detected with high doses of EVs delivered i.v., whereas no lumines-
cence was detected in mice treated intranasally. Also in this study,
NHPs were administered a fixed-dose of EVs either intranasally or
1.v., and tissues were collected 1 hpi. Greater luminescence was noted
in liver, spleen, lung, and colon tissue of i.v.-treated NHPs compared

with the intranasal administration group, whereas similar lumines-
cence was noted in kidney and heart tissue of both administration
groups. In general, similar luminescence was detected in the brain
of intranasally and i.v. treated NHPs; however, greater luminescence
was noted in the cerebellum of i.v.-treated NHPs, and in the midbrain
of intranasally treated NHPs. These researchers also examined bio-
distribution of EVs in mice, and observed enhanced uptake of EVs
in the liver, spleen, kidney, brain, and colon of iv.-treated mice
compared with mice treated intranasally. Thus, the hypothesis that
intranasal delivery of EVs may lead to enhanced delivery to the brain
may not be supported by the experimental data. Overall, these studies
highlight the impact of method of administration on biodistribution
of therapeutic EVs.

EV-BASED THERAPEUTICS IN HUMANS

Although this review has focused exclusively on EVs derived from
mammalian systems, the first significant use of EV-like particles in
humans was the development and application of anti-meningitis
type B vaccines derived from bacterial outer membrane vesicles
(OMVs).'” These OMVs are isolated from Neisseria meningitis
type B bacteria, and are naturally released through blebbing of the
outer membrane.'>>'>” The OMVs contain many bacterial proteins
and lipids, and can stimulate anti-bacterial immunity when admi-
nistered as a vaccine in humans.'”®'*” One such vaccine, VA-
MENGOC-BC15, has been administered in over 60 million doses
in Latin America since it was first developed in 1989, and has proven
both safe and effective.”>'*® EVs derived from mammalian sources
have not yet been approved for any human disease indication, but
have been studied in several clinical trials, as outlined below.

Cancer therapy

EVs have gained significant attention as potential therapeutic vehicles
to efficiently deliver chemotherapeutic agents to cancer cells. MV
isolated from tumor cells in vitro have the capacity to effectively
deliver chemotherapeutic agents to the tumor microenvironment
invivo.'*"'** One clinical trial examined the ability of MV's containing
chemotherapeutic drugs to reverse drug resistance of tumor-repopu-
lating cells (TRCs).'®" Six end-stage lung cancer patients with metasta-
tic malignant pleural effusion were included in the study. Primary tu-
mor cells collected from malignant fluids prior to MV treatment
showed resistance to the chemotherapeutic drug cisplatin (Cis) due
in part to upregulated expression of multidrug-resistance genes. In
this study, A549 cells, a lung carcinoma cell line, were co-cultured
with Cis, during which Cis was taken up by these cells, thus releasing
MVs loaded with Cis, which were subsequently isolated by centrifuga-
tion. Three patients were treated with these Cis-loaded MVs (MV-Cis),
administered by intrathoracic injection, while the remaining three pa-
tients were treated with intrapleural Cis injections. Both treatment
groups received daily injections; however, the dose of MVs adminis-
tered to the patients was not indicated by the authors. After 7 days
of treatment, the MV -Cis treatment group had a >95% decrease in tu-
mor cells in pleural fluid, whereas patients treated with Cis alone did
not show a significant reduction in tumor cells. These data indicate
encapsulation of Cis within MVs may reverse TRC drug resistance.
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In another similar clinical trial, patients were treated with A549 cell-
derived MVs loaded with the chemotherapeutic drug methotrexate
(MTX) (MV-MTX).'®* Eleven patients with advanced lung cancer
and malignant pleural effusion were included in this trial. MV-
MTX was administered by intrapleural infusion every other day for
12 days, totaling six infusions. Response to treatment was determined
by objective clinical responses as per the British Thoracic Society
Pleural Effusion guidelines.'” Decreased pleural effusion volume
was observed in 10 of 11 patients (91%) at 28 days post-treatment.'**
Four of 11 patients (36%) showed a complete response, six of 11
(54%) showed a partial response, and one of 11 (9%) showed no
response. Analysis of pleural fluid collected pre- and post-treatment
from eight patients showed a reduction in tumor cells.

Another study examined the safety and efficacy of MV-MTX
combined with the chemotherapeutics pemetrexed and Cis for treat-
ment of malignant pleural effusion in advanced non-squamous non-
small cell lung cancer (NSCLC).'** A total of 86 chemotherapy-naive
patients with non-squamous NSCLC and malignant pleural effusion
were enrolled in this study. All 86 patients received pemetrexed and
Cis chemotherapy. Five days post-treatment, 43 patients received
MV-MTX by intrapleural infusion every 48 h, six times over the
course of 12 days, while the remaining 48 patients received saline pla-
cebo. Forty patients from the MV-MTX group and 39 patients from
the placebo group were included in the final analysis. Pleural effusion
volume was significantly decreased in the MV-MTX group compared
with control. At 1 year post-treatment, survival was 77.5% for the
MV-MTX group and 59.0% for the placebo group, although these dif-
ferences were not statistically significant. Together, these data demon-
strate EVs may serve as effective delivery vehicles of chemothera-
peutic drugs for cancer treatment.

Treatment of COVID-19

MSCs are multipotent progenitor cells that differentiate into a variety
of different cell types and support hematopoiesis through the release
of a variety of molecules integral to the proliferation and differentia-
tion of hematopoietic stem and progenitor cells.'*>~'%” Several clinical
trials have demonstrated the efficacy of MSCs for treatment of
COVID-19 symptoms, as MSCs can modulate the immune response
and inhibit production of pro-inflammatory cytokines that can lead
to a cytokine storm."**""”" EVs isolated from MSCs retain many of
the natural properties of MSCs,'’>'”* and have been investigated as
a cell-free alternative for treatment of COVID-19 symptoms. The
safety and efficacy of exosomes derived from allogeneic bone marrow
MSCs (designated ExoFlo) was examined in a clinical trial as a poten-
tial treatment for acute respiratory distress syndrome (ARDS) caused
by severe COVID-19.'7* Unfortunately, details about how the exo-
somes were prepared were not included in the study. ExoFlos were
not loaded with exogenous cargo, rather these exosomes were
predicted to innately convey the regenerative and immunomodula-
tory properties of MSCs. Twenty-four patients were administered a
one-time, 15-mL i.v. infusion of ExoFlo and monitored for 14 days.
Seventeen of 24 (71%) patients recovered, three of 24 (13%) patients
remained critically ill but stable, and four of 24 (16%) patients suc-

cumbed to COVID-19. These results can be compared with historical
data, in which patients with COVID-19-induced ARDS experience a
39% mortality rate.'”> A significant decrease in C-reactive protein
(CRP), ferritin, and D-dimer, and significant increase in oxygenation,
lymphocyte counts, and neutrophil count was reported.'”* This pilot
study was followed by a phase 2 placebo-controlled clinical trial in
which ExoFlo was again administered to patients with ARDS caused
by COVID-19."7° A total of 102 patients were included in the study,
and patients received an i.v. infusion of 100 mL of saline (n = 34),
90 mL saline with 10 mL of ExoFlo (n = 34), or 85 mL saline with
15 mL ExoFlo (n = 34) on day 1 and day 4, for a total of two treat-
ments. The mortality rate at 60 days post-treatment was 48.4% in
the placebo group, 46.6% in the ExoFlo 10 mL group, and 30.4% in
the ExoFlo 15 mL group. This placebo-controlled study further
demonstrated the efficacy of the 15-mL dose of ExoFlo for COVID-
19-induced ARDS.

Another trial examined the safety and efficacy of allogeneic adipose
tissue MSC-derived exosomes for treatment of COVID-19 pneu-
monia.'”” In this study, seven patients with severe COVID-19-
induced ARDS were treated with nebulized MSC-derived exosomes
for 5 days. All patients tolerated the treatment well, and different de-
grees of resolution of pulmonary lesions were observed, with four of
seven (57%) patients attaining the most pronounced resolution as
assessed by computed tomography image scores. One patient
demonstrated complete resolution of pulmonary lesions following
treatment. A similar study examined the safety of umbilical cord
MSC-derived exosomes for treatment of COVID-19-induced pneu-
monia.'” In this pilot study, seven patients with COVID-19-induced
pneumonia were treated with nebulized MSC-derived exosomes,
twice a day, over the course of 7-16 days. This small trial concluded
that nebulization of MSC-derived exosomes promoted absorption of
pulmonary lesions in mild cases of COVID-19-induced pneumonia.

A clinical trial compared the efficacy of MSC therapy and MSCs com-
bined with MSC-derived EVs for treatment of COVID-19-induced
ARDS."”” One study group (n = 11) received two consecutive i.v.
doses of umbilical cord or placental MSCs, while the other study
group (n = 8) received one iv. dose of the MSCs followed by one
i.v. dose of 1,600 pg of MSC-derived EVs, both compared with a con-
trol group (n = 24). Forty-eight hours post-dosing, eight of 11 (72%)
patients in the MSCs-alone group, eight of eight (100%) in the MSCs
and MSCs + EVs group, and 16 of 24 (66%) patients in the control
group were alive. Causes for mortality were reported to be multifac-
torial and attributed to several causes including acute ischemic cere-
bral stroke, congestive heart failure, multi-organ failure, myocardial
infarction, pulmonary dysfunction, and septic shock. Changes in
interleukin (IL)-6, interferon (IFN)-y, and CRP were most pro-
nounced in the MSCs + EVs group, while changes in TNF-o. was
most pronounced in the MSCs-alone group, and decrease in plasma
IL-6 concentration was also noted in this treatment group. Partial
thromboplastin time was significantly decreased in the MSCs-alone
group, which is associated with a lower risk of thrombotic and
disseminated intravascular coagulation.'”*'®" The results from this
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study suggest that MSCs and MSCs + MSCs-derived EVs are benefi-
cial for treatment of COVID-19-induced ARDS, and the addition of
MSC-derived EVs as part of a therapeutic regimen may allow for
more robust changes in specific inflammatory cytokines.

Other therapeutics

EVs isolated from platelets (pEV's) have been used in a clinical trial to
examine their potential as a treatment for delayed wound healing."*’
pEVs were shown to contain proteins essential in the wound-healing
process, such as insulin growth factor and transforming growth factor
B (TGF-B). In a double-blind, placebo-controlled clinical trial in
healthy adults who had punch biopsy-induced wounds, injection of
PEVs was shown to be safe and well tolerated. No difference in wound
healing was observed between healthy and control participants. How-
ever, the healthy participants were not deficient in any aspect of
wound healing and thus would be expected to undergo efficient,
normal wound healing. A phase II study examining therapeutic effi-
cacy in patients with disrupted or delayed wound healing is required
to make a definitive conclusion about the utility of pEVs for this
application.

Exosomes isolated from human placental MSCs have been explored as
a possible treatment of perianal fistulas in multiple clinical trials.'*>'**
In one study, 11 patients without Crohn’s disease who had perianal fis-
tulas for a minimum of 1 year that had persisted despite standard med-
ical and surgical treatment were injected with MSC-derived exosomes
along the fistula tract once a week for 3 weeks.'®* Patients were fol-
lowed for 6 months post-treatment, and 10 of 11 patients (91%)
showed improvement, and five of 11 patients (45%) demonstrated
complete resolution of the fistulas. In a similar study, MSC-derived
exosomes were injected along the fistula tract once a week for 3 weeks
in five patients with Crohn’s disease with perianal fistulas that had per-
sisted for 6 months following TNF-o therapy. Patients were followed
for 6 months post-treatment, and improvement was observed in
four of five patients (80%), with three of five patients (60%) completely
healed. Thus, the cargo innately carried within EV's derived from MSCs
holds promise for treatment of a number of diseases.

CONCLUSION

Pre-clinical studies of EVs have investigated numerous engineering
strategies to increase the loading of cargoes into EVs, including pro-
teins, nRNAs, miRNAs, and siRNAs. Upon systemic delivery in vivo,
EVs show a wide biodistribution, including to the brain, which sug-
gests EVs may be a promising therapeutic vehicle for diseases of
the central nervous system, an area of the body that has been histor-
ically difficult to reach. Success of EV-based therapeutics has already
been demonstrated in early clinical trials. Thus, although the charac-
terization and therapeutic use of EVs is still in its infancy, these par-
ticles have a strong potential to provide successful treatments for
many different diseases.
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