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ABSTRACT

Niemann Pick Disease Type (NPC), also known as “Childhood Alzheimer’s,” is a rare
lysosomal storage disorder that causes neurodegeneration in infants, children, and young adults.
The primary cellular defect in NPC is abnormal cholesterol accumulation in endolysosomes due
to mutations in the NPCI or NPC2 genes. This causes extensive dysregulation of the
endolysosomal pathway, which also produces extracellular vesicles (EVs), nanoparticles that are
shed from every known cell and play important roles in cellular communication. Many studies
have demonstrated that EV molecular content, including proteins and microRNAs (miRNAs), is
altered in disease states. Thus, EVs and their cargo have been implicated in a number of diseases,
including neurodegeneration and lysosomal storage disorders. Current literature suggests that
NPC affects the concentration and protein cargo of EVs. However, very few of these studies
were performed on patient samples, and it is unknown whether EV alterations are related to the
neurodegenerative phenotype seen in NPC patients. Additionally, while studies have
demonstrated altered miRNA expression in NPC human cells or mouse tissue, nothing is yet
known about NPC EV miRNAs in any model.

Here, we describe for the first time the profile of NPC EVs from patient cerebrospinal
fluid (CSF) and patient dermal fibroblasts, as compared to CSF and fibroblast EVs from healthy
human controls. Our results show that EV concentration is significantly elevated in NPC CSF
and inversely correlates with NPC1 protein expression in fibroblasts. Using cell culture
experiments we demonstrated that this increase can be partially attenuated by treatment with
hydroxypropyl-B-cyclodextrin (CD), an experimental NPC therapeutic currently in Phase III
clinical trials. We further found that CSF and fibroblast EVs are significantly enriched in the
endolysosomal Lamp proteins. In CSF, EV expression of Lamp proteins inversely correlated
with the age of disease onset; similarly, EV Lamp expression in fibroblasts was inversely
correlated with cellular expression of the NPC1. These results indicate that EV alterations in
NPC are connected with endolysosomal disturbances and are of clinical relevance. We also
compared NPC and control miRNA expression in CSF EVs, fibroblast EVs, and fibroblast cells.
Each group expressed distinct miRNAs, demonstrating that miRNA expression is both tissue and
EV specific. NPC CSF EVs in particular showed differential expression of miRNAs 320a and
199a/b-3p, both of which have been implicated in cholesterol homeostasis. Together, these
results add to our understanding of the fundamental cell biology linking endolysosomal injury to
EV production and content and contribute novel information about a rare childhood disorder that
currently has no cure.
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CHAPTER I: INTRODUCTION

1.1. Niemann Pick Disease Type C

1.1a: NPC Disease Presentation

Niemann-Pick disease type C (NPC) is a rare autosomal recessive disorder that primarily
affects children and young adults. NPC has a prevalence of approximately 1 in every 100,000
live births, with an estimated 42 new cases each year'. NPC is associated with severe morbidity
and mortality. The average life expectancy is 13 and 70% of patients do not live past 26; these
statistics have not improved since the 1980s?. The FDA approved the first two treatments for
NPC in September of 2024, yet both are aimed at symptom management and are not curative®.

New treatments are desperately needed.

NPC is neurovisceral disorder that causes symptoms in both the central nervous system
(CNS) and the periphery. In infancy and early childhood, NPC primarily presents as liver and
spleen disease accompanied by subtle neurological symptoms such as delayed developmental
milestones “. Children, teenagers, and young adults typically present with neurodegenerative and
psychiatric symptoms. These include motor control issues, such as clumsiness, seizures, and gaze
palsy, as well as neurodegenerative symptoms such as behavioral change, memory loss, and
cognitive decline®. Indeed, NPC is often called childhood Alzheimer’s due to similarities in
pathology and clinical symptoms of age-related Alzheimer’s disease in adults®. However, NPC is
an extremely heterogeneous disease and there is significant variation in disease onset, symptoms,

and progression between patients.

NPC is caused by mutations in either the NPC1 (95% of cases) or NPC2 (5% of cases) genes,
which respectively code for the NPC1 and NPC2 proteins’. The NPCI gene is found on

chromosome 18q11 and was identified in 19978, while the NPC2 gene is found on chromosome
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14q24.3 and was identified in 2000°. Since their discovery, over 400 pathogenic mutations in
NPCI and NPC2 have been identified. The most common mutation among NPC patients results
from a point mutation of cytosine to thymine at position 3182 in the NPCI gene, which results in
an isoleucine residue instead of a threonine at position 1061 of the NPC1 protein. As such this
mutation is commonly referred to as [1061T, and it results in the classic juvenile onset form of

NPC disease!”.

However, even as the most common NPC mutation 11061T is only found in 20% of patients.
The remaining 80% have mutations that can be entirely unique or shared with only a handful of
other patients’. To add further complexity, NPC patients are often heterozygous, inheriting two
different disease-causing alleles from each parent. This variety of NPCI and NPC2 mutations
likely contributes to the disease heterogeneity seen across all patients, as each mutation impedes
the function of the NPC1 and NPC2 proteins to a different extent. For example, mutations that
cause severe disruptions to the NPC1 protein (e.g. frameshift or nonsense mutations) typically
result in the most severe neurological outcomes®. Yet genetic background alone does not fully
explain the variability observed between NPC patients. Many family members with the same
mutations have been shown to exhibit different symptoms and rates of progression, which has
been illustrated by two interesting case studies on twins. In the first, two non-identical twins
presented with similar cognitive disturbances but at very different ages (16 vs. 31); the 31 year
old twin showed severe neurological impairments while his monozygotic 16 year old brother was
largely asymptomatic'!. While the exact cause of these variances in disease severity are
unknown, possible contributors to these differences could include the maternal immune system,

infection, or mRNA processing defects!2.
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The high genetic heterogeneity between patients is a key challenge to understanding NPC
biology. Many NPC studies focus on a single mutation or use genetic knockouts, yielding results
that are only relevant to a small portion of patients. Building in vitro or in vivo models that
represent the full spectrum of NPC patients is time and cost prohibitive. Given the rarity of the
disease, human studies rarely obtain truly representative sample sizes. This has also presented

challenges for clinical trials, as medications may work for some patients but not others.

To address these challenges, there have been a number of efforts to categorize NPC patients
based on various forms of disease presentation, which could allow for more targeted

investigations and/or better tracking through clinical trials. Two such classification schemes are:

i.  Age of onset: the age at which patients first display neurological symptoms is largely
considered the best predictor of their disease symptoms and severity*. This is not the age of
diagnosis, which can sometimes occur years later, but is often estimated by information
from a patient’s primary caregiver. Earlier onset is associated with more severe disease and
correlates with faster disease progression and shorter lifespan. The established age of onset
categories are early infantile (under 2 years), late infantile (2-6 years), juvenile (6-15 years),
and adolescent/adult (15+ years)’.

ii. ~ NPC Clinical Severity Scales: There are at least six different NPC Clinical Severity Scales
(NPC-SS)"3. Each assesses the severity of various NPC symptom categories (domains) on a
points-based system, with higher scores corresponding to worse outcomes. Two severity
scales that are largely accepted by clinicians and have been implemented in clinical trials
are the 17-domain scale, which is the most comprehensive, and the 5-domain scale, which
was designed to be a simpler version better-suited to routine clinical visits'4. Creating a

uniform scale to assess such a clinically heterogeneous disease is a significant challenge.
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However, increased use of these scales has been a critical step towards standardizing data

collection, as it allows for better comparisons of clinical and experimental results between

studies.

1.1b: NPC Molecular and Cellular Pathology

NPC1 and NPC2 are endolysosomal proteins that are evolutionarily conserved and highly

expressed in all human cell types®. NPC1 is comprised of ~1,278 amino acids consisting of 13

transmembrane domains and three luminal domains'>. By contrast, NPC2 is a small protein

comprised of 130 amino acids and is localized to the lysosomal lumen'®. Both NPC1 and NPC2

play key roles in transporting cholesterol through the endolysosomal pathway.

Cholesterol typically enters the cell through endocytosis and resides in early endosomes,

To Golgi, Plasma Membrane

/\ 7
Late endosome .. Lysosome
@7 Y
Normal Cholesterol \ﬂ e &

Trafficking ®

o

\ 7

/ Endolysosome \_/ i [fl "NT

& NPC2

i

Early endosome
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NPC Cholesterol Late endosome

Trafficking
\ Lysosome
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Fig 1.1: Cholesterol trafficking in normal and NPC cells.
Cholesterol enters the cell through endocytosis. Early endosomes
mature into late endosomes and fuse with lysosomes to produce
endolysosomes. NPC1 and NPC2 proteins then move cholesterol
across the endolysosomal membrane, allowing it to enter the
cytoplasm and be further trafficked to the Golgi apparatus or
plasma membrane. In NPC, loss of NPC1 or NPC2 leaves
cholesterol trapped in endolysosomes, causing them to enlarge and
multiply. The rest of the cell enters cholesterol starvation.

which then mature into late
endosomes, and finally
merge with lysosomes to
form endolysosomes (Fig
1.1). Inside the
endolysosomal lumen NPC2
binds cholesterol at its
sterol-sensing domain
(SSD). This complex then
binds to the NPC1 protein,
which has both a cholesterol
binding domain and an

NPC2 binding domain on its
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luminal side!”. Cholesterol is then transferred from NPC2 to NPC1 (for Notre Dame scientists,
this step is called the Holy (Hydrophobic) Handoff). NPC1 then transfers cholesterol across the
endolysosomal membrane and into the cellular cytosol. While the exact mechanism of
cholesterols transfer is still unknown, studies suggest it is passed along the SSD embedded in the
NPC1 transmembrane domains'®. Thus, NPC1 and NPC2 are essential for moving cholesterol
out of the lysosomal compartment and into the rest of the cell where it can be used. Given this, it
is not surprising that the cellular hallmark of NPC is over-accumulation of cholesterol inside
endolysosomal compartments'. In fact, before the NPCI and NPC2 genes were identified, NPC

was diagnosed by staining patient skin biopsies for cholesterol’.

However, cholesterol mis-trafficking is not able to fully explain NPC pathology, especially
its neurological symptoms. Neurodegeneration in NPC is caused by progressive loss of Purkinje
neurons in the cerebellum, and to a lesser extent neurons in the frontotemporal cortex?’. Yet
neither cell type is particularly dependent on cholesterol intake; NPCI and NPC2 are expressed
in neurons, but not to an unusual degree?'. Why these cell types are particularly sensitive to NPC

remains unknown.

The build-up of endolysosomal cholesterol in NPC creates a number of other cellular
problems which may contribute to disease biology??. Secondary lipid accumulation severely
disrupts the lipid profile of NPC endolysosomes, including a buildup of sphingomyelin,
glycosphingolipids, and ceramides?’. The autophagy pathway becomes dysfunctional, altering
the rate of autophagic flux and causing autophagosomes to accumulate inside NPC cells*.
Mitochondria are also disrupted, showing increased contacts with endolysosomes>. Recently,
there has been growing interest in how endolysosomal disruptions in NPC affect extracellular

vesicles (EVs), which can be produced through the endolysosomal pathway. Though not yet fully
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understood, emerging evidence suggests that EV concentration and cargo is altered by NPC,

making them key players in disease pathology.

1.2. Extracellular Vesicles

At their most basic level, extracellular vesicles (EVs) are nanoparticles released from cells.
They range in size but are typically between 50 and 500nm; they are enclosed by a lipid bilayer;
and they contain molecular cargo such as proteins, DNA, multiple forms of RNA (coding and non-
coding), and metabolites?®. While technically accurate, these definitions bely the incredible
complexity and opportunity contained in these tiny packages. Every known cell releases EVs, from
single-celled protozoa to human neurons. The cargo they contain reflects their cell of origin but
does not perfectly mirror it. EVs can have dramatic effects on their recipient cells, including either

causing disease or stopping it?’?°. Although a nascent field of science, EVs have been implicated

30, 31 32,33

in nearly every type of human disease, including cancer*® *!, neurodegeneration®* ¥, infection**

35 and even rare diseases>® 3.

1.2a: Defining Extracellular Vesicles

Semantically, “EVs” is an umbrella term that can refer to any secreted cellular vesicles
that are enclosed in a lipid bilayer and are incapable of replication?. Other terms to describe
secreted vesicles (e.g. exosomes) are often used to refer to specific EV populations, but
inconsistent definitions have led to confusion in the field. Thus, in 2018 the International Society
for Extracellular Vesicles (ISEV; https://www.isev.org/) created guidelines that divided EVs into

categories based on their general size and where they originated in the cell*®

. These guidelines,
further updated in 2023°%, have been instrumental in standardizing EV terminology, enabling

effective communication between EV researchers, and creating a theoretical framework for EV

biology. Of particular interest for this project are the EVs known as exosomes, which originate

18



from endosomes and are enriched in endolysosomal proteins like CD63 and Flotillin-1; and the
EVs known as microvesicles, which originate from the plasma membrane and enriched in
Annexin and heat shock proteins®. Although these two populations overlap in size, exosomes are
typically thought to be smaller in size (50-120nm) while microvesicles are thought to be larger in

size (70-200nm).

While theoretically helpful, the ISEV guidelines themselves note that their EV definitions are
functionally limited. ISEV defines EV subtypes loosely by size, although many EVs have
overlapping size ranges; by place or origin (endosome or plasma membrane), which is difficult to
prove with certainty; and by protein markers, none of which are always expressed on one EV
type and never expressed on another*’. The most common EV isolation techniques involve
separating particles by size, either through column chromatography or centrifugation*!.
Therefore, many EV researchers have adopted the term “small EVs” (sEVs) to indicate that they
have enriched for EVs under 200nm — which could include a mixed population of exosomes and
microvesicles — without making claims about which exact type of particle they have isolated.
1.2b: EV Molecular Makeup

One of the most interesting aspects of EVs is their molecular cargo. Early EV researchers
viewed them as a stochastic “trash disposal” system for the cell, wherein vesicles are generated
and released with whatever cellular components were unneeded anymore and in proximity at the
time of formation*?. However, a landmark study challenged this assumption by reporting that
RNA cargo in the parent cell and EVs were quite distinct, and that EV transfer into a recipient
cell transformed the phenotype of that cell*’. Since then, many studies have shown that EVs are
enriched for certain cargo that is disproportionate to what is found in their parent cell®’. These

findings suggest that EVs are mechanistically packaged with specific molecules, either to
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remove them from the parent cell or send them to a recipient cell. Whether EV cargo is randomly
integrated, intentionally curated, or some mix of both, is still a matter of debate. Yet in either
case, the cargo of EVs offers useful insight into the state of the parent cell. Cellular
perturbations, either through disease or experimental manipulation, are known to alter EV cargo.
Further, the functional effects that EVs have on recipient cells can be altered based on changes to
the parent cell. This suggests that, random or not, EV cargo has important implications for parent
cell biology and cell-to-cell communication. A brief, non-exhaustive description of the major

types of molecular cargo found in EVs is presented below.

Proteins: Perhaps the most commonly studied EV cargo is their proteins, which include both
surface proteins and internal cargo. Short of live-cell imaging experiments to visualize
biogenesis, EV proteins can be the best indicator of EV subtype and place of origin. For
example, the plasma membrane protein AnnexinV is often considered a marker for
microvesicles, while endosomal proteins such as Lamp1 are thought to be markers of
exosomes®” *. The “canonical” markers for small EVs are the tetraspanin proteins CD63, CDS8]1,

and CD9.

RNA: Many forms of RNA have been found inside EVs. Perhaps the best studied are
microRNAs (miRNAs), a class of short noncoding RNAs typically 18-22 nucleotides in length.
MiRNAs can regulate protein expression by binding to target messenger RNAs (mRNAs), which
usually result in reduced mRNA translation or degradation of the mRNA transcript. This
discovery changed the paradigm of protein synthesis regulation, as evidenced by the 2024 Nobel
Prize in Physiology and Medicine awarded to Drs. Ambros and Ruvkin for their discovery of
miRNAs. MiRNAs down-regulate their target genes through binding of their seed sequence,

which is typically 7 nucleotides long, to the 3’ untranslated region (UTR) of their respective
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mRNA targets®. However, this binding does not need to be perfect: in mammals it is dominated
by the seed region at the 5’ end of the mature miRNA, which consists of eight nucleotides*.
Additional factors that can influence strong binding include the presence of a base towards the 3’
end of the mature miRNA, the total number of miRNA binding sites at the 3’ UTR, the proximity
to the gene start, and the local A/U composition*. As one miRNA can bind many mRNA targets,
and several distinct miRNAs can bind to one mRNA, these RNA interactions are very complex
and regulate many different cellular pathways under both normal and disease states. For many
pathologic conditions, EVs from diseased cells and tissues show altered miRNA expression. For
this reason EV miRNAs have become candidate biomarkers for many diseases, including

31

4748 and many types of cancer’!.

Alzheimer’s disease

Lipids: By definition, all EVs are enclosed in a lipid bilayer*®. Yet compared to other types of
cargo, relatively little is known about the composition of EV bilayers and how they may vary by
cell type or disease state. Foundational work by Skotland et. al. showed that EVs isolated from
many cell types are composed of nearly 50% cholesterol, with other common lipids including
sphingomyelin, phosphatidylcholine, and phosphatidylserine*’. Some studies have shown that
EV lipid composition changes in response to disease. For example, human brain-derived EVs in
Alzheimer’s disease show altered glycerophospholipid and sphingolipid content®’, and EV's from
NPC cells are enriched in specific forms of ceramide’’.
1.2c: EV Biogenesis Pathways

The pathways responsible for EV biogenesis are complex and incompletely understood.
Here, we will focus on the biogenesis of the two best-studied EV populations: exosomes and

microvesicles.
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Exosomes: EVs known as exosomes are formed inside of late endosomes. Invagination of

the endosomal membrane creates small vesicles in the endosome lumen, termed intraluminal

vesicles (ILVs) (Fig 1.2)*2. Due to their appearance on electron microscopy, late endosomes

loaded with ILVs are termed multivesicular bodies (MVBs). After ILV formation, an MVB fuses

with the plasma membrane wherein the ILVs are released into the extracellular space as

exosomes. The exact molecular cues that send an MVB to the plasma membrane, rather than to

other locations in the cell (e.g., the lysosome) remain unclear>.

The first exosome biogenesis pathway to be discovered relies on a family of proteins

known as the endosomal sorting complex required for transport (ESCRT). In particular, ESCRT-

0, I, IT, II1, and Vps4 are recruited to endosomal membranes enriched in the lipid

Exosomes
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Fig 1.2: Exosomes biogenesis through the
endosomal pathway. Inside late endosomes, ESCRT-
dependent and ESCRT-independent pathways actively
invert the endosomal membrane to form intraluminal
vesicles (ILVs). An endosome laden with ILVs, also
termed a multivesicular body (MVB), then merges
with the plasma membrane where ILVs are released as
exosomes.

phosphatidylinositol 3-phosphate
(PIzP) and promote inward budding to
generate ILVs>2, This pathway has
been termed ESCRT-dependent EV
biogenesis. In 2008, Trajkovic et. al.
discovered an alternative exosome
biogenesis pathway that relies on the
neutral sphingomyelinase 2
(nSMase2) enzyme*. nSMase2, a
transmembrane protein found in
endolysosomes, cleaves
sphingomyelin lipids (rectangular

shaped) in endolysosomal membranes
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into ceramide lipids (cone shaped). This transformation induces inward curvature in the

endolysosomal membrane, which then forms ILVs. This pathway was termed “ESCRT-

independent” biogenesis. nSMase2 EV biogenesis has been implicated in many diseases for its

role in producing exosomes enriched in toxic cargo, such as those containing amyloid 8 (AB)

fragments in Alzheimer’s disease®’. More recently, new ESCRT-independent biogenesis

pathways have been proposed, including ones that rely on CD63, Flotillin-1, and lipid rafts

56-58

Evidence suggests that these exosome biogenesis pathways co-occur in cells, but can be

preferentially utilized by certain cell types or in certain disease states.

Microvesicles: EVs known as microvesicles (also termed ectosomes) are formed by

—— Cytoskeleton

@ rroteases

e Calcium ions

l Lipid-modified proteins
Fig 1.3: Microvesicle biogenesis at the
plasma membrane. Increased
concentration of proteases and calcium ions
dissolves cytoskeletal proteins. Lipid-
anchor modifications on proteins initiates
outward budding of the plasma membrane,
and cargo is sorted into membrane buds.
ESCRT1 and ARF allow for the final
pinching of the plasma membrane to
release microvesicles into the extracellular
space.

outward budding of the plasma membrane. The
pathways responsible for microvesicle formation
involve complex rearrangement of both
cytoskeletal and membrane components,
facilitated in part by a local increase in calcium
ions and proteolytic enzymes that disassemble
the cytoskeleton®. Membrane curvature is
facilitated by lipid-anchor modifications placed
on proteins (e.g. myristylation or
palmitoylation), and the GTPase ARF is required
for secretion®®. Some proteins involved in
exosome biogenesis are also implicated in
microvesicle biogenesis, such as TSG101 and

ALIX.
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Theoretically, biogenesis also includes EV packaging with cargo. However, across all
biogenesis pathways, the ways in which EV packaging is facilitated is incompletely understood.
Some studies suggest the process is random and that EVs simply contain whatever content is
nearby during biogenesis (sometimes termed “passive loading”)®!. Other studies have shown
certain EV cargos, like miRNAs, contain “homing signals” that direct them to EVs®2. It is likely
that both processes occur, but the circumstances that favor one mechanism over another are
unknown. A more detailed understanding of how EVs are formed and packaged for delivery to
recipient cell(s) is a major focus for many studies spanning from normal to disease states.
1.2d: Methods to Isolate and Analyze EV's

EVs are notoriously difficult to work with, largely due to their small size, low
concentration, and heterogeneity*!. EVs are typically very small, often less than 100nm, that is at
or below the limit of detection for standard analytical techniques that are optimized for cells,
such as flow cytometry®. To circumvent this limitation, EV researchers must often employ
specialized techniques and/or machinery, or risk that their EV data EV is hidden below
background. Additionally, the concentration of EV's from common sources such as cell culture
media, or uncommon (and more rare) sources such as cerebrospinal fluid (CSF), are often very
low (less than 10° particles/mL)%. This can mean that in order to isolate enough EVs to analyze,
researchers must either start with extremely large volumes — possible for models like cell culture
but challenging for biofluids like CSF — or by carefully optimizing their techniques to require as
little input as possible while still producing reliable data. Finally, EVs isolated from biological
sources are extremely heterogenous®. Any one EV isolation likely contains many populations of
EVs, each of which differs in terms of size, lipid composition, and surface proteins, etc. This

heterogeneity distinguishes EV methodologies from other small particle protocols, such as
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viruses or manufactured nanoparticles, which are able to optimize techniques for a fairly

consistent population of particles with similar qualities.

To address these technical challenges and increase the rigor and reproducibility of EV
research, ISEV and its working groups have created a number of recommendations for EV
researchers?® %% In addition, ISEV has formed several Scientific Reproducibility Task Forces,
each focused on improving and/or standardizing studies in a particular biofluid
(https://www.isev.org/task-forces). A key theme of these recommendations is to use orthogonal
methods to validate results (e.g., showing that a protein is enriched on EVs using both flow

cytometry and microscopy).

The first step for any EV project is successful and reproducible isolation of EVs, which
can be demonstrated in several ways. A common way to isolate EVs is the use of size-based
methods, such as i) size exclusion chromatography (SEC), which uses resin-packed columns to
separate particles in a fluid (CSF, cell culture media) into fractions based on particle size; or ii)
ultracentrifugation, which uses high centrifugal force to pellet particles of a certain size range*!.
Other EV isolation methods include immunocapture using a known EV marker or protein of
interest, or isolation based on precipitation using reagents like polyethylene glycol. Each
isolation technique aims to separate true EVs from other particles, such as lipoproteins, proteins,
or non-membranous particles. Yet often there is a tradeoff between purity and concentration, as
the strictest isolation methods will also result in the lowest particle yield*®. Regardless of
method, EV researchers are encouraged to report the purity of their population of EVs using
orthogonal techniques. According to the MISEV guidelines® 33, this verification can include a

combination of:

25



i) Verifying that the isolation enriches for EV markers while minimizing the presence of
other nanoparticles or cell debris. This is typically done by the use of immunoblots to
show the presence of EV-associated transmembrane proteins (e.g. CD63, CDS81, or
CD9) and cytosolic proteins (e.g. TSG101), or the absence of proteins found on non-EV
nanoparticles (e.g. apolipoproteins) and proteins found in cell lysate (e.g. calnexin).

ii) Visualizing the isolated membranous particles in their target size range with limited
presence of other particles, typically shown through electron microscopy.

iii) Demonstrating the relative size and concentration of the EV population. This is often
accomplished through techniques such as nanoparticle tracking analysis or microchip

resistive-pulse sensing (MRPS).

1.3. NPC and EVs: Current Knowledge and Future Opportunities

EVs have emerged as a key component of human health and disease. In both lipid storage
disorders and neurodegenerative diseases EVs play important roles in disease pathology and can
serve as biomarkers>* 3797, While many elements of EV biology are likely impacted by the

cellular disruptions that occur in NPC, little is known about the role of EVs in NPC.

To the best of our knowledge, to date only 18 peer-reviewed publications have directly
examined EVs in the context of NPC (Table 1.1). The majority (12) utilized in vitro models,
including immortalized cells (7), primary murine cells (3), human fibroblasts (1), or some
combination of these cells. Three studies used cells that mimic neurological phenotypes,
including oligodendrocyte precursors (Oli-neu) and primary rat neurons and astrocytes. Some
studies used genetic tools to manipulate NPC1/NPC2 expression, but the more common method
was to treat cells with UI8666A (U18). U18 is a small molecule inhibitor that specifically binds

and inactivates the NPC1 SSD, reproducing the cholesterol storage problems in NPC cells®®,.
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Four studies investigated EVs in NPC mouse models, and only three studies examined EVs in
NPC human samples, each of which relied on fibroblasts derived from a single patient. Given the
heterogeneity between NPC patients, more studies on a larger cohort of NPC human samples are

needed.
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Paper
(Author Year)Re

Experimental System

NPCEV Profile
(Concentration/Cargo)

Mechanistic Findings

@ Strauss, NPC1 fibroblast Increased EV release and EV
= 20107 (R934X/P1007A) cholesterol
-
& Ilnytska, NPC1 fibroblast NPC1 phenotype ameliorated via
=2 20217 (P237S/T11061T) release of cholesterol-laden EVs
= 0 NPCI1 fibroblast NPC2 drives cholesterol efflux
= Juhl 2021’ A
(GM18455) fromELs viaEV release
Strauss. Oli-neu cells + U18! or |Increased EV release and EV | Cholesterol increases EV release
20107 NPCI siNRA cholesterol in a Flotillin dependent manner
W ust}ler, NPC2 KO fibroblasts NPC2 is required for EV-driven
20237 sterol export
Canfran- HEPG2 and THP-1
, No ck to EV rel
Dugque, 20137 | cells + U18 O changefo BV felease
(2:; ls l;lf a T-Rex-293 cells +U18 | No change to EV release

Feltes. 2020%°

U208 cells with NPC1
KO

EVs do not mediate CD-driven
cholesterol egress from NPC cells

'
& Albacete- :
=
S Albacete, Mouse embryonic Increased EV release
= . fibroblasts + U18
< 2020
§ Cotafreda. NPC1 facilitates HAV EV cargo
= 2020% uptake
W 202175 Rat primary astrocytes | Decreased EV release and
’ +U18 altered EV proteins
Lu. 20218 K562 cells with NPC1 Deletion of ESCRT proteins
) KO increases cholesterol in NPC KO
Elgner. 2016 | Hu7.5 cells + U18 U18 inhibits exospme-me.dlated
release of HCV viral particles
Guix. 20217 Aged rat cortical Increased EV release Decreased N?Cl and increased
neurons cholesterol drive EV release
Palmulli, HeLa and MNT-1 cells CD63 and NPC1 sort cholesterol
202436 +U18 into ILVs forrelease as small EVs
Chen, 2010*® | NPC1 null mouse CD doesnot alter EV release
£ T H T
< Van Eoecke, NPC1=!%/T mouse Decreased and larger EVs NPe ch.ormdplexus EVs are
; 2021 cytotoxic
q:; Van Hoecke, . WT human MSC EVs ameliorate
§ 20217 NPCIH/I mouse NPC pathology
= . . .
- - . .
Soto (lHuelm, NPCI™™/] mouse Increased lipid content, esp N?Cl p.hen.orype ameho,rated by
2023° HexCer and LPC stimulating increased EV release

Table 1: NPC EV publications. EL: endolysosomes; PM: plasma membrane; U18: U18666A, a chemical
inhibitor of NPC1; HCV: Hepatitis C Virus; HAV: Hepatitis A Virus; HexcCer: hexosylceramide; LPC:
lyposphosphatidylcholine; KO: knockout
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The current studies on EVs in NPC have primarily focused either on the mechanistic role
of EVs in NPC pathways, or on how NPC disease affects EV production. It is important to
consider that protocols for isolating and analyzing EVs vary widely between publications, and
results must be interpreted within their methodological context. Despite these limitations, there is
growing evidence that the NPC proteins play direct roles in EV biology; that EV concentration
and cargo is altered by NPC pathology; and that EV packaging and release may be one method
by which NPC cells attempt to remove cholesterol from endolysosomes. To further understand
how EVs contribute to or are affected by NPC, these studies must be carefully considered and
built upon.
1.3a: NPC Proteins in EV Uptake and Release

The NPC proteins have been implicated in various phases of the EV life cycle. For
example, evidence from virology has shown that NPC1 is essential for the endosomal uptake of
cargo delivered by hepatitis A viral EVs®>. Conversely, NPC1 is essential for the release of EVs
containing hepatitis C viral particles®. There is also evidence that NPC2 participates in EV
release by trafficking cholesterol-rich ILVs from endolysosomes and allowing microvesicles to
shed directly from the plasma membrane’® !, Similarly, the NPC1 protein interacts with CD63
to facilitate the release of cholesterol-enriched ILVs from endolysosomes®¢. These studies

suggest that loss of either the NPC1 or NPC2 protein would impact EV uptake and/or release.

1.3b: Alterations to EV Concentration in NPC Samples

75, 76, or

There is conflicting evidence as to whether NPC results in an increase’>"*, decrease
no change’”> 8 to EV concentrations relative to controls. A thorough and frequently-cited study

by Strauss et. al. found that NPC pathology, which they modeled through siRNA knockdown of

NPCI, the U18 drug inhibitor, or cholesterol-loading cells, led to increased release of EVs’?.
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They further showed that NPC EVs contained higher concentrations of cholesterol and were
released in a Flotillin-1 dependent manner, and they replicated their results in a patient fibroblast
cell line. Their findings were supported by Albacete-Albacete et. al., who also found that treating
mouse embryonic fibroblasts with U18 increased EV release’’. However in immortalized cell
lines, including HEK29377, HepG28, and THP-17%, treatment with U18 does not alter EV

concentration.

Given that NPC is characterized by both peripheral and neurological defects, there have also
been studies on NPC and EVs in brain models. For example, rat cortical neurons released an
increased amount of EVs following exposure to U187*. Genetic manipulations further showed
that NPC1 regulates ILV production, such that loss of NPC1 leads to increased ILV formation.
In contrast rat astrocytes treated with U18 showed decreased EV release, suggesting that this
relationship may be cell-type specific’®. Further, the choroid plexus of NPC”~ mice contained

significantly fewer EVs but they were larger, suggesting a change in EV subpopulations®.

Comparing the outcomes of these studies is complicated by the fact the experiments utilized
different in vitro and in vivo models of NPC, as well as different EV isolation and analysis
techniques. Yet taken together, these findings suggest that the effect of NPC pathology on EV
concentration likely varies by cell type, animal model, and the extent to which the NPC1 protein
is inhibited. Importantly, and relevant to the studies presented herein, the only study to examine
EV concentrations in NPC patients used one fibroblast cell line from one person’?. Given the
large heterogeneity amongst NPC patients in terms of genetics and disease severity, repeated
analysis in a larger cohort of patients is critical. Additionally, a better understanding of how EV
concentrations are altered in peripheral vs. neural tissues could reveal important biology behind

the neurodegenerative aspects of NPC.
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1.3c: Therapeutic Effects on NPC EVs

New therapeutics for NPC are often aimed at lowering cholesterol levels in endolysosomes,
either by redistributing it to other cellular locations or removing it from the cell entirely. As these
therapeutics are developed, some researchers have hypothesized that cholesterol removal in NPC
could be facilitated by EVs. For example, treating an NPC patient fibroblast line with
phosphatidylglycerol substantially reduced cellular cholesterol by exporting it via EVs”.
Similarly, treating mice with the candidate NPC treatment ellagic acid dramatically increased EV
release while reducing levels of cellular cholesterol and other lipids®!. Further, many NPC
patients have been treated with the experimental drug hydroxypropyl-B-cyclodextrin (CD),
which has shown conflicting efficacy but is currently in Phase III clinical trials
(NCT04860960)°. Studies have shown that EVs are not involved in the CD-mediated mechanism
of lowering cholesterol, but whether EV release is increased after CD treatment or involved in

other cellular pathways was not investigated®’.

Conversely, inhibiting EV release in NPC cell lines can have damaging effects. In a patient
cell line, inhibiting exosome release with GW4869 (a drug that blocks nSMase2-driven ESCRT-
independent EV biogenesis) caused significant accumulation of cholesterol-rich vesicles at the
plasma membrane’®. A CRISPR screen performed under U18-driven NPC1 inhibition showed

that deletion of any of the ESCRT proteins increased cellular cholesterol®!

, In agreement with a
previous study showing that knockdown of ESCRT-0 causes NPC-like cholesterol
accumulation®?. Together, these studies suggest that EVs play a beneficial role in NPC, possibly

by removing endolysosomal cholesterol.
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1.3d: The Molecular Cargo of NPC EV’s

Although few, the studies that have examined the molecular cargo of EVs from NPC samples
have yielded interesting results. Two studies have shown that EVs from NPC mouse models
cause significant cell death and stress signaling in recipient cells, suggesting that NPC EVs are
enriched in cytotoxic material”> 7®. Wu et. al. linked this cytotoxicity to increased amyloid
precursor protein (APP) and AP fragments they observed in NPC EVs”. These markers are
highly relevant to the development Alzheimer's disease, which shares many similarities with
NPCS. The authors also a noted significant decrease in Lamp1 and LC3 expression in EVs
released from cells treated with U18, implicating EVs in the autophagy disruptions previously

observed in NPC?*,

Given the lipid dysregulation of NPC, understanding the lipid content of NPC EVs is of great
interest. As described previously, Strauss et. al. found increased cholesterol content in EVs
isolated from an NPC cell line”>. Another study examining the lipid content of EVs from control
and NPC”~ mouse brain tissue found a general increase in lipid content of NPC EVs, including
significant increases in hexosylceramide (HexCer) and Lysophosphatidylcholine (LPC)*!. LPC
has been previously implicated in NPC and is a proposed biomarker for tracking response to CD

treatment response °°.

These studies emphasize that EVs from NPC sources are enriched in proteins and lipids that
are highly relevant to disease pathology. As with other neurodegenerative diseases and lysosomal
storage disorders, identifying NPC EV cargo will likely inform our understanding of NPC
biology, and possibly lead to the identification of novel biomarkers or therapeutic targets for the

treatment of NPC3* %>,
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1.4: Project Rationale

The current literature suggests that EVs are altered in NPC and that these changes are
relevant to NPC pathology. However, a number of critical questions remain. First, the conflicting
evidence on whether EVs are increased or decreased in NPC samples suggests that the ways in
which NPC affect EV formation and release may be complex, and dependent on the cell type and
the subspecies of EVs analyzed (exosomes, microvesicles, or both). There is some data
suggesting that NPC EVs carry altered protein and lipid content, though whether these cargo
alterations are relevant to NPC pathology is unknown. Additionally, there is not yet any
information on how EV miRNAs are altered in NPC. Whether any of these EV changes are
related to the extensive endolysosomal disruptions found in NPC is also currently unknown.
Finally, determining whether there are CNS-specific changes to EVs in NPC could help to

explain the neurodegenerative aspects of the disease.

To address these questions, this project compared the EV profile of NPC patients to age-
matched controls, including EV size, concentration, surface markers, and miRNA cargo, using
EVs from CSF (Chapter 2) and dermal fibroblasts (Chapter 3). The data revealed that in both
sample sets, NPC had altered EV concentrations and cargo as compared to controls. These
alterations were primarily in EVs of endosomal origin, suggesting that EV changes stem from
issues with the endolysosomal pathway in NPC. Additionally, some of the changes to EVs
correlated with clinical aspects of NPC (such as age of disease onset or NPC1 protein
expression). Ultimately, this work contributes to a growing body of evidence that NPC — and the
endolysosomal disruptions it causes — fundamentally alter EV biology. It additionally raises the
possibility that EV changes could be used as clinical biomarkers or therapeutic targets for a

devastating disease that currently has no cure.
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CHAPTER 2:

INCREASED ENDOLYSOSOMAL CONTENT AND MIRNA EXPRESSION
IN NPC PATIENT CEREBROSPINAL FLUID EVS

2.1: Abstract

Niemann Pick Disease Type C (NPC) is a rare neurodegenerative disease primarily
caused by mutations in the NPC1 protein. NPC1 shuttles cholesterol from inside the lumen of
late endosomes/lysosomes (endolysosomes) and into the cytosol. Thus, the fundamental cellular
pathology of NPC is endolysosomal dysfunction caused by overaccumulation of cholesterol.
However, the pathways by which NPC1 mutations result in neurodegeneration are currently
unknown. Extracellular vesicles (EVs), which can be formed through the endolysosomal
pathway, have been implicated in both neurodegenerative and lysosomal storage disorders. A
growing body of work has demonstrated that EV concentration and cargo are fundamentally
disrupted in NPC. However, limited work has been done on NPC EVs in human samples, and
whether EV perturbations are linked to neurological defects in NPC remains unknown. Here, we
compared EV populations in cerebrospinal fluid (CSF) from five healthy donors and five age-
matched NPC patients undergoing treatment with hydroxy-propyl-beta-cyclodextrin (CD). We
found that NPC CSF contained an increased concentration of EVs relative to controls, including
a specific expansion of CD63-positive EVs. We also found NPC CSF EVs are enriched in
Lampl, an endolysosomal protein previously implicated in NPC pathology. Finally, we identified
two miRNAs significantly upregulated in NPC CSF EVs, which are active in cholesterol
signaling and other disease-relevant pathways. Together, these studies demonstrate that NPC
fundamentally alters the concentration, subtype, and molecular cargo of CSF EVs, elucidating

new biological pathways for a devastating disease that currently has no cure.
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2.2: Introduction

Niemann Pick Disease Type C (NPC) is a rare neurodegenerative lipid storage disorder
characterized by abnormal accumulation of cellular cholesterol’. NPC primarily affects infants,
children, and young adults, and has an estimated prevalence of 1 in every 100,000 births®.
Though there is high heterogeneity in age of onset and disease progression, 70% of NPC patients
do not live past 262. The FDA approved its first two treatments for NPC in 2024, yet both are
aimed at symptom management and are not curative’. Thus, new treatments are desperately

needed by patients.

Like many rare diseases, there is wide heterogeneity amongst NPC patients with regards
to age of onset, disease severity, symptoms, and rates of progression’. This can partially be
attributed to genetic diversity, as over 400 pathogenic NPCI mutations have been described and
each one impacts NPC1 protein function differently’. However, most patients experience
neurological symptoms such as loss of motor control, behavioral changes, and cognitive decline®.
Brain changes in NPC patients include progressive death of Purkinje neurons in the cerebellum,
degeneration of neurons in the hippocampus and frontotemporal lobe, and reduced myelination®!.
However, why NPCI mutations lead to a primarily neurodegenerative phenotype is unclear.

Therefore, more research on the central nervous system (CNS) defects in NPC is needed.

Recently, EVs have emerged as key drivers of human disease*’. EVs are membrane-
enclosed nanoparticles that are released by all cell types and found in every human biofluid®® 3,
EVs can be formed through many pathways, including at the plasma membrane (forming EVs
known as microvesicles/ectosomes) or through the endolysosomal pathway (forming EVs known

as exosomes)®’. They carry molecular cargo, such as proteins, microRNAs (miRNAs), and lipids,

which largely reflect their cell of origin and can be altered in disease states®. As such, EVs have
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been implicated in the pathology of both neurodegenerative and lysosomal storage disorders®> 7.

However, research on EVs in NPC is limited and has produced conflicting results.

Studies have shown that EV concentrations in NPC samples are increased, decreased, or
unchanged’>7% 78, Only one of these studies was conducted on human samples, and it included a

single fibroblast cell line from an NPC patient’

. Similarly, there have been no studies on how
the molecular cargo of EVs is altered in NPC human samples, although research in mouse
models have shown that NPC EVs carry cytotoxic proteins and have an elevated lipid content™!
7576 MiRNAs are key regulators of cellular pathways known to be disrupted in NPC cell lines
and tissues, and their differential expression in EVs has revealed new therapeutic targets and

potential biomarkers in other neurodegenerative diseases®’-*8. However, nothing is yet known

about how NPC influences EV miRNA content.

Though limited, the existing literature suggests that EVs are fundamentally altered in
NPC. In order to fully understand how EVs may be altered by or contributing to the
neurodegenerative pathology of NPC, more research on EVs in human samples is needed. Here,
we profiled EVs in cerebrospinal fluid (CSF) from healthy control and NPC donors. Our results
show that NPC CSF contains an increased concentration of EVs, largely driven by expansion of
EVs of endosomal origin, and that NPC EVs are enriched in surface proteins and miRNAs that
are highly relevant to NPC pathology. The studies herein show for the first time that EVs are
altered in CSF from human NPC patients relative to healthy controls, and demonstrate the

importance of EV research in the context of NPC.
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2.3: Results

2.3a: CSF Donor Demographics

Demographic and clinical information on CSF samples from healthy control donors (n=5)
and NPC patients undergoing treatment with hydroxy-propyl-B-cyclodextrin (CD) (n=5) is listed
in Table 2.1. Given the strong correlation between age and the expression of EV proteins in
human CSF (Supplementary Fig 2.1), control and NPC donors were age-matched to the greatest
extent possible. NPC samples had a mean age of 21.8 years (standard deviation=6.3), while
control samples had a mean age of 22.6 years (standard deviation=0.54). Although all control
samples are female, we expect this had minimal impact as no sex differences have been observed
in NPC human studies®. The NPC patients displayed heterogeneity in age of disease onset
(mean=12.8 years, standard deviation=7.8), which is notable as earlier onsets are linked to more
severe disease”. One patient (NPC-1) presented in the late-infantile group (age of onset at 4); two
patients in the juvenile group (NPC-4, age of onset at 11; NPC-5, age of onset at 13); and two

patients in the adolescent/adult group (NPC-2, age of onset 16; NPC-3, age of onset 23)*.

Table 2.1: Human CSF samples

Age at | Age of | S-Domain | Months | Response
Status | Sample | SeX | . 1jection | Onset | NPC-SS [ onCD | to CD
NPC 1 F 17 4 13 28 Fair
NPC NPC2 M 24 16 7 11 Fair
=3 NPC3 M 32 23 7 2 Poor
) NPC4 F 18 11 5 3 Good
NPC5 M 18 13 1 28 Good
CTL 1 F 22 - - - -
CTL CTL 2 F 22 - - - -
n=>5 CTL 3 F 23 - - - -
CTL4 F 23 - - - -
CTL 5 F 23 - - - -

NPC-SS: 5 domain NPC Severity Scale. Scale assesses patient ambulation, fine motor
skills, swallow ability, cognition, and speech on a five-point, with a maximum score
of 25. Higher scores correspond to more severe impairment.
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There was also heterogeneity in patient disease severity, as measured by the 5-point NPC

Severity Scale (NPC-SS)'. Scores ranged from 1-13, out of a maximum possible score of 25,

with higher scores correlated to more severe impairment (mean score=6.5, standard

15- r=-0.048

— 0.495
10- P

NPC-SS Score
o
[ )
[ ]
[ ]

0 5 10 15 20 25
Age of Onset
Fig 2.1: Age of onset and NPC-SS
scores do not correlate in our patient
cohort. p- and r-values derived from
Pearson’s correlation. Line represents
simple linear regression.

deviation=5). Age of onset and NPC-SS were not
well-correlated in our samples (Fig 2.1). All
patients were being treated with CD at time of
CSF collection, but their length of time on CD
ranged from 2-27 months (mean=14.8 months,
standard deviation=14.2). Patient response to CD,
as graded by the treating clinician, ranged from

poor to good.

The five NPC patients carried a range of

mutations in the NPC1 protein, described in Table 2.2. The NPCI1 protein contains 13

transmembrane domains (TMDs), which include a sterol-sensing domain (SSD), as well as three

luminal-facing domains that contain binding sites for cholesterol and the NPC2 protein (Fig

2.2)%°. While the impact of each mutation on NPC1 protein structure is unknown, some

Table 2.2: NPC Patient Mutations

NPC 5 2000 C>T

Allele 1 Allele 2
Sample Gene Protein Gene Protein
NPC 1 2000 C>T S667L 410 C=T TI37M

NPC 2* 3019 C>G P1007A 3019 C>G P1007A
NPC 3 2196dupT  S733fsX10 1301 C>T  P434L
NPC 4 3425 T>C MI142T 2366 G>A  R789H

S667L 410 C>T  TI137TM

*Mutation identified by sequencing sister.
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Figure 2.2: NPC1 mutations in CSF donors. Structure of full-length NPC1 protein in
nanodisc as determined by electron microscopy (Qian et. al. 2020) was accessed from the
Protein Data Bank (PDB:6W5R). Mutated residues mutated in NPC patient CSF samples
are labelled and colored by atom type. Identification of protein domains was based on
descriptions given by Trinh ez. al. 2018. Image generated in CCP4MG version 2.10.11.

inferences can be drawn from previous studies and by examining which protein domains the

mutations occurred in'

7. Patient NPC-2 was homozygous for the P1007A allele, which occurs in

the luminal-facing C-terminal domain of NPC1. P1007A is the second most-common NPC1

mutation and is correlated with the “variant” form of NPC, which is characterized by mild

alterations to cholesterol transport and typically results in mild adult-onset disease® *°. The

remaining four patients were heterozygous and had at least one mutated allele in the SSD, which

typically results in limited NPC1 protein expression and more severe neurological outcomes”'.

Two patients (NPC-1 and NPC-5) carried the same mutations, S667L in the SSD and T137M at

the site of cholesterol binding. Patient NPC-3 had a frameshift mutation in the SSD and a P434L
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mutation in the middle luminal domain where NPC2 binds NPC1. NPC-4 had a mutation M1142
in the TMD and R789H in the SSD.
2.3b: CSF EV Enrichment and Characterization

To investigate the impact of NPC on CSF EVs, we first tested and validated methods to
enrich for EVs from CSF. We based our protocol on our previous publications®? and guidelines
created by the International Society for Extracellular Vesicles (ISEV) and its CSF Task Force?®

38,64 We used ultrafiltration to concentrate CSF, and size exclusion chromatography (SEC) to

A Neat CSF B. . TN
\10\6 6\1‘5 Y‘o\e’x Q‘O&e\“

i 100kDa concentrator column

V1234567891011

150ul CSF Total .
¢ 35nm SEC Columns Protein
Stain

Size Exclusion Chromatography Flotillin-1
otillin-

| _551(D

Fxns 1-2 Fxns 3-5 Fxns 6-8 Fxns 9-11
870ul 510ul 510ul 510ul CD81
# 30kDa concentrator column

CSF EV Analysis

D.

Flotillin-1

Albumin

CDS81
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Figure 2.3: Size exclusion chromatography enriches for CSF EVs. A) Size exclusion chromatography
(SEC) protocol. B) Immunoblot analysis of individual SEC fractions from a pool of control CSF showed
enrichment for EV proteins Flotillin-1 and CD81 with minimal presence of non-EV proteins (albumin, total
protein stain). C) Immunoblot of pooled SEC fractions from control CSF showed enrichment for EV proteins
Flotillin-1 and CD81 with minimal presence of albumin and ApoA1 lipoprotein. D) Representative wide (left)
and narrow (right) field of view transmission electron microscopy images of isolated EVs from NPC CSF.
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separate EVs from other CSF content, such as proteins and lipoproteins (Fig 2.3A). Immunoblots
confirmed that SEC fractions 3-5 were enriched for the EV proteins Flotillin-1 and CD81 with
low levels of Albumin, a non-EV protein that is abundant in CSF (Fig 2.3B). Pooled fractions 3-
5 again showed high levels of EV proteins Flotillin-1 and CD81 and low levels of albumin and
the lipoprotein ApoA1l (Fig 2.3C). We then used transmission electron microscopy (TEM) to
visually confirm that the pooled SEC EV preparation contained particles of approximately

100nm enclosed in a lipid bilayer (Fig 2.3D).

Two of our EV analysis techniques, direct stochastic optical reconstruction microscopy
(dSTORM) and vesicle flow cytometry (VFC), include additional EV capture or labelling steps.
These enabled us to use concentrated CSF rather than SEC purified EVs, which reduces
experimental input volumes and conserves patient CSF (which is difficult to obtain in large
volumes) (Table 2.3). Using ultrafiltration, we concentrated neat CSF 10-fold, 25-fold, 50-fold,
and 75-fold and evaluated the effect on EVs by dSTORM imaging. EVs in concentrated CSF
were then captured onto dSTORM imaging chips coated with antibodies against the canonical
EV tetraspanins CD63, CD81, and CD9. We then used fluorescent antibodies against CD63 and

CD&81 to label EVs.

Table 2.3: CSF processing volumes by method. All volumes are listed in microliters.

§ SEC EVs 10X Concentrated CSF Neat CSF
2 qPCR | MRPS | Immunoblot, TEM | dSTORM | VFC | MRPS | MBFC
= | |mitial CSF 500 | 500 5000 100 100 | 100 150

D -

% Elggl;gl)“am“ 150 | 150 150 10 10 10 NA

=

& | [SECFraction | 510 | 510 510 NA NA | Na NA

o B

g | |Ultafiltration | o\ | s 30 NA NA | NA NA

3 | [GokD)

> Final assay

2V [mprt 500 | 6 30 10 25 2 120
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Figure 2.4: 10X CSF concentration enriches for CSF EVs. A) dASTORM imaging of unconcentrated (neat)
CSF, and CSF concentrated 10, 25, 50, and 75X shows that 10X concentration allows for the detection of
CD81-, CD63-, and double-positive EVs. Log10 cluster count is normalized to negative control (capture and
detection antibodies alone), indicated by the dashed line. B) Histogram shows the distribution of particles
present in neat CSF (dark purple), CSF EVs after SEC (medium purple), and 10X concentrated CSF. Particle
count, size, and coefficient of variation are listed in the table below.

Our results showed that concentrating CSF 10-fold (10X CSF) resulted in robust tetraspanin
signal relative to negative control (capture and imaging antibodies alone) (Fig 2. ¢A). Additional
concentrations (25X, 50X, 75X) showed a limited increase or even loss in signal. We further
used microchip resistive-pulse sensing (MRPS) to compare the distribution of particle size and
concentration between neat CSF, CSF EVs after SEC, and 10X concentrated CSF (Fig 2.4B).
10X concentrated CSF contained ten-fold more particles/mL (2.52x10°) than SEC-isolated CSF
EVs (2.11x10%), which in turn was ten-fold higher than neat CSF (5.6x107). All three
preparations had a mean particle size between 70-80nm (Fig 2.4B). These data indicate that both

our SEC and concentration protocols enrich for EVs from CSF samples.
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2.3c: NPC CSF Contains a Higher Concentration of EVs Relative to Control CSF

There is conflicting evidence on whether NPC increases, decreases, or does not alter EV

concentration and size’> 73 7678, A. 0.7703 B.
4x10° 80 0.2105
Also, the size and concentration of o -
3x109- _ 751 .
EVs in NPC patient CSF has not = £ igm
. E 2x10° \g 70—
yet been studied. Thus, we first g ‘g
g 3
used MRPS to measure the size and 1x10°+ 2 65
concentration of all particles 0- 60—
Control NPC Control NPC
present in 10X CSF from each Figure 2.5: MRPS shows no change in concentration or size
of CSF particles. A) No change was detected in the average
sample (Fig 2.5). Our results show concentration (particles/mL) of particles present in control CSF

versus NPC. B) No change was detected in the mean particle
no significant difference in particle diameter (nm) in control CSF versus NPC. Graphs represent the
mean = SEM of control (gray bars) and NPC (red bars) CSF.
size or concentration between Symbols represent the average concentration or size of measured

particles in each CSF sample. Data compared by Welch’s t test.
control and NPC CSF.

As MRPS is only able to measure total particles, we next turned to VFC to distinguish
between non-EV membranous particles and true EVs in concentrated CSF. In keeping with ISEV
guidelines we first identified the optimal VFC staining protocols for CSF (Supplementary Fig
2.2)%. We then stained 10X concentrated CSF from individual control and NPC samples with i) a
lipophilic membrane dye to label all membranous particles (Fig 2.6A, B), and ii) a pool of
antibodies against the canonical tetraspanins (CD63/81/9) to label tetraspanin-positive particles
(Fig 2.6C, D). Particles that are both membranous and tetraspanin positive are considered true

EVs. Gating strategies and controls are described in Supplementary Figures 2.3-2.5.
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Fig 2.6: VFC gates of representative CTL and NPC CSF samples. A, B) Control (A) and NPC (B)
CSF samples are stained with a lipophilic dye conjugated to fluorescein isothiocyanate (FITC). Plots
show dye signal in the 488 channel. Gates depicted in bright red include all membranous particles and
exclude background signal present in negative controls (unstained samples, stained buffer). Number
of membranous particles in each gate is written in bright red. C, D) Control (C) and NPC (D) CSF
samples are stained with anti-tetraspanin antibody conjugated to phycoerythrin (PE). Membranous
particles gated in A and B are further gated by tetraspanin positivity. Plots show antibody signal in
the 561 channel. Gates depicted in dark red include membranous and tetraspanin positive particles,
and exclude background signal present in negative controls (unstained samples, stained buffer). The
number of EVs in each gate is written in dark red.
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In agreement with MRPS, our VFC results show no significant change in the

concentration of total membranous particles between control and NPC CSF (Fig 2.7A-B).
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Figure 2.7: VFC shows increased EVs in NPC CSF. EVs from 10X concentrated control and NPC CSF
samples were incubated with lipid membrane dye (FITC) and a combined antibody against CD9/CD81/CD63
(PE) A) There is no change in the total number of membrane positive particles in NPC (red) versus control (gray)
CSF (Welch’s t test). Symbols represent an n=3 technical replicates per sample; mean £ SEM of control and
NPC are graphed. B) Concentration of membrane positive particles in each CSF sample. Bars show the mean
concentration of three technical replicates per sample; error bars correspond to SEM. Dashed line represents
average of all control samples. C) There is a significant increase in EV concentration in NPC (red) versus control
(gray) CSF (Welch’s t test). Symbols represent an n=3 technical replicates per sample; mean = SEM of NPC and
control samples are graphed. D) Concentration of EVs in each CSF sample. Bars show the mean concentration
of three technical replicates per sample; error bars correspond to SEM. Dashed line represents average of all
control samples. E) The median size of total membranous particles is significantly smaller than that of EVs (two-
way ANOVA). There is no change in size between control (gray bars) and NPC (red bars) membranous particles
or EVs. Symbols represent an n=3 technical replicates per sample; mean + SEM of control and NPC are graphed.
Median size of each population is shown above the bars.
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However, there was a significant increase in tetraspanin-positive EVs present in the NPC
samples relative to controls (Fig 2.7C). When analyzed individually, this increase was observed
generally across all five NPC samples rather than being driven by a specific mutation (Fig 2.7D).
The discrepancy between total membranous particles and tetraspanin positive EVs could be
explained by a population of non-EV membranous particles, such as lipoproteins, which persist
in concentrated CSF and does not vary between control and NPC individuals. As lipoproteins are
typically smaller than true EVs, this hypothesis is supported by our finding that the size of total
membranous particles was slightly but significantly smaller than the size of EVs (Fig 2.7E).
There was no change in size between control and NPC membranous particles or EVs.
2.3d: EV Subpopulations Differ Between Control and NPC CSF

We next sought to examine whether the increase in EVs in NPC CSF was driven by
expansion of a specific EV population or due to a global increase in all EVs. We chose to
examine EV populations according to their positivity for the canonical tetraspanins (CD63,
CD81, CD9) as we expected that all three proteins would be highly expressed in EVs from both
NPC and control CSF. Additionally, tetraspanin positivity can inform the location of EV
biogenesis and thus EV subclass. CD63 is localized to the endosome and primarily associated
with exosomes; CD9 is localized to the plasma membrane and primarily associated with

microvesicles; and CD81 is a cytoplasmic protein that can be found in either population® 34,

To investigate, EVs from 10X concentrated CSF of control and NPC individuals were
captured onto dSTORM imaging chips coated with anti-CD63, anti-CD9, and anti-CD81
antibodies. Chips were then labeled with fluorescent antibodies against CD63, CD81, and CD?9.
We then used dSTORM imaging to visualize and compare single positive EVs expressing only

one tetraspanin (Fig 2.8A), double positive EVs expressing two tetraspanins (Fig 2.8B), and
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triple positive EVs expressing all three tetraspanins (Fig 2.8C). In both control and NPC CSF

samples we found that CD9/CD81 double positives constituted the largest population of EVs,

followed by triple positive EVs.
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Figure 2.8: Increased CD63+ EVs and decreased
CDY9/CD81+ EVs in NPC CSF. dSTORM visualizes EVs
according to expression of the tetraspanins CD63 (yellow),
CDS81 (purple), and CD9 (blue). A) Single positive EVs
expressing only one tetraspanin. B) Double positive EVs
expressing two tetraspanins. C) Triple positive EVs
expressing all three tetraspanins. Graphs represent the mean
+ SEM of control (gray) and NPC (red) samples. Symbols
represent the values of individual CSF samples averaged
across all images. All data were analyzed by nested t-tests
followed by BH FDR correction rate of 20%. Representative
images of each EV population shown below graphs. White
scale bars correspond to 50nm.
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Our dSTORM imaging results also identified two significant shifts in EV subpopulations
between control and NPC CSF. In particular, NPC CSF contained a 2.6-fold increase in CD63
single positive EVs compared to controls (Fig 2.8A, Supplementary Fig. S2.6A, B), as well as
significantly less CD9/CD81 double positive EVs (Fig 2.8B, Supplementary Fig. S2.6C, D).
There was also a 1.7- and 1.5-fold increase in CD63/CD9 and CD9 EVs in NPC over control,
although these changes were not statistically significant. Although not all population changes
were significant, EV populations expressing CD81 tended to show decreases in NPC CSF versus

controls, while all populations devoid of CD81 showed increases (Fig 2.8).

As CD63 is generally a marker for endosomal EVs (exosomes) while CD9/CD81 double
positive EVs typically originate at the plasma membrane (microvesicles), these results could
indicate that NPC samples display a general shift towards EV production through endosomes
rather than at the plasma membrane®®. However, CD63-positive EVs and CD9/CD81-positive

EVs were not correlated, suggesting that changes in these EV populations are at least somewhat
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Figure 2.9: CD63+ EVs inversely correlate with NPC age of onset. A) Number
of CD63+ EVs is not correlated with the number of CD9/CD81+ EVs (Pearson’s
test). B) Number of CD63+ EVs is inversely correlated with NPC age of onset
(Pearson’s test). Plotted symbols represent the mean EV count of individual control
(gray) and NPC (red) CSF samples (averaged across all replicates). r and p-values
from Pearson’s correlation are listed (right). Black lines represent simple linear
regression.
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independent (Fig 2.9A). Interestingly, CD63-positive EVs inversely correlated with NPC age of
onset, such that more CD63+ EVs were found in patients that showed symptoms earlier in life
(Fig 2.9B). No clinical correlations were found with CD9/CD81 EVs (data not shown). These
results suggest that the increase in CD63-positive EVs in NPC CSF is clinically significant.
2.3e: NPC CSF EVs are Enriched in Lampl

To further define EV populations in NPC we further probed the surface markers of EVs
from NPC and control CSF. We used a multiplexed bead-based flow cytometry (MBFC) panel
consisting of 37 markers known to be highly expressed in human brains and commonly found on
EVs to compare the relative abundance of EV types in NPC and control CSF. Of these 37
markers, 32 were expressed above background in at least eight of ten CSF samples (Fig 2.10A).
Lysosomal-associated protein 1 (Lamp1) showed a statistically significant two-fold increase in
NPC EVs over controls, although this result did not survive multiple comparisons correction (Fig
2.10A, B). Another protein in the same family, lysosomal-associated protein 4 (Lamp4, also
known as CD68), had the largest fold-change in NPC over controls. Fold changes and
significance values for all expressed proteins are described in Supplemental Table 2.1. Lamp1

did not correlate with any clinical data (Supplemental Table 2.2).

Previous studies have found elevated Lamp1 in NPC tissues’> 7% %, Additionally, like
CD63 (which is also known as Lamp3), Lamp] is often used to identify EVs of endosomal
origin®®. To further investigate the potential increase in Lamp1-positive EVs in NPC CSF, we
again turned to VFC. CSF samples from NPC and control individuals were combined to create
one control and one NPC pool. Pooled CSF was then concentrated 10X and incubated with a
FITC-conjugated membrane dye and PE-conjugated antibody against Lamp1. Sample dilution,

representative gates, and gating strategies are described in Supplemental Figs S2.7-2.8. Only a
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small percentage of membranous particles stained positive for Lamp1 (Fig 2.10D). However, in
agreement with our MBFC findings, there was significant increase in Lamp1 positive EVs in
NPC CSF relative to controls (Fig 2.10D). Additionally, Lamp1-positive EVs in NPC CSF were

significantly smaller than Lamp1-positive EVs in control CSF (Fig. 2.10E). Together, these
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Figure 2.10: Lampl1 is enriched on the surface of NPC CSF EVs. A) Expression of 37 different
proteins was compared between NPC and control EVs from individual CSF samples. Plot
represents uncorrected Welch’s t test; dashed lines represent thresholds for statistical significance
(P<0.05) and meaningful fold changes. Light blue dots indicate significantly upregulated proteins.
B) Quantification of Lampl EV expression. Symbols represent normalized value of individual
CSF samples; bars represent the mean = SEM. C) Lamp1 expression in individual CSF samples.
Dashed line corresponds to the mean expression of all control samples. D) VFC shows NPC CSF
(red) contains a greater percentage of Lampl positive EVs compared to controls (gray) (Welch’s
t test). Control and NPC groups represent pools of individuals. E) The median size of Lampl
positive EVs is significantly smaller in NPC (red) relative to controls (gray) (Welch’s t test). Bars
represent the mean + SEM of four technical replicates. Median size of each population is shown
above the bars.
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results indicate that there is a significant increase in Lamp1-positive EVs in NPC CSF, further
supporting an increase in endosomal EVs in NPC.
2.3f: MiRNAs are Differentially Expressed in NPC and Control CSF EVs

We next sought to determine whether miRNA cargo was differentially expressed in NPC
CSF EVs. First, we performed a pilot study on control and NPC CSF to identify miRNAs of
interest. Control and NPC samples were combined to create one pool of control CSF and one
pool of NPC CSF. EVs were isolated from each pool using SEC and total RNA was extracted.
Next, we analyzed the CSF EV samples using premade qPCR arrays that contained probes
against 754 miRNAs most commonly expressed in humans. From this screen, we selected 187
miRNAs that were expressed in our CSF EVs and/or have been previously implicated in NPC

(Fig 2.11A). We then created a custom qPCR miRNA array to measure expression of these 187

A.  Screened expression of 754 miRNAs in pooled

Figure 2.11: qPCR on NPC and
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miRNAs in duplicate. Next, we isolated EVs from each control and NPC CSF sample
individually. RNA was extracted and miRNA expression was measured using our custom qPCR
array. No difference was observed in the total amount of RNA extracted from control and NPC
EVs (Fig 2.11B). Control 2 showed generally poor miRNA amplification, even after repeating
the assay, and was thus removed from further analysis (Fig 2.11C). This finding was likely due
to high red blood cell contamination in Control 2, which was noted during CSF collection and

likely negatively affected the RNA isolation outcome.

Of the 187 miRNAs assayed by our custom qPCR array, 34 passed our quality control
metrics and were analyzed further. Fold changes and significance values were used to compare
miRNA expression in control and NPC CSF EVs (Fig 2.12A). We identified two miRNAs,
199a/b-3p and 320a, that were significantly upregulated in NPC EVs as compared to controls
after correcting for multiple comparisons (Fig 2.12B-E). Two miRNAs, let-7g-5p and 885-5p,
were also significantly upregulated in NPC EVs versus controls but failed multiple comparisons
correction (Fig 2.12F-G). None of the differentially expressed miRNAs (199a/b-3p, 320a, let-7g-

5p or 885-5p) were correlated with NPC clinical data (Supplemental Table 2.3).

We next investigated what pathways and diseases the differentially expressed NPC
miRNAs may be implicated in. We focused on miR-320a and miR-199a/b-3p as our top
candidates and identified the mRNAs that they target or are predicted to target. The online
database miRTarBase identified 762 mRNA targets of miR-320a and/or miR-199a-3p that have
been experimentally validated (Fig 2.13A)°. The online tools TargetScan’’ and miRDB?®
identified 902 mRNAs that miR-320a and/or miR-199a/b-3p are predicted to target, 274 of

which overlapped with mRNAs identified by miRTarBase. The resulting 1,390 validated or
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predicted mRNA targets of miR-320a and/or miR-199a/b-3p were used in Ingenuity Pathway

Analysis (IPA) to identify the canonical pathways and diseases.
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for these mRNAs. IPA identified 357 canonical pathways and 70 diseases, which were then
ranked according to the Benjamin-Hochberg (BH) corrected p-value. The top 3 overall diseases
were organismal abnormality, hereditary disorder, and neurological disease, all of which are
related to NPC (Fig 2.13B). Similarly, the top canonical pathways included oxidative stress,
mTOR signaling, and autophagy, all of which are elements are NPC cellular pathology (Fig
2.13C). Together, these results demonstrate that NPC CSF EVs contain differentially expressed

miRNAs that regulate mRNA translation and protein expression in pathways relevant to NPC

disease biology.
A. . B.
2 NPC miRNAs
320a + 199a/b-3p Top Relevant Pathways -log(BH p-value)
Oxidative Stress Induced
8.72
Senescence
Validated target Predicted tareet NGF Signaling 6.81
alidated targets redicted targets X i
(miRTarBase) (TargetScan + miRDB) mTOR Slgnahng - 6.66
miRNA Biogenesis
. . 6.20
Signaling
Senescence 5.94
1,390 mRNA targets Autophagy 5.80
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Ingenuity Pathway Analysis Top Diseases -log(BH p-value)
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Pathways Neurological Disease 18.14

Diseases and
Functions

Fig 2.13: Pathway analysis of differentially expressed NPC miRNAs. A) miRTarBase, TargetScan, and
miRDB identify validated and predicted mRNA targets of differentially expressed miRNAs. Ingenuity
pathway analysis reveals the top diseases and pathways the mRNAs are active in. B) mRNA targets were
significantly enriched in 357 pathways, which were then ranked according to their BH-corrected p-value.
The top six enriched pathways relevant to NPC are displayed. C) mRNA targets were significantly enriched
in 70 diseases and functions, which were then ranked according to their BH-corrected p-value. The top three
diseases relevant to NPC are displayed.
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2.4: Discussion

These studies are the first to demonstrate changes to EV concentration and cargo in CSF
from NPC patients. As is common for rare disease research, we were only able to obtain a very
low number of CSF samples: five healthy donors and five NPC patients. Our NPC patients also
carried different NPCI mutations and displayed heterogeneity in their clinical presentation.

Whether our findings would replicate in a larger cohort of patients remains to be seen.

Additionally, all of the NPC patients were undergoing treatment with the experimental
drug CD, while the healthy donors were not. Thus, it is impossible to know at this stage whether
our results are driven by NPC pathology or are an effect of CD treatment. However, none of our
significant findings correlated to the amount of time NPC patients had been on CD, suggesting
that these results are not being driven by CD treatment (Supplementary Tables S2.2, 2.3).
Previous studies in NPCI null mice showed that CD treatment does not alter EV release, and CD
does not alter EV cholesterol content in NPCI KO cell lines®® . However, to fully disentangle
the effect of NPC and CD treatment on EVs, experiments on CD-treated and untreated NPC

samples — ideally from patients — will be needed.

We noted that patient age of onset and NPC-SS scores were not correlated in our cohort.
NPC-SS assesses the extent of pathology (in the categories ambulation, swallow, cognition,
speech, and fine motor skills) at the time of CSF collection and these could have been impacted
by the patients’ current treatment plans or supportive care, while age of onset is a general
predictor of disease severity and rate of progression over the lifespan. It was interesting that
CD63-positive EVs, which are formed in the endosome, inversely correlated with age of onset

(Fig. 2.9B) but not with NPC-SS. This may suggest that the increase in CD63 EVs is driven by
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biochemical changes in endosomes caused by NPC1 mutations, rather than as an effect of current

symptom severity.

Our VFC data shows that there is increased EV concentration in NPC patient CSF as
compared to healthy controls (Fig. 2.7C, D). This is in agreement with data in patient and mouse
fibroblasts as well as NPCI knockdown in oligodendrocyte and neuronal cell types’>’#; but in
contrast with data on NPC rodent astrocyte and choroid plexus models, which showed decreased

7576 "and with data on immortalized cell lines that show no change in EV release

EV release
following NPC1 inhibition’” 8. These discrepancies could indicate that the relationship between

NPCI1 and EV release is dependent on species and/or cell type. Interestingly, our results agree

with the only other study to include human NPC samples’?.

However, it is important to consider that measurements of EV concentrations are highly
influenced by the method of EV isolation and analysis*’. Indeed, the previous studies on EV
concentration in NPC used a range of isolation and measurement techniques, which could
contribute to the disparate findings. This is an unfortunate finding in many published CSF EV
studies, for which protocols are largely inconsistent at this point in time®*. In our studies,
measuring EVs by MRPS — a broad technique that can only size and count total particles —
showed no significant changes between control and NPC samples (Fig. 2.7A, B). Yet analysis by
VFC, which is able to specifically identify tetraspanin-positive EVs, showed a significant
increase in NPC EVs (Fig. 2.7C, D). Importantly, our VFC EV counting method was based on
the presence of a lipophilic dye that fluoresces after intercalating into lipid bilayers. Soto-Heulin
et. al. demonstrated that NPC EVs have an elevated lipid content compared to controls, including
significant enrichment for hexosylceramide and lysophosphatidylcholine®!. It is thus possible

that lipid-based EV counting methods, such as our VFC pipeline, are biased by altered lipid
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enrichment in NPC EVs. These considerations underline the challenges in measuring EV

concentration and suggest that results should be interpreted with caution.

In addition to broadly elevated EV concentrations in NPC CSF, we also identified a
specific increase in EV populations that expressed only the CD63 tetraspanin, and a decrease in
EVs expressing both CD9 and CD81 (Fig. 2.8A, B). While all three tetraspanins have been
commonly used as broad markers for small EVs (which some mistakenly refer to as exosomes),
recent evidence suggests that CD9, CD63, and CD81 label distinct populations of EVs and play
unique roles in EV formation and cargo packaging”. In particular, CD63 is primarily expressed
on endosomal membranes and has been shown to preferentially label endosome-derived EVs, or
exosomes; similarly, CD9 is primarily expressed on plasma membranes and preferentially labels
membrane-derived microvesicles®®?*. CD81 is a cytoplasmic protein, although it appears to
behave more similarly to CD9 than CD63. Thus, in our data, the increase in CD63+ EVs and
decrease in CD9-CD81+ EVs suggests that NPC CSF may be enriched in exosomes of

endosomal origin.

The increased expression of NPC CSF EV Lamp1 (Fig. 2.10), a protein found on late
endosomes and lysosomes, further supports the hypothesis that exosomes are enriched in NPC
CSF. Previous studies have shown increased Lamp1 in neural cell cultures or brain tissue from
NPC rodent models, which in some cases appears hyperglycosylated’™ 7% %, Our detection
method is not able to determine glycosylation state, and further studies are needed to determine if
NPC CSF EV Lampl is alternatively glycosylated. Interestingly, a study in four NPC patients
and four healthy controls found elevated Lamp1 in NPC cerebellar tissues, but no change in CSF

Lamp1®°. This could indicate that increased Lamp1 in NPC CSF is specific to EVs.
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There is also conflicting evidence on whether CD treatment influences Lamp1 expression
in NPC. Using human fibroblasts, one study reported that Lamp1 expression is elevated in NPC
fibroblasts only after treatment with CD'?. In contrast, Cawley et. al. reported that CD decreases
Lamp] expression in mouse brain tissues®”. Neither study investigated the effect of CD on the
Lamp]1 content of NPC EVs. Thus, further research is needed to determine if the alterations to

NPC CSF EV Lamp1 we identified are due to NPC pathology or CD treatment.

Finally, we found that NPC CSF EVs show increased expression of miRs-320a and -
199a/b-3p, as well as a trending increase in let-7g-5p and miR-885-5p (Fig. 2.12). Interestingly,
miRs-320a and -199a-3p play known roles in cholesterol homeostasis!" 1%2 and -885-5p is
elevated in patients with liver pathologies, which are also common to NPC!%. Other studies have
investigated miRNA changes in an NPC patient fibroblast cell line and spleen tissue of an NPC
mouse model ¥”- %, However, the differentially expressed miRNAs identified in these studies
shared no overlap with our cohort. These findings underline the tissue specificity of miRNA

expression.

Together, these studies add to a growing body of evidence that EVs are fundamentally
altered in NPC, including changes to concentration, subtype, surface proteins and miRNA cargo.
They are the first studies to examine EVs in human NPC samples, as well as CSF from any NPC
source. Thus, further examination of the role of EVs in NPC could elucidate novel disease

mechanisms, as well as identify future therapeutic targets or disease biomarkers.
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2.5: Materials and Methods
2.5a: Study Participants

CSF from NPC donors 1, 3, 4, and 5 was generously shared by Dr. Elizabeth Berry-

Kravis from patients participating in an expanded access program at Rush University Medical
Center (RUMC)!% 105 CSF from NPC donor 2 was generously shared by Dr. Joseph Quinn at
the Oregon Health and Science University (OHSU). CSF from control donors was generously
shared by Dr. Elaine Peskind at the University of Washington (UW) from a cohort of veterans
participating in an ongoing longitudinal multimodal assessment!'®. Institutional Review Board
approval was obtained from RUMC, OHSU, Veterans Affairs Puget Sound Health Care System
and UW, as applicable. Written informed consent by parents and assent from developmentally
appropriate participants was obtained; patients older than 18 years consented for themselves
when applicable. Participants at all locations underwent detailed evaluations consisting of
medical history, physical and neurological examinations, laboratory tests, and
neuropsychological assessments. We certify that the study was performed in accordance with the

ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments'?’.

2.5b: CSF Collection and Storage

CSF was collected through a minimally invasive lumbar puncture as previously
described!% 1% CSF was aliquoted and frozen on dry ice at the bedside, then stored at -80°C.
CSF samples were transported on dry ice to OHSU, and each sample aliquoted again to minimize
freeze-thaw cycles. CSF was then stored at -80°C until use in these experiments.
2.5¢c: CSF Concentration

Immediately prior to use, CSF samples were removed from -80°C and thawed on ice. Up
to SmLs of CSF was applied to 100kD concentrator columns (Millipore-Sigma MPE100025) in

500ul increments and centrifuged at 14,000xg at 4°C until desired concentrate volume was
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reached. The concentrator column was then flipped over, and CSF was collected into fresh
microcentrifuge tubes by centrifuging at 2,000xg for 5 minutes. Phosphate-buffered saline (PBS)
was added to achieve the final volume. Initial and final volumes of CSF varied by downstream
application (see Table 2.3).
2.5d: CSF EV Enrichment

Enrichment for CSF EVs was performed using SEC. CSF samples were concentrated as
described above to a final volume of 150ul. SEC was performed using Single 35nm Gen2
columns (Izon Science ICS-35) for SEC. Prior to use, SEC columns were brought to room
temperature and washed with PBS, according to the manufacturer’s instructions. To begin SEC,
150pul of concentrated CSF was applied to the column and allowed to enter the frit. Next, 870ul
of PBS was applied to the column and collected as the void fraction; then, 510ul of PBS was
applied to the column iteratively to collect the EV and protein fractions. Following collection,
the fractions were stored on ice until use. If necessary, the EV fraction was further concentrated
using 30kD concentrator columns spun at 14,000xg until desired volume was reached (Millipore-
Sigma MRCFORO030).
2.5e: Immunoblots

Protein concentrations were measured using the Qubit protein assay kit and Qubit 4
fluorometer (Thermo Fisher Scientific; TFS). Gel electrophoresis was performed using 4-12%
Bis-Tris gels run at 125V at room temperature in MOPS buffer. Proteins were transferred to
PVDF membranes (Millipore) in NuPage transfer buffer (Invitrogen) with 10% methanol for 2
hours at 100V at 4°C. PVDF membranes were stained with a total protein stain (TFS) according
to the manufacturer’s instructions and blocked for 1 hour in 5% milk in 1XTBS with 0.05%

Tween-20 (TBST). Membranes were incubated in primary antibodies overnight at 4°C, then
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washed 4 times with 0.1% TBST and stained with secondary antibodies for 1 hour at room
temperature (RT). All antibody incubations and washes were performed in 1XTBS with 0.5%
Tween-20. After secondary incubations membranes were incubated for five minutes in Pico,
Femto, or Atto chemiluminescence dyes (TFS) and imaged using the ChemiDoc Touch Imaging
System (Bio-Rad). The following antibodies were used: Albumin 1:1,000 (#4929, Cell Signaling
Technology); ApoAl (12C8) 1:200 (sc-080551, Santa Cruz Biotechnology); CD63 (H5C6)
1:5,000 (556019, BD Biosciences); CD81 (B-11) 1:100 (sc-166029, Santa Cruz Biotechnology);
and Flotillin-1 1:10,000 (ab133497, Abcam). Secondary antibodies were purchased from Jackson
ImmunoResearch and included horseradish peroxidase (HRP)—conjugated donkey anti-mouse
(715-035-150), donkey anti-rabbit (711-035-152), and donkey anti-goat (705-035-003); all
secondaries were used at 1:10,000.
2.5f: Transmission Electron Microscopy

Pooled SEC EV fractions from a representative NPC CSF sample were concentrated and
delivered on wet ice to the OHSU Multiscale Microscopy Core for preparation and imaging. Five
ul of EVs were deposited on glow-discharged (120s 15 mAmp, negative mode) carbon formvar
400 mesh copper grids (01822-F, Ted Pella, Inc.) for 3 minutes, rinsed for 15 seconds in water,
wicked on Whatman filter paper 1, stained for 60 seconds in filtered 1.33% (w/v) uranyl acetate
in water, wicked again, and air dried. Samples were then imaged by using the Multiscale
Microscopy Core at 120 kV on a FEI Tecnai™ Spirit TEM system (TFS). Images were acquired
as 2048 x 2048 pixel, 16-bit gray scale files using the FEI’s TEM Imaging & Analysis interface

on an Eagle™ 2K CCD multiscan camera.
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2.5g: Microchip Resistive Pulse Sensing
MRPS was performed using the nCS1™ Particle Analyzer and C-400 microchips

(Spectradyne Particle Analysis). Prior to use the instrument was primed with 1X PBS without
calcium and magnesium containing 1% Tween-20 (running buffer) using the supplied cleaning
cartridges cleaning cartridges and lines were flushed. For analysis, neat CSF, 10X CSF, or CSF
EVs were diluted 1:4 in running buffer and run on the nCS1. At least 500 particles were collected

per sample.

Data was analyzed using the nCS1 Data Viewer software, version 2.5.0.325. To control
for variation in microchip lots, 150 nm calibration beads of known concentration were run
alongside samples in C-400 microchips of matching lots. Discrepancies between actual and
measured size and concentration of the calibration beads were used to generate correction factors
that were applied to each sample. To generate histograms of particle size and concentration,
samples were background-subtracted and scaled to their respective correction factors. The
gaussian distribution of particle concentration and size was obtained. Particles over 200nm were

excluded from analysis.

2.5h: Direct Stochastic Optical Reconstruction Microscopy

dSTORM imaging was performed using commercially available kits according to the
manufacturer’s instructions (Oxford Nano Imaging (ONI), EV Profiler 2 Kit). Chips containing
four imaging lanes each were coated with antibodies against CD63, CD9, and CD81. Ten pL of
neat CSF or CSF concentrated to 10X, 25X, 50X, or 75X were applied to each imaging lane for
EV capture. Chips were incubated overnight at 4°C while slowly rocking. All steps were

performed in a humidity chamber in the dark.
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Following EV capture, chips were washed and incubated with fluorophore-conjugated
detection antibodies against CD81 (647), CDS81 (561), and CD9 (488) (ONI). Imaging was
performed on an ONI using CODI Acquisition settings. All lasers were set to 40% power.
Channel mapping was performed daily using calibration chips coated with fluorescent beads
(ONI). Ten fields of view (FOVs) were captured per sample, at 1,000 frames per FOV. Each run
included platelet EVs as a positive control and capture and detection antibodies alone (no CSF)
as a negative control.

The CODI EV Profiling Application used for image analysis (ONI). Visual inspection
and an outlier test of total signal was used to remove FOVs that contained bubbles or uneven
staining. Analysis settings to identify clusters (EVs) are described in Table 2.4. To compare
between samples, the cluster count for each EV population (single/double/triple positives) was

averaged across all FOVs.

Table 2.4: dSTORM imaging analysis parameters.

647 561 | 488
Drift Correction Drift at minimum entropy (DME)
Frame Index (x1000) 0-1 1-2 2-3
Photon count 500-3000 150-3k 150-5000
Sigma (nm) 50-300 50-300 50-300
P Value 0-0.2
Localization precision (nm) 0-20
Clustering DBSCAN (40nm)
Area (nm’) 100-10,000
Circularity 0.7-1
Radius of gyration (nm) 10-100
Density (per nmz) 0-0.1
CD8I counts 2-1000
CD63 counts 1-1000
CD9 counts 2-1000
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2.5i: Vesicle Flow Cytometry

EV concentration, size, and tetraspanin or Lamp1 expression was measured by VFC
using commercially available kits (VFC Assay Kit, Cellarcus Biosciences). 10X concentrated
CSF was incubated at a final concentration of 1:10 with a lipophilic membrane dye pre-diluted
1:10 (vFred) and PE-conjugated anti-tetraspanin (CD63/CD81/CD9) antibody pre-diluted 1:4 for
1 hour at 27°C. Samples were then diluted in buffer to a final dilution of 1:125 (tetraspanin
measurements) or 1:150 (Lampl measurements) and analyzed in an Amnis CellStream flow
cytometer (Cytek) using small particle detection mode. Spectral compensation was performed
using stained antibody capture beads and validated by single-stain controls. Events were
recorded for 120 seconds. Forward and side scatter lasers were set to zero; remaining lasers were
set to 100. All samples were run in triplicate wells. As negative controls each run included
unstained samples, membrane-dye only samples, and samples with lysis buffer. As positive
controls each run included platelet-derived EVs and synthetic 100nm lipo-beads (Cellarcus

Biosciences).

Data analysis was performed using FCS Express 7 Research Edition and templates
provided by Cellarcus Biosciences. A summary of analysis settings and gating strategies is

provided in Supplemental Figs S2.3-2.5, S2.7, and S2.8.

2.5j: Multiplexed Bead-Based Flow Cytometry

MBFC was performed using commercially available kits and reagents according to the
manufacturer’s instructions (Miltenyi Bioscience MacsPlex EV Human Neuro kit). Prior to
MBFC analysis CSF aliquots were thawed on ice and centrifuged at 4°C for 10 minutes at
400xg. Supernatant was collected and centrifuged at 4°C for 10 minutes at 2,000xg. 120uL of the

supernatant was transferred to a new tube and incubated with antigen-coated capture beads
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(Miltenyi Biosciences) overnight at RT while rotating. For detection, samples were then
incubated with fluorophore-conjugated beads coated in antigens against CD63, CD81, and CD9.
Sample buffer was processed identically to CSF samples for use as a negative control. Flow
cytometry was performed on a BD Biosciences LSR II with the following laser settings: forward
scatter 350, side scatter 200, 488-1 360, 488-2 520, 633-1. Events were collected for 120 seconds

with run speed at low.

Data analysis was performed using FlowJo version 10.10.0. The median APC value of
each population was extracted. Values were buffer-subtracted and log10 transformed.
Populations with APC values equal to buffer were considered not expressed; populations with
APC values below buffer were considered negative and removed from the analysis. Populations
that had APC values greater than buffer were considered expressed. Only markers present at
detectable levels in at least eight of ten samples were analyzed.
2.5k: RNA Isolation

CSF EVs were enriched using SEC as described and 500ul of the EV fraction was used
for miRNA analysis. RNA was extracted from EVs using the Urine miRNA Purification Kit
(Norgen Biotek Corp), according to the manufacturer’s instructions. Prior to final RNA elution
samples were incubated with 30uL of elution buffer for 10 minutes at RT. To confirm successful
isolations, 2uL of eluted RNA was analyzed using the Qubit miRNA assay kit and Qubit 4
fluorometer (TFS). Isolated RNA was stored overnight at -20°C prior to qPCR.

2.51: MiRNA qPCR

CSF EV miRNA was analyzed by TagMan qPCR arrays (TFS). MiRNA was converted to

cDNA using the TagMan Advanced miRNA ¢cDNA Synthesis kit (A28007, TFS). Briefly, 3uL of

total RNA was 3’ poly-adenylated, followed by a 5° adaptor ligation step and reverse
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transcription. The resulting cDNA (5uL) was added to a 14-cycle universal miR-amplification
step. The miR-amplification reaction was diluted 1:10 with nuclease free water, 220uL of the
diluted cDNA was mixed with 220uL of nuclease free water and 440uL of TagMan Fast
Advanced master mix (4444556, TFS). The gPCR mix (100uL) was loaded into each of the 8
ports of a TagMan Advanced miRNA Human A Card (A34714, TFS), TagMan Advanced miRNA
Human B Card (A34714, TFS), or TagMan Advanced Human miRNA Custom Card (TFS). All
cards included a primary endogenous normalization control (miR-16-5p), an exogenous spike-in
calibration control (cel-39-3p), and an exogenous negative control (plant ath-miR159a). Each
card was assayed using a QuantStudio 7 Flex Real-Time PCR System (4485695, TFS) with the
aid of an Orbitor RS2 Microplate Mover (ORB2001, TFS) to increase throughput and ensure
each RNA isolation batch was processed on the same day. As a negative control, one card was
run as described with water included in place of RNA.
2.5m: MiRNA Analysis

QuantStudio 12K Flex Software v1.3 and ExpressionSuite software v1.3 was used to
process the qPCR data. MiRNA amplification values were calculated from the quantification
cycle (Cq; number of PCR cycles before signal surpasses background) using automated baseline
and threshold values determined by ExpressionSuite. MiRNAs with Cq < 34.000 were
considered expressed. MiRNAs that showed no amplification (“undetected’) or had Cq values
over 34.000 were considered not expressed and censored at Cq=34. Amplification quality,
calculated by Expression Suite, was further evaluated by Amplification Score (signal quality
during the linear phase of amplification) and Cq Confidence (statistical confidence in the Cq

value). MiRNAs with an Amplification Score < 0.950 and/or a Cq Confidence < 0.750 were
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considered technical failures and removed from analysis. We also verified that there was little to

no amplification in the exogenous negative control in each sample (plant ath-miR159a).

After filtering, miRNAs with good quality amplifications were calibrated and normalized.
To control for technical variation in the quality of RNA isolation between samples, Cq values
were calibrated with two normalization factors calculated for each sample: the Cq of the
exogenous spike-in miRNA (cel-miR-39-3p); and the median Cq of all miRNAs that showed

good quality amplification in all samples (n=24).

Sample normalization was performed by calculating the average expression of 4
endogenous controls for each sample. Endogenous controls were selected by identifying which
miRNAs showed the most stable Cq values across all samples. The average endogenous Cq
value was then subtracted from the Cq values of each miRNA to generate ACq. To compare
expression between control and NPC samples, the AACq was calculated by subtracting the ACq
of the control from the ACq of the NPC samples. The fold change (RQ) was calculated by using
the 2244 method, with RQ > 1 indicating increased miRNA expression. Statistical significance
was calculated by comparing the ACq of the control replicates with the ACq of the NPC
replicates (Welch’s t test). Data is shown as a Volcano plot (—Log10 (g-value) vs. the Log2(Fold
change)) and the ACq mean =+ standard error mean (SEM).
2.5n: MiRNA Target Prediction and Pathway Analysis

Identification of mRNA targets of the two differentially expressed miRNAs was
performed using the online data base miRTarBase 2022% (experimentally validated mRNA)
targets) and online prediction tools TargetScan Human version 8.0°” and miRDB 2020
(predicted mRNA targets). To limit the number of predicted targets, we only included mRNAs

that had a Cumulative Weighted Score above 0.3 in TargetScan or a target score above 80 in
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miRDB. The combined list of validated or predicted mRNA targets of both miRNAs (n=1,390)
was input into QIAGEN Ingenuity Pathway Analysis IPA). Significant canonical pathways were
based on adjusted p-values using a BH false discovery rate (FDR) threshold of 0.1. In order to
avoid the knowledge bias towards cancer in IPA, cancer related tissues, cell lines, and diseases
were excluded from the analysis.
2.50: Statistical Analysis

For VFC, MBFC, and miRNA experiments the samples were randomized, and the
experimenter was blinded to group and sample identity. Data were analyzed with GraphPad
Prism software v10.1.0 (GraphPad Software, Inc). The number of biological and technical
replicates in each experiment are indicated in figure legends and results were averaged.
Statistical tests were performed as indicated in legends. To compare between two groups Welch’s
t-test was used; for analyses involving more than four t-tests an FDR with a 20% BH correction
was applied. Comparisons between more groups in VFC analysis was performed using two-way
ANOVAs with Tukey’s correction. Relationships between two variables were assessed using

Pearson’s correlation tests and simple linear regression.
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2.6: Supplementary Figures
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Supplementary Fig 2.1: Donor age correlates with CSF EV protein content. A) CSF from NPC patients
and older controls was concentrated 10X and analyzed by immunoblot. EV proteins Flotillin-1 and CD81
were measured, as was total protein stain. B, C) Quantification of Flotillin-1 and CD81 band normalized to
total protein stain (TPS) shows expression is elevated in NPC CSF samples as compared to controls. Bars
represent the mean and standard error of each population; data analyzed by Welch’s t test. D, E) Pearson’s
correlations show age of CSF donor significantly correlates with CSF Flotillin-1 (D) and CD81 (E) protein
expression.
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Figure S2.2: Identification of optimal CSF dilution tetraspanin staining via VFC. CSF samples were
concentrated 10X and incubated with membrane dye and tetraspanin antibodies at a final dilution of 1:50,
1:100, 1:200, 1:400, or 1:800. A) In keeping with ISEV recommendations, dilution curves were used to
identify the CSF pre-stain dilution that results in ~50,000 particle counts. B) CSF particle size does not change
with dilution, confirming less dilute samples (1:50-1:200) do not result in particle swarm.
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Figure S2.3: VFC time and area gates. A) Time gate of representative CSF sample. Plot shows number of
events occurring over a 120 second run time. The time gate (red line) removes the first and last 3 seconds of
the run to exclude fluidic anomalies. B) Area gate of representative CSF sample. Plot shows the area of
particles occurring the in 488 FITC channel. Area gate (red line) is drawn to exclude background signal with
no area, or signal with area greater than 4 pixels (coincident or out of focus events).
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Figure S2.4: VFC background gating strategy to measure CSF tetraspanin positivity. Multiple negative
controls are included in VFC studies to ensure background signal is removed. A) Unstained CSF shows near
negative signal in both the FITC and PE channels. B) CSF sample stained only with membrane dye shows strong
signal in the FITC channel, as expected. Signal appearing in the PE channel is considered background and gated
out. C) Buffer stained with both membrane dye and tetraspanin antibody shows some signal in both the FITC
and PE channels, which is considered background and gated out. D) Final gates applied to fully stained CSF
sample allow for the inclusion of true signal and removal of background. Red lines on all plots represent final
gates that have been adjusted to remove all background signals. Number of gated membranous particles (left)
depicted in bright red on each plot; number of membranous and tetraspanin positive particles (right) written in

dark red on each plot.
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Figure S2.5: VFC negative and positive controls. To verify that gated events in CSF truly represent EV
signal, multiple controls are included in each run. A) After completion of the standard staining protocol CSF
samples are incubated in lysis buffer (0.1% Triton-X 100 PBS solution) for ten minutes to ensure signal is
EV-derived. B) Liposomes of known size that are membrane-positive, tetraspanin-negative are used as a
positive control to validate VFC size calculations gating strategies. C) Platelet EV's that are membrane- and
tetraspanin-positive are included as a positive control for staining and gating procedures. All plots display

signal occurring in FITC (488) or PE (561) channels; red lines represent applied membrane or tetraspanin
gates.

72



w
N
c\
>

100+
80+
60+

40~

CD63+ Clusters

20+

0.022

15007

1000 |

5007

CD9/CD81+ Clusters

I I
Control NPC

I I
Control NPC

S2.6B

100+
& Control
I NPC
80
g
2 60
)
&
8 40
@]
207 - Control Average
0
LI Y
SRR gz S
CSF Sample
S2.6D. 5000
I Control
o I NPC
&E15007 [ EETLRETE R TETRRIEES  ERERETERETEREREL Control Average
E _
)
+
= 1000+
a
Q
a
O 500
G T T T T T
AN N S % 5
& O o O
SO @@@&
CSF Sample

Figure S2.6: Increased CD63+ and decreased CD9/CD81+ EVS NPC CSF. A) There is a significant
increase in CD63 single positive EVs in NPC CSF relative to controls (nested t-test). Graph displays the
mean and SEM of control and NPC samples. Symbols represent individual samples averaged across all
images. B) Count of CD63+ EVs in each CSF sample (average of all replicates). Dashed line corresponds
to the average of all control samples. C) There is a significant decrease in CD9/CD81 double positive EVs
in NPC CSF relative to controls (nested t-test). Graph displays the mean and SEM of control and NPC
samples. Symbols represent individual samples (average of four to ten technical replicates). D) Count of
CD9/CD81+ EVs in each CSF sample (average of all replicates). Dashed line corresponds to the average
of all control samples.
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CD106
Lampl
CDl11b
CD13
CD133/1
CD140a
CD171
CD222
CD24
CD29
CD31
CD340
CD36
CD38
CD44
CD47
CD49a
CD49e
CD49f
CD54
CD56
CD63
Lamp4
CD81
CD9
CD90
CSPG4
CX3CRI
EGFR
GLAST
04
PDPN

Differential Expression
p-Value Fold Change

0.975 0.98
0.029 1.94
0.943 0.98
0.758 1.35
0.161 2.18
0.151 1.71
0.981 0.99
0.615 0.62
0.716 0.92
0.721 0.94
0.598 1.47
0.115 4.03
0.656 0.87
0.682 1.32
0.731 1.16
0.281 0.70
0.813 1.10
0.619 1.13
0.894 1.01
0.965 1.01
0.262 0.35
0.847 1.04
0.092 5.03
0.304 0.85
0.213 0.75
0.599 1.53
0.589 0.83
0.213 0.52
0.213 0.79
0.624 1.65
0.643 0.87
0.394 0.78

q-Value
0.981
0.853
0.981
0.971
0.853
0.853
0.981
0.971
0.971
0.971
0.971
0.853
0.971
0.971
0.971
0.884
0.981
0.971
0.981
0.981
0.884
0.981
0.853
0.884
0.853
0.971
0.971
0.853
0.853
0.971
0.971
0.971

60000

40000+

20000+

Membranous Particle Counts

1 1 1
50 125 150 200
Dilution

Supplementary Table 2.1: Evaluation of EV
surface marker expression in NPC versus control
CSF. p-values derived from of Welch’s t tests. Fold
changes represent the ratio of average NPC
expression over average control expression. g-values
derived from multiple comparisons testing (FDR
with 20% BH correction). Green highlight designates
values that met our cut-offs for significance in each
category.
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Figure S2.7: Identification of optimal CSF dilution for Lampl staining via VFC. CSF samples were
concentrated 10X and incubated with membrane dye and tetraspanin antibodies at a final dilution of 1:50, 1:100,
1:200, 1:400, or 1:800. A) In keeping with ISEV recommendations, dilution curves were used to identify the
CSF pre-stain dilution that results in ~50,000 particle counts. B) CSF particle size does not change with dilution,

confirming less dilute samples (1:50-1:200) do not result in particle swarm.
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Figure S2.8: VFC background gating strategy to measure CSF Lamp1 positivity. Multiple negative controls
are included in VFC studies to ensure background signal is removed. A) Unstained CSF shows near negative
signal in both the FITC and PE channels. B) CSF sample stained only with membrane dye shows strong signal
in the FITC channel, as expected. Signal appearing in the PE channel is considered background and gated out.
C) Buffer stained with both membrane dye and Lamp1 antibody shows some signal in both the FITC and PE
channels, which is considered background and gated out. D) Final gates applied to fully stained CSF sample
allow for the inclusion of true signal and removal of background. Red lines on all plots represent final gates that
have been adjusted to remove all background signals. Number of gated membranous particles (left) depicted in
bright red on each plot; number of membranous and Lamp1 positive particles (right) written in dark red on each

plot.
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Clinical Correlations

Age of Onset Age of Collection NPC-SS Months on CD
P q r P q r P q r P q r
CD106 0.082 0.516 -0.830 0.166 0.642 -0.725 0435 0.882 0461 0.829 0985 0.134
Cdl07a 0.152 0.642 -0.741 0.239 0.789 -0.646 0.672 0975 0.261 0.362 0.882 0.526
CDl11b 0.364 0.882 -0.525 0.497 0949 -0.407 0.669 0975 0.263 0.016 0.320 0.943
CD13 0.078 0.516 -0.836 0.019 0.320 -0.937 0952 0.993 -0.038 0.541 0.949 0.369
CDI133/1 0.621 0975 -0.303 0.625 0975 -0.299 0.970 0.993 0.024 0.045 0.444 0.887
CD140a 0.744 0.975 -0.203 0.514 0949 -0.392 0.605 0971 -0.316 0.475 0.935 -0.426
CD171 0.589 0.967 -0.329 0.647 0975 -0.281 0.811 0985 0.149 0.607 0971 -0.314
CD222 0.420 0.882 -0.580 0.335 0.882 -0.665 0985 0993 -0.015 0977 0993 0.023
CD24 0.910 0993 -0.071 0.746 0975 -0.201 0.534 0949 -0.375 0.133 0.610 0.763
CD29 0.082 0.5l6 -0.829 0.111 0.570 -0.791 0.713 0975 0.227 0.016 0.320 0.944
CD31 0993 0.993 -0.0l11 0.683 0975 -0478 0.580 0.965 -0.612 0.523 0.949 -0.682
CD340 0.125 0.592 -0.774 0.164 0.642 -0.728 0.653 0975 0.276 0902 0993 0.077
CD36 0428 0.882 0467 0425 0.882 0470 0.804 0985 -0.155 0.579 0965 0.337
CD38 0.802 0.985 -0.198 0920 0993 0.080 0.535 0949 0465 0.231 0.789 -0.770
CD44 0415 0.882 -0478 0426 0.882 -0469 0.885 0.993 0.090 0.025 0.320 0.924
CD47 0.729 0.975 -0.214 0978 0993 0.017 0.258 0.827 0.626 0.352 0.882 -0.536
CD49a 0.044 0.444 -0.888 0.000 0.051 -0.995 0963 0993 -0.029 0.279 0.852 0.605
CD49%e 0.099 0.527 -0.807 0.066 0.508 -0.854 0912 0993 0.069 0.702 0975 0.236
CD49f 0.382 0.882 -0.509 0.274 0.852 -0.611 0.732 0975 -0.212 0.025 0.320 0.924
CD54 0.287 0.853 -0.598 0.338 0.882 -0.549 0.787 0985 0.168 0.001 0.090 0.989
CD56 0.065 0.508 -0.935 0.093 0.516 -0.907 0.570 0965 0430 0.402 0.882 0.599
CDe63 0.380 0.882 -0.510 0.691 00975 -0.246 0.325 0.882 0.561 0.171 0.643 0.719
CDe68 0.055 0.504 -0.870 0.090 0.516 -0.819 0.732 0975 0.212 0.067 0.508 0.851
CD&l1 0933 0.993 -0.053 0944 0993 0.044 0.844 0985 0.123 0.150 0.642 0.744
CD9 0956 0.993 -0.035 0922 0993 0.061 0.846 0985 0.121 0.159 0.642 0.733
CD90 0.393 0.882 -0.607 0.391 0.882 -0.609 0.797 0985 0.203 0.813 0.985 -0.187
CSPG4 0.816 0.985 -0.145 0929 0993 -0.056 0.646 0975 0.282 0.240 0.789 -0.645
CX3CRl1 0.816 0985 -0.145 0923 0993 0.061 0.508 0949 0.397 0.184 0.674 0.704
EGFR 0.007 0.303 -0.967 0.090 0.516 -0.819 0.351 0.882 0.537 0441 0.882 0.456
GLAST 0.033 0.389 -0.907 0.012 0320 -0952 0.842 00985 0.125 0.490 0.949 0.412
04 0.385 0.882 0.506 0.730 0975 0.214 0.116 0.573 -0.784 0.727 0975 0.216
PDPN 0.192 0.682 -0.696 0.301 0.876 -0.584 0.550 0952 0361 0.025 0320 0.924

Supplementary Table 2.2: Evaluation of CSF EV surface protein correlations with NPC clinical data. p-
values and r-values derived from of Pearson’s test. q-values derived from multiple comparisons testing (FDR
with 20% BH correction). Green highlight designates values that met our cut-offs for significance in each

category.
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Age at Sampling Age of Onset NPC-SS Months on CD

miRNA
P r p r P r p r
hsa-let-7a-5p 0.66 -0.19 0.96 -0.04 0.14 -0.86 0.30 0.85
hsa-let-7d-5p 0.29 -0.40 0.85 -0.12 0.29 -0.59 0.18 0.73
hsa-let-7g-5p 0.71 0.14 0.82 0.14 0.10 -0.80 0.96 0.15
hsa-miR-100-5p 0.05 -0.68 0.06 -0.86 0.76 -0.19 0.19 0.68
hsa-miR-125a-5p 0.01 -0.82 0.08 -0.84 0.74 0.21 0.42 0.43
hsa-miR-1260a 0.72 0.14 0.40 -0.49 0.02 0.94 0.87 0.06
hsa-miR-144-3p 0.30 0.39 0.16 0.73 0.49 -0.41 0.75 -0.09
hsa-miR-153-3p 0.74 0.13 0.71 0.23 0.09 -0.82 0.61 0.37
hsa-miR-17-5p 0.36 0.35 0.52 0.39 0.17 0.72 0.96 -0.02
hsa-miR-181c-5p 0.89 0.06 0.62 0.30 0.84 0.12 0.26 0.57
hsa-miR-199a/b-3p 0.86 0.07 0.63 0.30 0.39 -0.50 0.08 0.75
hsa-miR-200a-3p 0.64 -0.20 0.89 -0.08 0.62 -0.30 0.42 0.62
hsa-miR-204-5p 0.37 0.34 0.18 0.71 0.85 0.12 0.02 0.97
hsa-miR-21-5p 0.62 -0.19 0.03 -0.92 1.00 0.00 0.16 0.71
hsa-miR-223-3p 0.25 0.43 0.06 0.87 0.32 0.57 0.78 -0.17
hsa-miR-29a-3p 0.11 0.61 0.35 0.65 0.82 0.18 0.51 0.32
hsa-miR-320a 0.73 0.15 0.24 0.65 0.93 0.06 0.70 0.19
hsa-miR-342-3p 0.60 0.20 0.75 0.20 0.78 0.17 0.05 0.91
hsa-miR-34c-5p 0.64 -0.18 0.56 0.36 0.42 0.48 0.53 0.53
hsa-miR-374a-5p 0.16 0.51 0.60 0.32 0.21 0.68 0.24 -0.65
hsa-miR-374b-5p 0.98 -0.01 0.72 0.22 0.26 -0.63 0.40 0.54
hsa-miR-376a-3p 0.59 0.21 0.58 -0.34 0.49 -0.41 0.14 0.83
hsa-miR-380-3p 0.76 0.12 0.32 0.56 0.32 -0.57 0.92 0.16
hsa-miR-423-5p 0.86 -0.07 0.74 0.21 0.03 0.91 0.56 0.27
hsa-miR-448 0.94 0.03 0.57 0.35 0.24 -0.64 0.49 0.45
hsa-miR-502-3p 0.87 -0.06 0.73 0.21 0.39 -0.50 0.37 0.59
hsa-miR-524-3p 0.46 -0.31 0.52 -0.48 0.14 0.86 0.27 0.87
hsa-miR-628-3p 0.95 -0.03 0.80 -0.16 0.57 0.35 0.28 0.45
hsa-miR-653-5p 0.66 0.17 0.51 0.40 0.97 -0.03 0.40 0.52
hsa-miR-885-5p 0.94 0.03 0.25 0.64 0.10 -0.81 0.99 0.02

Supplementary Table 2.3: Evaluation of CSF EV miRNA correlations with NPC clinical data. p-values
and r-values derived from of Pearson’s test. Green highlight designates p-values<0.05; no values survived
20% BH FDR. miRNAs in bold were upregulated in comparison to control CSF EVs.
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CHAPTER 3: ALTERED CONCENTRATION AND PROTEIN CARGO IN
NPC DERMAL FIBROBLAST EVS

3.1: Abstract

Niemann Pick Disease Type C (NPC) is a rare autosomal recessive disorder caused by
primarily mutations in the NPC1 protein, which is responsible for transporting cholesterol out of
endolysosomes. We previously demonstrated that cerebrospinal fluid (CSF) from NPC patients
contains increased concentration of extracellular vesicles (EVs) as compared to healthy controls,
and that NPC EVs carry different proteins and miRNA cargo. Here, we investigated whether
NPC EV alterations also extend to patient fibroblasts. We isolated EVs from dermal fibroblasts
from healthy control donors (n=3) and NPC patients (n=5) with different NPC/ gene mutations.
We found that EV concentration was inversely correlated with NPC1 protein expression in
fibroblast cells. Treatment with hydroxypropyl-p-cyclodextrin (CD), an experimental treatment
for NPC patients that is currently in Phase III clinical trials, was able to partially attenuate the
increase in EV concentration between NPC and control cells. We also found that fibroblast EVs
are significantly enriched in lysosomal-associated membrane protein 1 (Lampl), a protein
previously implicated in NPC. These data demonstrate that NPC EV alterations are not unique to

CSF, but may be part of NPC pathology more broadly.

3.2: Introduction

In Chapter 2, we discovered a number of alterations to EVs CSF of NPC patients as
compared to healthy controls. These include an increase in the overall concentration of CSF EVs;
an expansion of EVs originating from the endosome; and an enrichment for disease-relevant
cargo, including Lamp1 and miRNA-320a, which regulates cholesterol. However, the NPC

patients in this study were undergoing treatment with the experimental drug CD, while the
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healthy control cohort was untreated. It is thus unknown if the alterations we observed are due to

NPC pathology or to the CD treatment.

Until very recently, there were no FDA approved drugs for NPC. However, CD became
available to NPC patients under expanded access (also termed “compassionate care”) guidelines
in 2009, and since then it has been used to treat many patients” !, CD is a large polysaccharide
commonly used as a drug vehicle due to its ability to bind and solubilize hydrophobic, lipid-
dense molecules; in fact, the positive impact of CD on NPC was discovered by accident when it
was used as a vehicle-only control. CD enters the cell through endocytosis and is delivered
directly to endolysosomes, where it is thought to improve NPC pathology by redistributing

cholesterol and other lipids from endolysosomes to other sites in the cell®’.

Despite success in animal models, CD clinical trials in NPC patients have generated
conflicting results. In an 18-month phase 1-2a trial, CD successfully slowed disease progression
in NPC patients (n=14)''. This was followed by a one-year phase 2-3 trial in 56 patients which
failed to show significant differences between treatment and placebo cohorts (NCT02534844).
However, the design of the phase 2-3 trial (randomized control trial with a placebo occurring
over one year) has been criticized, as there was unequal randomization, higher variability than
expected, and likely not enough time to observe treatment effects’. Thus, further research into the

efficacy of CD as an NPC therapeutic is needed.

Interestingly, the NPCI gene is ubiquitously expressed in every cell type at relatively
consistent levels’. Why NPCI mutations cause a primarily neurodegenerative phenotype,
particularly in the cerebellum, is largely unknown?!. There is thus great interest in identifying

alterations in NPC that are unique to the central nervous system (CNS).
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To address the CD treatment effect and explore CNS versus peripheral changes to EVs in
NPC, we turned to in vitro experiments. We obtained dermal fibroblasts from healthy control
donors (n=3) and NPC patients (n=5). As in Chapter 2, the NPC patient donors carried different
NPC1 mutations, which allows for a better representation of NPC heterogeneity. Using these
cells, we sought to determine how EV concentration and molecular cargo was altered in NPC
fibroblasts, again focusing on EV surface markers and miRNA content to align with our CSF
data, and to then examine the effect of CD on these cells. Our results included areas of overlap
between CSF and fibroblast EVs, including Lampl] alterations, as well as unique findings in
regard to EV concentration and miRNA expression. Together, these studies add to a growing

body of evidence that EVs are fundamentally altered by NPC pathology.

3.3: Results

3.3a: Fibroblast Cell Line Characteristics and Heterogeneity

The demographic and clinical characteristics of dermal fibroblast cell lines from healthy
control donors (n=3) and NPC patients (n=5) are detailed in Table 3.1. Although all information
was not available for NPC 4, effort was made to match the age at collection between control and
NPC lines (control average age = 23.7, standard deviation = 2.5; NPC average age = 23.3,
standard deviation = 6.8, excluding NPC 4 of unknown age). One donor was female (NPC 3)

while all others were male; we expect this had minimal impact as sex differences have not been

Table 3.1: Human dermal fibroblast samples observed in NPC

Status | Sample|  somree | sex | JWCE | ROD | ety | patients®
NPC 1 Rush M 23 13 Mild
NPC 2 Rush M 31 31 Moderate

I:E(; NPC 3 Rush F 18 16 Mild-Moderate The NPC
NPC 4 Coriell GM18453 M  Unknown Unknown Unknown .
NPC 5 Rush M 21 22mos Mild donors displayed
CTL 1 Coriell GM23972 M 26 - - L

C"}:‘g"ls CTL2 Coriell GM03652 M 24 - - heterogeneity in

CTL 3 Coriell GM03377 M 19 - -
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age of disease onset, which refers to the age at which neurological symptoms first appeared and
can be broadly used to predict patient symptoms and disease progression’. In our cohort, one
patient presented in the early infantile group (NPC-5, age of onset 22 months), which is
associated with epileptic symptoms and enlarged spleen; one presented in the juvenile group
(NPC-2, age of onset 13 years), which typically includes both muscle control issues and
cognitive decline; two presented in the adult group (NPC-1, age of onset 23; NPC-3, age of onset
18), which is less likely to include seizures and more likely to include neurodegeneration and
cognitive impairment; and age on onset for NPC-4 is unknown*. Disease severity, as indicated by
the treating physician, ranged from mild to moderate for the four donors with clinical

information.

The genetic mutations of each patient donor and resulting protein alterations are
described in Table 3.2 and Fig 3.1. Prior to experimentation, we confirmed the NPC/ mutations
in each cell line using Sanger sequencing (Supplementary Fig 3.1). The NPC1 protein contains
13 transmembrane domains (TMDs), which include a sterol-sensing domain (SSD), as well as
three luminal-facing domains that include binding sites for the NPC2 protein and for
cholesterol®. While the exact impact of each mutation on NPC1 protein function is unknown,
inferences can be made from the protein domains each mutation occurred in'’. We also measured
NPCI protein expression in each cell line by immunoblot, allowing for some genotype-
phenotype comparisons of protein expression (Fig 3.2A, B). The mutations of three fibroblast
cell lines (NPC-1, NPC-2, and NPC-3) matched mutations carried by CSF donors described in
Chapter 2. NPC-1 carried the S667L mutation in the SSD and T137M at the luminal site of

cholesterol binding. SSD mutations typically lead to severe protein misfolding, causing most of
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Table 3.2: NPC fibroblast mutations.

Allele 1 Allele 2
Sample Gene Protein Gene Protein
NPC 1 2000 C>T S667L 410 C>=T T137M
NPC2 2196dupT  S733fsX10 | 1301 C>T P434L
NPC 3 3425 T=C M1142T 2366 G=A R789H
NPC 4 3182 T=C 11061T 3182 T=C I1061T
NPC 5 3182 T=C 11061T 3182 T=C I1061T
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Figure 3.1: NPC1 mutations in fibroblast donors. Structure of full-length NPC1 protein in nanodisc as
determined by electron microscopy (Qian et. al. 2020) was accessed from the Protein Data Bank (PDB:6WS5R).
Mutated residues mutated in NPC patient fibroblasts are labelled and colored by atom type. Identification of
protein domains was based on descriptions given by Trinh et. al. 2018. Image generated in CCP4MG version

2.10.11.

the NPC1 protein to be degraded; indeed, by immunoblot, very little NPC1 protein was

expressed in this cell line”!. Although SSD mutations are also correlated with infantile disease

onset’, this patient had a disease onset of 13, suggesting the T137M mutated NPC1 was able to

partially compensate for the other allele. The NPC-2 cell line carried a frameshift mutation in the

SSD as well as loss of a proline at the NPC2 binding site; this cell line showed almost no NPC1

expression by immunoblot. Both NPC-3 mutations were in the TMD but only one (R789H) was
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Figure 3.2: NPC1 expression and growth patterns of human dermal fibroblasts. A) Control and NPC
fibroblasts show differential expression of NPC1 by immunoblot. B) Quantification of NPC1 band expression
normalized to total protein stain. Values for each cell line are shown above the bars. C) Fibroblast growth rates
by cell line. Plot represents average of two independent culture flasks per time point. Control cell lines shown
in gray; NPC mutant cell lines are colored. D) Viability of fibroblast cell lines on days 4-6, depicted as the
percentage of total cells that were live. Symbols represent the mean + SEM of three independent culture flasks
per cell line.

in the SSD; NPCI1 protein expression was at the level of controls. Finally, both NPC-4 and NPC-
5 were homozygous for I11061T, which is the most common pathogenic NPC mutation and is

T This mutation occurs in the luminal C-terminal

responsible for approximately 20% of cases
domain and is associated with late infantile or juvenile disease onset, as it encodes a protein that
is functional but excessively degraded at the endoplasmic reticulum'!!. Both NPC-4 and NPC-5

showed nearly identical decreases in NPC1 protein expression, and though the age of onset for

NPC-4 is unknown, NPC-5 did show late infantile age of onset.

&3



Interestingly, NPC1 protein expression only partially predicted fibroblast growth rates
(Fig 3.2C). NPC-3 showed NPC1 expression near controls and, as expected, grew at a similar
rate to control cells. Yet NPC-2, which had the lowest NPC1 expression, also grew at a similar
rate to controls (though it did not survive as long and showed decline after one week in culture).
Despite having the same genetic mutation, NPC-4 and NPC-5 showed very different growth
patterns. To control for this variability, all experiments were performed on cells harvested at Day
4 (Controls 1-3, NPC-3, NPC-5, and NPC-2) or Day 6 (NPC-1, NPC-4). All cell lines maintained
85-95% viability at this time point (Fig 3.2D).
3.3b: Size Exclusion Chromatography Enriches for EV From Conditioned Cell Culture Media

To investigate the impact of NPC on fibroblast EVs, we first validated methods to enrich
for EVs from fibroblast media. Conditioned media was collected from each flask, centrifuged
and filtered to remove cell debris, and concentrated to a final volume of 500ul (Fig 3.3A). Size
exclusion chromatography (SEC) was then used to separate EV-rich fractions from other proteins
in conditioned media. Immunoblot confirmed that SEC fractions 1-4 contained the highest
amounts of EV proteins (Flotillin-1, CD63, and CD81) with minimal contamination from other
proteins (total protein stain) (Fig 3.3B). When pooled, fractions 1-4 showed enrichment for these
EV proteins without contamination from the cell protein GM130 (Fig 3.3C). Microchip resistive-
pulse sensing (MRPS) showed that our cell EV preparations contain approximately 1.3x10°
particles/mL with a mean size of 78.9nm (Fig 3.3D). These results confirm SEC as an effective

method for isolating EVs from fibroblast media.
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CD&81, without including other proteins (total protein stain) or cell lysate protein GM130. D)
MRPS histogram shows the distribution of particles in pooled EV fractions isolated from control
fibroblast media. Mean particle count, size, and coefficient of variation are listed.
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3.3c: NPC1 Expression Inversely Correlates with EV Concentration

Previous work has shown that fibroblast cells from one NPC patient release an increased
amount of EVs compared to healthy control cells’. To determine whether this is true in our
larger cohort of fibroblast lines, we used vesicle flow cytometry (VFC) to measure the size and
concentration of fibroblast EVs. In keeping with recommendations from the International Society
of Extracellular Vesicles (ISEV), we first validated the ideal dilution, staining, and gating
protocols for fibroblast EVs (Supplementary Fig S3.2-5). We then stained EVs from each cell
line with i) a lipophilic membrane dye to label all membranous particles (conjugated to a FITC

fluorophore in the 488 channel) (Fig 3.4A, B) and ii) a pool of antibodies against the canonical
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Fig 3.4: VFC gates of representative control and NPC fibroblast EV samples. A, B) Control (A) and NPC
fibroblast EV (B) samples are stained with a lipophilic dye conjugated to FITC. Plots show dye signal in the 488
channel. Gates depicted in bright red include all membranous particles and exclude background signal present
in negative controls. Number of gated membrane positive events is in bright red above each gate. C, D)
Membranous particles gated in A/B are further gated by tetraspanin positivity. Plots show antibody signal in the
561 channel. Gates depicted in dark red include membranous and tetraspanin positive particles (true EVs) and
exclude background signal present in negative controls. Number of gated EVs is written in dark red within each
gate.

86



tetraspanins CD63/CD81/CD?9 to label tetraspanin-positive particles (conjugated to a PE
fluorophore in the 561 channel) (Fig 3.4C, D). Particles that are both membranous and
tetraspanin positive are considered true EVs. Particle concentrations were normalized to cell

count at the time of EV collection.

In contrast to CSF, our results show no change in the concentration of total membranous
particles (Fig 3.5A) or EVs between control and NPC cells (Fig 3.4B). However, the NPC
samples showed much greater heterogeneity in concentration than the controls, which was
demonstrated by a statistically significant increase in variance by F test (p=0.045 for
membranous particles, p=0.038 for EVs). EVs were slightly smaller than all membranous
particles, but there were no significant differences in median size or size variability between
control and NPC (Fig 3.4C). Given the variability NPC samples, we examined EV concentration
by individual mutation and found that the cell line with the lowest NPC1 expression (NPC-2)
had the highest EV concentration (Fig 3.5D). Indeed, the concentration of both total
membranous particles and EVs were inversely correlated with NPC1 expression (Fig 3.5E, F).
These results indicate that loss of NPC1 protein is associated with increased concentration of

EVs.
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Figure 3.5: EV concentration from NPC fibroblasts is variable and correlates with NPC1 expression. EVs
from control and NPC fibroblasts were incubated with lipid membrane dye (FITC) and a combined antibody
against CD9/CD81/CD63 (PE). A, B) There is no change in concentration of total membranous particles (A) or
EVs (B) between control and NPC fibroblasts (Welch’s t-test), but NPC cells show significantly higher variation
than controls (F test). Boxes display the median value (middle line) + the upper and lower quartiles; symbols
represent individual cell lines (average of three replicates). Welch’s t-test p-values are listed above the plot; F
test F ratios and p-values are listed to the right. C) Median size of EVs is significantly smaller than that of
membranous particles (two-way ANOVA). There is no change in size between control and NPC membranous
particles or EVs. Symbols represent an n=3 technical replicates per sample; mean + SEM of control and NPC
are graphed. Median size of each population is shown above the bars. D) Concentration of EVs from each
fibroblast line. Bars show the mean concentration of three technical replicates per sample; error bars correspond
to SEM. Dashed line represents average of all control samples. E, F) Concentration of membranous particles
(E) and EVs (F) inversely correlate with NPC1 protein expression (Pearson’s test). Control values are in gray;
NPC values in red. Black line represents linear regression.
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3.3d: CD Treatment Partially Attenuates Elevated EV Concentrations in NPC Cell Line

CD is an experimental treatment for NPC that is currently in Phase III clinical trials
(NCT04860960). Some studies have shown that CD treatment can alter EV release, but the
relationship between CD and EVs in the context of NPC is not well understood!!?. To
investigate, we focused on the NPC-2 cell line as it showed the lowest NPC1 protein expression
and highest EV release (Fig 3.2B, Fig 3.5D). NPC-2 and Control-2 cells were treated with CD or
vehicle (water) for 48 hours, EVs were collected from cell conditioned media using SEC, and
VFC was used to compare membranous particles and tetraspanin-positive EVs. The results show

that CD treatment did not affect viability in either cell line (Fig 3.6).

The concentration of membranous particles was not affected by disease status or CD
treatment, although there was a trending increase in the NPC samples over vehicle-treated
control (Fig 3.7A). As predicted by Fig 3.5D, EV concentration was significantly increased in

NPC-2 over CTL-2 (p=0.039); yet interestingly, this effect was lost in NPC cells treated with CD

100+ ns (p=0.419) (Fig 3.7B). This indicates that CD

@ I Vehicle
3 90 B CD treatment is able to partially attenuate the increase in
pt ]
2
; EVs seen in NPC samples. In NPC cells, we also
g 80
E observed a small but significant increase in the

70-

Control2  NPC?2 diameter of total membranous particles (Fig 3.7C) but

Figure 3.6: CD treatment does not affect

fibroblast viability. Fibroblasts treated with not in EVs (Fig 3.7D). No statistically relevant size
vehicle (water) or CD for 48 hours showed no

change in viability (two-way ANOVA with differences were observed between control and NPC

Tukey’s correction). Bars represent the mean
+ SEM of three replicate cultures per cells. These results show that in NPC but not control

condition. Gray bars correspond to Control 2
cells; red bars correspond to NPC2 cells. CD cells, CD results in the release of slightly larger,

treatment is depicted by checkered pattern.
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membrane-positive but tetraspanin-negative particles, which could be larger EV populations (e.g.

microvesicles) or non-EV material.
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Figure 3.7: CD partially attenuates increased EVs in NPC fibroblasts. A) CD treatment has no impact
on the concentration of total membranous particles released from control or NPC cells. B) CD treatment
partially attenuates increased EV concentrations between NPC and control cell lines. C, D) CD treatment
slightly but significantly increases the size of membranous particles from NPC fibroblasts (C) but does not
affect EV size (E). Median size of each population is depicted above each graph. All graphs depict the mean
+ SEM of three technical replicates per condition. Gray bars correspond to Control 2 cells; red bars
correspond to NPC2 cells. CD treatment is depicted by checkered pattern. All p-values represent two-way
ANOVAs with Tukey’s correction.
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3.3e: Increased Lamp1 and ICAM-1 Expression in NPC Fibroblast EVs

Previous work in rodent models has demonstrated that NPC1 inhibition alters the protein
and lipid content of EVs!: 7>, We thus sought to investigate whether EV surface markers are
altered in our NPC fibroblast cells. Using multiplexed bead-based flow cytometry (MBFC) we
measured the expression of 37 common EV markers in our three control and five NPC cell lines.
Thirty-three proteins were expressed in all cells (Fig 3.8A). Interestingly, we observed a
significant increase in Lamp1 expression in NPC fibroblast EVs relative to controls (Fig 3.8B,
C), which aligns with our previous observations in NPC CSF EVs (Fig 2.10). There was also a
significant increase in expression of intercellular adhesion molecule-1 (ICAM-1) (Fig 3.8D, E).
Lampl and ICAM-1 expression were positively correlated (Fig 3.8F), and both correlated
negatively with NPC1 expression (Fig 3.8G,H). These results suggest that loss of NPC1 is

associated with an increase in Lamp1- and ICAM-1- positive EVs.

We further probed the cause of elevated Lamp1-positive EVs, given that we and others
have observed its increase in various NPC tissues’> 7®%_ Lampl is a lysosomal marker, and it
has been observed that NPC cells can exocytose lysosomes and lysosomal content following
cholesterol overaccumulation'!®. To confirm that our observation was due to the presence of
increased Lamp1-positive EVs and not co-isolated lysosomal proteins, we repeated MBFC on
total cell culture media without performing EV enrichment. This revealed a new set of
upregulated (Sulfatide lipids) and downregulated (NCAM1, CD44, ANPEP) surface markers, of
which the lipid class Sulfatides and protein CD44 significantly correlated with NPC1 expression
(Fig 3.9A, Supplementary Fig S3.6). However, neither Lamp1 nor ICAM-1 was differentially
expressed in conditioned media (Fig 3.9B, C), nor were their media expression values correlated

with NPC1 expression (Fig 3.9D, E).
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Figure 3.8: Increased Lampl and ICAM-1 expression on NPC fibroblast EVs. A) MBFC compared
expression of 33 surface markers NPC and control EVs from each cell line. Plot represents uncorrected Welch’s
t-test; dashed lines represent thresholds for statistical significance (P<0.05) and meaningful fold changes. Light
blue dots indicate upregulated proteins. B) Quantification of Lamp1 EV expression by Welch’s t-test. Symbols
represent normalized value of individual samples (average of two replicates); bars represent the mean + SEM of
each group. C) Lamp1 expression in individual EV samples. Dashed line corresponds to the mean expression of
all control samples. D) Quantification of ICAM-1 EV expression by Welch’s t-test. Symbols represent
normalized value of individual samples (average of two replicates); bars represent the mean = SEM of each
group. E) ICAM-1 expression in individual EV samples. Dashed line corresponds to the mean expression of all
control samples. F-H) Pearson’s correlations of Lampl and ICAM-1 expression (panel F), Lampl and NPC1
expression (panel G), and ICAM-1 and NPC1 expression (panel H). Red dots correspond to NPC samples; gray
dots correspond to controls. Black lines represent simple linear regression. P-values and Pearson’s r are depicted
on each graph.
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We next investigated whether elevated Lamp1 expression in fibroblast EVs was reflective
of altered cellular expression. Immunoblots on cell lysate showed that Lamp1 expression is not
altered in the fibroblast cells (Fig 3.10A-B), nor does Lamp1 cellular expression correlate with
NPCI1 cellular expression (Fig 3.10C). While other studies have reported that CD treatment

100" our preliminary analysis on Control 2 and

increases Lamp1 expression in NPC fibroblasts
NPC2 cells suggests little impact of CD treatment on Lamp1 positivity in EVs (Supplementary
Fig S3.7). Together, these findings indicate that there is an EV-specific elevation of Lamp]1 in

fibroblasts in relation to loss of NPC1.

A B. C
4+ :
: 4.0+ 3.0
: 0.633
= i eSulfatides § .§ 0.051
23 : % * g :
ST INCAM] g £ 2.5 :
S 2| . CDA4ANPEP. ... & 3.5 T - =
o0 : : a 4 J 41 3 .o
1 |CSPGe Tepos! g eE 2 200 =+
i ; = CEN
0 T T - T : T T 1 3.07 157
B3 02 < 0 1 2 3 NS y L
& K -
Log2(Fold Change) 00{\‘ ~ Qo& ~
D. E
_ 3.0 _osos o A0
g ;‘:'0 503 8 X r=-0.480
S, ° ' 2 p=0.229
% ° %‘ 0 °
i.] 46} 3.5*\'\
1 () —
204 e = y
% [ ] ° % ] ‘ °
J 3
1.5 \ \ 1 3.0 \ \ \
0 500 1000 1500 0 500 1000 1500
NPC1 expression NPC1 expression

Figure 3.9: Marker expression in unfractionated fibroblast media differs from EVs A) MBFC was used
to compare the expression levels of 37 different proteins total conditioned media collected from each NPC and
control cell line. Plot represents Welch’s t-test; dashed lines represent thresholds for statistical significance and
meaningful fold changes. Dark blue dots indicate significantly up- or down-regulated proteins. Light blue dots
represent proteins with p<0.05 that failed FDR with 20% BH correction. B-C) Lamp1 (B) and ICAM1 (C) do
not show differential expression in conditioned media (Welch’s t-test). D-E) Lamp1 (D) and ICAMI1 (E) are
not significantly correlated with cellular NPC1 expression (Pearson’s r). Red dots correspond to NPC samples;
gray dots correspond to controls. Black lines represent simple linear regression.
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3.3f: MiRNA Profile of NPC EV's is Distinct from Parent Cells and Healthy Controls

We and many others have demonstrated that EV miRNA content is related to disease

pathology”’ 114, 115

, and research in mouse models and one patient fibroblast line has shown that
NPC causes alterations to cellular miRNA expression®” 3, In the previous chapter, we also
identified two miRNAs differentially expressed in NPC CSF. We thus sought to investigate

whether any miRNAs previously implicated in NPC are alternatively expressed in EVs from our

cohort of fibroblasts.

Prior to EV testing, we first determined whether miRNAs previously implicated in NPC
were differentially expressed in our three control and five NPC cell lines. We used premade
qPCR arrays that contained 377 miRNAs commonly expressed in human samples, and which
included all but one miRNA (885-5p) that we screened for in our custom qPCR CSF analysis.

Total RNA was isolated from each cell line, and equal amounts were analyzed by the qPCR
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premade array. Of the 377 miRNAs screened, 178 passed the qPCR quality control metrics and
were analyzed for differential expression (Fig3.11A). We identified three miRNAs significantly
upregulated in NPC fibroblasts relative to controls: miRs-365-3p, -654-3p, and -598-3p (Fig
3.11A-D). Only one miRNA (34c-5p) was significantly downregulated in NPC fibroblasts (Fig
3.11A), but it did not pass multiple-comparisons correction. Four additional miRNAs (miR-652-
3p, -493-3p, -134-5p, -127-3p) were significantly upregulated but did not pass multiple-
comparisons correction (Fig 3.11A). None of the miRNAs differentially expressed in our cell

lines have yet been implicated in NPC.

Next, we investigated whether the three miRNAs upregulated in NPC fibroblasts were
altered in fibroblast EVs. SEC was used to isolate EVs from conditioned media of each cell line
and total RNA was extracted. There was no difference in the total amount of RNA isolated from
controls and NPC EVs (Fig 3.12A). Out of 377 miRNAs, 22 passed our quality control metrics

and were analyzed for differential expression (Fig 3.12B). Interestingly, the miRNAs that were
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Figure 3.11: MiRNAs are differentially expressed in NPC fibroblasts. MiRNA content of control and
NPC fibroblast cells were analyzed by qPCR array. A) MiRNAs expressed in NPC versus control cells.
Dashed lines represent thresholds for statistical significance (Welch’s t-test with 20% BH FDR) and
meaningful fold changes. Dark blue dots indicate significantly upregulated miRNAs that passed FDR; light
blue indicates significantly upregulated miRNAs that failed FDR. B-D) Differentially expressed miRNAs
(B) 356-3p; (C) 654-3p; and (D) 598-3p (Welch’s t-test). Each symbol represents normalized signal of
individual cell lineage (average of technical duplicates). Lines represent the mean = SEM of control (grey)
and NPC (red) samples.
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differentially expressed in fibroblast cells were not expressed at detectable levels in fibroblast
EVs. We did observe a two-fold downregulation of miR-376a-3p in NPC fibroblast EVs relative
to controls (Fig 3.12B), though this result did not pass multiple comparisons (Fig 3.12C).
Together, these results show that miRNA content is distinct between NPC and controls, as well

as between EVs and cells.
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Figure 3.12: MiRNA 376a-3p is downregulated in NPC fibroblast EVs. MiRNA content of EVs isolated
from individual control and NPC fibroblasts were analyzed by qPCR array. A) There is no difference in the
total amount of RNA isolated from control and NPC EVs (Welch’s t-test). B) MiRNAs expressed in NPC versus
control CSF EVs. Dashed lines represent thresholds for statistical significance and meaningful fold changes.
Blue dots indicate significantly upregulated miRNAs. C) Individual graph of miR-376a expression. Each
symbol represents normalized signal of individual cell lineage (average of technical duplicates). Lines represent
the mean = SEM of control (grey) and NPC (red) samples.
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3.4: Discussion

These studies are the first to demonstrate changes to EV concentration and cargo in a
larger cohort of NPC patient fibroblasts. The only known study to investigate EVs in NPC
fibroblasts found that an NPC patient fibroblast cell line released increased EVs into conditioned
media (quantified by immunoblot)’?. The NPC donor in this study was heterozygous for the
P1007A mutation, which results in the “variant” NPC phenotype characterized by mild
cholesterol accumulation, and a truncation mutation R934.X, which would delete the lysosome-
targeting sequencing from NPC1!7. Although we do not know the amount of NPC1 expression in

this cell line, these findings are generally in agreement with our discovery that decreased NPC1

expression correlates with increased EV release (Fig 3.5E, F).

In this study, the opportunity to connect genotype, clinical data, and our EV results with
NPCI1 expression by immunoblot provided interesting results. We first noticed that although low
NPC1 expression is often correlated with earlier age of onset, this trend was not always true in
our samples. For example, patient NPC-2 had almost no NPC1 expression, yet age of onset was
31; by contrast, NPC-3 expressed NPC1 at control levels, yet had an earlier age of onset at 16.
One possible explanation is that age of onset, as provided here, refers specifically to the age at
which patients first present neurological symptoms®. It does not consider peripheral symptoms,
such as spleen and liver issues, which are more common in younger patients with severe cases”.
Age of onset is also not the age of diagnosis, and must sometimes be estimated by primary
caregivers. Finally, it is possible that our sample size of five patients (four with known ages of
onset) is simply too small to observe the trends between protein expression and age of onset that
are generally applied. This latter point underlines the challenges of working with small sample

sizes for highly heterogenous rare diseases.
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However, including additional patients can introduce its own challenges. Our fibroblast
cells from five NPC patients had variable growth patterns, with two cell lines in particular
showing extremely slow growth rates (Fig 3.2C). Interestingly, these were not the same cell lines
that had the lowest NPC1 protein expression, indicating there are additional factors that
contribute to cell growth. Many studies have shown that EV release in vitro can be altered by cell
culture conditions, including seeding density, confluency, and cell age''®. Thus, our EV
collections from the fibroblasts had to be carefully controlled and performed relatively early in
the growth phase of most cell lines, to ensure that EVs were collected form a similar number of
cells at similar densities. Primary fibroblasts are not growth-inhibited cells and can typically
survive for weeks in culture; whether we would obtain the same results from more mature
cultures is unknown. These considerations also complicate the interpretation of previous
publications on EVs and NPC cell lines, as cell culture parameters are not always fully

documented.

It is interesting to note that the correlation between NPC1 protein expression and EV
concentration was also true in our control cell lines. This indicates that the relationship between
NPC1 and EV release is not dependent on NPC disease conditions but may be due to a more

fundamental cellular pathway.

We also found that CD treatment of NPC fibroblasts lowered EV concentrations to near
control levels (Fig 3.7B). However, this study was limited to an NPC cell line that had increased
EV release compared to control fibroblasts. Whether CD would affect EVs from NPC cell lines
that do not release increased EVs versus controls is unknown. CD enters the cell through
endocytosis and is delivered directly to endolysosomes, where it is thought to improve NPC

pathology by redistributing cholesterol and other lipids from endolysosomes to other sites in the
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cell®’. Animal models, which typically use a full knockout of the NPC1 protein, have shown CD
to be highly effective at combating NPC pathology and in some cases extend the lifespan up to
120%°°. However, results in human patients have failed to show consistent results. Our results
may indicate that the effectiveness of CD treatment — which we measured as a return-to-baseline
EV concentration — may be dependent on the severity of NPC1 protein loss. Other limitations of
these experiments include the use of a single dose of CD and single duration of treatment, as well

as the use of fibroblasts rather than neuronal cells.

It is interesting to observe that the EV surface markers present in our SEC-isolated EVs
showed no overlap with markers found in total conditioned media (Fig 3.8A, 3.9A). Our method
of marker detection (MBFC) uses fluorophores conjugated to the tetraspanins CD63, CD81, and
CD9, which are commonly enriched on EVs. Yet these markers can be expressed on non-EV
nanoparticles; for example, CDS81 is expressed on the non-membranous exomeres'!”. They can
also be expressed on larger EVs, such as microvesicles and apoptotic bodies, which would be
removed during our EV isolation protocols but could be present in the total conditioned media®”.
Thus, the total conditioned media likely includes both EV- and non-EV signal. The stark contrast
between marker expression in total media versus isolated EVs underlines the specificity of
nanoparticle populations, and emphasizes the need to interpret EV studies within the context of

their methods for isolation and profiling.

Regardless of whether it is EV- or non-EV bound, the discovery of elevated sulfatide
lipids in total conditioned media contributes to a growing body of evidence that cholesterol is not
the only lipid altered by NPC pathology (Fig 3.9A, Supplementary Fig S3.6A)%*. Sulfatides
(also called glycosphingolipid sulfates) are a class of acidic glycosphingolipids (GSLs) found

118

primarily in the outer leaflet of the plasma membrane''°. GSLs are well-known to accumulate
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alongside cholesterol in NPC endolysosomes and have been implicated in other
neurodegenerative and lysosomal storage diseases, including metachromatic leukodystrophy!'!.
In fact, some studies have suggested that GSL accumulation is a primary defect of NPC cells®®

120 Our data showing that sulfatide is enriched in NPC fibroblast media, and indirectly correlate

with NPC1 expression, support the role of this lipid in NPC (Supplementary Fig S3.6A, E).

Within our SEC-isolated EVs, we observed significant enrichment for Lamp1 and ICAM-
1, both of which correlated with NPC1 expression (Fig 3.9). In agreement with other work, we
also found that there is no difference in cellular expression of Lamp1 in NPC, suggesting that
this change is specific to EVs (Fig 3.10)°°. It is possible that these findings reflect specific
packaging of Lampl into NPC EVs. However, Lamp1 may only be elevated in NPC
endolysosomes, which immunoblotting of whole cell lysate may not be sensitive enough to
detect. This has been the case of other endolysosomal disruptions in NPC, such as lipid
enrichments, which can only be observed by specifically probing endolysosomes®’. Thus, an
alternative hypothesis may be that elevated EV Lampl is driven by an increase in Lamp1 in the

membranes of endolysosomes, which then produces Lamp1-enriched exosomes.

Finally, we observed that miRNA expression differed significantly between NPC and
control fibroblasts, as well as between fibroblasts and EVs (Figs 3.11, 3.12). None of the
miRNAs differentially expressed in fibroblast cells were expressed at detectable levels in
fibroblast EVs, which agrees with previous studies highlighting the specificity of EV miRNA
packaging®® !>, Only one miRNA, miR-376a, showed a trending decrease in NPC EVs over
controls. Although not previously linked to NPC, miR-376a is dysregulated in other lipid
disorders, including an upregulation in diseases marked by high levels circulating cholesterol in

the serum'?'"'?3, Our data demonstrates that the inverse is also true: when cholesterol is
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sequestered in endolysosomes and not available to the rest of the cell, 376a is downregulated.
These data could suggest a role for 376a in pathways of cholesterol homeostasis. Further
investigation, potentially in a larger cohort of patients, will be needed to determine the

significance of miRNA 376a in NPC.

Together, these studies demonstrate that NPC pathology may alter the concentration and
molecular cargo of EVs. Many of the EV changes we observed are correlated with NPC1 protein
expression, suggesting that NPC1 protein function and EV release are fundamentally intertwined.
A better understanding of how NPC affects EVs could provide novel insight into disease biology,

and potentially identify new therapeutic targets or disease biomarkers.

3.5. Materials and Methods

3.5a: Cell Culture

Primary dermal fibroblasts were sourced from skin biopsies of the upper arm. Cells were
acquired either from Rush University Medical Center or the Coriell Institute of Medical
Research as indicated in Table 3.1. Cells were maintained in DMEM with 10% fetal bovine
serum in coated tissue-culture flasks. To passage cells, flasks were washed with PBS and
incubated with 0.05% trypsin for 5 minutes at 37°C. Trypsinized cells were spun at 300xg for 5
minutes, resuspended, and plated onto new dishes. Cell counts and viability were obtained by
trypan blue staining and a CellDrop Cell Counter (DeNovix). For CD treatments, fibroblasts
were treated with 500uM CD or water as vehicle for 48 hours.
3.5b: Fibroblast Sanger Sequencing

Prior to beginning experiments genetic mutations in the NPC/ gene were confirmed in
each fibroblast cell line. Genomic DNA was extracted from cultured NPC patient primary

fibroblast cell pellets using the Genomic DNA Purification Kit (Monarch) following the
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manufacturer’s instructions. The DNA concentration (UV 260 x 50) and purity (ratio of UV

260/280 nm) of each sample was determined using a Nanodrop 2000 (ThermoFisher Scientific,

TFS). Samples were either stored at -20°C or used immediately for downstream Polymerase

Chain Reaction (PCR).

For the PCR, 100 ng of the extracted DNA sample (NPC or control) was added to thin-

walled PCR strips containing 12.5 pl of 2X RedTaq PCR master mix (Sigma), 1 pl of forward

primer (20 pmol/ul),1 pl of reverse primer (20 pmol/ul) and water to a final reaction volume of

25 pul. Each primer set is specific to 1 of the 7 mutations found in the NPC patient set. The PCR

was run using a 40-cycle touchdown PCR program on a BioRad T-100 thermocycler. Program

details are given in Table 3.3.

PCR products were visualized using a 1.0% agarose gel containing SybrSafe intercalating

dye. 20 uL of each PCR product was loaded into the gel alongside a 1Kb DNA ladder for sizing.

The gel was run at 150 volts for 20 minutes. The resulting DNA bands were visualized and

imaged using a UV transilluminator. Bands were confirmed as the correct size and excised from

Table 3.3: PCR program steps.

1. 98°C 3 mins
2. 98°C 30 sec
3. 65°C 30 sec
-1° C per cycle

4. T72°C 45 sec
5.  GOTO step 2 10X

6. 96°C 30 sec
7. 54°C 30 sec
8. 72°C 45 sec
9.  GOTO step 6 29X

10. 72°C 5 mins
11. 4°C HOLD

the gel using a razor blade and placed into individual

Eppendorf tubes.

DNA was purified from the gel slices using a DNA
Gel Extraction Kit (New England Biolabs) following the
manufacturer’s instructions. DNA was eluted with 10 pl of
Tris-EDTA (TE) and the DNA concentration (UV 260 x 50)
and purity (ratio of UV 260/280 nm) of each sample was
determined using a Nanodrop 2000 Spectrophotometer

(TFS). PCR product DNA was stored at -20°C until use.
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Sanger sequencing was performed at OHSU’s Vollum Sanger Sequencing core following
their sample preparation instructions. Briefly, 10-20ng of each DNA sample was mixed with
water and its respective forward and reverse primers (3.2 pmol) in separate reaction tubes at a
final volume of 9ul. The reaction tubes were delivered to the core lab, and the sequencing results
were sent as both a text file and a chromatogram file. Chromatogram files were opened using the
freeware viewer Chromas. Mutations were confirmed by trimming the sequence ends and
searching for ~5 base pairs upstream of the mutation site. Heterozygous mutations appeared as a
double peak.
3.5¢c: Dermal Fibroblast EV Enrichment

To prepare cells for EV collection, 5x10° cells/mL were seeded into T75 flasks and grown
for 4-6 days. Two days prior to EV collection media was exchanged for DMEM with 10% EV-
depleted FBS (System Bioscience EXO-FBS-250A-1). Twelve mL of conditioned media was
collected from each flask and spun for 10 minutes at 300xg; the supernatant was removed and
then spun for 10 minutes at 3,000xg for 10 minutes; the supernatant was again removed and

passed through a 0.22uM filter. Processed conditioned media was then stored at -80°C.

Prior to EV isolation, processed conditioned media was thawed at room temperature and
concentrated to <500ul using 100kD AmiconUltra-15 columns (Millipore-Sigma UFC910024).
Concentrated media was then spun at 10,000xg for 10 minutes and brought to a final volume of

500ul with phosphate-buffered saline (PBS).

EV isolations were performed using Original 35nm Gen2 columns (Izon ICO-35). Prior
to use columns were brought to room temperature and washed with 17 mL of PBS. 500ul of
concentrated conditioned media was applied to the column and allowed to enter the frit. Next,

2.5 mL of PBS was applied to the column and collected as void, followed by 1.6 mL of PBS to
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collect the EV and protein fractions. After collection, EV fractions were further concentrated in
30kDa concentrator columns until desired volume was reached (Millipore-Sigma MRCFORO030).
3.5d: Immunoblots

Protein concentrations were measured using the Qubit protein assay kit and Qubit 4
fluorometer (TFS). Gel electrophoresis was performed using 4-12% Bis-Tris gels. Gels were run
at 125 volts at room temperature in MOPS buffer. Proteins were transferred to PVDF membranes
(Millipore Sigma) in NuPage transfer buffer (Invitrogen) with 10% methanol for 2 hours at 100
volts at 4°C. PVDF membranes were dried overnight at 4°C and reactivated with methanol.
Membranes were stained with 700 Revert Total Protein Stain (LI-COR Biosciences) and imaged
on the Odyssey CLx Imager, then destained and blocked with Intercept Blocking Buffer (LI-
COR Biosciences). Membranes were then incubated with primary antibodies overnight at 4°C in
Intercept Blocking Buffer with 0.2% Tween-20. After four 5-minute washes (TBS with 0.2%
Tween-20) membranes were incubated with IRDye secondary antibodies (LI-COR) in Intercept
blocking buffer with 0.2% Tween-20 and 0.02% SDS for 1 hour at room temperature. After
another four 5 minute washes (TBS with 0.2% Tween-20) membranes were imaged on the
Oldyssey CLx Imager. Quantification of band signal was performed using the Quantify Western
Blot application on the Empira Studio software (version 2.2, LI-COR Biosciences). Automatic
lane detection, automatic band detection, background subtraction, and normalization to total
protein stain were applied to generate the final normalized band intensity. The following
antibodies were used: NPC1 (EPR5209) 1:1000 (134113, Abcam); CD63 (H5C6) 1:5,000
(556019, BD Biosciences); CD81 (B-11) 1:100 (sc-166029, Santa Cruz Biotechnology);

Flotillin-1 1:10,000 (ab133497, Abcam); GM130 1:1000 (53420SS, Novus Biologicals); and
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Lampl (D2D11) 1:1000 (9091S XP, Cell Signaling Technology). Secondary antibodies were
purchased from LI-COR IRDye 800CW and IRDye 680RD and used at 1:20,000.
3.5e: Microchip Resistive-Pulse Sensing

MRPS was performed using the nCS1™ Particle Analyzer and C-400 microchips
(Spectradyne Particle Analysis). Prior to use the instrument was primed with 1X PBS without
calcium and magnesium containing 1% Tween-20 (running buffer) using the supplied cleaning
cartridges cleaning cartridges and lines were flushed. For analysis, SEC-isolated fibroblast EV's
were diluted 1:5 in running buffer and run on the nCS1. At least 500 particles were collected per

sample.

Data was analyzed using the nCS1 Data Viewer software, version 2.5.0.325. To control
for variation in microchip lots, 150nm calibration beads of known concentration were run
alongside samples in C-400 microchips of matching lots. Discrepancies between actual and
measured size and concentration of the calibration beads were used to generate correction factors
that were applied to each sample. To generate histograms of particle size and concentration,
samples were background-subtracted and scaled to their respective correction factors. The
gaussian distribution of particle concentration and size was obtained. Particles over 200nm were
excluded as noise.
3.5f: Vesicle Flow Cytometry

EV concentration, size, and tetraspanin expression was measured by VFC using
commercially available kits (VFC Assay Kit, Cellarcus Biosciences). Fibroblast EVs were
incubated at a final concentration of 1:10 with a lipophilic membrane dye pre-diluted 1:10
(vFred) and PE-conjugated anti-tetraspanin (CD63/CD81/CD9) antibody pre-diluted 1:4 for 1

hour at 27°C. Samples were then diluted in buffer to a final dilution of 1:100 and analyzed in an
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Amnis CellStream flow cytometer (Cytek) using small particle detection mode. Spectral
compensation was performed using stained antibody capture beads and validated by single-stain
controls. Events were recorded for 120 seconds. Forward and side scatter lasers were set to zero;
remaining lasers were set to 100. All samples were run in triplicate wells. Negative controls for
each run included unstained samples, membrane-dye only samples, and samples with lysis
buffer. Positive controls for each run included platelet-derived EVs and synthetic 100nm lipo-

(Cellarcus Biosciences).

Data analysis was performed using FCS Express 7 Research Edition and templates
provided by Cellarcus Biosciences. A summary of analysis settings and gating strategies is
provided in Supplemental Figs 3.2-3.5.
3.5g: Multiplexed Bead-Based Flow Cytometry

MBFC was performed using commercially available kits and reagents as per the
manufacturer’s instructions (Miltenyi Bioscience MacsPlex EV Human Neuro kit). 120uL of
isolated EVs or total conditioned media was incubated with antigen-coated capture beads
overnight at room temperature on a rotator (Miltenyi Biosciences). After repeated washings,
samples were then incubated with fluorophore-conjugated detection beads against CD63, CD81,
and CD9. For isolated EVs, sample buffer was processed identically to samples and used as
negative control. For conditioned media, blank DMEM with 10% EV-depleted FBS was
processed identically to samples and used as negative control. Flow cytometry was performed on
a BD Biosciences LSR II with the following laser settings: forward scatter 350, side scatter 200,

488-1 360, 488-2 520, 633-1. Events were collected for 120 seconds with run speed at low.

Data analysis was performed using FlowJo version 10.10.0. The median value of the

allophycocyanin (APC) channel in each population was extracted. The negative control values
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were subtracted from each sample and values were log10 transformed. Populations with APC
values equal to buffer were considered not expressed; populations with APC values below buffer
were considered technical failures and removed from the analysis. Populations that had APC
values greater than buffer were considered expressed. Only proteins expressed in at least seven
of eight samples were analyzed.
3.5h: RNA Isolation

Fibroblast EVs were isolated through SEC as described and 500ul was used for miRNA
analysis. RNA was extracted from EVs using the Urine miRNA Purification Kit (Norgen Biotek
Corp), according to the manufacturer’s instructions. Prior to final RNA elution samples were
incubated with 30uL of elution buffer for 10 minutes at room temperature. To confirm successful
isolations, 2uL of eluted RNA was analyzed using the Qubit miRNA assay kit and Qubit 4

fluorometer (TFS). Isolated RNA was stored overnight at -20°C prior to qPCR.

For fibroblast cell studies RNA was extracted from cell pellets. Approximately 2x10°
cells were pelleted, flash frozen in liquid nitrogen, and stored at -80° until used. RNA was
extracted from cell pellets using the Total RNA Purification Kit (Norgen Biotek) according to the
manufacturer’s instructions. RNA was eluted in 50ul of elution buffer. Final RNA concentration
and purity was confirmed using a NanoDrop 2000 Spectrophotometer (TFS). RNA was frozen at
-20° until use. Equal amounts of RNA from each cell line were then analyzed by qPCR.
3.5i: MiRNA qPCR

Fibroblast and fibroblast EV miRNA was analyzed by TagMan qPCR arrays (TFS).
MiRNA was converted to cDNA using the TagMan Advanced miRNA cDNA Synthesis kit
(A28007, TES). Briefly, 3uL of total RNA was 3’ poly-adenylated, followed by a 5’ adaptor

ligation step and reverse transcription. The resulting cDNA (5uL) was added to a 14-cycle
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universal miR-amplification step. The miR-amplification reaction was diluted 1:10 with nuclease
free water, 220uL of the diluted cDNA was mixed with 220uL of nuclease free water and 440uL
of TagMan Fast Advanced master mix (4444556, TFS). The qPCR mix (100uL) was loaded into
each of the 8 ports of a TagMan Advanced miRNA Human A Card (A34714, TFS). All cards
included a primary endogenous normalization control (miR-16-5p), an exogenous spike-in
calibration control (cel-39-3p), and an exogenous negative control (plant ath-miR159a). Each
card was assayed using a QuantStudio 7 Flex Real-Time PCR System (4485695, TFS) with the
aid of an Orbitor RS2 Microplate Mover (ORB2001, TFS) to increase throughput and ensure
each RNA isolation batch was processed on the same day. As a negative control, one card was
run as described with water included in place of RNA.
3.5j: MiRNA Analysis

QuantStudio 12K Flex Software v1.3 and ExpressionSuite software v1.3 was used to
process the qPCR data. MiRNA amplification values were calculated from the quantification
cycle (Cq; number of PCR cycles before signal surpasses background) using automated baseline
and threshold values determined by ExpressionSuite. MiRNAs with Cq < 34.000 were
considered expressed. MiRNAs that showed no amplification (“undetected’) or had Cq values
over 34.000 were considered not expressed and censored at Cq=34. Amplification quality,
calculated by Expression Suite, was further evaluated by Amplification Score (signal quality
during the linear phase of amplification) and Cq Confidence (statistical confidence in the Cq
value). MiRNAs with an Amplification Score < 0.950 and/or a Cq Confidence < 0.750 were
considered technical failures and removed from analysis. We also verified that there was little to

no amplification in the exogenous negative control in each sample (plant ath-miR159a).
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After filtering, miRNAs with good quality amplifications were calibrated and normalized.
To control for technical variation in the quality of RNA isolation between samples, Cq values
were calibrated with two normalization factors calculated for each sample: the Cq of the
exogenous spike-in miRNA (cel-miR-39-3p); and the median Cq of all miRNAs that showed

good quality amplification in all samples (n=24).

Sample normalization was performed by calculating the average expression of 4
endogenous controls for each sample. Endogenous controls were selected by identifying which
miRNAs showed the most stable Cq values across all samples. The average endogenous Cq
value was then subtracted from the Cq values of each miRNA to generate ACq. To compare
expression between control and NPC samples, the AACq was calculated by subtracting the ACq
of the control from the ACq of the NPC samples. The fold change (RQ) was calculated by using
the 244 method, with RQ > 1 indicating increased miRNA expression. Statistical significance
was calculated by comparing the ACq of the control replicates with the ACq of the NPC
replicates (Welch’s t test). Data is shown as a Volcano plot (—Log10 (g-value) vs. the Log2(Fold
change)) and the ACq mean + standard error mean (SEM).
3.5k: Statistical Analysis

For VFC, MBFC, and miRNA experiments the samples were randomized and the
experimenter was blinded to group and sample identity. Data were analyzed with GraphPad
Prism software v10.1.0 (GraphPad Software, Inc). Cell culture experiments were repeated 1-3
times as indicated in figure legends and results were averaged. Statistical tests were performed as
indicated in legends. To compare between two groups Welch’s t-test was used; for analyses
involving more than four t-tests a false-discovery rate (FDR) of Benjamini-Hochberg (BH) 20%

was applied. Comparisons between more groups in VFC analysis was performed using two-way
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ANOVAs with Tukey’s correction. Relationships between two variables were assessed using

Pearson’s correlation tests and simple linear regression.

3.6. Supplementary Figures

Figure S3.1: Confirmation of NPCI mutations. Chromatograms display the results of NPC/ Sanger

sequencing in each fibroblast cell line.
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Figure S3.2: Identification of optimal fibroblast EV dilution for VFC. EVs
were isolated from fibroblast conditioned media and incubated with membrane
dye and tetraspanin antibodies at a final dilution of 1:50, 1:100, 1:200, and
1:400. A) In keeping with ISEV recommendations, dilution curves were used
to identify the sample dilution that results in ~50,000 particle counts. B)
Particle size does not change with dilution, confirming high dilutions do not

result in particle swarm.
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Figure S3.3: VFC time and area gates. A) Time gate of
representative fibroblast EV sample. Plot shows number of events
occurring over a 120 second run. The time gate (red line) removes the
first and last 3 seconds of the run to exclude fluidic anomalies. B) Area
gate of representative fibroblast EV sample. Plot shows the area of
particles occurring the in 488 FITC channel. Area gate (red line) is
drawn to exclude background signal with no area, or signal with area
greater than 4 pixels (coincident or out of focus events).
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Figure S3.4: VFC background gating strategy. Multiple negative controls are included to ensure background
signal is removed. A) Unstained fibroblast EVs shows near negative signal in both the FITC and PE channels.
B) Fibroblast EVs stained only with membrane dye shows strong signal in the FITC channel, as expected. Signal
appearing in the PE channel is considered background and gated out. C) Buffer stained with both membrane dye
and tetraspanin antibodies shows some background signal in both the FITC and PE channels, which is considered
background and gated out. D) Final gates applied to fully stained fibroblast EV sample allow for the inclusion
of true signal and removal of background. Red lines on all plots represent final gates that have been adjusted to
remove all background signals.
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Figure S3.6: Differential marker expression in unfractionated fibroblast media. MBFC was used to
compare the expression levels of 37 different proteins in total conditioned media collected from each NPC and
control cell line. A-D) Differentially expressed markers in NPC conditioned media. Sulfatide lipids (A) are
significantly increased in NPC samples; NCAM1 (B), CD44 (C), and ANPEP (D) are significantly decreased
(Welch’s t-test with FDR 20% BH). Lines represent the mean = SEM. E) Sulfatides are negatively correlated
with NPC1 protein expression (Pearson’s r). F) CD44 is positively correlated with NPC1 expression (Pearson’s
r). Symbols on all plots represent individual cell lines (average of technical duplicates); red corresponds to NPC
samples, gray corresponds to controls.
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CHAPTER 4: DISCUSSION

4.1: Personal Reflections

In this project, I sought to explore the role of extracellular vesicles (EVs) in Niemann
Pick Disease Type C (NPC). I have been told not to use the word “explore” as a scientist, as it
suggests that we are casually bumbling around a topic to see what we find. Yet when reflecting
on how this research evolved over the past five years, I believe “explore” is exactly the right
word — and while there may have been some bumbling, there was nothing casual about it. There
are now 18 publications that consider EVs in NPC, but when I began this project in 2020 there
were only four. There was very little known on this subject, and the information that did exist
was often conflicting. I thus began this project with absolutely no idea what I would find, but
with determination to find it. The discoveries I made were thrilling; when they did not replicate
(or survive multiple comparisons), I was crushed. And like all good explorers, I never know
when to stop. There are always more experiments to do, always new ways to analyze the data,
always new publications that change our interpretations. But in this final chapter of my
dissertation, I will do my best to put the whole thing to rest. Below are my summaries,
conclusions, and best guesses as to the role of EVs in NPC — as well as some ideas for the next
explorer.
4.2: EV Concentrations in NPC Samples: Up, Down, Left, Right?

A key goal for this project was to understand how NPC pathology impacts the
concentration of EVs. It is a deceptively simple question: seven previous studies have

7376 or does not

investigated this matter, and found that NPC either increases’>’4, decreases
affect’”’® EV concentration. Establishing EV concentration in NPC is important for a number of

reasons. If EVs are to serve as NPC disease biomarkers, as has been proposed for other

neurodegenerative diseases, understanding how the amount of EVs varies between healthy and
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disease samples is a key first step’>. Additionally, establishing differences in EV concentrations
is important for interpreting differences in specific EV cargo, as such changes could be due to an
increase in overall EVs or to changes in the amount or type of cargo per EV. Finally, identifying
changes to EV concentration could provide new insight into disease pathology, and ultimately

identify new therapeutic targets.

Our experiments show that NPC CSF from living donors contains a significantly higher
concentration of EVs than healthy controls. While patient fibroblasts did not show the same
result, they did reveal significantly more variability in concentration than controls and an inverse

correlation between NPC1 protein expression and EV concentration.

The different observations between NPC EVs in CSF versus fibroblasts could be due to a
number of factors. Firstly, it is possible that the relationship between NPC and EVs is tissue- or
cell type-specific, especially given the unique central nervous system (CNS) impacts in NPC?!, It
is difficult to know exactly where EVs in CSF come from, as by the time it is collected from the
lumbar spine, CSF has come into contact with the most of the brain (including ventricles,
subarachnoid space, and arachnoid villi) as well as the epithelial and endothelial cells lining the
spinal column . Any cell type in these tissues can theoretically contribute EVs to CSF, and
proteomics have shown that CSF EVs express neuronal, microglial, endothelial, and epithelial

markers in relatively equal proportion'?*

. Our attempts to define the surface marker expression of
CSF EVs returned similar results, as there was no clear trend in expression of markers from any
one tissue or cell type. In order to determine whether the increase in NPC EVs is CNS-specific,
more research in CNS-specific models is needed. Induced pluripotent stem cell (iPSC) neurons
generated from NPC patient fibroblasts, which have been recently developed, could be an ideal

tool for this question'?> 12°,
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An alternative explanation for why NPC CSF contained significantly higher EVs than
controls while fibroblasts did not is that all of the NPC CSF donors were undergoing treatment
with the experimental treatment hydroxypropyl-p-cyclodextrin (CD), which may have influenced
the results. However, our experiments in fibroblasts suggest that CD treatment in NPC actually
decreases EV release. The NPC fibroblast cell line used in this experiment shared mutations with
a CSF sample, and in both CSF and fibroblasts this mutant had the highest EV concentration. Yet
it remains possible that the relationship between NPC and EVs is different in fibroblasts than it is
in the CNS, with different impacts by CD, and repeating this experiment in a neural model would

likely be illustrative.

A third possible explanation is provided by the striking inverse correlation between NPC1
protein expression and EV concentration in fibroblasts. It is unfortunate that we do not know
NPCI1 expression levels for our CSF patients, as this information could unify our findings. It is
possible that the five CSF patients all had similar, low levels of NPC1 protein expression, and
that if the study was expanded to a larger and more diverse group of patients the CSF may be
more similar to the fibroblasts. The fact that the S733fsX10/ P434L mutant, which had almost
zero NPC1 expression, showed the highest EV concentration in both CSF and fibroblasts

supports this hypothesis.

In fact, our discovery that NPC1 expression indirectly correlates with EV concentration
may explain the disparate results obtained by previous studies. The relationship between EV

concentration and NPC has been previously investigated using patient fibroblasts and genetic

74,76 73,75,71,78

knockouts’?, mouse models , and small molecule inhibitors , each of which impacts
NPCI1 protein expression to a different extent. Even studies that use the same NPC1 inhibitor

(U18) had different dosing strategies, which could result in different amounts of inhibition. A
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simple dose-response curve with U18 or NPCI siRNA may be an effective way to measure the
impact of NPC1 inhibition on EV concentration. If performed in multiple cell types (e.g.
fibroblasts, iPSC-derived neurons and glia), and mouse models, with or without CD, this
experiment could provide definitive, tissue-specific information on the relationship between
NPC1 expression and EV concentration, and unify the currently disparate results.

4.3: The LAMP Proteins: Shedding Light on NPC, or Just Shedding EVs?

Our data suggests that perturbations to EVs in NPC are driven, at least in part, by
perturbations of the endolysosomes. This is evidenced by i) the upregulation of lysosomal-
associated membrane protein-1 (Lamp1) on NPC EVs, which we observed in both CSF and
fibroblasts; if) the inverse correlation between EV Lamp1 and cellular NPC1 expression in
fibroblasts; iii) the trending increase of the related protein Lamp4 in NPC CSF; and iv) the
increase in NPC CSF of EVs positive for CD63, also known as Lamp3, which correlated with
patient age of onset. It is well-established that NPC endolysosomes are enriched in Lamp
proteins as a consequence of over-accumulation of cholesterol, further supporting the hypothesis

that Lamp-positive EVs in NPC are of endolysosomal origin and thus are exosomes'?’ 128,

One interpretation of these results is that increased release of Lamp-positive exosomes in
NPC is a compensatory mechanism to remove endolysosomal content from over-burdened cells.
The logical consequence would be that these exosomes are enriched in cholesterol and other
accumulating lipids; while our attempts to measure lipids in NPC EVs were unsuccessful, a
recent publication did show that CD63 positive EVs are enriched in cholesterol*®. Further

lipidomic studies on EV subpopulations in the context of NPC would be illustrative.

The compensatory hypothesis is supported by the fact that inhibiting EV release in NPC

181

cell lines increases endolysosomal cholesterol®’, and conversely, that stimulating EV release in
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NPC models decreases endolysosomal cholesterol’! 7. While removing toxic endolysosomal
build-up via exosomes may benefit the releasing cell, consequences for the recipient cell(s) are
difficult to predict. Delivery of EVs and their cargo can occur through a number of pathways,
including clathrin- and caveolin-mediated endocytosis, micropinocytosis, phagocytosis, uptake
via lipid rafts or lectins, and even direct fusion with the plasma membrane!%. If Lamp-positive,
cholesterol-enriched exosomes enter recipient cells through endocytosis, they would exacerbate
the cholesterol storage issues already present. However, exosomes taken up by alternative
methods may be able to ameliorate the cholesterol starvation experienced at other cellular

locations, such as the plasma membrane'°.

Thus, the increased NPC exosomes we observed could have positive and/or negative
consequences for disease pathology. The correlation with more severe disease, determined by
either age of onset or NPC1 expression, turns this question into chicken-and-egg: are exosomes
higher because endolysosomal injury is higher, or do higher exosomes lead to higher
endolysosomal injury? If EVs are to ever become a therapeutic target for NPC, determining the
impact of increased exosome release — and whether it should be stimulated or inhibited — will be
critical.

4.4: EVs, Cholesterol, and NPC: a Proposed Mechanism

We do not yet know the mechanism behind NPC and altered EVs, but like many aspects
of NPC, it is likely influenced by cholesterol. A series of three publications in 2024 suggest a
possible model. First, Palmulli ez. al. demonstrated that CD63 is a key regulator of EV
cholesterol content. The authors discovered a cholesterol binding-pocket on CD63, and found
that CD63 clusters and sorts cholesterol into intraluminal vesicles (ILVs) for release as

cholesterol-rich, CD63-positive exosomes>®. Though not tested by the authors, this finding
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suggests that increased endolysosomal cholesterol content could result in increased formation of
CD63+ ILVs. These CD63+ ILVs could then be released from the cell as exosomes through a
number of established NPC1-independent pathways, including Rab7 and Rab27a'3!: 1?2, A second
study by Bonora et. al. found that modulating intracellular cholesterol release directly impacts
EV release, and in particular release of CD63+ EVs. They thus proposed that CD63+ EV
biogenesis occurs on a cholesterol synthesis axis, in which greater cholesterol synthesis leads to
greater EV release!*®. Finally, research by Kestecher et. al. provided evidence using a mouse
model for atherosclerosis and hypercholesterolemia, which results in elevated cholesterol in
serum but depleted cholesterol in endolysosomes. The authors found significantly decreased
concentrations of circulating CD63 positive EVs, further connecting endolysosomal cholesterol

content with exosome release!>* 133,

Together, these discoveries suggest a model that fits well with our data: loss of NPC1
drives cholesterol accumulation inside endolysosomes; this cholesterol is then sorted into ILVs
by CD63; these ILVs are then ultimately released as exosomes that are enriched in
endolysosomal markers. This model explains the increase in EVs we observe in NPC samples,
particularly CD63+ populations, and why it is correlated with NPC1 protein expression; and why
NPC EVs are enriched in endolysosomal surface markers such as Lamp1. In further support of
this model our data show that NPC EVs are enriched in miR-320a, which is a CD63-associated
miRNA*, It seems likely that elements of this pathway are not unique to NPC, or even
dependent on NPC1 loss, but are rather a result of endolysosomal cholesterol perturbations. With
the context of the 2024 publications, our research also highlights the complexity of connecting
cholesterol changes with EV changes: increased cellular cholesterol synthesis increases CD63+

EV release, but increased serum cholesterol decreases CD63+ EV release, and increasing
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cholesterol in endolysosomes (as in NPC) causes increased EV release. Thus, our discoveries
contribute to a growing appreciation for the complex relationship between endolysosomal injury,
cholesterol, and exosomes, and provide new information about the fundamental cell biology

behind Niemann Pick Disease Type C.
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APPENDIX A:

Advancing rare disease clinical trials on an international scale: Barriers and emerging
solutions
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Abstract: Rare diseases affect over 300 million people worldwide, yet only 5% of these
conditions have approved treatments. A key obstacle to rare disease drug development is
designing clinical trials that can accommodate small patient populations and high disease
heterogeneity. Increasingly, rare disease clinical trials are being conducted across multiple
countries, which improves patient recruitment and therapeutic validity. However, international
clinical trials introduce complex regulatory, financial, legal, and ethical challenges. These
challenges can impede trial execution and ultimately delay access to treatment, particularly in
low- and middle-income countries (LMICs). In this review, we explore the evolving landscape of
international rare disease clinical trials. We discuss current barriers and strategies to harmonize
global regulations, incentivize financial investment, adapt intellectual property frameworks, and
enhance LMIC participation. By identifying both structural gaps and promising initiatives, we
aim to provide a resource that supports more effective and globally inclusive rare disease
research.
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Abstract: A history of traumatic brain injury (TBI) increases the odds of developing Alzheimer's
disease (AD). The long latent period between injury and dementia makes it difficult to study
molecular changes initiated by TBI that may increase the risk of developing AD. MicroRNA
(miRNA) levels are altered in TBI at acute times post-injury (<4 weeks), and in AD. We
hypothesized that miRNA levels in cerebrospinal fluid (CSF) following TBI in veterans may be
indicative of increased risk for developing AD. Our population of interest is cognitively normal
veterans with a history of one or more mild TBI (mTBI) at a chronic time following TBI. We
measured miRNA levels in CSF from three groups of participants: (1) community controls with
no lifetime history of TBI (ComC); (2) deployed Irag/Afghanistan veterans with no lifetime
history of TBI (DepC), and (3) deployed Irag/Afghanistan veterans with a history of repetitive
blast mTBI (DepTBI). CSF samples were collected at the baseline visit in a longitudinal,
multimodal assessment of Gulf War veterans, and represent a heterogenous group of male
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veterans and community controls. The average time since the last blast mTBI experienced was
4.7 +2.2 years [1.5 - 11.5]. Statistical analysis of TagMan™ miRNA array data revealed 18
miRNAs with significant differential expression in the group comparisons: 10 between DepTBI
and ComC, 7 between DepC and ComC, and 8 between DepTBI and DepC. We also identified 8
miRNAs with significant differential detection in the group comparisons: 5 in DepTBI vs.
ComC, 3 in DepC vs. ComC, and 2 in DepTBI vs. DepC. When we applied our previously
developed multivariable dependence analysis, we found 13 miRNAs (6 of which are altered in
levels or detection) that show dependencies with participant phenotypes, e.g., ApoE. Target
prediction and pathway analysis with miRNAs differentially expressed in DepTBI vs. either
DepC or ComC identified canonical pathways highly relevant to TBI including senescence and
ephrin receptor signaling, respectively. This study shows that both TBI and deployment result in
persistent changes in CSF miRNA levels that are relevant to known miRNA-mediated AD
pathology, and which may reflect early events in AD.
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