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ABSTRACT

GLIAL INFLAMMATION AS A KEY REGULATOR AND THERAPEUTIC TARGET FOR

PRION DISEASE

Prion diseases are lethal neurodegenerative diseases characterized by the misfolding of
the cellular prion protein, PrP¢, into the infectious PrPS¢, PrPS¢ accumulation in the brain
contributes to the activation of microglia and the subsequent increase in reactive astrocytes,
which together contribute to neuroinflammation. PrP5¢ aggregation triggers and leads to the
dysregulation of a variety of cellular stress pathways, including the oxidative stress response,
unfolded protein response, ubiquitin-proteosome system, autophagy and lysosomal degradation.
Most critically, PrP5¢ contributes to neuronal toxicity and death, but the mechanism behind this is
poorly understood. Prion diseases affect humans and a variety of mammalian species, with no
available treatments. The majority of therapeutics developed to combat these diseases have
targeted the prion protein itself. As these have been unsuccessful, it is time to turn our attention
to treatments that target the cellular pathways and neuroinflammation caused by PrPS¢
accumulation in the brain. The overarching goal of this work is to identify glial-induced
inflammation as a candidate for therapeutic intervention of prion diseases. We assessed the use
of mesenchymal stromal cells (MSCs), which are potent regulators of inflammatory signaling
and glial polarization, in cell culture and animal models of prion disease. Additionally, we
investigate the role of a key inflammatory signaling pathway, Nuclear Factor-Kappa B (NF-kB)
in microglial response to prion infection. Our findings both characterize contributions of specific
glial cells to prion-induced inflammation, as well as uncovering novel targets for the treatment of

prion diseases.



First, we assessed the therapeutic potential of adipose-derived mesenchymal stromal cells
(AdMSCs) in a cell culture model of glial prion infection. MSCs are known for their ability to
migrate to sites of inflammation and produce immunomodulators. We evaluated the ability of
cultured AdMSCs to respond to molecular factors present in brain homogenates from prion-
infected animals. We found that these cells upregulate anti-inflammatory genes in response to
both specific inflammatory cytokines and crude prion brain homogenates. Moreover, AAMSCs
migrate towards prion brain homogenates in an in vitro model. Co-culturing AAMSCs with
prion-treated BV2 cells or infected primary mixed glial cultures resulted in a significant decrease
in markers of inflammation and disease-associated microglia and reactive astrocyte markers.
These findings were independent of PrP¢, as AAMSCs had no effect on prion accumulation in
mixed glial cultures. Collectively, these findings highlight AAMSCs as an intriguing candidate
for modulating glial-induced inflammation in prion disease.

Next, we evaluated AAMSCs in a mouse model of prion disease. Prior to delivery into
prion-infected mice, AAMSCs were stimulated with TNFa, which we show increases their
upregulation of anti-inflammatory molecules and growth factors. Stimulated AAMSCs were
delivered intranasally to prion-infected mice every two weeks beginning from early in infection
(10 weeks post-infection (wpi)) and ending late in infection (20 wpi). A cohort of mice was
euthanized at various stages in infection, at 14 wpi, 16 wpi and 18 wpi. We show that AAMSCs
are able to migrate throughout the brain when delivered intranasally, with the most cells being
found in the hippocampus and thalamus. Although AdAMSCs were not successful in improving
behavior or increasing survival in prion-infected mice, they did induce changes in prion
pathology at early time points in disease. A decrease was seen in inflammatory cytokines and

markers of glial activation. No changes were seen in PrP¢ accumulation or neuronal loss



compared to untreated controls. However, at both 16- and 18 wpi, we identified significant
changes in both glial numbers as well as morphology, indicating that AAMSCs attenuate
reactivity in microglia and astrocytes. Together, these findings highlight AAMSCs as potent
regulators of prion-induced glial inflammation, and warrants further investigation to optimize
these cells as a treatment for prion disease.

In addition to assessing therapeutics that decrease inflammation and reprogram glial cells
to a homeostatic phenotype, we wanted to better characterize specific inflammatory pathways
and understand how these were being regulated in glial cells in response to prion infection.
NF-kB-related genes have long been identified in the brains of animal models with prion disease,
but studies that have investigated its role in prion pathogenesis have focused on neurons and
astrocytes. Microglia are critical innate immune regulators in the brain, and interact closely with
both neurons and astrocytes to regulate inflammation and cell survival. Therefore, we saw an
immediate need to characterize NF-«B signaling in microglia, and its contribution to prion-
induced neuroinflammation. IKf kinase (IKK) is a complex that responds to cell stressors and is
critical for NF-kB signaling to occur. We utilized a primary mixed glial model containing wild-
type (WT) astrocytes and IKK KO microglia. Upon infecting these mixed glial cultures with
prions, we saw a drastic decrease in NF-kB-related genes compared to cultures containing WT
astrocytes and WT microglia. Despite this, cultures containing IKK KO microglia still contribute
neurotoxic signals that induce neuronal cell death. Moreover, we found that cultures with IKK
KO microglia showed significantly more PrPS¢ accumulation, suggesting that these cells may
have impaired autophagy. This work implicates microglial NF-kB-signaling and IKK as a potent

inducer of inflammation and regulator of autophagy in prion disease.
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Chapter 1:
Introduction
What are prions?

Prion diseases may just be the black sheep of infectious diseases. Unlike bacterial or viral
infection, the disease agent arises from the host itself in the form of the cellular prion protein
(PrP€). PrP€ can be coerced to misfold from an alpha-helical form to a form rich in beta-sheets,
which acts as a catalyst to induce the misfolding and aggregation of more host PrP¢.! The
misfolded, infectious form of the protein is denoted PrP5¢, The “protein only hypothesis” states
that PrPS¢ is able to bind PrP¢ and induce conformational changes, leading to an autocatalytic
reaction that leads to exponential production of PrP5¢.? The initial misfolding can be sporadic,
due to a genetic mutation in the protein, or, most intriguingly, due to acquired infection by
PrP5¢.? PrP¢ is expressed ubiquitously in tissue, but has the highest expression in the brain,
particularly in astrocytes and neurons,* and PrP5¢ aggregation disrupts homeostasis in these cells
and leads to fatal neurodegeneration. Prion diseases are also called transmissible spongiform
encephalopathies (TSEs), as the main hallmark of disease, apart from abundant protein
aggregation in the brain, is the sponge-like appearance of brain tissue, referred to as
vacuolization.’

First, we must talk a bit about the structural biology of PrP before we can get into the
how this misfolded protein causes disease. PrP is expressed in all mammalian cells. It is a
glycoprotein that is anchored to the surface of the cell via a glycosylphosphatidylinositol (GPI)
anchor.® The secondary structure of PrP is conserved between many species, namely mammals.?
The human prion protein is composed of 209 residues and two N-linked glycosylation sites.” The

native form of the protein is divided into an N-terminal and C-terminal domain. The disordered



N-terminal domain ranges residues 23-125, while the C-terminal domain ranges residues 126-
231. The majority is composed of 3 a-helices, ranging residues 144-154, 175-193 and 200-219.
These are denoted al, a2 and a3, respectively. It also contains two antiparallel B-strands that

span residue 127-132 and 161-164, denoted 1 and B2 (Figure 1.1). 63

Flexible
. N-terminus

Figure 1.1 General structure of mammalian PrP€. Adapted from Cheng and Daggert, 2014.

PrP5¢ replicates itself and forms oligomers, which may lead to fibrillization. The role of
fibrils in prion pathogenesis remains controversial. Early studies suggest that the aggregation of
fibrils can lead to neurodegenerative disease, hypothesized to be caused by a toxic gain-of-
function. However, more recent studies have determined that fibrils in themselves are not
infectious. There is mounting evidence that oligomers are the predominant cause of
neurotoxicity.” Additionally, residues 106 - 126, adjacent to the B1 region, can form a B-sheet
rich structure that is neurotoxic and alone can be converted to the amyloid fibrils. !%!!

The intra- and extracellular deposits of these macromolecular structures are the defining
characteristic of prion disease.” The misfolded proteins aggregate to form fibrils that continue to
lengthen and clump together. Fibril formation may actually be a mechanism evolved to protect

against the toxic effects of oligomerization.'? and deposits visible plaques in the brain.!* Protein



aggregation and fibrillization takes place well before the onset of the disease. By the time the
disease can be clinically recognized, brain regions rich in PrP5¢ are already undergoing
neurodegeneration.?

Prion diseases have been around for a long time. Scrapie, a prion disease that effects
sheep, is the earliest described prion disease, first reported in the 16" century.'* Or was it?
Analysis of ancient Chinese texts suggest that this disease may have been affecting sheep in
China up to 2000 years earlier,'> but it was first identified by the English in the 16™ century.
Human prion diseases have only been reported in the last century, and diseases like chronic
wasting disease in cervids was first reported in the 1960s.!®

Now, I must speak about the disease that sparked my interest in the prion field as a naive
sophomore in college. Outbreaks of prion diseases have been known to occur, including variant
Creutzfeldt-Jakob disease (the human form of “mad cow disease”), and the first human prion
disease identified - kuru. Kuru was first described in 1959, and its similarities to scrapie were
identified in 1965.!° Kuru affected the Fore people living in a remote area of Papua New Guinea.
It is postulated that this disease began as an individual case of sporadic Creutzfeldt-Jakob (CJD),
and was then spread throughout the population through cannibalism.!* All prion diseases do not
affect the same brain structures, and therefore show different symptoms. Kuru prions specifically
target the cerebellum. Ataxia develops, along with tremors of the head, trunk and legs that
worsen as the disease progresses until walking and movement are no longer possible. Unlike
other prion diseases, individuals cognition remains intact until just before death,'* when they
begin to display decreased mental behavior and dementia.!”

There are a variety of causes of prion diseases. They may be hereditary, such as familial

CJD and Gerstmann-Straussler-Scheinker Syndrome (GSS). They can be transmitted through



contact with infectious prions, such as iatrogenic CJD and kuru. They can also be the result of
spontaneous prion conversion, such as sporadic CJD. Not all variants of PrP are equally
susceptible to disease. Heterozygosity for methionine and valine at residue 129 is a common
polymorphism seen throughout the world. It gives some protection against a variety of prion
diseases, including those heritable, acquired, and occurring sporadically. It is hypothesized that
this variant was selected for during human evolution. There is evidence that heterozygosity at
this residue limits interactions between homologous proteins that may be critical in the
conversion of PrP¢ into PrP5¢, as well as oligomerization and fibrillation.'® Heterozygosity of
polymorphism 129 is seen in the majority of survivors of the kuru epidemic, indicating that this
genotype is protective.!”

A single substitution of glycine for valine at residue 127 (denoted V127) in the human
prion protein has also been shown to prevent prion infection.!® This mutation, the topic of my
undergraduate thesis, sparked my interest in prion pathogenicity and potential therapeutics. This
human variant was discovered by Mead et al. in 2009 and is unique to the Fore population in
Papua New Guinea. No individuals with the V127 polymorphism were found to have clinical
signs of neurodegenerative disease, suggesting that it is protective against kuru and was selected
for during the outbreak.?’ Additionally, there is a higher frequency of the V127 polymorphism in
those homozygous at codon 129 in individuals born before 1960 (before cannibalism was
outlawed in Papua New Guinea and the kuru epidemic came to a halt).?!

Being a relatively new field (the term “prion” was first coined by Stanley Prusiner in a
paper published in Science in 1982),?? there are still much uncharted territory when it comes to
how the central nervous system responds to prion infection, and what pathways to target to best

inhibit disease progression. To this day, prion diseases remain invariably fatal.



The importance of developing therapeutics for human prion diseases

Although human prion diseases such as CJD can develop spontaneously and only affect
approximately one in a million people worldwide,?*-** the infectious nature of prions have led to
outbreaks of CJD. These were the result of prions being transmitted iatrogenically 2 or through
the consumption of infected beef. 26 The outbreak of variant CJD in the UK in the 1980s and 90s
through consumption of cattle with prion disease (‘mad cow disease’) highlights a critical need
for treatments. Because the infectious agent, PrP5¢, can cross the species barrier, future outbreaks
could occur. Luckily, there is not convincing evidence that diseases like scrapie in sheep can
cross the species barrier into humans, despite being around for hundreds (or thousands?) of
years.'* Between it is considered safe to handle and has been thoroughly characterized, mouse-
adapted scrapie is the most commonly used experimental model for prion studies.

Although proper hospital sterilization techniques and USDA regulations have limited the
risk of acquiring prion disease through these routes, there is growing fear that chronic wasting
disease (CWD) - a rampant prion disease in cervid populations throughout the United States,
Canada, Scandinavia and South Korea - will cross the species barrier to infect humans. There is
mounting evidence that CWD could transmit to humans, including recent findings showing that
humanized mice infected with CWD prions succumb to disease.?” Other mouse models have not
confirmed this, and transmission studies in non-human primates have been inconclusive.?®
Interestingly, a recent case study reported a patient who developed CJD and had recently been
consuming supplements containing deer antler velvet and bovine colostrum, but this could not be
directly attributed to the development of disease.?” Although findings from these studies are

conflicting and inconclusive, and the zoonotic potential of CWD remains a point of contention in



the prion field, the potential of transmissibility indicates an immediate need for prion disease

treatments in order to prevent future outbreaks.

Different strains, different diseases

Understanding strain differences is not critical to understanding my research, but [ would
be remised if I failed to mention prion strains, as this is a huge focus of research in the Zabel
laboratory*? and in the prion field as a whole.?! Moreover, it emphasizes why we are interested in
developing therapeutics that act upon cellular pathways, such as glial inflammation, as opposed
to developing antibodies to target PrPS¢. This is because when PrP¢ misfolds into PrPS¢ and
aggregates, the secondary, tertiary and quaternary structures, as well as histological and clinical
manifestations of disease, can be different, even with the same primary structure! The most
intriguing example of this is the “hyper” and “drowsy” prion strains, derived from natural prion
disease in minks and studied using hamsters in the laboratory. The same primary structure in
hamsters leads to very different tissue tropism in the brain, different biochemical properties, and,
as the name suggests, differences in behavior. Moreover, these prion strains are not transmissible
to mice, indicating a species barrier. Similarly, single point mutations in humans can lead to
genetic disease, and polymorphisms can lead to different manifestations of the same disease.?!-3

In case you didn’t think things were already complicated enough, this adds a new level of

difficulty in developing therapeutics for prion diseases.

PrP is critical for infection, but not survival
There is, in fact, one way to survive prion infection, and that is by not expressing the

prion protein. Prion knock-out (PrP KO) mouse models have some developmental and



behavioral differences compared to wild-type mice, including alterations in circadian rhythms,
neural stem cell differentiation, synaptic plasticity, peripheral nerve myelination, and olfaction.?*
However, none of these differences appear to have any effects on survival or general day-to-day
life of these animal models.?>=37 Regardless of the method of infection, PrP KO mice are
completely resistant to prion disease.*® PrP expression in neurons is known to be critical for
neurodegeneration to occur upon prion infection, as neuron-specific PrP KO animals do not
succumb to disease.*® Importantly, behavioral and clinical signs of prion disease are not the
result of a loss of function of PrP€, as removal of PrP from neurons in adulthood had no obvious

effects.”

Cells of the brain

Neurodegenerative diseases are characterized by the degeneration of neurons. Neurons
are critical for sending signals throughout the central nervous system to regulate autonomic
behaviors, motor movement, and cognition. Neurons make up almost half of cells within the
brain,*® and when enough are killed with neurodegeneration, it leads to loss of memory and
motor functions, and eventually paralysis and death. Although critical, neurons cannot function
without the involvement of three other key cell types in the brain - oligodendrocytes, astrocytes
and microglia. Oligodendrocytes compose the myelin sheath that wraps around the neuron’s
axon, allowing for rapid transmission of action potentials through a process called saltatory
conduction. Loss of myelin is associated with neuronal dysfunction, such as in multiple sclerosis,
but there is little evidence that oligodendrocytes can be infected with PrPS¢ or have any
significant involvement in prion disease*! and have been largely ignored in the field of prion

disease.



Astrocytes are also principal regulators of neuronal function and play a large role in prion
pathogenesis. These cells regulate communications between neurons and the brain’s blood
vessels and maintain the blood brain barrier, which is composed of vascular endothelial cells,
tight junctions, basement membranes, smooth muscle cells and astrocytes themselves.*?
Astrocytes are critical in maintaining homeostasis of neurons by regulating potassium and
glutamate levels and neurotransmitters.*>** Astrocytes also regulate the survival and function of
neurons, and can induce pruning of neuronal synapses by increasing complement component 1q
(Clq) production on synapses. This binds to the complement component 3a (C3a) receptor on
microglia, which prune the synapses via the classical compliment cascade. This can be further
triggered by activation of astrocytes and increased production of astrocytic C3, which can induce
further phagocytosis of neuronal synapses by microglia. Further neuronal damage can initiate a
positive feedback loop and, when left unchecked, lead to neuronal loss.*?4>

The phenotypes of glial cells fluctuate depending on the environment of the brain. Injury
and inflammation in the brain can induce astrocytes to shift from a homeostatic phenotype to a
“reactive” phenotype. This is characterized by an increase in the size of their cytoskeleton,
increased expression of glial fibrillary acidic protein (GFAP), upregulation of many genes,
particularly those involved in inflammatory pathways, extension of their processes, and
formation of glial scars. When astrocytes become reactive, they release factors that increase
permeability of the blood brain barrier and allow immune cells from the periphery to infiltrate.*?

Astrocytes demonstrate few morphological and phenotypical change in response to insult
and injury in the absence of microglia. Classic studies have demonstrated that factors secreted by
microglia, such as interleukin 1a (IL1a) and tumor necrosis factor alpha (TNFa), induce

astrocyte reactivity, and in the absence of microglia, astrocytes remain relatively unresponsive to



environmental changes and do not reach full states of activation.***¢ Once triggered by
microglia, astrocytes are subject to morphological and phenotypic changes, the most thoroughly
described being in response to microglial activation by lipopolysaccharide (LPS), inducing “A1”
reactive astrocytes that produce unknown neurotoxic factors.*>*7 This state is specific to LPS,
but shares many hallmarks of astrocytes in the prion-infected brain.*®° More generally, this
group of reactive astrocytes are referred to as neurotoxic astrocytes. Although the exact
neurotoxic factors they secrete remain unknown, they can also induce a positive feedback loop
by producing inflammatory cytokines such as C-C motif chemokine ligand 2 (CCL2) and
complement proteins to promote activation and increased migration of microglia.*>!

Although they only account for 10-20% of all cells in the brain,*>>? microglia are the first
line of defense and arguably have the largest effect on the inflammatory state in the brain. Toll-
like receptors (TLRs), namely TLR4, respond to pathogen-associated molecular patterns
(PAMPs) such as LPS, and activation of microglia increases TLR4 expression.*?>3 In response,
they secrete soluble factors such as cytokines, chemokines, nitric oxide (NO), and reactive
oxygen species (ROS) and migrate to sites of insult. These can act upon astrocytes or directly
upon neurons, triggering oxidative stress and even cell death.’!>? States of microglia are slightly
better defined than those of astrocytes, and generally mimic those of macrophages, and were
previously categorized as M1 and M2 activation states. There has recently been a push to change
this to disease-associated microglia (DAM) and homeostatic microglia. This terminology is
currently up for debate and has both pros and cons (for example, there are various phenotypes of
microglia in the terminal prion brain, similar to both M1 and M2, both being considered
“DAM?”). Therefore, moving forward I will use this terminology interchangeably depending on

the context.



Regardless of the denotations DAM and homeostatic, or M1 and M2, these are an
oversimplification, and different insults and diseases induce varied phenotypes. Generally
speaking, “classical activation” refers to M1 microglia, which are induced by interferon gamma
(IFNy) or LPS, and show increased expression of surface markers CD16, CD32 and CD86. M1
microglia upregulate NF-kB-related genes (described later on) and produce IL1a and IL1p,
TNFa, interleukin 6 (IL6) and NO.>!23* These cells undergo morphological changes, with a
rounder, amoeboid shape and decreased process length, in conjuncture with increased
phagocytosis, cytokine release, antigen presentation and proliferation.>® This morphology is
associated with increased neuronal death, whereas M2 microglia are neuroprotective.’® M2
microglia were formerly called “resting” microglia, but this term is out of date as these cells are
quite active. This phenotype can be induced by interleukin 4 (IL4) or interleukin 13 (IL13),
referred to as “alternative activation.” These cells have increased expression of CD206, and
secrete factors involved in neuroprotection and tissue repair, namely arginase-1 (Argl) and
insulin-like growth factor 1 (Igf1).32 These cells are involved in scavenging and phagocytosis of
misfolded proteins and cell debris, and appear ramified, with increased process number and
length for constant surveillance of their environment.> A third state is referred to as “acquired
deactivation,” is induced by interleukin 10 (IL10) and transforming growth factor beta (TGFp),
and includes microglia with characteristics of both phenotypes as they return from an activation
state to a scavenging state.*>327 A microglial cell will likely change activation states multiple
times throughout its life, as they are able to live to be more than four years old. Their activation
states also influence neighboring astrocytes. As M1 microglia secrete factors that shift astrocytes
toward an A1 phenotype, M2 microglia produce anti-inflammatories such as IL10 and TGFp that

shift astrocytes toward an A2 phenotype.*
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Importantly, the molecular milieu produced by M1 microglia negatively regulates that of
M2 microglia, and vice versa, supporting a tightly regulated process, potential for phenotype
switching, and resulting in an environment in the brain for one state of activation over

another.32-°

An astro-nomical number of astrocytes

Understanding inflammation and the contributing roles of astrocytes and microglia is
critical for early diagnostics and development of robust therapeutics for prion disease. The
number of both microglia and astrocytes are significantly increased in both humans and animal
models, and this is present long before onset of clinical signs.*®*%>° Intriguingly, mouse studies
have demonstrated that translation of neuronal proteins remains relatively consistent throughout
the course of disease, whereas translation in both astrocytes and microglia changes drastically.®

S100 calcium-binding protein f (S100p), a general astrocyte marker, has been cited as a
reliable biomarker of CJD and scrapie when detected in cerebrospinal fluid and serum in humans
and animals, respectively.5!-6> S100B, in combination with the complement protein C3, is a
marker for reactive astrocytes in prion and other neurodegenerative diseases, *° as is lipocalin 2
(LCN2) in combination with C3.%* LCN2 is a protein secreted by astrocytes in inflammatory
conditions that contributes to apoptosis and morphological changes.®> Guanidine-binding protein
2 (GBP2) is another markers of neurotoxic astrocytes that are highly abundant in the brains of
prion infected animals and CJD patients. > Although still poorly understood, these reactive

astrocytes are known to secrete toxic mediators, such as saturated lipids, that contribute to

neuronal cell death, 43:47-49:66.67
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Recently, astrocyte-derived saturated lipids from Apolipoprotein E (APOE) and
Apolipoprotein J (APOJ) have been shown to induce neuronal cell death in vitro and in an in
vivo model of acute axonal injury.® Interestingly, APOE has been shown to be upregulated in
prion mouse models, particularly in microglia.®® However, knockout of this protein was not
protective, and resulted in decreased incubation time and increased inflammatory cytokines,
increased markers of Al astrocytes, increased markers of both DAM and homeostatic microglia,
and neuronal loss. Additionally, microglia show an impaired ability to clear PrP5¢ and damaged
neurons.®® Although this does not completely exclude the potential involvement of astrocyte-
derived saturated lipids in prion pathogenesis, it does suggest that there may be other neurotoxic
factors, as knockout of APOE would be expected to restore health in infected animals.

Transitioning from a “resting” astrocyte to a neurotoxic astrocyte requires microglia-
derived Clqa, IL1a and TNFa.* Logically, abolishment of these signals, here referred to as
triple knock-out, should prevent or at least decrease neurodegeneration in the context of prion
disease. However, removal of these inflammatory proteins, although successful in abolishing
C3+ astrocytes, also accelerated disease in mouse models.*’ No changes were detected in
vacuolization, PrP5¢, GFAP (marker of astrocytes) or ionized calcium-binding adaptor molecule
1 (Ibal) (marker of microglia). However, homeostatic microglia, marked by expression of
transmembrane protein 119 (TMEMI119) and purinergic receptor P2Y 12 (P2RY12),%-70 were
significantly decreased in the prion-infected triple knock-out mice.*® This suggests that, as
microglia are critical for astrocyte activation, reactive astrocytes may indeed be critical in
regulating microglia phenotypes as well, and that this process is important for combatting prion

infection.
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Both astrocytes and neurons can be infected with PrP5¢,*8 and astrocytes demonstrate the
ability to transfer PrP5¢ between each other and to neurons.”! Astrocytes more readily take up
PrP5¢ than neurons. It is unknown whether this is a due to increased susceptibility, or as a
mechanism to protect the neurons. Despite this, neuronal expression of PrP¢ is required for
disease to be fatal. When PrPC is expressed solely in astrocytes, there is significant PrP5°
accumulation, but no microgliosis, astrogliosis, vacuolization, or neuronal loss, and mice do not
develop signs of clinical disease. When PrP¢ is restricted to neurons, mice develop all the classic
signs of prion disease, but have less gliosis and live significantly longer than wild-type animals.
This suggests that astrocytes becoming infected and further disseminating prions can accelerate
disease and promote inflammation, but that they are not required for disease to occur.®

Microglia follow a similar pattern of dispersal throughout the brain as PrP%¢, 27 likely
due to their role in phagocytosis. Astrocytes, however, show a much different pattern of
activation that is not consistent with PrP5¢ deposition, and different regions of the brain display
different astrocyte morphology. This is particularly apparent in the hippocampus and thalamus.
There are multiple strains of mouse-adapted scrapie that have been developed for research
purposes, the most common in the United States being 221, RML and ME7, which show
different PrPS¢ deposition, but similar gliosis.*® Intriguingly, in 22L-infected mice, an a greater
increase in microglia is seen in the thalamus compared to the hippocampus, but a greater increase
in astrocytes is seen in the hippocampus compared to the thalamus.”® This suggests that these cell
types are working somewhat independently of one another. We have made similar observations
in RML-infected mice (see Chapter 3). These observations are based solely on GFAP and Ibal
expression of astrocytes and microglia, respectively, and does not delve into the molecular

profiles of these cells.
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A healthy mouse contains seven distinct types of astrocytes, with different levels of
protein expression and distribution throughout the brain, based on single-cell profiling.”* The
profiles of astrocytes in response to prion disease have only begun to be interrogated. Although
more phenotypes are being uncovered, Al and A2 astrocytes are still the best characterized.
Interestingly, translational profiling of cells in the prion-infected brain showed an increase in
both Al and A2 astrocytes as disease progressed, despite A2 being generally associated with
homeostatic function and maintenance of neuronal health. This suggests that a subset of
astrocytes may be contributing to preventing neurodegeneration, even in the late stages of

disease.®

DAM! Look at all those microglia

The role of microglia in prion disease remains controversial, as studies show that they are
critical, expendable, and everything in between. Ultimately, this depends on the mechanism used
to decrease or eliminate microglia, as well as the time point at which this is done.

Single-cell analysis shows that microglia decrease their homeostatic signature
(characteristic of M2 microglia) and developed a disease-associated signature (characteristic of
M1 microglia) over the course of disease.®® Specifically, the homeostatic markers TMEM119
and P2RY 12 decrease. P2RY 12 expression is associated with ramified microglia, containing
small cell bodies and long, thin processes. Changes in microglia are first detectable in the
thalamus at preclinical stages, and cell morphology shifts from being ramified to activated or
amoeboid. This is particularly apparent in the loss of P2RY 12+ and TMEM 119+ microglia in the
thalamus,® while Ibal+ microglia increase in number and appear more amoeboid with thick

processes in both the thalamus and hippocampus (see Chapter 3).%%75
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Microglial contribution to neuronal toxicity was first described in prion disease in 1998
by Giese et al. They co-cultured primary microglia and neurons infected with PrP5¢, and
ascertained that having microglia present in the culture was critical for PrP*¢-induced
neurotoxicity. This was corroborated using three different scrapie mouse models, for each of
which PrPS¢ accumulation correlated strongly with microglial activation, which preceded
neuronal cell death.” Compared to other cell types in the brain, microglia express much less PrP,
but can still become infected, replicate, and spread PrP%¢, and it has been suggested that their
ability to migrate may help in dissemination.”” Microglia from the bone marrow can infiltrate the
brain upon prion infection, suggesting a huge role in prion migration and a potential route of
transmission from peripheral infections.”® However, other studies suggest that few peripheral
immune cells make it to the brain upon prion infection.”

Microglia appear to be effective in phagocytosis and clearance of apoptotic neurons and
cellular debris, but unfortunately are inefficient in phagocytosing PrP5¢.% Proteins involved in
the complement cascade, namely C1q and C3, and the receptor C3 receptor on microglia, have
been shown to be involved in phagocytosis and over-pruning of synapses in a mouse model of
Alzheimer’s disease, and inhibition of these proteins leads to improved neuronal health.®!
However, the same has yet to be shown for prion disease.

Microglia recognize misfolded PrP, particularly PrPios.126, @ peptide that is known to
mimic the neurotoxic effects of PrP5¢.!! PrPios.126 induces the production of nitrite, inducible
nitric oxide synthase (iNOS), ROS, IL1p and IL6. Microglial-derived IL6 has been shown to
induce neuronal cell death.®? Phagocytosis of PrPigs.126 by BV2 microglia increases mRNA for
TNFa and iNOS, markers of classically activated or M1 microglia, and decreases mRNA for

Argl and mannose-receptor c-type 1 (Mrcl), markers of alternatively activated or M2 microglia,

15



and appears to have little effect on mRNA for suppressor of cytokine signaling 3 (SOCS3) and
interleukin 4 receptor alpha (IL4Ra), markers of acquired deactivation.®’

PrP5¢ activates microglia and polarizes them toward a classically activated phenotype.
However, the anti-inflammatory cytokines TGFf, IL10 and IL13, are upregulated in the brain at
late stages of prion disease, as are markers of alternative activation and acquired
deactivation.®®3* Because these activation types are not being induced by microglia upon prion
infection, this suggests that crosstalk between cells is responsible for producing factors that
polarize microglia from a DAM state to a homeostatic phenotype, likely in an attempt to
attenuate inflammation. In fact, some studies have shown that knockout of IL10 in mice lead to
increased susceptibility to disease,®® suggesting cytokines, particularly those responsible for
acquired deactivation, are critical in dampening prion-induced inflammation.

Interestingly, some experiments have suggested that one of the functions of PrP may be
the activation state of microglia, as knock-down of PrP has been shown to decrease markers of
classically and alternatively activated microglia.®>%¢ However, these experiments were
performed in an immortalized cell line, BV2 cells, and should be repeated using primary
microglia, or ideally in vivo models.

So, are microglia protective to neurons? Or are they contributing to neurodegeneration?
To help answer this question, we need to discuss what happens when you remove or decrease
microglia during the course of prion infection. This has been the section I have least looked
forward to writing because there are many studies that have attempted this, and they all seem to
have conflicting results. Therefore, we will review them in chronological order, and then discuss

any patterns in the overall findings.
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Microglial proliferation and survival requires continual stimulation by the tyrosine kinase
macrophage colony stimulating factor receptor (CSFI1R).8” CSF1R is activated by colony
stimulating factor 1 (CSF1) and interleukin 34 (IL34), which are produced by astrocytes and
neurons. CSFR1 stimulation induces expression of PU.1 and C/EBPa, which drive renewal,
differentiation and survival of microglia.®® Both PU.1 and C/EBPa are increased in the brains of
CJD patients. The function of CSFIR can be inhibited by the drug GW2580.7 Infected mice that
received this drug showed decrease, but not ablation, of microglial, a decrease in PU.1 and
C/EBPa, and a modest increase in markers of M2 microglia. Moreover, these mice had improved
neuronal health and increased survival compared to vehicle-treated mice.” A second study used
CSFI1R signaling to modify microglial numbers. Stimulation with stereotaxically injected CSF1
or IL34 was used to increase the function of CSFIR and increase microglial proliferation, and
GW2580 was used to inhibit the receptor and decrease microglial numbers.® Conversely to the
previous study, increases microglia was associated with improved neurogenesis and neuronal
development in the hippocampus. Microglial-derived TGF was determined to be responsible for
this, as neurogenesis was decreased when TGFpB was inhibited.® Another study knocked out
IL34 in tga20 mice, which decreased microglial numbers. They observed shorter incubation
times with prions and an increase in PrP%°. They saw similar effects when they ablated microglia
from mouse ex vivo organoid cultures, in addition to more neuronal loss, decreased TNFa and
IL1B mRNA, and increased CCL2 and CCL5 mRNA.*°

Another study used PLX5622, another inhibitor of CSF1R, was used to decrease the
number of cortical microglia by as many as 90%, and was associated with decreased survival,
both when the drug was administered at 14 days post infection (dpi), or at preclinical stages of

disease (80 dpi). Although microglia were decreased, mice showed increased vacuolization,
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astrogliosis, and, importantly, similarly distributed but significantly increased PrP5¢, suggesting
an important role for microglia in clearance of prion aggregates. These results were consistent
amongst three different mouse-adapted scrapie models.”! Similar to the previous study, key
inflammatory cytokines such as TNFo and IL 1o were decreased in PLX5622-treated mice,”!
suggesting that microglia may be a large source of these inflammatory mediators, and suggesting
that elimination of inflammation may not be completely protective.

Now that we have studies that contradict the effects of microglia in survival of prion-
infected animals, let’s discuss a study that contradicts the role of microglia in reduction of PrP5c.
Once again, this group targeted CSF1R, but they deleted an enhancer of the receptor that
prevents microglial development but allows mice to develop normally. These mice are referred
to as Csf1r°FRE, and it results in complete knock-out of microglia.”? Csf1r2"RE mice succumbed
to disease more rapidly, solidifying a role for microglia in neuroprotection. Similar to the
previous experiments, TNFa mRNA was significantly decreased, further identifying this as a
microglia-derived cytokine. The brains of Csf1r*FRE mice showed significantly more vacuoles,
but neuronal counts in the CA1 region of the hippocampus were unchanged. No differences were
seen in PrPS° through immunohistochemical staining, western blotting, or seeding activity of
PrP5¢.°2 These animals showed decreased GFAP+ astrocytes in the hippocampus compared to
wild-type controls, although total brain mRNA for GFAP was the same. Additionally, mRNA for
GBP2 was decreased,” a gene associated with reactive astrogliosis.* Interestingly, an increase
in reactive astrocytes was observed in the superior colliculus, as more C3+/LCN2+/GFAP+
astrocytes were detected via immunofluorescence. GFAP+ astrocytes appeared to have enhanced
phagocytosis in the absence of microglia, as these cells showed increased uptake of neuronal

synapses. Astrocytes also showed increased unfolded protein response (UPR) early in disease,
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associated with an increase in phosphorylated PERK and elF2a. (reviewed later on).”> The
overall findings of this study corroborate the role of microglia in neuroprotection against prions,
and also highlight their regulatory role in astrogliosis, as astrocytes appear to compensate for
microglia by increasing phagocytosis and UPR functions, with deleterious effects.®*2

A recent study showed the effects of intermittent treatment of PLX5622, (an inhibitor of
CSFR1 used in a previously mentioned study) on microglial proliferation throughout prion
disease to identify when these cells are most beneficial. Oral administration of this drug can
decrease microglia by inducing caspase-3-mediated apoptosis, resulting in up to a 90% decrease
in microglial numbers in 7 days. Race et al. ablated microglia 7 days prior to infection with
prions. Treatments were continued on to 7 dpi, 77 dpi, or 112 dpi (mean survival is ~150 dpi)
showed a significant reduction in Ibal cells, but no changes in PrP%° seeding activity. Early
treatment with PLX5622 (prior to inoculation) did not change susceptibility to prion infection.®’
It is established that microglial morphology and function changes with age, characterized by
increased inflammatory mediator production and decreased phagocytic abilities.”® Consistent
administration of PLX5622 is necessary to maintain decreased CNS microglia, and cells return
rapidly after dosing ends. These new microglia are similar to those present in young mice.
Therefore, Race et al. hypothesized that reintroduction of healthy microglia may be beneficial in
attenuating prion disease. Beginning at 80 dpi, mice were treated for one week with PLX5622,
either once, two times with two weeks between treatments, or three times with two weeks
between treatments. Regardless of when or how frequently the drug was administered, mice
succumbed to disease at the same time, and no significant changes in Ibal+ cells were observed.
Uninfected mice, however, showed a decrease in Ibal+ cells with treatment, suggesting that the

drug was working, but is ineffective in reducing microglia at last stages of disease.®’” Finally, to
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further interrogate the role of microglia in potentially decreasing PrPS° accumulation, they
utilized another model of mice, called tga20 mice, that express PrP at 6 to 10-fold normal
expression and succumb to disease more rapidly than WT mice, but have less than 10% the
amount of PrP5¢, These mice were treated with PLX5622 beginning at 14 dpi and for the
duration of the study and showed significant reduction in Ibal+ cells. Tga20 mice treated with
PLX5622 showed a slight, but significant, decrease in survival time compared to untreated tga20
mice,}” whereas this survival time difference was much greater in this group’s previous study
using WT mice that show significant PrP¢ accumulation.”! Together, this data suggests that
microglia do not show a significant role in prion pathogenesis early in disease, but that they
show benefits at later time points in disease, and that one of these benefits may be the clearance
of PrP%° itself.

Altogether, what do these experiments tell us? Having a balance of microglia is
important, and this can be hard to achieve. Whether or not microglia improve survival may be
dependent on the drug or transgenic model used. However, overall, it appears that microglia are
beneficial to the host in prion infection. Although classically activated phenotypes may be
responsible for production of inflammatory cytokines that may promote astrogliosis and
neurotoxicity,”>% the alternatively activated and acquired deactivated phenotypes appear to be
neuroprotective and mediate astrocyte reactivity.®® Phagocytosis of PrPS¢ may be important later
in the course of disease.?”?! Moreover, in the absence of microglia, astrocytes compensate by
increasing dysregulated phagocytosis and UPR activities, which contribute to

neurodegeneration.54%2

20



Mechanisms of neurotoxicity

One of the difficulties in designing therapeutics for prion diseases is that the actual
mechanism of neurotoxicity has not been fully elucidated. It has long been hypothesized that
prions themselves, particularly oligomeric species, are the neurotoxic agent. However, a recent
study using highly purified prions isolated from mice with RML-scrapie has shown that these are
not toxic to primary neuronal cultures, whereas raw RML brain homogenates are highly toxic.
Moreover, highly purified prions, when resuspended in brain homogenate from uninfected mice,
do not show toxicity in neurons.’* This suggests that the infectious agent may not be the prion
itself, but something produced in the replication process, or by cells as a response to the prion.
Additionally, there is a distinction between infectivity and neurotoxicity, as animal models show
two distinct phases of disease — rapid accumulation of misfolded prions, followed by a gradual
development of neurological changes that are inversely related to expression of PrP¢.7>%

It has been well established that prion-induced neuronal cell death occurs in prion
disease,’® however, the cellular response of the neuron leading up to this is poorly understood.
Some of the difficulties in understanding neurotoxicity arise from a lack of understanding of the
physiological role of the cellular prion protein (PrP¢), how it interacts with PrP5¢, and the
location and mechanism of misfolding. /n vitro models may be the best to elucidate
neurotoxicity, but many of these have caveats. Few immortalized cell lines are infectable with
PrP5¢, and those that are do not undergo apoptosis. Ex vivo organoid slices and organoids
derived from pluripotent stem cells can also be used to study neurotoxicity,”’ but these require
multi-week incubation with PrP5¢ to become infected, which makes it difficult to parse out the
effects of prion infectivity from neurotoxicity, as these are two distinct phases of disease.”>%>%%

Primary cultures of neurons demonstrate similar issues - not displaying neurotoxicity,” or
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difficulty in separation of infectivity and toxicity.!® A co-culture model with primary neurons
and astrocytes was recently described that allows for rapid transmission of PrP¢, allowing
seeding events to occur within minutes of infection.”® Other cell types, particularly glial cells,
may be critical to recapitulate the neurotoxicity seen in the prion-infected brain, and many

949798 which I have hopefully convinced you are critical in

models in particular lack microglia,
understanding prion diseases.
Despite the lack of perfect in vitro models, we can still uncover important information
from primary neuronal and organoid cultures. Having the same primary structure makes
differentiating between PrP¢ and PrP5° difficult. The easiest way to differentiate the B-sheet rich
PrP5¢ from the predominantly a-helical PrP¢ is using proteinase K (PK), as PrP5¢is PK resistant.
This is commonly used in western blots for cell lysates and brain homogenates, but can be too
damaging to primary cell cultures. The development of PrP5¢-specific antibodies have allowed
for detection of PrP¢ (Figure 1.2) in delicate primary neuronal cultures without damage induced
by PK degradation.”-!"! Moreover, PK-sensitive PrP5¢ may include oligomeric species that are

neurotoxic.”® Therefore, PK degradation, although a helpful tool in identifying infectious PrP,

may be detrimental in studies of neurotoxicity.

Uninfected 22L Infected
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Figure 1.2. PrP%-specific antibody in infected primary thalamic neurons. Neuronal markers MAP2 (white) and
B 111 tubulin (red), PrP%° (green) and DAPI (blue). Imaged by Arielle Hay, unpublished.

Knockout of PrP does not induce neurotoxicity in infected cultures, suggesting that loss-
of-function is not involved in neuropathology. However, studies modifying PrP suggest that
there may be a toxic gain-of-function. PrP is normally attached to the surface of the cell via a
GPI anchor, which may be critical for its normal function. Animal models without this anchor
show distinct neuropathology and increased infectivity.!0%103

One of the first signs of prion disease on a cellular level is synaptic degeneration, and
PrP5¢ is often found around sites of synapses. Both in vitro and in vivo studies have shown
swelling of neuronal dendrites and retraction of their spines, which are critical sites of synaptic
contact. This is most apparent in excitatory, not inhibitory, synapses, and seems independent of
PK treatment, suggesting that all forms of PrPS° may contribute to dendritic spine abnormalities.
Dendritic spines are highly involved in synaptic plasticity important for learning and memory,”®
and this dysregulation is likely associated with some of the behavioral changes associated with
prion diseases. Synaptic degeneration may occur from the binding of PrP%° to cell surface PrPC,
which may act as a ligand and signal transducer, respectively, to generate toxic downstream
events. Another hypothesis is that the tight binding of PrP¢ to PrP¢ localizes PrP5¢ to the cell
surface, where it interacts with other membrane proteins and the lipid bilayer, potentially
inducing changes in receptor and ion channel activities. Binding of PrP%¢ to PrP® on the cell
surface may also immediately convert the native protein to the infectious form.”®

Although the function of PrP remains unclear, there is evidence that PrP¢ interacts with
N-methyl-D-aspartate (NMDA)-type glutamate receptor subunits and modifies their function.
NMDA receptors are involved in regulating the actin cytoskeleton of dendritic spines. PrPS¢ may

activate NMDA glutamate receptors, as associated Ca?* influx can be observed in primary
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cultures shortly after PrP5¢ infection. Glutamate excitotoxicity is seen in prion infection, and
glutamate receptor antagonists have been shown to be protective against dendritic spine loss in

infected neuronal cultures and animal models, %103

as have peptides that stabilize actin
cytoskeletons.”® The involvement of glutamate receptors is consistent with the observation that
excitatory neurons are more susceptible to prion-induced degradation.”®

Mitogen-activated protein kinases (MAPKSs) respond to intra- and extracellular signals.
p38 MAPK is particularly important for signal transduction and synaptic plasticity in the central
nervous system, and its dysregulation has been cited in multiple neurodegenerative diseases. This
includes the involvement of excitotoxicity in prion disease.’®!%* Treatment with PrP5¢ causes an
increase in phosphorylation of p38 in dendritic spines, and blockage of this signaling with
pharmacological inhibitors reverses spine degradation.”®!104

Another large area of research into neurotoxicity of prions has focused on changing the
primary structure of PrP, particularly the N-terminal domain. As mentioned, PrP10s.126 can mimic
the toxic effects of PrP5¢ and form fibrils. Deletion of the N-terminal domain (residues 23-125)
induce motor defects and cerebellar degeneration in mice, leading to death within 3 months.!%
Deletion of 21 amino acids from the central region of the protein (residues 105-125) induces
death within a week of birth.!%” Glutamate excitotoxicity and ion channel abnormalities were
shown to lead to neurodegeneration in this model.”®!%® Intriguingly, similar dysregulation of ion
channel currents were observed in cellular models with point mutations associated with genetic
prion disease, such as P101L, the murine analogue for the P102L mutation seen in GSS.!* Co-
expression of normal PrP alleviates the neurotoxic effects of these N-terminal modification

models in a dose-dependent manner, suggesting that these deleterious effects are due to a

divergence from PrP cellular function. Likewise, antibodies that bind to the first a-helical region
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(al) of PrP induce changes in ion currents and dendrite degradation in primary neurons. This is
reliant on the N-terminal domain, as removal of residue 23-31 of the N-terminus prevents this
degradation.”® Together, these data suggest a toxic gain-of-function, particularly involving the N-
terminal region and its normal, regulatory interactions with the C-terminal domain. This may
lead to synaptic dysregulation, glutamate excitotoxicity, and related dendrite spine degeneration.
Additionally, these results suggest that any antibody developed for therapeutic purposes against

PrP5¢ should avoid targeting the N-terminal region.

NF-kB signaling in prion pathogenesis

Nuclear factor-kB (NF-xB) refers to a group of innate immune transcription factors that
respond to insult, inflammation and injury. These proteins include NF-kB1 (or p50), NF-kB2 (or
p52), RelA (or p65), RelB and c-Rel, which form homo- and heterodimers that bind to and
transcribe a DNA element called kB enhancer. Under normal conditions, NF-kB remains
sequestered in the cytoplasm, inhibited from translocating to the nucleus by I«B and related
proteins. The IkB kinase complex (IKK) is composed of the catalytic subunits Ixka and Ikkf,
and a regulatory subunit, Ixky. IKK can be activated by a variety of stimuli such as cytokines
(particularly TNFa and IL1p), growth factors, PAMPs and DAMPs (see Figure 1.3). In the
context of prion disease, activated of IKK predominantly occurs through TLRs and nucleotide-
binding oligomerization-domain protein-like receptors (NLRs) such as NLR family pyrin domain
containing 3 (NLRP3) (described later).!!%-111

Once activated, IKK phosphorylates [kBa, leading to IxkBa being ubiquitinated and
degraded by the proteosome. Uninhibited, NF-kB can translocate to the nucleus to upregulate a

huge number of NF-«B related genes. These include cytokines (TNFa, IL1a and IL1p, and IL-6),
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chemokines (CCL2, CCL4 and CCLS5), adhesion molecules, enzymes (cyclooxygenase-2
(COX2) and iNOS), and regulators of apoptosis.'!!"!1* NF-xB signaling is also tightly regulated
with autophagy and mitophagy, and the IKK complex can stimulate autophagy (described later),
even in the absence of NF-kB.!!* In the brain, NF-kB contributes to signaling events that
promote either synaptic plasticity, or induce neuronal apoptosis.!!> As inflammation, autophagy
and apoptosis are all key factors in prion pathogenesis, investigation of the role of NF-kB and

related proteins is essential.
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Figure 1.3. Interconnection of the NF-kB and NLRP3 Inflammasome Pathways. Graphic created with
BioRender.com.
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A non-canonical pathway is also involved in the activation of NF-xB, but this is a
function of the adaptive immune system,!!? and is therefore outside the scope of this dissertation,
as prions do not trigger an adaptive immune response.

The connection of the NF-xB pathway in prion pathogenesis was first made in 1999 by
Kim et al. when the observation was made that NF-«kB activity was significantly increased in the
hippocampus and thalamus of scrapie-infected mice, in addition to cytokines that are both known
to induce the NF-«kB pathway, and those that are known to be upregulated by NF-kB.!!® The
synthetic prion peptide PrP1os-126 has demonstrated the ability to induce NF-kB in human
microglia, accompanied by an increase in iNOS and TNFa.!!” Despite this, few studies have
attempted to elucidate the role of NF-kB in prion pathogenesis. Time and time again researchers
have described NF-kB-related genes upregulated in the brains of prion-infected animals.*8-50-84.118
Why, then, has this pathway been generally ignored as a potential therapeutic target, or utilized
as a biomarker for human prion diseases?

It is likely that a study from the Aguzzi lab conducted in 2008 has stymied any further
attempts to investigate the role of this pathway in disease. This study utilized the CreLox system
to target cells of the CNS neuroectodermal lineage under control of the Nestin promoter. Nestin-
Cre mice were crossed with JoxP-flanked IKKf or IKKy mice, generating a line of mice that
effectively did not express NF-«xB in astrocytes, neurons and oligodendrocytes. When infected
with prion disease, no significant changes in survival or disease pathogenesis were observed in
these mice compared to controls. This led the researchers to conclude that NF-kB signaling does
not contribute significantly to disease outcome.!'"”

There is a major caveat to this conclusion — it does not take into account the role of

microglial NF-«B signaling, as these cells are derived from a separate lineage — the peripheral
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mesoderm or myeloid tissue — as opposed to the ectoderm.'?? Although this has not been
formerly characterized in prion disease, our data suggest that microglia-specific NF-kB signaling
has a significant effect on both the inflammatory state of glial cells, as well as downstream
pathways such as autophagy (see Chapter 4, data unpublished). Although they make up a small
percentage of the overall cell population, astrocytes show limited response to inflammation in the
absence of microglia.*>*¢ It has been shown that, even in cell culture models, the presence of
even a few microglia can elicit large changes in the phenotype of astrocytes.!?! Therefore, by not
removing IKKf or IKKy from microglia, it is inappropriate to conclude that this signaling
pathway has a limited role in prion pathogenesis, as microglia would have continued to respond
to prions, damage-associated molecular patterns (DAMPs) and cytokines to induce NF-kB
signaling and related downstream pathways.

The role of microglia-specific NF-kB signaling has been investigated by Srivastava et al.
in an in vitro model of prion-treated microglia. Both the BV2 microglial cell line as well as
primary microglia were treated for 18 hours with 221 mouse-adapted scrapie purified from
terminally ill mice or infected cells. They observed an increase in NF-kB-associated cytokines
IL6 and TNFa, as well as nitrite and iNOS, in addition to degradation of IkPa, indicative of NF-
kB activation.!?? Together, these data suggest an immediate response of microglia to the prion
protein itself, as well as suggesting potential downstream effects, as microglia-derived cytokines
such as TNFa are strong inducers of astrocyte reactivity.*>-* Data from our laboratory has
demonstrated an increase in the NF-kB-related genes CCL2, CCLS5 and IL1 in primary mixed
glial cultures (containing both astrocytes and microglia) that have been infected for two weeks

with 22L mouse-adapted scrapie (see Chapter 2).!2
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Interestingly, it is suggested that PrP itself may be critical in regulation of the NF-xB
pathway by enhancing response to TNFa.!?* As many prion therapeutics target PrP (reviewed
later), this highlights a potential downstream effect that may allow for a decrease in
inflammation. Overall, the NF-kB pathway should not be dismissed as either a biomarker for

disease or a therapeutic target.

The NLRP3 inflammasome

Some genes transcribed by NF-«B include NLRP3, pro-IL1f and pro-ILI18, genes for key
proteins in the innate immune NLRP3 inflammasome, which responds to a variety of signals
including cellular damage. The first signal, priming, is well characterized and includes TLR
binding of PAMPs and DAMPs, or binding of cytokines such as IL1f via IL1R and TNFa via
TNFR, resulting in NF-kB activation and transcription, as described above. The second signal,
referred to as activation, remains poorly understood. Various extracellular stimuli, generally
referred to as NLRP3 agonists, are able to induce assembly of the NLRP3 inflammasome. These
agonists do not bind directly to NLRP3, but instead induce cellular or mitochondrial damage or
changes in intracellular calcium and potassium levels. For example, NLRP3 can be triggered by
extracellular ATP, mitochondrial DNA, or mitochondrial-derived ROS. It is hypothesized that
NLRP3 responds to a common cellular event triggered by these agonists as opposed to binding
individually to these structurally diverse stimuli. The NLRP3 inflammasome refers to a large
multimeric protein complex composed of individual monomers of NLRP3 and the adaptor
protein apoptosis-associated speck-like protein containing a CARD (ASC, also known as
PYCARD), which recruit pro-Caspasel, which cleaves itself to form Caspase-1. Caspase-1

cleaves pro-IL1p and pro-IL18, releasing the inflammatory cytokines IL1p and IL18. Caspase-1
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also cleaves gasdermin D (GSDMD), a protein that oligomerizes and forms a pore in the cell
membrane that releases IL1p and IL18, and induces pyroptosis by disrupting the cells osmotic
potential (Figure 1.3). 125126

Arguably even less characterized in prion disease than the NF-kB pathway is the NLRP3
inflammasome pathway. This pathway can be activated by NF-kB, as well as by agonists of
NLRP3 itself. NLRP3-related genes, NLRP3, Pycard (which encodes ASC), Caspasel and IL1f
are all upregulated in infected mouse microglia.!'® The neurotoxic peptide PrPios-126 can induce
NLRP3 activation when phagocytosed by both primary and BV2 microglia.>”!27-128 Likewise,
PrP fibrils induce NF-xB, and IL1f can be released from macrophages and microglia in vitro, but
this is significantly decreased in the absence of NLRP3, ASC or Caspasel.!?’ Cell-based models
of prion disease have shown an intriguing role for NLRP3 in inflammation and neurotoxicity, but
animal models have not demonstrated this.

Previous studies have dismissed this pathway as having any significant implications in
prion pathogenesis. mRNA analysis of infected wild-type mice showed that Pycard and
Caspasel increased only slightly, and NLRP3 and IL1p transcript levels remained unchanged at
terminal prion disease.!'!? This contradicts the findings of another study, in which analysis of
three mouse-adapted scrapie strains all showed significant upregulation of /L/f at terminal
disease.*® The Aguzzi group generated NLRP3 knockout (KO) or ASC KO mice and infected
them with prions. They showed no significant differences in the time-course or pathogenesis of
disease, as determined by survival, spongiosis, astrocyte and microglial numbers, and PrP5°
accumulation. Additionally, no significant changes were seen in IL1f in the prion-infected KO
mice, 1% suggesting another source of this cytokine besides the NLRP3 inflammasome

(hmm...perhaps an inflammatory pathway that has been previously mentioned...NF-xB?)
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Although the NLRP3 inflammasome may not have a significant role in prion
pathogenesis to change survival or obvious disease phenotypes, it may contribute to other
pathways, such as autophagy, mitophagy, and pyroptosis, and of course NF-kB, which may have
implications in prion disease. An interesting study by Lai and colleagues found that inhibition of
autophagy in microglia increased the processing and release of IL1p, and that autophagy is

increased by inhibition of the NLRP3 inflammasome. TIR-domain-containing adaptor inducing

interferon 3 (TRIF) and TLR4 were both found to be important for the autophagy of PrPios-126, as

their knock-down by siRNA lead to a decrease in autophagy. They suggested that TLR4 binds
PrP1o6-126, and recruits TRIF to promote autophagy. Caspasel was found to cleave TRIF and halt
autophagy, suggesting a mechanism by which the NLRP3 inflammasome inhibits autophagy of

the neurotoxic prion peptide.'*°

Oxidative stress

Cellular stress caused by misfolded proteins and associated inflammation leads to an
increase in ROS. This has been described in the brains of CJD patient and prior to clinical signs
in animal models, and leads to DNA damage and increased glial numbers, particularly
microglia.’3!"13* NO and iNOS are also increased in prion disease.'*> Knockout of proteins
involved in repair of oxidative DNA damage leads to increased nuclear and mitochondrial DNA
damage, decreased astrocyte numbers, and shortened survival time.!** The source of ROS is
predominantly microglia, and the majority of ROS is produced by the NADPH oxidase 2 enzyme
(NOX2), an electron transporter that produces ROS upon phagocytosis to kill pathogens.
Knockout of NOX2 slowed presentation of clinical and behavioral signs and increased survival

time in animal models.!3® Together, these findings support the role of microglia in production of
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ROS, and highlight the importance of repair mechanisms for DNA damage induced by oxidative
stress in prion disease.

The Keap1-Nrf2 pathway is a key regulator in oxidative stress response. Under healthy
conditions, nuclear factor erythroid 2-related factor 2 (Nrf2) remains bound to kelch-like ECH-
associated protein 1 (Keapl), where it is ubiquitinated and degraded by the proteosome. Upon
sensing ROS and electrophiles, Keapl releases Nrf2 to be translocated to the nucleus. Here, Nrf2
binds to antioxidant response elements (ARE) to initiate the transcription of antioxidant and
detoxifying genes.'3’

Nrf2 is increased in the brains of CJD patients, indicating that this cellular stress pathway
is increased to combat prion pathogenesis.!3* Nrf2 knockout animals undergo neurodegeneration,
accompanied by increased cytokines and astrogliosis, indicating this pathway as a key regulator
in maintaining neuronal health.!!!

The Keap1-Nrf2 and NF-kB pathways negatively regulate one another through multiple
mechanisms. The Nrf2 target gene heme oxygenase-1 (HO-1), which is upregulated in prion
mouse models, negatively regulates NF-kB-mediated transcription of adhesion molecules. Keapl
is a negative regulator of IKKf, inducing stabilization of IkBa, and effectively preventing NF-
kB translocation. The p65 subunit of NF-kB has multiple mechanisms to negatively regulate
ARE-mediated gene expression (Figure 1.4). The autophagy protein, p62, is an Nrf2 target gene
and is important in regulating the fine balance between Keap1-Nrf2 and NF-«kB pathways,!!! and

will be described in the next section.
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Figure 1.4. The NF-kB and Keap1-Nrf2 pathway negatively regulate one another. Graphic created with
BioRender.com.
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Clearance of protein aggregates

Cells have multiple pathways in place for responding to misfolded proteins. However, the
number of normal cell processes that are dysregulated by the accumulation of misfolded PrP is
perverse and often baffling. This is likely due to the sheer volume of misfolded proteins, and the
structurally favorable B-sheet-rich PrP%¢, which is highly resistant to degradation. The ubiquitin-
proteosome system (UPS) is responsible for polyubiquitinating redundant or misfolded proteins,
leading to their degradation by the 20S proteosome. Ultimately, PrP5¢ aggregates stabilize the

closed conformation of the substrate entry channel of the proteosome, preventing its function and
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leading to an increase of detectable proteosome substrates in the brain, such as p27, p53 and
B, 138139

A key protein that is a regulator between the NF-xB pathway, Keap1/Nrf2 pathway, the
UPS, apoptosis and autophagy is p62. This is a scaffold protein that modulates enzyme function,
and contains binding regions for several different proteins, including LC3, Keap1, ubiquitin,
TRAF6 and RIP1 (involved in NF-kB signaling), and others.!4%!4! Interestingly, p62 itself is an
Nrf2 target gene. After translation it undergoes various modifications, and its phosphorylated
form binds ubiquitinated cargo, such as protein aggregates. It is then phosphorylated by
mTORCI, which allows it to competitively bind to Keapl, initiating its release from Nrf2 and
allowing transcription of Nrf2 target genes (such as p62). The p62-Keapl-ubiquitinated cargo
complex is then degraded by the autophagosome (Figure 1.5). Of note, phosphorylated p62 can
also competitively bind Keap! in the absence of ubiquitinated cargo, making this protein a strong

initiator of Nrf2 and oxidative stress response.'#!
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Figure 1.5. p62-Keap1-Nrf2-mediated autophagy. Graphic created with BioRender.com.

Selective autophagy requires the sequestering function of p62. Protein aggregates bind to
chaperone proteins and are ubiquitinated by UPS proteins. The ubiquitinated aggregates become
bound to and surrounded by p62, which forms dimers and oligomers. LC3II is recruited, which
binds to and surrounds p62 to form an autophagosome. This then fuses with the lysosome, which
undergoes acidification to degrade proteins. Two major indicators of autophagy function are
LC3II, and p62, as fluctuations or buildup in these proteins may suggest that autophagy is
dyregulated.'*® Analysis of prion-infected cell lines show that PrPS¢ aggregates undergo
ubiquitination and p62-LC31I-mediated autophagy. However, both LC3II and p62 accumulation
are seen in animal models of prion disease, suggesting that this pathway is not functioning to its
full capacity.!4?

Newly synthesized PrP aggregates are trafficked from the endoplasmic reticulum (ER) to

the lysosome via the autophagy pathway.!43

However, at some point during prion disease,
autophagy can become impaired. Treating a mouse model of GSS with rapamycin, an
autophagy-inducing drug, increased survival, improved motor function, and decreased PrP5°
aggregation. Interestingly, apoptosis was increased via rapamycin-induced autophagy in these

mice, but it was specific to astrocytes, not neurons. !4

Together, these data highlight an important

role for autophagy in misfolded protein clearance in prion disease, and suggest that impairment

occurs in this pathway during the natural course of disease and contributes to neurodegeneration.
As mentioned previously, autophagy both regulates and is regulated by the NF-xB

pathway and apoptosis. Not only is p62 upregulated by Nrf2, but it is also upregulated by NF-

kB.!% Stress signals that activate the IKK complex, important for NF-«kB activation, can initiate
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autophagy even in the absence of downstream NF-«B signaling, and knockout of IKK actually
leads to impaired autophagy.!!*

Autophagy is also important for clearance of damaged organelles within the cell. A
significant portion of ROS are derived from mitochondria, which are highly affected by prion
disease and other neurological disorders. PrPi¢s-126 has been shown to cause rapid mitochondrial
depolarization in immortalized human neuronal cells, resulting in increased caspase activation
and downstream apoptosis.'3®> This peptide has recently been shown to impair selective
autophagy of mitochondria (mitophagy) in infected cell lines'#°. Although this pathway has only
begun to be investigated in prion disease, PINK1/Parkin mediated mitophagy is well
characterized in other neurodegenerative diseases, and even viral infection'*”-!48, Ultimately,
stress resulting from PrPS¢ accumulation in the cell leads to increased production of ROS and
decreased production of ATP by the mitochondria, and mitophagy of damaged mitochondria is

important for regulating oxidative stress.

The unfolded protein response

Inability to remove PrP5¢ via the UPS leads to changes in translation of proteins induced
by the unfolded protein response (UPR). This pathway halts translation by the endoplasmic
reticulum (ER) to prevent further proteins from entering into the system. Although there are
multiple pathways within the UPR, here we will review the PERK-elF2a pathway, as this has
implications in prion disease. PERK is a protein located on the membrane of the ER where, in a
healthy cell, it is bound to the chaperone BiP. BiP is recruited away from PERK to misfolded
proteins such as PrP%¢. As BiP attempts (unsuccessfully) to retain the native conformation of

PrPS¢, PERK dimerizes with a second PERK protein, and both become phosphorylated.
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Phosphor-PERK (p-PERK) acts as a kinase to phosphorylate elF2a (p-e[F2a), which attenuates
synthesis of proteins by preventing the initial step of translation. This is a temporary mechanism,
as protein synthesis is critical for cell survival. Therefore, p-elF2a also induces the protein
ATF4, which induces the expression of CHOP, which induces GADD34 expression, and can

initiate apoptosis. GADD34 dephosphorylates p-elF2a to re-initiate translation (Figure 1.6).!%
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Figure 1.6. The unfolded protein response pathway. Graphic created with BioRender.com.

The UPR is highly dysregulated in prion disease. Both p-PERK and p-elF2a are
increased in the brains of prion-infected animals, as are levels of ATF4 and CHOP, but this is not

associated with any changes in GADD34. Global translation rates, however, are decreased, and
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changes in markers of the UPR coincide with synaptic dysfunction, clinical signs and neuronal
death. Together, these data suggest that the PERK- e[F2a UPR pathway is being turned on
around the time of clinical manifestations of prion disease and is not being turned off.
Pharmacological intervention to prevent elF2a phosphorylation, or initiate its dephosphorylation,
were able to circumvent neuronal death.!3%15!

Interestingly, different cell types have different UPR responses in prion disease. In
neurons, there is an increase in p-PERK, but it is not associated with downstream p-elF2a or
paused translation.!>? Astrocytes, however, appear to be culpable for UPR dysfunction leading to
neuronal cell death. UPR-reactive astrocytes have significant changes in their secretome,
increased expression of C3 and LCN2, and fail to promote synaptogenesis in neurons.
Introduction of astrocyte-specific GADD34 increases survival time and improves neuronal health
in prion infected mice.®

The lysosome itself and the endolysosomal pathway are additional sources of
dysfunction, and the UPR may exacerbate this further. Impairment of the lysosome has also been
cited in prion disease,'>* and may account for the development of vacuoles in the brain. Attempts
to degrade prions in the endolysosomal pathway are impaired by prion-induced degradation of
PIKfyve, a kinase critical for the maturation of the endolysosome. Degradation of PIKfyve can
occur through UPR impairment, as pharmacological targeting of this pathway!>! lead to an
increase in PIKfyve. Overexpression of proteins that support PIKfyve function restores
lysosomal function and prevents vacuolization. The leading hypothesis is that a sustained UPR
leads to downstream PIKfyve degradation and associated impaired endolysosomal maturation.
Instead of developing functional lysosomes, vacuoles form, and, in neurons, this leads to

synaptic dysfunction, introducing yet another potential source of neurotoxicity.>
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Apoptosis

Ultimately, too much cellular damage and inability to clear misfolded proteins may leads
to cell death, although as described earlier, the exact cause of cell death, particularly in neurons,
is poorly understood and may include many contributing factors. In fact, it is not evident what
type of cell death is occurring in prion-infected neurons. Initially it was assumed that it was
apoptosis,’® but this was prior to the discovery of multiple forms of programmed cell death, such
as pyroptosis and even ferroptosis. Observations of cell death in animal models can be
inconclusive,'® and some forms of cell death have yet to be explored. For example, due to the
controversial role of NLRP3 signaling in prion disease, pyroptosis is not (currently) known to be
a contributor to cell death. Here, I will briefly describe the apoptotic pathway, as this seems to be
assumed as the major pathway prion-infected neurons undergo.

Extrinsic signaling through TNF receptor 1 (TNFR1), TLRs and death receptors can
trigger apoptosis, which activate caspase 8, which activates caspase 3/7 and leads to apoptosis.
TNFR1 and TLRs likewise can activate the NF-kB pathway, which produces anti-apoptotic and
cell survival signals, allowing for tight regulation of this pathway. Intrinsic stress signals are
sensed by the mitochondria and trigger the oligomerization of the proteins Bax and Bak. The
Bax/Bak dimer form pores on the membrane of the mitochondria and allow the release of
cytochrome c. Cytochrome c induces the formation of the apoptosome, which activates caspase
9, which in turn activates caspase 3/7, leading to apoptosis. There are many proteins that can
inhibit steps in this pathway, the best-known example being Bcl2, which is upregulated by NF-
kB and inhibits the Bax/Bak complex.!>*!5% For research purposes, common markers of

apoptosis are caspase 3/7, which is upstream of apoptosis, and the loss of plasma membrane
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integrity, an early stage of apoptosis, and finally release of cellular DNA, indicative of the end

stages of cell death.!>¢

Available treatments for human prion diseases

As the title of this dissertation implies, I want to convince you that (despite all the many
cellular pathways implicated in prion disease) glial inflammation, particularly involving the NF-
kB pathways, is poorly studied and a promising therapeutic target. Now, I will discuss some of
the failed therapeutics before we get into the good stuff.

To sum up this section and save you some time, there are no available treatments for
human — or any other — prion diseases. All attempts to treat prion diseases to this day have been
unsuccessful, and these diseases remain 100% fatal to both humans and animals alike. Currently,
people diagnosed with CJD and other prion diseases are given drugs to treat dementia, and
antidepressants and sedatives to treat the psychological symptoms.!*’

Current anti-prion pharmacological interventions either stabilize specific conformations
of PrP¢, non-specifically stabilizing PrP, or preventing PrP5¢ aggregation. Developing a
successful drug for prion disease requires it to have one of the listed functions, but also be non-
toxic, not interact with other proteins, have good bioavailability and be able to cross the blood
brain barrier (BBB). Of the compounds used to treat prion disease in animal models, few have
met these criteria to make it into clinical trials.

Anle138b is a compound that shows efficacy against both PrP%¢ and a-synuclein (which
aggregates in Parkinson’s disease) in animal models. Anle138b recently underwent Phase 1 trials
in healthy individuals and was found to be non-toxic, and may be considered to treat Parkinson’s

and perhaps prion disease.!>” However, assessment of this drug in mouse models of genetic prion
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disease was inconclusive, as even the control animal models did not develop disease.'*® The
dearth of sufficient animal models for prion disease introduces yet another difficulty in
developing therapeutics.

A classic example of a failed therapeutic is IND24 and similar compounds developed in
Stanley Prusiner’s lab. These compounds were able to extend the lives of scrapie-infected mice
from ~120 days to over 450 days. However, this was dependent on the strain of scrapie used, as
some strains showed few changes after drug treatment in infected cell culture models.
Histological analysis revealed decreased astrogliosis, and unique patterns of PrP5¢ deposits in
different brain regions, depending on the compound used. The disappointment arose when these
compounds were tested in humanized mice infected with CJD and no extension of survival was
observed,'>® preventing any further translational studies with these compounds.

Strain differences present a difficulty in developing PrP-targeting therapies for prion
diseases, as the same, or very similar, amino acid sequences in the prion protein can present with
different PrPS¢ structures, tissue tropism, and even behavioral and clinical symptoms.3!-3?
However, many cellular pathways are similarly dysregulated in animal models, regardless of the
prion strain. For example, a thorough profiling of three mouse-adapted scrapie strains identified
predominant PrP5¢ in different cell types, and detection of PrPS¢ aggregates at different timepoints
in different brain regions. Despite this, all three strains showed comparable increase in astrocyte
and microglial numbers throughout the course of disease, in addition to similar upregulation of
inflammatory cytokines and chemokines.*® Together, these data suggest that although targeting
of PrP¢ accumulation may need to be strain specific, inflammatory pathways are more universal

and may provide a larger target for treatment of prion diseases.
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Some FDA-approved non-steroidal anti-inflammatory drugs (NSAIDs) have been
assessed in prion-infected cell or mouse models. Celecoxib, a COX2 inhibitor, was able to
prevent prion-induced microglia activation and release of COX2, PGE2 and nitric oxide. A
derivative of this drug that is used for cancer treatment, AR-12, was shown to decrease PrP
accumulation in cell culture models and promote autophagy. Imatinib showed similar effects as
AR-12, but when it was put into a mouse model it was unable to effectively cross the BBB.!%’
The drug GSK2606414, which selectively inhibits PERK in the UPR pathway, is effective in
preventing neuronal loss and clinical signs in animal models, but unfortunately shows toxicity to

the pancreas.!>!

The antimalarial drug quinacrine is able to cross the BBB, and made it to phase 2 clinical
trials in CJD patients, before it was discontinued for inducing liver dysfunction. Notably, there is
evidence that prions develop drug resistance, which has been observed with quinacrine. Another
drug that made it into clinical trials was FLU, an NMDA receptor antagonist that showed
promise in decreasing excitotoxicity and dendritic degradation in neurons. Although this drug
was sufficient in crossing the BBB and well tolerated by patients, it had no effect in CJD
patients. The antibiotic doxycycline was also shown to be effective in cell and animal models in
decreasing PrP%°, but showed no efficacy when introduced into patients. Recently, the anti-PrP¢
monoclonal antibody PRN100 was put into clinical trial in 6 CJD patients. This drug was well
tolerated and able to penetrate the BBB, but the sample size was too small to determine its
efficacy.!’

Targeting oxidative stress may be beneficial for prion disease. Cannabidiol (CBD), a non-
psychoactive drug derived from Cannabis, showed inhibition of PrP5¢ accumulation in mouse

and sheep, although through an unknown mechanism, as it does not affect trafficking or pre-
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existing deposits of PrP5¢.!57 Our laboratory has demonstrated the ability of CBD to increase
uptake of ROS and prevent protein aggregation in a C. elegans model of Alzheimer’s disease by
acting upon the Nrf2 pathway (Skn-1 in C. elegans) (unpublished work). It is possible that CBD
could alleviate prion disease through a similar mechanism. Cell culture models have also shown
that curcumin, derived from turmeric, effectively decreases ROS and promotes autophagy.'>’

Treatments with anti-inflammatories such as prednisone acetate has been shown to be
beneficial in mice inoculated intraperitoneally with scrapie, and extended survival by more than
200 days, but was ineffective in mice inoculated intracranially. Treatment with ibuprofen in mice
had severe side effects.” Together, these data present a need for a safe, effective treatment that
can cross the BBB.

Both the JAK-STAT and NF-kB pathways are activated in prion-infected mouse models,
and over 50% of the proinflammatory genes that are upregulated are NF-kB-related.”” Therefore,
targeting this pathway may be a promising avenue for developing therapeutics. Knockout of
individual inflammatory genes such as 7NFa and /L6, and receptors such as CCR2 and CCRS5
have not affected prion pathogenesis, and knockout of CCL2 and IL10 have had conflicting
results, by both extending or shortening survival time, depending on the animal model used.”
Together, these data suggest that removal of a single protein may be less effective than targeting
an entire pathway.

However, as I have hopefully conveyed to you, many of the cellular pathways that are
implicated in prion disease are intertwined with one another. For example, inhibiting a pathway
such as NF-kB will likely have many downstream effects on other pathways such as autophagy

and oxidative stress. This leads nicely into the next — and final — section of this literature review.
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Mesenchymal stromal cells

The unique anti-inflammatory and glial-modulating properties of mesenchymal
stromal cells highlight them as a therapeutic avenue for prion diseases. This treatment modality
is able to modulate multiple pathways and mechanisms of pathogenesis. These cells do not
inhibit one specific protein or pathway in the brain, but instead respond to their environment by
secreting immunological modulators that have been known to act on a variety of pathways
implicated in inflammation. These include NF-kB, NLRP3 signaling, and Nrf2 signaling, as well
as adapting the phenotypes of specific cells that contribute to this inflammation, namely
microglia and astrocytes,!23:160-164

Mesenchymal stromal cells (MSCs), formally known as mesenchymal stem cells, were
first described by Friedenstein et al. in 1974 when they were identified in bone marrow.!® Since
then, their popularity in regenerative medicine has skyrocketed. MSCs are adult multipotent stem
cells that are most commonly derived from bone marrow, compact bone, adipose tissue and the
umbilical cord.!%1¢6 These cells can differentiate into a variety of cell types, including
adipocytes, chondrocytes and osteocytes,!®” but have also been reported to differentiate into

166,168 MSCs demonstrate potent migratory ability when delivered

neurons and astrocytes.
intranasally, intravenously, or intracranially into animal models, as they contain a variety of
chemokine receptors that initiate chemotactic migration toward lesions and sites of increased
inflammation.!¢°-!”2 Through paracrine signaling and the release of extracellular vesicles, MSCs
secrete anti-inflammatory cytokines and chemokines, growth factors, and microRNAs
(miRNAs). These cells are particularly appealing for diseases of the CNS, as they are able to

regulate inflammation in glial cells through paracrine signaling of immune modulators. They

produce growth factors that promote myelination, axon repair and neurogenesis, and produce
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miRNAs and proteins such as Bcl2 that promote cell survival. MSCs have been used to treat
spinal cord injury, cerebral ischemia, and a variety of neurodegenerative diseases.!%

In protein-misfolding neurodegenerative diseases such as Parkinson’s disease (PD) and
Alzheimer’s disease (AD), MSCs have demonstrated the ability to improve clinical and
behavioral signs, decrease levels of TNFa and IL1p, and increase markers of M2 microglia in
animal models.'® Intriguingly, these cells can also reduce protein aggregates. MSCs increased
IL4 production from microglia and promoted their clearance of amyloid- (AB) in an AD
model.!” The secretome was isolated from MSCs that were exposed to AD mouse brain
homogenates in vitro, and delivered intranasally into this mouse model, showing improved
memory, and decreased gliosis and AB.!7* Multiple studies with MSCs have been shown their
ability to polarize microglia and astrocytes to an M2 and A2 phenotype, respectively. MSCs have
been implicated in improved autophagy, decreased ROS, and have even been shown to deliver
healthy mitochondria to rescue dying neurons in AD models. Multiple clinical trials are currently
recruiting to test the benefits of these cells in early stages of AD, including one in China in
which patients are inhaling exosomes from adipose-derived MSCs (AdMSCs).!68

In PD models, MSCs have demonstrated the ability to regulate autophagy, cleave and
inhibit the spread of a-synuclein, decrease neuronal loss, and of course modulate
inflammation.'”>!7¢ In fact, bone marrow-derived MSCs have been stereotaxically transplanted
into the sublateral ventricular zone of seven PD patients, three of whom showed great
improvement and had no negative side effects or tumor formation.!’¢

It should be noted that many treatments that have shown benefits for AD and PD have not
been successful in prion disease. The use of MSCs for treatment in prion disease has only begun

to be investigated. Work from the Horiuchi lab has set a foundation for MSCs in prion disease.
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They initially investigated immortalized human MSCs derived from bone marrow that stably
expressed the marker B-galactosidase. These cells were transplanted stereotaxically into the left
hippocampus of scrapie-infected mice at 120 dpi. By staining for B-galactosidase, they found
these cells still present in the brain 3 weeks post-transplantation, many of which had migrated to
the right hippocampus, where their location correlated with prion deposition. They also assessed
intravenous delivery of these cells, and found the cells had infiltrated the cortex, hippocampus,
thalamus and cerebellum. MSCs extended survival time and expressed the growth factors VEGF
and BDNF, and the neurotrophic factor NT3, and even demonstrated the ability to differentiate
into astrocytes and neurons.!”” These promising results initiated further investigation. MSCs
derived from compact bone were isolated from the tibia and femur of mice and transplanted
through stereotaxic injection into the hippocampus of prion-infected mice at 120 dpi. These cells
were shown to modestly extend survival, and although they did not demonstrate changes in
vacuolization or PrP%, they did increase microglial numbers in the hippocampus at 3 weeks post-
transplantation. Hippocampal mRNA demonstrated an increase in IL1f, TNFa, and CD68, a
microglial marker of phagocytic activity. They also saw increased expression of CD206, Ym-1,
Retnla and IL 10, markers of homeostatic microglia. They did not see any changes in nerve
growth factor or BDNF.!? Together, these studies suggest that both source and delivery method
of MSCs have a significant impact on the pathological outcomes, but that MSCs demonstrate
promise in modulating glial inflammation that may be beneficial for survival in prion disease.
Our laboratory is working toward optimizing the use of MSCs as a treatment for prion
diseases. We are utilizing AdAMSCs, which demonstrate an increased production of anti-
inflammatory molecules and growth factors compared to MSCs derived from bone marrow.!6

Moreover, these cells have increased therapeutic potential, as they can be excised from patients
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through a minimally invasive lipectomy,!”® compared to isolation from bone marrow, or compact
bone which requires the removal of entire bones.'®® Additionally, delivery of autologous cells
will eliminate some threat of rejection by the immune system. Finally, we are employing the
method of intranasal delivery, as this is much less invasive than stereotaxic injection. The

following two chapters detail our findings in an in vitro and in vivo model of prion disease.
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Chapter 2:
Adipose-Derived Mesenchymal Stromal Cells Decrease Prion-Induced Glial Inflammation
In Vitro

Published in Scientific Reports, December 2022

Summary

Prion diseases are characterized by the cellular prion protein, PrPC, misfolding and

aggregating into the infectious prion protein, PrPSC, which leads to neurodegeneration and death.
An early sign of disease is inflammation in the brain and the shift of resting glial cells to reactive
astrocytes and activated microglia. Few therapeutics target this stage of disease. Mesenchymal
stromal cells produce anti-inflammatory molecules when exposed to inflammatory signals and
damaged tissue. Here, we show that adipose-derived mesenchymal stromal cells (AdMSCs)
migrate toward prion-infected brain homogenate and produce the anti-inflammatory molecules
transforming growth factor B (TGFp) and tumor necrosis factor-stimulated gene 6 (TSG-6). In an
in vitro model of prion exposure of both primary mixed glia and BV2 microglial cell line, co-
culturing with AAMSCs led to a significant decrease in inflammatory cytokine mRNA and

markers of reactive astrocytes and activated microglia. This protection against in vitro prion-

associated inflammatory responses is independent of PrP> replication. These data support a role
for AAMSC:s as a beneficial therapeutic for decreasing the early onset of glial inflammation and

reprogramming glial cells to a protective phenotype.

48



Introduction

Prion diseases are rare protein-misfolding neurodegenerative diseases (PMNDs) that can
be genetic, sporadic, or acquired through infection. This family of diseases result from the native
conformation of the cellular prion protein (PrP%) misfolding to the infectious form, denoted PrP-
scrapie (PrP5¢) 2217 PrPC is expressed ubiquitously in tissue, but is highly expressed in neurons
180 Once PrP¢ changes conformation to the beta-sheet rich PrP5, the protein has the propensity
to form amyloid fibrils and aggregates, which disrupt homeostasis in the brain 1181182,

An early sign of disease is neuroinflammation caused by reactive astrocytes and the
activation of microglia. This is due to the accumulation of PrP5¢ and results in oxidative stress,
disruption of neural signaling, and glial scarring '33. The combination of these symptoms leads to
cellular dysfunction of neurons, including synaptic dysfunction and the loss of synaptic proteins,
which leads to neuronal death 33872150184 ' Ag there are limited sources of neurogenesis in the
brain, this leads to irreversible neuronal loss and ultimately neurodegeneration. However, there is
evidence that PrP5¢ itself is not neurotoxic ">!°%182 and that other cellular stress pathways,
including the inflammation of glial cells, play a major role in disease pathogenesis 6475150,
Astrocytes function to promote homeostasis in the brain, including maintenance of the blood
brain barrier, uptake of neurotransmitters, and response to infection 47185, It is well established
that astrocyte numbers and inflammatory phenotypes increase in the prion-diseased brain, and
that this is an early sign of infection, well before clinical signs appear 4793973186 Therefore, a
critical window exists in the treatment of prion diseases and other PMNDs — the initial
inflammation stage, prior to the irreversible loss of neurons.

Astrocytes communicate not only with neurons, but also with microglia, considered to be

the resident macrophages of the brain. Together these cells respond to PrPS¢ aggregation by
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producing proinflammatory cytokines and chemokines, as well as neurotoxic signals that can
contribute to neuronal death. Both astrocytes and microglia can be infected by PrPS¢ and
disseminate infectious prions to neurons 37!, Interestingly, significant transcriptional changes
are seen in glial cells in the prion-infected brain, but few are seen in neurons , further
demonstrating role of glia in disease pathogenesis.

Significant cross-talk occurs between microglia and astrocytes after insult to the brain.
Further elucidating how these cells respond and interact with one another in the context of prion
disease is critical to developing therapeutics to alleviate prion-induced neuroinflammation.
Microglia show an increased capacity to phagocytose during prion disease and are able to clear
PrP5¢ at early stages of disease, but this declines as disease progresses 3%, In addition, microglia
respond to PrP5¢ accumulation by secreting tumor necrosis factor alpha (TNFa), interleukin 1
alpha (IL-1a) and complement component 1, subcomponent q (C1q), which induce the
development of A1 astrocytes, marked by proteins such as S100f and the complement protein
C3 #4950 Unlike resting astrocytes, which promote the formation of neuronal synapses, reactive
Al astrocytes are unable to maintain synapses and secrete unknown neurotoxic signals, resulting
in the dysfunction and death of neurons %°. Reactive astrocytes in turn further activate and induce
an M1 phenotype in microglia through the secretion of pro-inflammatory cytokines such as
CCL2 °!, resulting in increased cytokine production by microglia and migration to sites of
inflammation *¢. The complete knock out of TNFa, IL-1a and C1q in mice has been shown to be
sufficient in preventing A1 astrocyte development in prion infected mice, but these mice showed
a significant decrease in survival time compared to wild-type (WT) mice #. This suggests that
Al astrocytes play a multifaceted role in prion disease through their production of inflammatory

cytokines and clearance of infected neurons. Similarly, decreasing microglia midpoint in disease
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may be beneficial in extending survival and decreasing inflammation of prion-infected mice 7,
but ablation of microglia during early-, mid- or late-disease increased astrogliosis and disease
progression and decreased survival *%°!, Together, these findings show that both activated
microglia and reactive astrocytes are critical in curtailing disease, but that they can become
detrimental to the host if left unchecked. Although further investigation is necessary to determine
the time-point in disease that modulating gliosis would be beneficial, we propose that the ideal
treatment for prion-induced inflammation is a reduction in A1 astrocytes and M1 microglia
without eliminating these cells altogether.

A key to developing a successful therapy for prion disease is to use a multi-target
approach to treat clinical signs and neuropathology. Here, we introduce a novel approach to
decrease neuroinflammation in glial cells through the use of mesenchymal stromal cells (MSCs).
MSCs can be derived from the bone marrow, umbilical cord, and adipose tissue, and can be
expanded easily in culture 87, Adipose-derived mesenchymal stromal cells (AdMSCs) can be
taken from patients in a minimally invasive lipectomy to remove small amounts of adipose tissue
178 AdJMSCs have been shown both in vitro and in vivo to be able to secrete mediators such as
anti-inflammatory cytokines and chemokines, neurotropic factors and growth factors in response
to inflammatory conditions 171188189 The capacity of AAMSCs to modulate inflammation in a
paracrine manner has been well established in a variety of neurological disorders '8%:189,
including mouse models of PMNDs such as Alzheimer’s and Parkinson’s diseases %191,
AdMSCs are recruited to sites of inflammation and injury through signaling mechanisms

involving chemokines, cytokines and growth factors 72,

51



Currently there are only a few compounds that have been shown to reduce signs of prion
disease in mouse models, many of which have been determined to have toxic effects in the brain
or elsewhere 151192194,

AdMSCs are a suitable alternative, given their ability to adapt in response to the cytokine
milieu in their environment, and migrate to regions with high cytokine gradients. Here, we

demonstrate the capacity of AAMSC to regulate inflammatory signaling from glial cells with in

vitro prion infection.

Materials and Methods

Animal care and ethics statement

Mice were euthanized by deeply anaesthetizing with isoflurane followed by decapitation. All
mice were bred and maintained at Lab Animal Resources, accredited by the Association for
Assessment and Accreditation of Lab Animal Care International, in accordance with protocols

approved by the Institutional Animal Care and Use Committee at Colorado State University.

Brain homogenates

C57Bl/6 (Jackson Laboratory) mice were intracranially inoculated with 30ml of 1% 22L, Rocky
Mountain Laboratories (RML), or normal brain homogenate (NBH). Mice were monitored for
weight loss and clinical signs of prion disease and euthanized after showing signs of terminal
illness. 20% brains homogenates in phosphate-buffered saline (PBS) were made using beads and
a tissue homogenizer (Benchmark Bead Blaster 24) and stored at -80C. Brain homogenates were

aliquoted and treated with UV light for 30 minutes to sterilized before being used for cell culture.
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Isolating and maintaining AdMSCs

Female and male C57B1/6 mice were euthanized and the abdominal adipose tissue was dissected,
placed in HyClone Hank’s Buffered Saline Solution containing 25% Trypsin (HyClone, 0.25%)
and cut into small chunks. Adipose tissue was dissociated by incubating with a mixture of
200U/ml Dnase-I (Roche) and 400U/ml Stemxyme (Worthington Biochemical Corporation) in
DMEM/F12 media (Caisson Labs) at 37C for 1 hour. The tissues were centrifuged at 4C for 5
minutes at 1000 x g to pellet stromal vascular fraction. The pellet was washed once with sterile
phosphate-buffered saline (PBS) and centrifuged at 1000 x g. The pellet was resuspended in 1 ml
of AAMSC media (low glucose DMEM containing L-glutamine and supplemented with essential
and non-essential amino acids, 15% heat-inactivated FBS, and PSN). The AdMSC cell
resuspension was filtered through a 40 mm cell strainer (Fisher) to remove any non-dissociated
tissue. Cells were plated onto 10 cm dishes and grown in AAMSC media — low glucose DMEM
containing L-glutamine (Cytiva) and supplemented with essential and non-essential amino acids
(Gibco) containing 15% heat-inactivated fetal bovine serum (FBS) (Peak Serum) and 1%
penicillin/streptomycin/neomycin (PSN) (Sigma). 72 hours later, cells were passaged at a 1:3

ratio and again every 3-4 days. For all experimentation, cells were used at passage 2 or 3.

Flow cytometry

AdMSCs at passage 3 were washed three times with sterile PBS. Cells were incubated with 3 ml
of Cellstripper (Corning) for up to 15 minutes, tapping on plate every 5 minutes to dislodge cells.
Cells were scraped and pooled then centrifuged for 5 mins at 1000 x g at 4C. Cells were
resuspended in FACS buffer (1% hiFBS and ImM EDTA in sterile PBS) and centrifuged at 1000

x g for an additional 3 minutes. The cell pellet was resuspended in FACS buffer and aliquoted
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into 1.5ml tubes. The cells were incubated for 30 minutes on ice with following antibodies:
Mouse IgG FITC (1:2000, Bio-Rad), CD34-FITC (1:1000, Bio-Rad), CD44-FITC (1:1000 or
1:1000, Bio-Rad), CD45-FITC (1:1000, Bio-Rad), CD73-FITC (1:2000, BioLegend), CD90-
FITC (1:100, Abcam), CD105 (1:100, Bio-Rad, made in rat, with anti-rat 488 secondary, 1:500).
Cells were centrifuged at 500 x g for 30 seconds on a tabletop centrifuge and washed three times
with FACS buffer. On the final wash, cells were transferred into library tubes with 500 ml FACS
buffer and placed on ice. Live/dead stain (Sytox AADvance, Invitrogen) was added at 1:100
dilution to all samples excluding reference controls. 10,000 live cells per sample were analyzed
using the Cytek™ 4-laser Aurora Cytometer and data was processed in FlowJo, gating on single

cells, live cells, then FITC-positive and FITC-negative cells.

AdMSC Stimulation and Migration Assays

AdMSCs at passage 3 were plated at 100,000 cells/well in 6-well plates. The following day, cells
were stimulated with either cytokines or brain homogenate. Cytokine-treated cells received
media containing 10 ng/ml TNFa or 200 ng/ml IFNy (R&D Systems) for 1, 4, 8, 12 or 24 hours,
following RNA isolation. Cells treated with brain homogenate were treated with media
containing 0.1% normal or 22L brain homogenate for the same time course before RNA
isolation. Control cells received media only. AAMSCs at passage 2 were stimulated for 24 hours
with media containing 10 ng/ml TNFa. Cells were washed and incubated in serum-free media
for 4 hours. 1% RML or NBH were plated in serum-free media in a 24-well plate. 24-well inserts
with a pore size of 8 micrometers (Greiner Bio-One) containing 25,000 serum-starved AdMSCs
per insert were added to corresponding wells. Cells were incubated for 16 hours at 37C, washed,

then a cotton swab was used to gently remove cells from the top chamber of the insert. Cells
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were incubated for 1 hour in crystal violet solution (0.2% crystal violet, 11% formaldehyde, 2%
ethanol, 2% paraformaldehyde in H20) and washed thoroughly with PBS. Four random areas
were selected from each insert and cells were imaged and counted with a 10x objective on an

inverted microscope (Laxco) using SeBaView software.

Isolating and prion infection of mixed glia and BV?2 cells

Zero to two-day old C57Bl/6 pups were euthanized and brains were extracted. Cerebellum was
separated from cortex, meninges and midbrain were removed and discarded, and the brains were
placed in MEM/EBSS containing 2x PSN on ice. Cortical tissue was used for mixed glial
cultures 1>1%, Media was removed and replaced with prewarmed dissociation media
(MEM/EBSS, 2x penicillin-streptomycin-neomycin (PSN) and 1.5U/ml Dispase (Gibco) and
triturated with a Sigmacote (Sigma) coated glass pipet. The mixture was transferred to a beaker
containing a stir bar and stirred gently for 10 minutes. Tissue was allowed to settle and
supernatant was removed and transferred to a tube on ice. Dnase-I (4000U/ml, Roche) was added
to dissociation media and tissue was resuspended and stirred for an additional 10 minutes.
Extractions were repeated by adding fresh dissociation media (without Dnase-I) 2 to 4 additional
times, depending on the amount of tissue, until only fibrous tissue remained in the bottom of the
beaker. The tube containing cell supernatant was centrifuged for 10 minutes at 1000 x g at 4C,
media was aspirated from cell pellet and replaced with glial growth medium (MEM/EBSS, 10%
FBS and 1% PSN). Mixed glia were plated at 1,000,000 cells per 10 cm dish. 24 hours later,
media was replaced. Media was changed weekly. Mixed glia and AAMSC cultures were plated at
100,000 cells per well in 6-well plates and infected with 0.1% normal or 22L brain homogenate

once cells were 80-90% confluent. Media was removed 72 hours later and cells were washed
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twice with PBS prior to fresh media being added. Media was changed weekly on infected cells.
BV2 cells were maintained in High Glucose DMEM containing 10% FBS and 1% Pen-Strep and

split weekly.

Immunofluorescence to characterize AAMSCs

Cells were fixed with cold 4% paraformaldehyde for 10 minutes and permeabilized with 0.1%
Triton-X for 5 minutes, and incubated in blocked in PBS containing 10% normal goat or donkey
serum for 1 hour at room temperature (RT). Antibodies in 5% serum were incubated at 4C
overnight. AAMSC markers include Oct3/4 (1:100, Abcam) and vimentin (1:100, Sigma
Aldrich); prion-specific antibodies include Bar224 (1:100, Cayman Chemicals) and Sha31
(Cayman Chemicals). Following the overnight incubation, cells were washed and incubated with
488- or 555-conjugated anti-rabbit, anti-mouse and anti-chicken secondary antibodies (1:500,
Southern Biotech) were incubated in the dark at RT for 1 hour. Slides were incubated in Hoechst
stain (ThermoFisher, 1:2000 dilution) for three minutes then mounted with ProLong Gold

Antifade media (ThermoFisher) and cover slipped (Globe Scientific, #1).

Co-culture of prion-infected mixed glia and BV?2 cells with AdMSCs

For RNA assays, mixed glia were plated in glial growth medium (MEM/EBSS, 10% fetal
bovine serum (FBS) and PSN) on 6-well dishes at 100,000 cells per well. Once confluent, cells
were treated with media containing 0.1% NBH or 22L brain homogenate. 72 hours later, media
was removed, cells were washed twice with PBS, and fresh media was added. Four days later,
media was changed to AAMSC media (low glucose DMEM containing L-glutamine and

supplemented with essential and non-essential amino acids, 15% heat-inactivated FBS, and
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PSN). 6-well inserts with a pore size of 0.4 micrometers (Greiner Bio-One) containing 100,000
AdMSC:s per insert were added to corresponding wells. Co-cultures were grown for one week
before inserts were removed and glial RNA was isolated. For immunofluorescence, mixed glia
were seeded on 24-well plates containing glass coverslips at 5,000 cells per well. 72 hours later,
cells were treated with media containing 0.1% NBH or 22L. Four days later, media was changed
to AAMSC media. 24-well inserts with a pore size of 0.4 micrometers containing 10,000
AdMSCs-insert were added to corresponding wells. Co-cultures were grown for one or two
weeks with a full media change every week before inserts were removed and glial RNA was
isolated.

BV2 microglia were plated at 50,000 cells per well and infected 24 hours later with 0.1%
NBH or RML. AdMSCs at passage 1 were stimulated 24-hours prior to co-culturing by treatment
with media containing 10ng/ml TNFa for 24 hours. After 24 hours, media was removed, cells
were washed three times with PBS, and stimulated AdAMSCs were trypsinized and added to
inserts above the infected glia at 6 dpi. BV2 cells were co-cultured with AAMSCs for 24 hours

before RNA was isolated from the BV2 cells.

Semi-quantitative real time PCR analysis

RNA was extracted from cell culture 6¢cm dishes using cell scaping, QIAshredder and Rneasy
extraction kits, in accordance with manufacturer’s protocol, including a Dnase digestion step
with the Rnase free Dnase kit (Qiagen, Valencia, CA). Purity and concentration were determined
using a ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). Following
isolation and purification, 25ng of RNA was reverse transcribed using the iScript Reverse

Transcriptase kit (BioRad, Hercules CA). The cDNA was amplified within 24 hours of reverse
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transcription using iQ SYBR Green Supermix (BioRad, Hercules CA). The corresponding
validated primer sequences were used for each gene at 10mM. The expression data was analyzed
using the 2-AACT method normalized to b-actin or GAPDH expression and the fold difference

was compared to control (normal brain homogenate treated) samples (10.1006/meth.2001.1262).

Validated primer sequences are as follows:

(TSG-6) 5’- GCTACAACCCACATGCAAAGGA-3’ (forward), 5’-
CCGTACTTGAGCCGAATGTGC-3’ (reverse); (TGFB1) 5° —
CTTCAATACGTCAGACATTCGGG — 3’ (forward), 5° -GTAACGCCAGGAATTGTTGCT -
3’ (reverse); (IL1B) 5> — GCAGCAGCACATCAACAAG — 3’ (forward), 5’ —
CACGGGAAAGACACAGGTAG - 3’ (reverse); (TNFa) 5’- CCGATGGGTTGTACCTTGTC
— 3’ (forward), 5’- AGATAGCAAATCGGCTGACG — 3’ (reverse); (CCL2) 5°-
TTAAAAACCTGGATCGGAACCAA - 3’ (forward), 5’-GCATTAGCTTCAGATTTACGGGT
— 3’ (reverse); (CCL5) 5’-GCTGCTTTGCCTACCTCTCC — 3’ (forward), 5° —
TCGAGTGACAAACACGACTGC - 3’ (reverse); (C3) 5’-GAGCGAAGAGACCATCGTACT
— 3’ (forward), 5’ —= TCTTTAGGAAGTCTTGCACAGTG — 3’ (reverse); (S100B) 5° —
CGAGAGGGTGACAAGCACAAG -3’ (forward), 5> — CTTCCTGCTCCTTGATTTCCTCCA
— 3’ (reverse); (TMEM119) 5° — TCACCCAGAGCTGGTTCCATA - 3’ (forward), 5’-
GAGTGACACAGAGTAGGCCA -3’ (reverse); (Arg-1) 5° —
CGTAGACCCTGGGGAACACTAT - 3’ (forward), 5> — TCCATCACCTTGCCAATCCC _ 3> (reverse);
(IL-6) 5° -CTGCAAGAGACTTCCATCCAG — 3’ (forward), 5 * —
AGTGGTATAGACAGGTCTGTTGG - 3’ (reverse); (CD16) 5° —
TTTGGACACCCAGATGTTTCAG — 3’ (forward), 5’- GTCTTCCTTGAGCACCTGGATC —

3’ (reverse); (NLRP3) 5° — CCTGGGGGACTTTGGAATCA -3’ (forward), 5°-
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GACAACACGCGGATGTGAGA -3’ (reverse); (B-actin) 5°’- GCTGTGCTATGTTGCTCTAG
— 3’ (forward), 5 — CGCTCGTTGCCAATAGTG — 3’ (reverse);
(GAPDH) 5° — AGGAGAGTGTTTCCTCGTCC -3’ (forward), 5° —

CCGTTGAATTTGCCGTGAGT — 3’ (reverse).

Immunoblotting

Cell lysates were isolated using the protein lysis buffer (50mM Tris, 150mM NaCl, 2mM EDTA,
ImM MgCl2, 100mM NaF, 10% glycerol, 1% Triton X-100, 1% Na deoxycholate, 0.1% SDS
and 125mM sucrose) supplemented with Phos-STOP and protease inhibitors (Roche). A BCA
Protein Assay kit (Thermo Scientific) was used to quantify protein concentration of lysates, and
250 mg — 500mg protein was digested with 20 mg/ml proteinase K (PK) (Roche) for PrP5¢ blots
for 1 hour at 37C. Digestion was terminated with X amount of PMSF and lysates were spun at
40,000 x g for 1 hour at 4C before being loaded on a gel. For PrP¢ blots, 20 mg of samples were
used. Samples were run using 4-20% acrylamide SDS page gels (BioRad) and then transferred
onto PVDF blotting paper (MilliPore). Primary antibody Bar-224 (Cayman Chemical Company)
was used at 1:1,000 dilution for PrP%¢ blots dilution and 1:5,000 dilution for PrP¢ blots. HRP-
conjugated secondary antibodies were used at a concentration of 1:5,000 (Vector Laboratories).
For PrP¢ blots, loading control GAPDH was ran at a 1:5,000 dilution (MilliPore), with HPR-
conjugated secondary at 1:5,000 dilution (Southern Biotech). The protein antibody complex was
visualized using SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Scientific)

and visualized with the BioRad ChemiDoc MP.
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Scrapie Cell Assay

Protocol adapted from Bian et al. 2010 '°7. Primary glial cells at passage 1 were plated in 24-well
plates at 25,000 cells/well and infected with 0.1% 22L or normal brain homogenate for 72 hours,
as described above. 7 days post-infection they were co-cultured with 25,000 AAMSCs on
passage 3, as described above. 7 days later, AAMSC inserts were removed and plates were
trypsinized and 20,000 cells were transferred to each well of a 96-well ELISpot plate (Millipore).
Liquid was removed from the plates via a bottom vacuum and plates were thoroughly dried at
50°C. Plates were treated with cell lysis buffer (50 mM Tris-HCI, 150mM NaCl, 0.5% IGEPAL-
CA630, 0.5% Sodium Deoxycholate in H20 pH= 7.6) containing Sug/ml PK (Sigma Aldrich)
and incubated for 90 min at 37°C on a shaker. The digestion was terminated with 2mM
phenylmethylsulphonyl fluoride (PMSF, Thermo Fisher) at room temperature incubation on a
shaker for 20 minutes. The vacuum was applied and plates were incubated with 3M Guanidinium
Thiocyanate (Research Products International) in 10mM Tris-HCI (Sigma) (pH 8.0) for exactly
10 min at room temperature on a shaker. Digestion was terminated with vacuum and application
of 150 ml PBS to each well. Plates were washed thoroughly, then plate was blocked for 1 hour at
room temperature with 5% Superblock (Pierce, Rockford, IL) on a shaker. The vacuum was
applied and plates were incubated overnight at 4C with primary antibody, Sha31 (Cayman
Chemical Company), diluted 1:5000 in TBST (Tris-Buffered Saline with Triton-X). Plates were
washed with TBST and incubated for 1 hour at room temperature with secondary antibody, AP-
a-Mouse IgG (Southern Biotechnology Associates, Birmingham, AL), diluted 1: 5000 in TBST.
Plates were washed thoroughly and dried overnight. NBT/BCIP tablet (Roche) in ultrapure water
was added to plates and incubated in the dark for 30 minutes. Plates were washed and dried

overnight at 4C. Plates were scanned with a ImmunoSpot S6-V analyzer (Cellular Technology
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Ltd, Shaker Heights, OH), and determined spot numbers using ImmunoSpot5 software (Cellular

Technology Ltd, Shaker Heights, OH).

Enzyme-Linked Immunosorbent Assay

AdMSCs at passage 3 were treated with media containing 10 ng/ml TNFa for 24 hours. Media

was then removed and cells were washed three times with PBS to remove any residual TNFa. 24

hours later, media was removed and an ELISA was used to identify TNFa in the media. ELISAs

were performed as per manufacturer’s instructions (R&D Biosystems).
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Figure 2.1. Characterization of adipose-derived mesenchymal stromal cells isolated from mouse visceral fat
and expanded in culture. AAMSCs express the (a) undifferentiated cell marker Oct3/4 and (b) the structural
protein Vimentin. AAMSCs express (¢) CD44, (d) CD90 and © CD105 but not (f) CD34, (g) CD45 or (h) CD73
(red histograms) compared to IgG control (blue histograms). (i) Fluorescent intensities of AAMSC profile quantified
in FlowJo. Scale bar = 50mm. Representative histograms from three biological replicates with 10,000 events each.
Two-way ANOVA and post-hoc Tukey test, error bars = SEM, **** p<0.0001

Characterization of adipose-derived mesenchymal stromal cells isolated from mouse visceral
fat and expanded in culture

Adipose-derived mesenchymal stromal cells (AdMSCs) were isolated from the
abdominal adipose tissue of C57B1/6 mice and expanded to passage 3 before characterization.
AdMSCs express the undifferentiated cell marker Oct3/4 and the structural marker Vimentin, as
shown by immunofluorescence (Figure 2.1a). Consistent with adipose-derived mesenchymal
stromal cells 18, these cells express membrane markers CD44 (97.1%), CD90 (74.2%) and stem
cell marker CD105 (68.9%) and do not express hematopoietic stem cell markers CD34 (>0.1%)
or CD45 (3.0%), nor do they express significant CD73 (2.1%), as shown by flow cytometry
(Figure 2.1b and 2.1c¢). It should be noted that expression of markers was not uniform across all

cells, suggesting that this is a heterologous population.
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Figure 2.2. AMSCs produce anti-inflammatory molecules in response to inflammatory cytokines and prion-
infected brain homogenate. Exposing AAMSCs to IFN-y or TNFa increases (a, b) TGF-1 and (¢, d) 7SG-6
mRNA. Exposing AAMSCs to 22L prion-infected but not normal brain homogenate (NBH) increases © TGFf-1.
Both NBH and 22L brain homogenate increase (f) 7SG-6 mRNA. Two biological replicates, each with three
technical replicates, all analyses normalized to b-actin. (g-i) TNFa stimulated AAMSCs migrate toward RML prion
brain homogenate after 24-hour exposure. Cell counts were taken from four randomly selected fields of view at 10x
magnification. Scale bar = 10 um. Three biological replicates each with three technical replicates. One-way
ANOVA and post-hoc Tukey test, error bars = SEM, * p< 0.05, ** p< 0.01, *** p<0.001, **** p<0.0001, ns = not
significant. Graphic created with BioRender.com
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AdMSCs produce anti-inflammatory molecules in response to inflammatory cytokines and
prion-infected brain homogenate

To stimulate the upregulation of anti-inflammatory genes, AAMSCs were treated with 10
ng/ml TNFa or 200 ng/ml IFNy '*°, To determine if AAMSCs upregulate genes when exposed to
the cytokine milieu of the prion-infected brain, AAMSCs were exposed to normal or 22L brain
homogenates. Cytokines or brain homogenates were diluted in media and incubated for 1, 4, 8,
12 or 24 hours before RNA was collected.

AdMSCs increase expression of the anti-inflammatory cytokine 7GFf-1 mRNA when
exposed to the cytokines IFNy and TNFa. Treatment with IFNy triggered the production of
TGFp-1 mRNA after 8 and 12 hours (p<0.01). Treatment with TNFa produced a maximum
increase in 7GFf-1 mRNA after 8 hours (p<0.001) and TGFf-1 mRNA was sustained at 12 and
24 hours (p <0.01). Additionally, mRNA for the secreted protein, tumor necrosis factor-
stimulated gene 6 (TSG-6), was produced by AdMSCs when exposed to IFNy and TNFa (Figure
2.2a-d). Treatment with IFNy triggered the production of 7SG-6 mRNA after 1, 4 and 12 hours
(p <0.05; p <0.01; p <0.05). A more dramatic increase in 7SG-6 mRNA was seen after treating
AdMSCs with TNFa, which resulted in an increase after 4 hours (p <0.001) that was sustained
until 24 hours (p <0.0001).

Treatment with brain homogenates from 22L-infected mice was sufficient to stimulate
TGFf-1 mRNA production in AAMSC:s after 8 hours (p <0.05). This increase was maintained at
12 hours (p <0.01), but at 24 hours had returned to baseline, showing no significant change in
mRNA compared to untreated control cells (Figure 2.2e-f). 7SG-6 mRNA showed an increase in
cells treated with 22L brain homogenates after only 1 hour (p <0.01), and this was sustained after

4 and 8 hours (p<0.01) before returning to baseline at 12 hours. For statistical analysis, two
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biological replicates were used, each with three technical replicates. All analyses were
normalized to b-actin mRNA expression. One-way ANOV A with post-hoc Tukey test were
performed with a p value of 0.05.

It has been reported that pre-treating MSCs with TNFa can improve their ability to

migrate to sites of inflammation 2%0-20!

. The ability of AAMSCs to migrate to sites of prion-
induced inflammation was assessed in vitro using a cell migration assay. AAMSCs were
stimulated for 24 hours with TNFa and plated in inserts above media containing vehicle-only or
1% normal or RML-scrapie brain homogenate (Figure 2.2g). Cells were incubated for 24 hours
and the cells on the upper side of the insert were removed. Cells on the bottom of the insert were
stained and four randomly selected fields of view were imaged and counted at 10x magnification
(Figure 2.2h). No statistical difference was seen in cell counts between cells exposed to vehicle
(mean = 7.267) and NBH (mean = 65.18) (p=0.0852). Significantly more cells migrated toward
RML brain homogenate (mean=146.6) compared to both vehicle (p<0.0001) and NBH
(p=0.0007) (Figure 2.21). The experiment was repeated with AdAMSCs derived from three

different animals, each using three inserts per treatment group. A One-way ANOVA with post-

hoc Tukey test were performed with a p value of 0.05.
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Figure 2.3. Stimulated AAMSCs decrease inflammatory phenotypes in BV2 microglia. (a) BV2 microglia were
exposed to RML prion brain homogenate or normal brain homogenate (NBH) for 6 days, then co-cultured for 24
hours with TNFa-stimulated AdMSCs. This resulted in a decrease in inflammatory cytokines (b) IL1p, (¢) TNFa,
(d) Clqo, and © IL-6. No significant change was seen in (f) CCL2 and a decrease was seen only in the NBH
treatment for (g) CCL5. A decrease was seen in mRNA for the (h) NLRP3 inflammasome and for M1 marker (i)
CD16. An increase was seen for the M2 marker (j) Arg-1. Three biological replicates, with three technical
replicates, all analyses normalized to f-actin. Two-way ANOVA and post-hoc Tukey test, error bars = SEM, *p <
0.05, ** p< 0.01, *** p< 0.001, **** p<(0.0001. Graphic created with BioRender.com.
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Stimulated AdMSCs decrease inflammatory phenotypes in BV2 microglia

To determine whether AAMSCs influence microglia-derived inflammatory molecules and
markers of polarized glia, the BV2 murine microglia cell line was utilized. BV2 cells were plated
at 50,000 cells per well and treated the following day with 0.1% normal brain homogenate
(NBH) or RML brain homogenate. We have demonstrated that stimulating AAMSCs with TNFa
causes an increase in production of the anti-inflammatory genes 7GFb-1 and TSG-6 (Figure 2.2b
and d). Therefore, to increase the anti-inflammatory effects of AAMSCs, we pre-treated with 10
ng/ml TNFa for 24 hours prior to co-culturing with BV2 cells. At 6 dpi, BV2 cells were co-
cultured with AdAMSC:s for 24 hours before media and RNA isolation from the BV2 cells (Figure
2.3a). It should be noted that after stimulation and washing with PBS, TNFa is not significantly
detectable by ELISA in AAMSC media (Supplemental Figure 1), and therefore it can be
concluded that none of the results are the effect of residual TNFa in the media.

AdMSCs induced a drastic decrease in markers of inflammation in BV2 cells. A
significant decrease was seen in /LI for both NBH-treated and RML-treated BV2 cells
(p<0.0001) (Figure 2.3b). Intriguingly, mRNA for the genes TNF« and Clqa were decreased in
both NBH-and RML-treated BV2 cells (p<0.0001) (Figure 2.3c and d). These genes are critical
for microglia-derived molecules that polarize astrocytes to the A1l reactive phenotype #°.
Additionally, a significant decrease was seen in /L-6 mRNA for both NBH-treated (p=0.0044)
and RML-treated BV2 cells (p=0.0337) (Figure 2.3¢). No significant decrease was seen in
mRNA for the inflammatory cytokines CCL2 in RML-treated BV2 cells co-cultured with
AdMSCs (Figure 2.3f). A decrease was seen in CCL5 mRNA, but was significant in the NBH-
treated glia (p = 0.0030), and not the RML-treated glia (p=0.0753) (Figure 2.3g). A decrease was

seen in mRNA for the NLRP3 inflammasome in both NBH-treated and RML-treated BV2 cells
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(p<0.0001) (Figure 2.3h). Additionally, culturing with AAMSCs led to a decrease in the marker
for M1 microglia CD-16 was in both NBH- and RML-treated BV2 cells (p<0.0001) (Figure
2.31). mRNA for Arg-1, a marker for M2 microglia, was increased for both NBH-treated
(p=0.0378) and RML-treated BV2 cells (p=0.0051) (Figure 2.3j). It should be noted that
AdMSCs that were not stimulated with TNFo were sufficient to decrease expression of some
inflammatory genes in infected BV2 cells, but did not show as robust of an effect against many
genes compared to pre-treated/stimulated AAMSCs (Supplemental Figure 2). Three biological
replicates were used, each with three technical replicates. All analyses were normalized to /-

actin and fold changes were assessed using a Two-way ANOVA and Tukey test with a p value

of 0.05.
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Figure 2.4. Co-culture with AAMSCs decreases mRNA for inflammatory genes in infected glia.

Wild-type mixed glia can be infected by being exposed to 0.1% 22L brain homogenates (diluted in media) and
maintain infection. PK treatment of glia to remove PrP® signal demonstrates that PrPS¢ remains in 22L-treated, but
not NBH treated glia. An example of a terminal 22L brain (20% brain homogenate in PBS) used to infect these cells
is in right-most lane (full exposure blot in Supplemental Data Figure 4). (b) Total PrP signal (no PK digestion)
demonstrates that PrP knock-out glia cannot be infected with 22L prions and maintain infection, indicating that
signal or changes in gene expression is not due to residual brain homogenate on cells. Infected wild-type glia show
continuous expression of PrP®. Blots are cropped and stitched together to remove empty lanes. (¢) Mixed glial
cultures were exposed to normal (NBH) or 22L-prion infected brain homogenates and incubated for 7 days, then co-
cultured with or without AAMSCs for an additional 7 days. A decrease was seen in mRNA for inflammatory
markers (d) CCL2, © CCL5, and (f) IL1p, but not (g) TNFa. Reactive astrocyte markers (h) S100B and (i) C3, and
the microglia-specific marker (j) TMEM119 also decreased. Four biological replicates, with three technical
replicates, all analyses normalized to GAPDH. Two-way ANOVA and post-hoc Tukey test, error bars = SEM, * p<
0.05, ** p< 0.01, *** p< 0.001, **** p<(0.0001. Graphic created with BioRender.com.

Co-culture with AdAMSCs decreases mRNA for inflammatory genes in infected glia

Although microglia play a unique and critical role in the prion infected brain ,
elucidating the effects AAMSCs have on both astrocytes and microglia, and the cross-talk
between these cell types, is essential. To best model the prion-infected brain in vitro, primary
mixed glial cultures were utilized. These cultures are derived from cortices of C57B1/6 mice at
zero to two days old and contain both astrocytes and microglia '°°. Confirmational western blot
analysis shows that exposure of glial cultures to 22L brain homogenate for 3 days is sufficient
for infection, as detectable PrPS¢ accumulation can be seen at 7-, 14-, 21- and 28-days post-
infection (dpi) (Figure 2.4a). PrP knock-out glia were infected for 7 to 28 days and no residual
PrP¢ was detected in these cells, while PrP¢ remained consistent in infected glia throughout this
time-course (Figure 2.4b). Together, these data show that glia can be infected and maintain
infection for at least 28 days, and that there is no residual PrP remaining in the media. Glia at
passage 1 were plated at 100,000 cells per well. 24 hours later, glial cultures were infected with
media containing 0.1% 22L brain homogenate or NBH. At 3 dpi, cells were washed twice with
PBS and new media was added. At 7 dpi, a co-culture system was established by adding
100,000 AAMSCs (passage 3) to inserts. Glia were co-cultured with AAMSCs for 7 days (Figure

2.3c) before RNA and protein samples were isolated from the glia.
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A significant increase in CCL2, CCLS5, IL1f and S100 mRNA was seen in glial cells
infected with 221 compared to NBH (Figure 2.4d, e, f, h, p<0.001; p<0.01; p<0.05; p<0.05,
respectively). After co-culturing for 7 days with AAMSCs, a decrease in CCL2 mRNA was seen
in both NBH-treated (p<0.001) and 22L-infected cells (p<0.0001) (Figure 2.4d). CCL5 mRNA
decreased in NBH-treated and 22L-infected glia co-cultured with AAMSCs (p<0.01; p<0.0001)
(Figure 2.4e). Likewise, co-culturing with AAMSCs decreased /L7 mRNA in NBH-treated and
22L-infected glia (p<0.01; p<0.0001) (Figure 2.4f). No significant changes were seen in TNF«
mRNA expression (Figure 2.4g).

Both overall astrocyte number and the number of C3+ reactive astrocytes increase in the
prion-infected brain #*®!. Here, we show that co-culturing with AAMSCs decreased both the pan-
astrocyte marker S7004 in NBH and 22L-treated glia (p<0.5; p<0.0001) (Figure 2.4h) and C3 in
NBH and 22L-treated glia (p<<0.01; p<0.01) (Figure 2.41). The number of microglia is also
known to increase in prion infection although analysis of TMEM119, a marker for a subset of
microglia,?®? did not recapitulate this in our cell model. Co-culturing with AdMSCs did however

decrease the amount of TMEM119 mRNA in 22L-infected glia (p<0.01) (Figure 2.4j).
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Figure 2.5. Protection against glial inflammation is independent of PrP5¢. Infected mixed glial cells were
cocultured with AJMSCs and western blot was used to analyze (a) PrP5¢ and (b) PrPC. 22L-infected brain
homogenate positive control (lower exposure) in right-most lanes. (¢) Scrapie cell assay was used to analyze PrP5¢
spot counts. Representative image from three separate experiments. (d) Spot counts analyzed with One-way
ANOVA and post-hoc Tukey test, error bars = SEM, **** p<(.0001, ns = not significant.
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Protection against glial inflammation is independent of PrP5¢

Co-culture systems were set up as described above. After 7 days of infection and an
additional 7 days of co-culturing with AAMSCs, cell lysates were taken from glial cells and
analyzed for PrP5° expression using western blot. No significant differences were seen between
amounts of PrP5° from infected cells co-cultured with AAMSCs to those without (Figure 2.5a).
Similar findings were seen by scrapie cell assay (Figure 2.5b and c). This suggests that although
AdMSCs have a significant impact on the cytokine expression of glial cells, they do not have any

direct or indirect effects on the accumulation of PrP5¢ in these glial cells.

Discussion

Profiling of the prion-infected brain has revealed an upregulation of multiple inflammatory
cytokines and chemokines, including IL1B, TNFa, and CCL2-CCL6 “*7°, with significant
changes in gene expression and glial cell activation beginning as early as 70 days post infection
(dpi) in infected C57B1/6 mice ">4. At this time-point there is a shift in the number and profile
of astrocytes, demonstrated by an increase in GFAP+ cells, as well as markers specific to the
reactive Al phenotype, namely S100B and C3 (*>*. This astrocyte reactivity and inflammatory
profile is induced by secreted factors derived from activated microglia, TNFa, Clqa, IL1a and
IL1B #°. This initiates a positive feedback loop, as reactive astrocytes produce chemokines such
as CCL2, which induces an M1 phenotype in microglia 3!. Contrary to the homeostatic,
neuroprotective role that A2 astrocytes and M2 microglia play in the brain, Al astrocytes have
neurotoxic effects *> and M1 microglia produce inflammatory cytokines such as TNFa, IL1B and

nitric oxide and have increased migratory abilities >'.
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Decreasing the number of microglia in the brain lengthens survival in prion-infected
mice, but ablation of microglia altogether has proven to be detrimental 7>°!. Moreover, the
removal of Al astrocytes leads to an acceleration in disease and a decrease in activation of
microglia °. Therefore, to properly treat early inflammation in prion disease, a fine balance must
be established to decrease the number of activated glia without eliminating them all together. A1l
astrocytes retain a neurotoxic phenotype in vitro, even after the removal of inflammatory
cytokines. However, treatment with TGFb-1 or FGF are sufficient to revert Al astrocytes back to
a non-reactive phenotype 4°.Thus, not only is it critical to decrease soluble factors that are
contributing to glial activation and neuronal death, but also introduce anti-inflammatory factors
that can restore glia to their protective phenotype.

We have demonstrated that adipose-derived mesenchymal stromal cells (AdMSCs) can
be isolated from the peritoneal visceral fat of mice and expanded in culture (Figure 2.1). These
cells respond to inflammatory cytokines and prion-infected brain homogenate by increasing
production of anti-inflammatory genes such as TGFb-1 and TSG-6 (Figure 2.2), both of which
have separately demonstrated an ability to decrease A1 astrogliosis 16!, TSG-6 secreted from
mesenchymal stromal cells (MSCs) was recently shown to decrease LPS-induced NF-kB
activation in astrocytes ¢!, Moreover, MSC-derived TSG-6 can inhibit LPS-induced M1
polarization of microglia and promote M2 polarization 2>, We hypothesized that AdMSCs
would show similar effects in a cell model of prion-induced glial inflammation. We infected
primary cell cultures containing both astrocytes and microglia with brain homogenates from
22L-infected mice and co-cultured with AAMSCs. We saw a dramatic reduction in mRNA from
the inflammatory cytokines CCL2, CCLS5 and IL-18, but not TNFa (Figure 2.3d-j). Additionally,

culturing with AAMSCs directly affected the phenotype of both astrocytes and microglia,
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contributing to a decrease in S100B, C3 and TMEM119, markers which are associated with prion
and other neurodegenerative diseases 4>49:202:204,

To further elucidate the mechanism underlying the protective capacity of AAMSCs on
prion-infected glia, AAMSCs were stimulated prior to co-culturing with BV2 microglia. Our data

and others 170,199,205

show that stimulating MSCs with cytokines increases their production of
small anti-inflammatory molecules. We have demonstrated their ability to upregulate mRNA for
TGFb-1 and TSG-6 in response to TNFa, with the highest expression between 8 and 24 hours
(Figure 2.2a-d). Therefore, we stimulated AAMSCs with TNFa 24 hours prior to being plated in
co-culture inserts in order to maximize their production of inflammatory modulators. Co-
culturing stimulated AdAMSCs with infected BV2 microglia for as little as 24 hours was
successful in decreasing a variety of inflammatory markers in these cells, including IL-1b, IL-6
and TNFa, but not CCL2 and CCLS5 (Figure 2.4b-1). These findings are consistent with what has
been reported for cross-talk between microglia and astrocytes, as microglia secrete TNFa to

induce the A1 phenotype in astrocytes 4>+

, and astrocytes secrete CCL2 to polarize microglia to
an M1 state °'.

Culturing infected mixed glia with AAMSCs decreased the microglia-specific marker
TMEM119 (Figure 2.3j), but significant changes in M1 and M2 microglia were difficult to
characterize in this culture system, likely due to a limited number of microglia present. It has
been reported that MSCs can change the phenotype of microglia from the activated and
inflammatory M1 phenotype to the neuroprotective M2 phenotype 160:203:206.207 1t has been
reported that prion-infected microglia show an increase in M1 markers %!, but the role of M1

and M2 microglia is only beginning to be elucidated in prion pathogenesis %3, Our

BV2/AdMSC co-culture systems demonstrated a decrease in M1 gene CD16 (Figure 2.41), as
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well as an increase in Arg-1 (Figure 2.4j), an M2 gene involved in restoration and repair ¢,
suggesting that AAMSCs influence polarization of microglia in the context of prion infection.
Although the study at hand cannot sufficiently differentiate between the inflammatory
pathways that AAMSCs may be acting upon to dampen inflammation in in vitro prion infection,
the effects of these cells on specific molecules can begin to hint at which pathways may be
involved. There is evidence that NF-kB signaling is an early indicator of prion infection in vitro
and in vivo 884122 This signaling can result in a vast number of secreted cytokines and
chemokines, many of which are demonstrated here to be decreased in infected glial cells exposed
to AAMSCs. This includes but is not limited to TNFa, IL1f, IL-6, CCL2 and CCLS5. It has been

82,208 Because

reported that interference with NF-kB signaling in prion disease is neuroprotective
these molecules are also implemented in other signaling pathways, this study alone is not
sufficient in determining that AAMSCs have an effect on prion-induced NF-kB signaling.
However, it has been established that mesenchymal stromal cells can decrease NF-kB in
astrocytes activated by LPS exposure 16123, A second pathway that has been implicated in in
vitro models of prion disease is the NLRP3 inflammasome, which has been reported as the
primary source of microglia derived IL1p in prion infection 28, Although the role of the NLRP3
inflammasome in mouse models of prion disease remains controversial ''%, it has been
established as a marker of prion-induced inflammation in primary microglia and BV2 cells 128130,
Co-culturing prion-infected primary mixed glia and BV2 cells with AAMSCs resulted in a
significant decrease in IL1p, a key cytokine produced by - but not limited to - the NLRP3
inflammasome pathway. Further evidence that AAMSCs are acting upon this pathway was the

significant decrease in mRNA for NLRP3 in AAMSC-treated BV2 cells (Figure 2.4h). AAMSCs

have differing effects on the transcriptional profile of prion-infected BV2 microglia compared to
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primary mixed glial cells (composed of predominantly astrocytes). Changes in genes associated
with reactive astrocytes and inducing astrogliosis suggests that AAMSCs cause synergistic
dampening of inflammation and adapting the profile of both reactive astrocytes and activated
microglia.

MSCs have shown the capacity to not only decrease inflammatory signaling, but to decrease
protein aggregates. AAMSCs and AAMSC-derived exosomes have membrane-bound nephrilysin,
an enzyme that degrades protein aggregates such as amyloid-b. A decrease in amyloid-b has
been demonstrated in both cell 2°” and mouse models of Alzheimer’s disease after tail injection
of MSC cells or exosomes 2!%2!1, Although it shares similarities, prion disease is characterized by
a unique subset of glial cells compared to those seen in other neurodegenerative diseases %7782,
To determine if similar effects could be seen in prion disease, co-culture systems of infected glia
and AdMSCs were analyzed for abundance of PrP5° using both western blot and scrapie cell
assay. AAMSCs did not show an ability to decrease PrP° in the context of persistent infection in
glial cells. This demonstrates that the protective capacity of AAMSCs in prion infection is
independent of PrPS¢. This is consistent with previous studies, which did not report any changes
in PrP5¢ deposition after intervening in gliosis in prion-infected mice, despite observations of
increased survival and improved clinical and behavioral signs 7°-160-208,

The therapeutic advantages of mesenchymal stromal cells (MSCs) have been well
established, particularly their ability to regulate inflammation by secreting anti-inflammatory
small molecules and promote angiogenesis and neurogenesis !"1:188:1% The secretome of these
cells includes anti-inflammatory cytokines and chemokines, growth factors, microRNA and

messenger RNAs 212, Intriguingly, these cells can be taken autologously from patients via a

relatively non-invasive procedure 78, The capacity of MSCs to modulate inflammation in a
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paracrine manner has been well established in a variety of neurological disorders 83189,
including neurodegenerative diseases such as Alzheimer’s and Parkinson’s 76190191 Here, we
have shown that MSCs derived from adipose tissue are effective in decreasing inflammation in
an in vitro model of prion-induced gliosis. Our in vitro data suggests that AAMSCs will be
successful in decreasing inflammation, but not in the clearance of PrP¢. This poses a limitation
to AdAMSCs alone as a potential treatment for prion disease. However, it suggests that AAMSCs
may be advantageous in combatting inflammation, especially if combined with another

therapeutic that can decrease PrP% in the brain.

Supplemental Data

ns
AFkdkok
Akokk
%k

2007 KKK ke
2000
1500
1000

500

TNFa Concentration (pg/ml)

0&0 0&0 06\') $'bé(‘
R
& & & ¢

ol i

77



Supplemental Figure 2.1. TNFa is significantly detectable by ELISA in media from AdMSCs that have been
stimulated for 24 hours with TNFa, but not after thorough washing and media change. One-Way ANOVA and
Tukey test, p<0.05, error bars = SEM. * p< (.05, ** p< 0.01, *** p<0.001, **** p<0.0001, ns = not significant.
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Supplemental Figure 2. BV2 microglia were infected with 0.1% RML brain homogenate or normal brain
homogenate (NBH) for 6 days, then incubated for 24 hours with unstimulated AAMSCs. This resulted in a decrease
in (a) IL1f, (b) TNFa and (c) IL-6 mRNA, but not (d) Clqa, (e¢) CCL2, (f) CCL5, (g) NLRP3, or (h) CD16. (i) An
increase was seen in the M2 marker Arg-1. Three biological replicates, each with three technical replicates, all
analyses normalized to b-actin. Two-way ANOVA and Tukey test, p<0.05, error bars = SEM. * <0.05, ** <0.01,
% <0.001, *#*+* <0.0001
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Chapter 3:
Intranasally Delivered Mesenchymal Stromal Cells Decrease Glial Inflammation Early in
Prion Disease

Published in Frontiers in Neuroscience, May 2023

Summary

Mesenchymal stromal cells (MSCs) are an intriguing avenue for the treatment of
neurological disorders due to their ability to migrate to sites of neuroinflammation and respond
to paracrine signaling in those sites by secreting cytokines, growth factors, and other
neuromodulators. We potentiated this ability by stimulating MSCs with inflammatory molecules,
improving their migratory and secretory properties. We investigated the use of intranasally
delivered adipose-derived MSCs (AdMSCs) in combating prion disease in a mouse model. Prion
disease is a rare, lethal neurodegenerative disease that results from the misfolding and
aggregation of the prion protein. Early signs of this disease include neuroinflammation,
activation of microglia, and development of reactive astrocytes. Later stages of disease include
development of vacuoles, neuronal loss, abundant aggregated prions, and astrogliosis. We
demonstrate the ability of AAMSCs to upregulate anti-inflammatory genes and growth factors
when stimulated with tumor necrosis factor alpha (TNFa) or prion-infected brain homogenates.
We stimulated AdAMSCs with TNFa and performed biweekly intranasal deliveries of AAMSCs
on mice that had been intracranially inoculated with mouse-adapted prions. At early stages in
disease, animals treated with AAMSCs showed decreased vacuolization throughout the brain.

Expression of genes associated with Nuclear Factor-kappa B (NF-kB) and Nod-Like Receptor
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family pyrin domain containing 3 (NLRP3) inflammasome signaling were decreased in the
hippocampus. AAMSC treatment promoted a quiescent state in hippocampal microglia by
inducing changes in both number and morphology. Animals that received AAMSCs showed a
decrease in both overall and reactive astrocyte number, and morphological changes indicative of
homeostatic astrocytes. Although this treatment did not prolong survival or rescue neurons, it

demonstrates the benefits of MSCs in combatting neuroinflammation and astrogliosis.

Introduction

Prion diseases are fatal neurodegenerative diseases characterized by the misfolding and
aggregation of the prion protein (PrP), due to either a genetic mutation in the protein, or a
spontaneous or acquired source of misfolded PrP (denoted PrP5¢).2? According to the CDC, each
year approximately 1.5 per one million people in the United States develop classic Creutzfeldt-
Jakob Disease (CJD), the most common spontaneous prion disease (CDC 2021). Individuals with
CJD undergo rapid loss of memory and motor function, which ultimately lead to death. There are
currently no available treatments for CJD or any other prion diseases, because after clinical signs
occur, PrP5¢ accumulation and neurodegeneration are irreversible.

An early sign of prion disease, prior to detectable PrPS¢ in the brain or behavioral changes,
is astrogliosis. In animal models, astrocyte numbers increase throughout the brain prior to signs
of neurodegeneration. This is accompanied by an increase in microglia numbers, as well as
inflammatory cytokines and chemokines.’®’>7° There is evidence that PrPS¢ aggregates are not

the only source of neurotoxicity, and that neuroinflammation may be contributing to neuronal

80



loss and degeneration.*343647682 Ap ideal treatment should therefore target both early
inflammation as well as protein aggregation.

Here, we investigate the therapeutic potential of adipose-derived mesenchymal stromal
cells (AAMSCs) in decreasing glial inflammation in a mouse model of prion disease. These cells
can be easily isolated from adipose tissue, expanded in culture, and injected into animals or
patients with little immunogenic effects.!®%?!3 They follow chemokine gradients to migrate to
sites of inflammation, where they respond by secreting anti-inflammatory cytokines,
chemokines, and growth factors.!66-16%:172.200 We recently demonstrated the therapeutic ability of
AdMSCs in decreasing glial inflammation in a cell-culture model of prion disease through a
reduction of genes associated with signaling pathways such as pro-inflammatory transcription
factor, Nuclear Factor-kappa B (NF-kB) and the Nod-Like Receptor family pyrin domain
containing 3 (NLRP3) inflammasome.'?* MSCs also decrease markers of reactive astrocytes and
M1 activated microglia,!?3160-162203 ¢e]] types which are highly abundant in prion infection.
Mesenchymal stromal cells (MSCs) have been used in mouse models of neurodegenerative
diseases such as Alzheimer’s and Parkinson’s,!68:176.191.214 \M[SCg derived from bone marrow and
compact bone have been used to decrease inflammation in prion-diseased mice when delivered
intracranially through stereotaxic surgery.'*17" Although this was successful in increasing the
lifespan of these animals, it poses some limitations when translated to the clinic, as acquiring
MSCs from the bone and injecting them stereotaxically into the brain are very invasive
procedures.

In this study, we investigate the effectiveness of intranasal delivery of MSCs from
adipose tissue into mice with prion disease. We delivered cytokine-stimulated AAMSCs derived

from prion knockout (PrP KO) mice every two weeks beginning at 10 weeks post-infection (wpi)
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and ending at 20 wpi. We assessed both behavioral and clinical signs of disease, neuronal loss

and vacuolization, development of inflammation, and astrogliosis as disease progressed.

Materials and Methods

Animal care and ethics statement

All mice were bred and maintained at Colorado State’s Lab Animal Resources, accredited
by the Association for Assessment and Accreditation of Lab Animal Care International. This was
done in accordance with protocols approved by the Institutional Animal Care and Use

Committee at Colorado State University.

Brain preparations

C57Bl1/6 (Jackson Laboratory) mice were anaesthetized with isoflurane prior to intracranial
inoculation with 30pl of 1% Rocky Mountain Laboratories (RML) strains of mouse-adapted
prions, or normal brain homogenate (NBH). Mice were subjected to intranasal delivery of
AdMSCs and behavioral assays, as described below. Mice were euthanized for time-course study
at 14, 16, and 18 wpi, three days after intranasal delivery was performed, while the remaining
mice were taken to terminal disease. Mice were monitored for weight loss and clinical signs of
prion disease and euthanized by deep isoflurane anaesthetization followed by decapitation after
showing signs of terminal illness. NBH mice were sacrificed after all prion-infected mice had
been euthanized. The right hemisphere was fixed in 10% neutral-buffered formalin. The left
hemisphere was removed and olfactory bulbs, hippocampus, thalamus and cerebellum were

removed and stored in RNAlater (Qiagen) at -80C prior to RNA analysis. The remainder of the
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left hemisphere was used to make 20% brain homogenates in phosphate-buffered saline (PBS)
using beads and a tissue homogenizer (Benchmark Bead Blaster 24) and stored at -80C prior to

western blot analysis.

Isolating and maintaining AdMSCs

AdMSCs were isolated as described previously.'?? Adult TALEN PrP knock-out (KO)
C57B1/6 mice?!® were euthanized and abdominal adipose tissue was removed and placed in
Hank’s Buffered Saline Solution containing 25% Trypsin (HyClone, 0.25%). Adipose tissue was
dissociated by incubating with a mixture of 200 U/ml DNase-I (Roche) and 400 U/ml Stemxyme
(Worthington Biochemical Corporation) in DMEM/F12 media (Caisson Labs) at 37° C for 1.5
hours. The tissues were triturated and centrifuged at 4° C for 5 minutes at 1000 x g to pellet the
stromal vascular fraction. The pellet was washed once with sterile PBS and centrifuged at 1000 x
g. The pellet was resuspended in 1 ml of AAMSC media (low glucose DMEM containing L-
glutamine and supplemented with essential and non-essential amino acids (Gibco), 15% heat-
inactivated fetal bovine serum (FBS) (Peak Serum), and penicillin/streptomycin/neomycin (PSN)
(Sigma)). Resuspension was filtered through a 40 um cell strainer (Fisher) to remove any non-
dissociated tissue. Cells were plated in 10 cm dishes and grown in AAMSC media at 37° C with

5% CO2. 72 hours later, cells were passaged at a 1:3 ratio and again every 3-4 days.

Stimulating AAMSCs for mRNA transcript analysis

AdMSCs were plated at 100,000 cells per well in 6 cm plates at passage 3. The following
day, media was removed and replaced with media containing 10 ng/ml tumor necrosis factor
alpha (TNFa), 100 ng/ml interferon gamma (IFNy), or normal media as a negative control. 24-

hours later, cells were washed twice with sterile PBS and cell lysates were obtained using RLT
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buffer (Qiagen) containing B-mercaptoethanol (Sigma-Aldrich) and filtered through a

QiaShredder column (Qiagen). RNA isolation and qRT-PCR protocol is described below.

Intranasal delivery of AdAMSCs

PrP KO AdMSCs at passage 3 were stimulated with 10ng/ml TNFa 24 hours prior to
intranasal delivery. Cells were washed three times with sterile PBS and trypsinized with 0.25%
Trypsin, resuspended in AAMSC media, then spun at 4C for 5 minutes at 1000 x g. Cells were
washed thoroughly with PBS, spun an additional time, counted on a hemocytometer, and
resuspended in PBS at 1x10° cells per 18 pl. Mice were anaesthetized with isoflurane and treated
with 100U hyaluronidase (United States Biochemical Corporation) in PBS, with 3ul delivered to
each nostril, 3 times per nostril, for a total of 18 ul, 1 hour prior to intranasal AAMSC delivery. 3
pl AAMSC cell suspension was then delivered to each nostril, 3 times per nostril, for a total of 18
ul, or 1x10° cells per animal. Control mice were given PBS containing no AAMSCs. Mice were
monitored for 10 minutes after regaining consciousness to ensure no adverse side effects.
AdMSC treatments were performed at 10, 12, 14, 16, 18 and 20 weeks post infection (wpi). This
experiment was repeated twice. The first cohort contained all female mice, 12 NBH mice and 24
of RML-infected (16 received AdAMSCs and 12 received PBS), all of which were taken to
terminal stages of disease. The second cohort contained both male and female mice, 7 NBH mice
and 40 RML mice (24 received AAMSCs and 16 received PBS). 10 mice (6 AAMSC and 4 PBS)

were euthanized at 14, 16, and 18 wpi.
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Clinical and behavioral assays

Ability of mice to build nests was evaluated by placing three fresh napkins weekly in the
cage. 24 hours later, the position of the napkins was evaluated on a score of 0 to 5, with 0 being
untouched, dirty and marked with urine, and 5 being positioned into a compact nest that provided
full shelter to the mice. Nests were evaluated beginning at 10 wpi until euthanasia. For
burrowing assessment, female mice were separated into individual cages containing a 6-inch
section PVC pipe that was closed off at one end and filled with 120 grams of food pellets. Mice
were given 30 minutes to “burrow” into the PVC pipe by removing the pellets. Mice were
returned to their home cage and the remaining pellets in the PVC pipe were weighed. Burrowing
was performed on mice every other week beginning at week 13 and ending at week 21. Clinical
signs and weight were evaluated beginning at 17 wpi and continuing until mice were euthanized.
Mice were evaluated weekly and scored from 0 (no signs) to 2 (severe signs) on the following
signs of RML prion disease: tail rigidity, hyperactivity, ataxia, extensor reflex, tremors, righting
reflex, kyphosis and poor grooming. Mice were additionally monitored for severe weight loss.
Clinical signs and weight were monitored twice a week beginning at 20 wpi. When mice reached
a total score of 10 for any combination of signs they were euthanized. Mice inoculated with
normal brain homogenate (NBH) were used as a control for all behavioral assays and clinical

signs.

Immunohistochemistry

Fixed brain hemispheres were embedded in paraffin and sliced and mounted on slides at
Sum using the HM325 microtome (Thermo Scientific). Tissue was deparaffinized and

rehydrated and underwent antigen retrieval in 0.01M sodium citrate buffer for 20 minutes at
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95°C. Endoperoxidases were inactivated by incubating tissue in 0.3% hydrogen peroxide. Tissue
was blocked in Tris A (Tris-buffered saline (TBS) and Triton-X (Sigma-Aldrich)) containing 2%
bovine serum albumin (BSA, Sigma-Aldrich) and 10% horse serum (Corning) for 1 hour at room
temperature. Primary antibodies were made in Tris A/2% BSA and incubated overnight in a
humidity chamber at 4° C. The following primary antibodies were used: Ibal (Abcam) at 1:400
dilution and GFAP (Dako) at 1:400 dilution. Tissue was washed with Tris A/2% BSA and
incubated with biotinylated secondary antibody at 1:250 (Vector Laboratories) for 1 hour,
washed, and incubated with ABC complex (Vector Laboratories) for 1 hour as per
manufacturer’s instructions, washed, and incubated with DAB (Vector Laboratories) until color
change was observed (time dependent on antibody used). Tissue was washed with TBS and
counterstained with hematoxylin (Epredia) and bluing reagent (Cancer Diagnostics, Inc). Tissue
was dehydrated and coverslips (Globe, #1) were mounted with media (Epredia) and dried
overnight or longer before imaging with the Olympus VS120 Scanning Microscope.
Representative 40x images were taken using the Olympus BX53. Cell counts were performed
using the Olympus cellSens software (v 1.18). Outliers were identified and removed using a
ROUT outlier test and a Welch’s T-test was used to compare treated and untreated groups using

Prism (v 9.1.0).

Immunofluorescence quantification and skeletonization

Tissue was deparaffinized, rehydrated, sodium citate treated, and blocked in Tris A/BSA
and incubated with primary antibody overnight, as described above. The following primary
antibodies were used: Ibal (Abcam) at 1:50 dilution, GFAP (Dako) at 1:100 dilution, S1003

(Abcam) at 1:750 dilution and C3 (Abcam) at 1:250. Tissue was washed with TBS and incubated
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for 1 hour in the dark with Alexa Fluor-488, -555 or -647 (Invitrogen) secondary antibodies at
1:500 dilution and 2% normal donkey serum (Jackson ImmunoResearch). Slides were washed
and incubated in Hoechst at 1:2000 dilution in PBS for 3 minutes. Slides were coverslipped with
Prolong Gold Antifade mounting media (Thermo Scientific) and kept in the dark at room
temperature for 24 hours, then in 4°C prior to imaging. GFAP slides were imaged on an
Olympus BX60 fluorescent scope with a DP23 camera. For skeletonization experiments, four to
five regions between the dentate gyrus and CA1-CA3 region of the hippocampus were imaged at
40x for each animal. All other slides were imaged with an Olympus BX63 fluorescence
microscope equipped with a motorized stage and Hamamatsu ORCA-flash 4.0 LT CCD camera
and an Olympus Xline apochromat 20X (0.8 N.A.) air objective. Exposures for each stain were
set for the same period of time within each channel. Regions of interest (ROI) were selected with
Olympus cellSens software to identify S100f3" astrocytes within the hippocampus using adaptive
thresholding and then converted into individual ROIs. Mean gray intensity of C3 was determined
within each S100B" cell ROI. Skeletonization of astrocytes and microglia was performed using
IMARIS 9.9.1. Using the calculate soma model, new starting points were detected using the
largest diameter of 9.5 um, and seed points using the thinnest diameter of 0.570 um. Astrocytes
were analyzed in channel 555 with a manual starting point threshold at 33.3, and seed point
threshold at 43.1. Microglia were analyzed in channel 647 with automatic starting point
threshold and seed point thresholds. These numbers were adjusted for each image to eliminate
background. Seed points around starting points were removed using a sphere region diameter of
19.0 um. Disconnected segments were removed with an automatic absolute intensity threshold
for both astrocytes and microglia. The dendrite diameter threshold was set at 4.51 for astrocytes

and 4.91 for microglia. A max gap length of 11.4 um was used. After filaments were traced,
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processes that did not correspond to fluorescent staining were manually removed. Data generated
by IMARIS was analyzed in Prism (v 9.1.0). Outliers were identified and removed using a

ROUT outlier test and a Welch’s T-test was used to compare treated and untreated groups.

Hematoxylin and eosin staining

Slides were deparaffinized and rehydrated before being treated with hematoxylin and
bluing reagent. Tissue was counterstained with eosin (Epredia). Slides were dehydrated and
coverslips (Globe, #1) were mounted with media. Slides were imaged with the Olympus VS120
Scanning Microscope. Vacuoles were scored for each brain region (frontal cortex, hippocampus,
thalamus and cerebellum) on a scale of 0 (no pathology) to 5 (significant pathology) by three
pathologists who were blinded to the treatment groups.?!6-2!8 Both quantity and size of vacuoles
were considered during scoring. An average of the three scores was taken for each brain region.

Pyknotic neurons were counted manually within the CA1 region of the hippocampus.

Immunoblotting

20% brain homogenates were analyzed with a BCA Protein Assay Kit (Thermo Scientific)
to quantify protein concentration. 100 pg of protein was digested with a final volume of 20 g
/ml proteinase K (PK) (Roche) for PrP5¢ blots for 1 hour at 37°C. Digestion was terminated with
2mM PMSF (Thermo Fisher) and samples were suspended in loading buffer (Bio-Rad)
containing B-mercaptoethanol (Sigma-Aldrich) before being loaded on a gel. For PrP¢ blots, 25
pg of sample was used with no PK digestion. Samples were run on a 4-20% acrylamide SDS
page gels (Bio-Rad) and transferred to PVDF blotting paper (MilliPore). Primary antibody Bar-
224 (Cayman Chemical Company) was used at 1:10,000 dilution. HRP-conjugated secondary

antibodies were used at a concentration of 1:5,000 (Vector Laboratories). After imaging, PrP¢
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blots were stripped and loading control GAPDH was ran at a 1:10,000 dilution (MilliPore), with
HPR-conjugated secondary antibody at 1:5,000 dilution (Southern Biotech). Western blots were
visualized using SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Scientific)

and visualized with the BioRad ChemiDoc MP.

Live animal imaging and intranasal delivery assessment

48 CD-1 mice (Charles River) were inoculated intracranially with 1% RML, as described
above. PrP KO AdMSCs were isolated and expanded as described above, stimulated for 24 hours
with 10ng/ml TNFq, then labeled with DiD Vybrant Cell-Labeling Solution (Invitrogen) 219220,
following manufacturer’s protocol, or mock-labeled with PBS. Cells were intranasally delivered
to the CD-1 mice at 18 weeks post-infection, as described above. 24 mice received unlabeled
cells, the remaining 24 received labeled cells. Mice were imaged with a Xenogen IVIS Imaging
System at 24, 48, 72 hours, 7 days and 14 days post-delivery. At each timepoint, brains were
extracted from 4 mice receiving both labeled AAMSCs and 4 mice receiving unlabeled AAMSCs.
Brains were fixed for 60 seconds in 10% neutral buffered formalin (NBF) and then imaged with
the Xenogen IVIS with an excitation filter of 640 and an emission filter of 680. Maximum
radiance efficiency was measured for both animals and brains by creating a region of interest

(ROI). The same size ROI was used to analyze each animal or brain for each image.

This study was repeated in a cohort of 12 RML-infected female CD-1 mice that did not
undergo live-animal imaging, to prevent any loss of signal from the DiD-labeled AAMSCs. 10
mice received DiD-labeled AAMSCs, and the remaining 2 received mock-labeled AAMSCs. 6
mice were euthanized at 48 hours post-delivery (one control and 5 DiD-labeled), and the

remaining 6 were euthanized at 7 days post-delivery, and brains were bisected sagitally,
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hemispheres were placed side-by-side in OCT Freezing Medium (Sakura Finetek) and
immediately frozen on dry ice. Brains were cut sagitally using a Microm HM 525 Cryostat in
10um-thick sections. Each slide received 3 sets of sections (each consisting of both
hemispheres), with 50um separation between each set. 10 slides were made for each brain,
spanning approximately 1500um from the most medial section to the most lateral section. The
first (most medial), middle and last (most lateral) slides were selected, washed with PBS,
incubated in Hoechst at 1:2000 dilution in PBS for 3 minutes, and coverslipped with Prolong
Gold Antifade mounting media (Thermo Scientific) and kept in the dark at room temperature for
24 hours, then in 4°C prior to imaging. Slides were imaged with an Olympus BX63 fluorescence
microscope equipped with a motorized stage and Hamamatsu ORCA-flash 4.0 LT CCD camera
and an Olympus Xline apochromat 20X (0.8 N.A.) air objective. DiD (Cy5) exposure time was
selected based on control slides. For each brain, the cortex, hippocampus, thalamus and
cerebellum were analyzed and presence of DiD+ cells were recorded. Representative images for
each brain region showing significant cell migration were taken at 20x.

Slides from brains that showed significant DiD+ cells in the hippocampus were selected
and blocked in Tris A/BSA and incubated overnight, as described above. The following primary
antibodies were used: Oct3/4 (Abcam) at 1:100 dilution, Vimentin (Abcam) at 1:100 dilution.
Tissue was washed with TBS and secondary antibody at 1:500 (Southern Biotech) containing 2%
serum was incubated at 1:500 dilution in the dark for 1 hour at room temperature. Slides were
washed, counterstained with Hoechst, and coverslipped. Hippocampi were imaged at 20x to
identify DiD+ cells that also expressed Oct3/4 and Vimentin, indicative of AAMSCs. Mean gray
intensity of DiD in Oct3/4+ cells was measured, as described above, using representative images

of hippocampus and thalamus for animals that received mock- and labeled AdAMSCs. To

90



determine cytological staining of Oct3/4, Vimentin and DiD in AAMSCs, PrP KO AdMSCs were
labeled with DiD, as described above, and plated at 20,000 cells per well in chamber slides
(Thermo Scientific) and incubated for 48 hours, as described above. Cells were washed, fixed
with 4% PFA for 10 minutes, incubated with 10% normal donkey serum, and stained, as

described above. Representative images were taken at 40x.

Reverse transcriptase quantitative PCR analysis

RNA was extracted from cells or hippocampal tissue using QIAshredder and RNeasy
extraction kits, in accordance with manufacturer’s protocol, including a DNase digestion step
with the RNase free DNase kit (Qiagen, Valencia, CA). Purity and concentration were
determined using a ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).
25-50ng RNA was reverse transcribed using the iScript Reverse Transcriptase kit (BioRad,
Hercules CA). The cDNA was amplified within 24 hours of reverse transcription using iQ SYBR
Green Supermix (BioRad, Hercules CA). The corresponding validated primer sequences were
used for each gene at 10mM. The expression data was analyzed using the 2-24¢T method and
normalized to expression of reference gene B-actin.??! All RT-PCR was done following MIQE

guidelines. Validated primer sequences are listed in Table 3.1.

Statistical analysis

For all analyses, outliers were identified and removed using a ROUT outlier test (Q=1%).
Cleaned data for two groups was measured using a Welch’s T-test. For three or more groups,
cleaned data was analyzed using a One-way ANOVA with Tukey’s post-hoc analysis. A p-value
of 0.05 was used for all analyses. All figures present mean +/- standard error of the mean (SEM).

All data analysis and generation of graphs was done with Prism (v 9.1.0).
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Figure 3.1. Fluorescently-labeled AdAMSCs migrate deep into the olfactory system and into the brains of prion-
infected mice. AAMSCs were stimulated for 24 hours with TNFa., labeled with DiD lipophilic dye and delivered
intranasally into mice with RML exposure at 18 weeks post infection (wpi). Control mice received unlabeled
AdMSCs. Live animal imaging was performed (A) 48 hours and (B) 7 days post-delivery. Both time points showed
significant maximum radiance from cells in the olfactory region, determined using a T-test with Welch’s
corrections, **p<0.01, error bars = SEM. (C) At each timepoint, brains were removed and imaged. Areas of labeled
cells were visible in some brains at 48 hours and 7 days post-delivery (shown by red arrows). Radiance scale used
for degree of fluorescent dye positivity in brains. (D) Representative images of DiD+ cells in the cortex,
hippocampus and thalamus at 48 hours and 7 days post-delivery, compared to brains from animals that received
mock-labeled AAMSCs. Arrows indicate DiD+ cells. Cell nuclei are stained with DAPI. Scale bar = 50 um. (E)
Hippocampus of animals that received mock-labeled or DiD-labeled AAMSCs at 48 hours post-delivery. Tissue was
co-stained for AAMSC markers Vimentin and Oct3/4, which co-localizes with DiD staining. 20x representative
images, scale bar = 50 pm.

Fluorescently-labeled AdMSCs migrate deep into the olfactory system and into the brain of

prion-infected mice

We have shown previously that AAMSCs isolated from the abdominal adipose tissue of
C57Bl/6 mice contain a heterologous population of cells with characteristics of mesenchymal
stem cells. Additionally, these cells can migrate in an in vitro model toward the prion-infected
brain.!?3190 PrP KO AdAMSCs were stimulated for 24 hours with tumor necrosis factor alpha
(TNFa) to promote migration to the prion-infected brain 70200201 and labeled with fluorescent
lipophilic dye (DiD) or mock-labeled with PBS and intranasally delivered into RML-infected
CD-1 mice at 18 wpi. Live mice were imaged with the Xenogen IVIS Imaging System at 24, 48,
72 hours, 7 days and 14 days post-delivery and brains were extracted and imaged at each of these
timepoints. Analysis of the maximum radiance showed significantly more fluorescence signal
from mice receiving the labeled AAMSCs at 24 hours (p<0.01; data not shown), 48 hours (Figure
3.1A; p<0.01), 72 hours (p<0.001; data not shown) and 7 days (Figure 3.1B; p<0.01), but no
significant difference were seen between groups at 14 days (data not shown). When brains were
dissected out and imaged with the Xenogen IVIS, no significant differences in maximum
radiance of whole brains were seen between mock- and labeled AAMSC-treated groups.

However, specific sites of fluorescently labeled cells can be observed (Figure 3.1C, shown by
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red arrows) in some of the brains that received labeled AAMSCs. Of the brains that received
labeled AAMSC:s, regions of fluorescence were seen in two of four brains at 24 hours, one of
four brains at 48 hours, and one of four brains at 7 days. No regions of fluorescence were seen at
72 hours or 14 days post-delivery (data not shown), nor were they seen in mice that received
mock-labeled AAMSCs.

A cohort of 12 CD-1 mice at 18wpi were given stimulated intranasally-delivered DiD- or
mock-labeled PrP KO AdMSCs, following an identical protocol as above. At 48 hours and 7
days post-delivery, mice were euthanized and brains were immediately frozen on dry ice. Brain
sections were assessed for DiD+ cells in the cortex, hippocampus, thalamus and cerebellum.
DiD+ cells were found in almost all animals in the cortex, hippocampus, and thalamus (Figure
3.1D), and in less than half of animals in the cerebellum at both 48 hours and 7 days post-
delivery (Table 3.2). No DiD+ cells were found in brains from mice that received mock-labeled
AdMSCs. Brains from mice at 48 hours post-delivery that showed significant DiD+ cells in the
hippocampus were stained with the stem cell marker Oct3/4 and the structural marker Vimentin,
both of which label AAMSCs.!?*!%8 Note that there are no markers specific to AAMSCs that are
not expressed in other cell types in the brain. Oct3/4 can also be expressed in pluripotent cells,
and Vimentin is also expressed in astrocytes. All DiD+ cells analyzed were Oct3/4+ and the
majority were Vimentin+ (Figure 3.1E). This staining pattern is recapitulated when AdMSCs are
labeled and grown in vitro (Supplemental Figure 3.1A). Quantification of DiD in Oct3/4+ cells
in the hippocampus and thalamus demonstrated significantly more fluorescent intensity in
animals that received labeled AAMSCs (Supplemental Figure 3.1B). Together, these data suggest
that AAMSCs delivered intranasally can migrate throughout the brain and remain there for a

minimum of 7 days.
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Figure 3.2. Stimulating AdMSCs with inflammatory cytokines and prion-infected brain homogenate for 24
hours increases production of anti-inflammatory molecules and growth factors. AAMSCs were incubated for
24-hours in media containing TNFa or IFNy. These AAMSCs showed significant increase in mRNA expression
levels for (A) TSG-6, (B) TGF -1, and (C) VEGF, but no changes in (D) FGF. AAMSCs were incubated for 24-
hours in media containing NBH or RML-infected brain homogenates. In AAMSCs exposed to RML, a significant
increase was seen in (E) 7SG-6, (F) TGFf-1, (G) VEGF, and (H) FGF mRNA. One-way ANOVA with post-hoc
Tukey’s test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, error bars = SEM. Combined data from four separate
experiments, each with three technical replicates.

Stimulating AAMSCs with inflammatory cytokines and prion-infected brain homogenate for

24 hours increases production of anti-inflammatory molecules and growth factors

Our laboratory and others have demonstrated that stimulating MSCs with inflammatory

molecules increases secretion of anti-inflammatory molecules and growth factors.!23170:1% Here,
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we demonstrate that stimulating AAMSCs for 24 hours with TNFa or interferon gamma (IFNy)
induces a 36%-fold increase of TNF-stimulated gene 6 (7SG-6) mRNA (Figure 3.2A; p<0.01).
Stimulation with TNFa, but not IFNy, causes a 78%-fold increase in transforming growth factor
beta-1 (TGF 1) mRNA (Figure 3.2B; p<0.0001).'?* Stimulation with TNFa induced an 83%-
fold increase, and stimulation with IFNy induced a 38%-fold increase in vascular endothelial
growth factor (VEGF) mRNA (Figure 3.2C; p<0.0001, p<0.001, respectively), but no changes
were seen in fibroblast growth factor (FGF) mRNA (Figure 3.2D).

We also demonstrate that culturing AAMSCs in media containing 0.1% Rocky Mountain
Laboratories (RML) strain mouse-adapted scrapie brain homogenate elicits a similar
upregulation of genes for anti-inflammatory molecules and growth factors, suggesting that
AdMSCs respond to factors in the prion-infected brain, such as damage-associated molecular
patterns (DAMPs) and the cytokine milieu.??2?2* After 24 hours in media containing normal
brain homogenate (NBH) or RML, AdMSCs increased expression of 7SG-6 mRNA by 32% and
51%-fold change from baseline, respectively (Figure 3.2E; p<0.01, p<0.0001, respectively).
Treatment with RML, but not NBH, increased mRNA for TGF /-1 by 35%-fold (Figure 3.2F;
p<0.05), VEGF by 27%-fold (Figure 3.2G; p<0.01), and FGF by 23%-fold(Figure 3.2H;

p<0.05).
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Figure 3.3. Prion-infected mice were treated with stimulated AdAMSCs every two weeks. RML-infected mice
received intranasal delivery of TNFo-stimulated PrP KO AdMSCs biweekly from 10 weeks post infection (wpi) to
20 wpi. Hippocampal-specific behavioral analyses, nesting and burrowing, were performed beginning at 13 wpi.
Clinical signs were analyzed weekly beginning at 17 wpi until mice were euthanized. No changes in behavioral
signs, clinical signs, or survival were observed between AdMSC-treated mice and PBS-treated controls (see
Supplemental Figure 2). Graphic created with BioRender.com.

Prion-infected mice were treated with stimulated AAMSCs every two weeks

Mice received 30 ul of 1% RML mouse-adapted scrapie brain homogenate or NBH
inoculated intracranially at 6 weeks of age. RML-infected mice received an intranasal delivery of
1x10% PrP KO AdMSCs or vehicle (PBS) every two weeks beginning at 10 weeks post-infection
(wpi) and continuing to 20 wpi (Figure 3.3). PrP KO AdMSCs were used instead of wild-type to
eliminate any possibility of these cells becoming infected and further disseminating PrP5¢, as
expression of PrP is critical for cells to be infectable.%® Prior to each intranasal delivery,
AdMSCs were incubated in media containing 10ng/ml TNFa for 24 hours. We have
demonstrated here (Figure 3.2) and previously that this induces increased expression of anti-
inflammatory molecules and growth factors. After 24 hours, cells are sufficiently washed and

TNFa is no longer detectable in the media,'?

eliminating any concern that it may be transferred
into the brain when AAMSCs are intranasally delivered.
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Hippocampal-associated behavioral analysis was used to monitor early signs of disease.
Nesting began at 10 wpi, but data is only shown from 13 wpi to 22 wpi. A decline in nesting
behavior was observed for the AAMSC-treated mice at 17 wpi (p<0.01). At 18 wpi, both
AdMSC-treated and mock-treated animals showed decline in nesting behavior (p<0.001), and
this was observed until mice were euthanized (p<0.0001). Meanwhile, NBH mice maintained
perfect nests from 18 wpi until the termination of the study at 23 weeks (Supplemental Figure
3.2A). Burrowing began at 13 wpi and was repeated the following two weeks to allow for a
“training period” for the mice, before being performed every two weeks. Decline in burrowing
was seen for mock-treated (p<0.001) and AAMSC-treated mice (p<0.05) beginning at 17 wpi and
continuing until burrowing was discontinued after 21 wpi (p<0.0001). NBH mice maintained
healthy burrowing behavior through 21 weeks (Supplemental Figure 3.2B).

Early signs of clinical scores began for both mock- and AAMSC-treated mice at 17 wpi,
but signs were not statistically significant compared to NBH mice until 21 wpi (p<0.0001)
(Supplemental Figure 3.2C). Mice were euthanized when they showed a clinical score of 10, and
all mice had been euthanized before 25 wpi. No changes in survival were seen between the
mock- and AAMSC-treated mice, with a mean survival of 163 days for both (Supplemental
Figure 3.2D). NBH mice remained healthy and were euthanized after all RML-infected mice had
been euthanized. To determine the effects of intranasally-delivered AAMSCs throughout disease
progression, a cohort of mice was sacrificed at 14 wpi (after 3 treatments), 16 wpi (after 4
treatments), and 18 wpi (after 5 treatments). The remainder of the mice received 6 treatments

total and were euthanized when they showed significant clinical signs.
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Figure 3.4. AAMSC treatment decreases inflammatory cytokine transcripts in the hippocampus at 16 weeks
post infection (wpi). Hippocampal mRNA expression was decreased in animals treated with AAMSCs for (A) IL1S,
(B) CCLS5, (C) TNF e, (D) C3, (E) Clga, (F) NLRP3, (G) Caspase-1, (H) IL18, (I) CD16, and (J) CD32. Hippocampi
were analyzed from 10 animals, 6 AAMSC-treated and 4 PBS-treated controls. T-test with Welch’s corrections,
*p<0.05, **p<0.01, error bars = SEM.

AdMSC treatment decreases inflammatory cytokine transcripts in the hippocampus at 16

weeks post-infection (wpi)

mRNA levels of genes associated with prion disease were measured in hippocampi from
mice at 16 wpi and 18 wpi. At 16 wpi, AAMSC treatment led to significant decreases in
inflammatory genes and markers of astrogliosis. A 68.4%-fold decrease was seen in the
inflammatory molecule interleukin 1 beta (/L1f) (Figure 3.4A; p<0.01), an 80.5%-fold decrease
in chemokine ligand 5 (CCL)5) (Figure 3.4B; p< 0.05), and a 38.8%-fold decrease in TNF«
(Figure 3.4C; p<0.05). AAMSC treatment caused a 60.7%-fold decrease for complement
component 3 (C3) (Figure 3.4D; p< 0.05), and a 67.5%-fold decrease in mRNA for the

complement C1q subcomponent subunit A (Clqa) (Figure 3.4E; p<0.05), both of which are
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known contributors to the development of neurotoxic reactive astrocytes.** AAMSCs induced
changes in genes associated with the NLRP3 inflammasome pathway. A 35.3%-fold decrease
was seen in mRNA for NLRP3 with AAMSC treatment (Figure 3.4F; p<0.05). mRNA for
Caspase 1, which is recruited and activated by the NLRP3 inflammasome, decreased by 44.3%-
fold upon treatment (Figure 3.4G; p< 0.05). Recruitment of Caspase-1 by NLRP3 processes
inactive pro-interleukin 18 (pro-IL18) and pro-IL1p to the active forms, IL18 and TL1p.!%° As it
decreased for /L1, mRNA for IL18 decreased by 25.7%-fold in AAMSC treated hippocampi
(Figure 3.4H; p<0.01). Additionally, a 49.6%-fold decrease was shown in CD16 (Fc gamma III
receptor) (Figure 3.41; p< 0.05) and a 69.2%-fold decrease for CD32 (Fc gamma II receptor)
(Figure 3.4J; p<0.01), two genes associated with M1 microglia.

No changes were seen in mRNA for interleukin 6 (/L6), chemokine ligand 2 (CCL?2),
inducible nitric oxide synthase (iNos) or NF-xB1, or in markers of M2 microglia, arginase-1
(Arg-1) or insulin-like growth factor (/gf-1) (Supplemental Figure 3.3). Additionally, no
significant changes were seen in any of the genes analyzed in the hippocampi of mice at 18 wpi

(Supplemental Figure 3.4).

100



Il without AdMSCs
Bl with AdMSCs

*

-

AdMSC

PBS

100 9jonoeA

1dm 9}
XaU0 [ejuold

= =

21008 ajonoep

1am gl

m

~
21028 8|0l

1dm 9

- °
noep

3
sndweooddiH

_%,,9 _

1dm g}

" idmegl

snwejey |

1dm mr

wn|eqaie)

1am g

101



Figure 3.5. Less vacuolization throughout the brain of AAMSC-treated mice at 16 weeks post infection (wpi).
Vacuoles in the (A) frontal cortex, (B) hippocampus, (C) thalamus and (D) cerebellum were scored on a scale of 0-5
based on size and number. An average of three scores for each brain region was calculated for each animal. 16 wpi
AdMSC-treated mice had decreased vacuoles in all brain regions except for the hippocampus. No differences in
vacuolization were detected between treatment groups for 18 wpi animals. H&E stained brains were analyzed from
10 animals per timepoint, 6 AAMSC-treated and 4 PBS-treated controls. T-test with Welch’s corrections, *p<0.05,
error bars = SEM. 40x representative images, scale bar =20 pum.

Less vacuolization throughout the brains of AdMSC-treated mice at 16 wpi

Fixed tissue was stained with hematoxylin and eosin and images of the frontal cortex,
hippocampus, thalamus and cerebellum were taken. Three pathologists who were blinded to the
treatment groups scored each brain region from 0 (no vacuolization) to 5 (severe vacuolization)
based on size and number of vacuoles.?!%-218 Significant vacuolization can be seen in the brains
of terminal prion-infected mice in these brain regions, compared to healthy mice from age-
matched mice that received NBH brain inoculum (Supplemental Figure 3.5; p<0.0001). At 16
wpi, brains with AAMSC treatment showed significantly less vacuolization in the frontal cortex
(PBS mean =1.41, SD =0.167; AAMSC mean = 1.00, SD = 0.365), thalamus (PBS mean = 2.08,
SD =0.419; AAMSC mean = 1.33, SD = 0.558) and cerebellum (PBS mean =2.17, SD = 0.333;
AdMSC mean = 1.33, SD = 0.471) (Figure 3.5A-D; p<0.05). Interestingly, no differences were
seen in vacuole severity in the hippocampus at this timepoint (PBS mean =0.917, SD = 0.631;
AdMSC mean = 0.722, SD = 0.328). No differences were seen in vacuolization at 18 wpi (Figure
3.5A-D), nor were there significant changes in vacuoles at 14wpi, prior to development of

clinical signs or at terminal disease (data not shown).
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Figure 3.6. AAMSC treatment does not induce detectable changes in PrPS¢. Western blots were used to compare
both PrPS¢ (PK-resistant PrP) and total PrP (not PK-treated) between vehicle and AJMSC-treated mice at (A) 16wpi,
(B) 18wpi and (C) terminal stages of disease with no detectable differences between treatments (see Supplemental
Figure 6 for quantification). GAPDH is used as loading control. Brain homogenates were analyzed from 10 animals
per timepoint, 6 AAMSC-treated and 4 PBS-treated controls (for terminal mice, 7 AAMSC-treated and 3 PBS-treated

controls).
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AdMSC treatment does not induce detectable changes in PrP5¢

Brains from mice at 16 wpi, 18 wpi, and terminal stage disease were homogenized and
analyzed via western blot to detect both total PrP and the disease-associated proteinase-K (PK)
resistant infectious PrP (PrP5°). Equivalent amounts of protein were loaded and band intensity
was analyzed in ImageJ. A Rout’s test was used to identify outliers. One animal in the 18 wpi
cohort (labeled RML #5) showed significantly lower PrPS¢ (but comparable PrPC) to the rest of
its cohort. This animal likely did not receive a full dose of RML brain homogenate when
inoculated, and was therefore removed from all histological data analyses. Band intensity from
all other brain samples was compared between treated and untreated groups (Supplemental
Figure 3.6). Normal brain homogenate (NBH) with and without PK was used as a negative
control. AAMSC treatment did not induce changes in either total PrP or PrPS¢ in 16 wpi (Figure

3.6A), 18 wpi (Figure 3.6B) or terminal brain homogenates (Figure 3.6C).
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Figure 3.7. Death of hippocampal neurons is not prevented by AdMSC treatment. Swollen and pyknotic
neurons in the CA1 region of the hippocampus were compared. (A) Significantly more pyknotic neurons were seen
in terminally-infected mice when compared to age-matched NBH mice. (B) No changes were seen between
AdMSC-treated and control mice at 16 wpi, 18 wpi or terminal stages of infection. Hippocampi were analyzed from
10 animals per timepoint, 6 AAMSC-treated and 4 PBS-treated controls. T-test with Welch’s corrections,
*H%%p<0.0001, error bars = SEM. THC: 20x, IF: 40x representative images, scale bar =20 pum.

Death of hippocampal neurons is not prevented by AAMSC treatment

Pyknotic neurons were assessed in tissue stained with hematoxylin and eosin. Specifically,
both swollen/apoptotic and shrunken neurons were manually counted in the CA1 region of the
hippocampus.!0224225 Sjonificantly more neuronal death was seen in terminal mice regardless of
treatment compared to NBH mice (Figure 3.7A; p<0.0001). AAMSC treatment did not induce
changes in the number of pyknotic neurons at 16 wpi, 18 wpi or terminal stages of disease

(Figure 3.7B).
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Figure 3.8. AMSC treatment promotes ramified microglia in the hippocampus. (A) Counts of Ibal+ cells
were performed in the hippocampus. (B) Skeletons of Ibal+ hippocampal cells were analyzed with IMARIS for
mice at 16 weeks post infection (wpi) and 18 wpi. AAMSC-treated animals at 16 wpi had no change in process
length, but (D) fewer process branches and (E) fewer process endpoints. (F) [llustration depicting processes, process
branches, and process endpoints in microglial cell. AAMSC-treated animals at 18 wpi had (G) longer processes, and
(H) fewer branches and (I) fewer endpoints. Hippocampi were analyzed from 10 animals per timepoint, 6 AAMSC-
treated and 4 PBS-treated controls. T-test with Welch’s corrections, ****p<0.0001, error bars = SEM. IHC: 20x,
IF: 40x representative images, scale bar = 50 um. Graphic created with BioRender.com.

AdMSC treatment promotes ramified microglia in the hippocampus

The marker Ibal was used to stain and count microglia throughout the brain. Surprisingly,
no changes were seen in microglia number at 16 wpi in treated mice. At this time point microglia
remained sparse in the hippocampus. At 18 wpi, however, AAMSC-treated mice showed a
significant decrease in microglia number in the hippocampus compared to PBS-treated controls
(Figure 3.8A; p<0.0001). No differences were seen between treated and untreated mice in

number of microglia in terminal mice, or between treatment groups in the frontal cortex,
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thalamus or cerebellum (representative images of thalamic microglia are available in
Supplemental Figure 7).

Morphology of hippocampal microglia was analyzed using IMARIS software (Figure
3.8B) to identify process length, number of process branches, and number of process endpoints
for each cell (see Figure 3.8F for examples). Differences in microglia morphology were less
visibly apparent in mice at 16 wpi. However, quantification with IMARIS demonstrated that
although process length was equivalent between AdMSC-treated animals and controls, the
number of process branches was significantly lower in AAMSC-treated microglia (PBS mean =
1.91, AAMSC mean =1.73, p<0.0001). This was also associated with fewer process endpoints
(PBS mean = 1.72, AAMSC mean =0.39, p<0.0001). At 18 wpi, microglia from AdMSC-treated
mice had longer processes (PBS mean = 7.16 pum, AAMSC mean =9.33 um, p<0.0001), fewer
process branches (PBS mean = 1.85, AAMSC mean =1.39, p<0.0001), and fewer process
endpoints (PBS mean = 0.98, AAMSC mean =0.48, p<0.0001) (Figure 3.8C-I). Together, these
data suggest that AAMSCs are inducing a phenotypic change in hippocampal microglia,

promoting ramified, homeostatic microglia as opposed to activated, amoeboid microglia.>®
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Figure 3.9. The pan-astrocyte marker glial fibrillary acidic protein (GFAP) was used to stain and count astrocytes
throughout the brain. In mice that received intranasal delivery of AAMSCs, significantly fewer astrocytes were seen
in the hippocampus at both 16 wpi and 18 wpi (Figure 3.9A; p<0.05), but no differences were seen in terminal mice.
No differences were seen between treated and untreated mice in number of GFAP+ astrocytes in the frontal cortex,
thalamus or cerebellum (representative images of thalamic astrocytes are available in Supplemental Figure 3.8).

Morphology of hippocampal GFAP+ astrocytes was analyzed using IMARIS software
(Figure 3.9B) to identify process length, number of process branches, and number of process
endpoints for each cell (see Figure 3.9F for examples). At 16 wpi, astrocytes from AdMSC-
treated mice had slightly shorter processes (PBS mean = 8.30 um, AAMSC mean =7.95 um,
p<0.05), more process branches (PBS mean =1.724, AAMSC mean =1.793, p<0.0001), and more
process endpoints (PBS mean =2.276, AAMSC mean =2.565, p<0.01). At 18 wpi there was no
difference in process length between treatment groups. AAMSC-treated mice had significantly
more astrocyte process branches (PBS mean =2.42, AAMSC mean =2.71, p<0.0001), and process
endpoints (PBS mean =4.05, AAMSC mean =5.99, p<0.0001) (Figure 3.9C-I). Together, these
data suggest that AAMSCs are inducing a phenotypic change in hippocampal astrocytes,
promoting a homeostatic, neuroprotective phenotype.

Colocalization of S100p and the complement protein C3 is a marker for a subset of
reactive neurotoxic astrocytes in a variety of neurodegenerative diseases.*> The mean
fluorescence intensity of C3 in S1008+ cells was quantified in the hippocampus of mice at 16
wpi and 18 wpi. At both timepoints, significantly less C3 was identified in animals that had been
treated with AAMSCs (Figure 3.9J-L; p<0.0001), suggesting that AAMSCs are decreasing the

number of reactive astrocytes in the hippocampus.
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Discussion

Mesenchymal stromal cells (MSCs) can migrate toward prion-infected brain homogenate in
vitro.'23:10 Tn this study, the therapeutic capacity of intranasal delivery of AAMSCs was
investigated in mice inoculated with mouse-adapted scrapie prions. We labeled AAMSCs with a
fluorescent, lipophilic dye called DiD and intranasally delivered them into mice with RML
scrapie at 18 wpi. We removed the brains from a cohort of mice at 48 hours and 7 days and
found areas of DiD+ cells in approximately one out of four brains (Figure 3.1). Assessment of
sagittal brain sections identified DiD+ cells in the cortex, hippocampus, thalamus and cerebellum
of animals at both 48 hours and 7 days post-delivery, suggesting that AAMSCs delivered
intranasally can migrate throughout the brain and remain for at least 7 days (Table 3.2). DiD+
cells assessed in the hippocampus of mice at 48 hours post-delivery were also positive for Oct3/4
and Vimentin, two markers of AdAMSCs.!??

MSCs are known to respond to an inflammatory environment by producing anti-
inflammatory and protective factors. To mimic the inflammatory environment of the prion-
infected brain, AAMSCs were incubated in media containing either inflammatory cytokines
TNFa or IFNy, or brain homogenate from terminally-infected mice with RML-scrapie for 24
hours. Both cytokines and RML brain homogenates resulted in an upregulation in 7SG-6,
TGFpI1, VEGF and FGF (Figure 3.2). TSG-6 is an immunomodulator produced by MSCs and

has been linked to decreasing NF-kB and other inflammatory signaling in glia, and

reprogramming M1 microglia to an M2 phenotype.!6!:163:203

TGFB1 promotes neurogenesis by
promoting quiescent microglia in mouse models of prion disease.??2* VEGF promotes
angiogenesis and tissue repair and decreases inflammatory cytokines in the brain,??” and FGF

downregulates NF-«kB signaling in microglia and decreases astrogliosis in models of traumatic
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brain injury.??822° Together, this data suggests that stimulation of AAMSCs with inflammatory
cytokines such as TNFa increases their production of protective molecules. The exact factors
that AAMSCs are responding to in crude brain homogenate from RML-infected animals is
unclear, although we hypothesize it is a combination of DAMPs and inflammatory
cytokines.!70-199:222.223 Qur data suggests that, when delivered intranasally, stimulated AAMSCs
will migrate to the brain of prion-infected mice and secrete protective, anti-inflammatory factors.
They can remain in the brain for at least 7 days, and during this time will continue producing
protective factors in response to the cytokine milieu in the prion-infected brain.

Intranasal delivery of AAMSCs was performed every other week on RML-infected mice,
beginning at 10 wpi and ending at 20 wpi (Figure 3.3). Prior to delivery, AAMSCs were
stimulated for 24 hours with TNFa to increase production of anti-inflammatory genes,'?* and to

promote homing to inflammatory tissue.!7%-200-201

mRNA analysis of the hippocampus in mice at
16 wpi and 18 wpi was performed (after 4 or 5 AAMSC deliveries, respectively). Mice at 16 wpi
that received AAMSCs demonstrated a significant decrease in the inflammatory cytokines /L1,
CCL5 and TNF e, as well in the complement proteins C3 and C/qa which are associated with
reactive astrocytes and phagocytic microglia.*>*8! AAMSC treatment decreased mRNA
transcript levels for genes associated with the NLRP3 inflammasome, NLRP3, Caspase-1 and IL-
18, which have been implemented in in vitro models of prion infection.!?%!3 CD16 and CD32,
two markers of M1 microglia, were also decreased at 16 wpi in AAMSC-treated hippocampi,
however no changes were seen in markers for M2 microglia (Figure 3.4). Interestingly, no
significant changes were seen in mRNA transcript levels in the brains of mice at 18 wpi, despite

cellular changes being apparent at this timepoint (Figures 3.8 and 3.9), suggesting that AAMSCs

only regulated mRNA expression for these genes early in disease (Supplemental Figure 3.4).
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Astrogliosis, neuronal loss, and the development of spongiform tissue throughout the brain
are hallmarks of prion diseases, and though poorly understood, the development of vacuoles is
indirectly attributed to neuronal death.?** Both size and quantity of vacuoles were assessed to
score spongiform development in the frontal cortex, hippocampus, thalamus and cerebellum.
Interestingly, a significant decrease in vacuolization was only seen in the frontal cortex, thalamus
and cerebellum of AAMSC-treated mice at 16 wpi, not in the hippocampus (Figure 3.5). Changes
in mRNA expression and astrocyte and microglia morphology (described below) were seen in
the hippocampus at this time point, suggesting that inflammation and astrogliosis may be
separate from the development of vacuoles. It was recently reported that prion-induced depletion
of the phosphoinositide kinase PIKfyve causes vacuolation in prion-infected cells, neurons and
brains.’ Heterogeneous PIKfyve depletion during prion infection and AAMSC treatment may

uncouple these prion disease processes, or the timing of them.

The number of microglia was assessed throughout the brain using Ibal staining. Significantly
fewer microglia were seen in the hippocampus of mice treated with AAMSCs at 18 wpi (Figure
3.8). The visual appearance of these microglia suggests a homeostatic quiescent phenotype,?!
with longer and fewer processes, whereas the microglia of vehicle-treated mice have more and
shorter processes and appear amoeboid, indicative of an activated phenotype.32232
Skeletonization of Ibal+ microglia in the hippocampus demonstrated a significant decrease in
process branch number and process endpoint number with AAMSC treatment at both 16 and 18
wpi, in addition to significantly longer processes in microglia at 18 wpi (Figure 3.8). Together,
these data suggest that intranasally-delivered AAMSCs polarize microglia towards a ramified,

neuroprotective phenotype. The ability of AAMSCs to reprogram microglia has been

demonstrated by our lab in vitro using BV2 microglia.!?* Additionally, it has been shown with
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intracranially-delivered bone marrow-derived or compact bone-derived MSCs in the context of

prion disease and other neuroinflammatory diseases.!60:177.203

Interestingly, a decrease in markers
of M1 microglia, CD16 and CD32, was only observed in mice treated with AAMSCs at 16 wpi
(Figure 3.4), but not at 18wpi (Supplemental Figure 3.4), and no changes are seen in Arg-1 or
Igf~-1 mRNA (Supplemental Figure 3.3), two markers of M2 microglia. These observations
suggest that although AdAMSCs promote polarization of microglia toward a homeostatic state, it
is not characteristic of the classic M2 phenotype. Further investigation is required to fully
characterize these microglia.

The pan-astrocyte marker GFAP was used to quantify astrocyte numbers throughout the
brain. A decrease in GFAP+ astrocytes was seen in the hippocampus of AAMSC-treated mice at
16 wpi and 18 wpi (Figure 3.9). At both timepoints, GFAP+ astrocytes from AdMSC-treated
animals appear star-like with more branches, indicative of homeostatic astrocytes. Astrocytes
from vehicle controls appear amoeboid, suggesting that they are activated, characteristic of
hippocampal astrocytes in prion-infected mice.”® Skeletonization analyses of these cells revealed
significantly more process branches and terminal endpoints in those from AdMSC-treated
animals, indicative of a less reactive phenotype. AAMSC treatment decreased C3 expression in
S100B+ astrocytes, further suggesting that AAMSCs limit astrogliosis in the hippocampus.
Neurotoxic, formerly called A1, astrocytes upregulate C3 in prion diseases and other
neuroinflammatory and neurodegenerative diseases.*>%

Early stages of prion pathogenesis include astrogliosis and the activation of microglia and
associated inflammation, followed by detectable accumulation of PrPS¢, synaptic dysfunction and

neuronal cell death.547%150:182 The neurotoxic agent in prion disease has not been fully elucidated.

PrP5¢ itself does not kill neurons in standard 2D cell culture models, suggesting that involvement
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of other cell types is critical for neurotoxicity.?’ In vivo studies that modulate expression and
phenotypes of microglia and astrocytes demonstrate that these cells play a dual role, contributing
to both attenuation of disease as well as neurotoxicity.*"’>1-92 We have demonstrated that
AdMSCs can modulate transcript expression of markers of astrogliosis and inflammation early in
prion disease, dampen activation of microglia and alleviate neurotoxic morphology in astrocytes
in the hippocampus of prion-infected mice. However, we found no evidence that AAMSCs
prevent neuronal loss in the hippocampus (Figure 3.7), which was consistent with behavioral
assessments, clinical scores and survival (Supplemental Figure 3.2).

Our in vitro analysis of AAMSCs suggest that they decrease astrogliosis but have no effect on
PrP5¢ accumulation in glial cells.'?* Analysis of brain homogenate via western blot demonstrated
similar findings, as there were no changes in either PK-resistant PrP5¢ or total PrP (Figure 3.6).
These findings suggest that AAMSCs have no effects on PrP%¢ accumulation when delivered
intranasally. The requirement of PrP® expression in neurons for neuronal death to occur 333976
suggests that targeting PrPS¢ may be critical to prevent neurodegeneration. Although AdMSCs
demonstrated effective attenuation of reactive astrocytes and reprogramming of microglia, the
burden of prion aggregation was ultimately overpowering.

Bi-weekly administration of AAMSCs beginning at 10 weeks after prion infection may not be
frequent or early enough to halt irreversible neuronal loss. We showed that intranasally-delivered
AdMSCs are detectable in the brain using our imaging methods at 7 days, but not after 14 days
(Figure 3.1). Prion-induced neurodegeneration is rapid, with animal models succumbing to
disease within weeks after development of behavioral and clinical signs. Moreover, once animals
reached late stages of disease, undergoing anesthesia required for intranasal delivery became too

stressful and potentially lethal, so treatments were stopped after 20 wpi. Effective AAMSC
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therapy for prion disease may require prophylactic and more frequent treatment to prevent the
astrocyte induced inflammation that precedes, and may trigger, later pathologic processes and
signs of prion diseases. Intranasally-delivered AAMSCs do not decrease PrP5¢ accumulation
directly or indirectly, nor do they prevent hippocampal neuronal loss or vacuole development at
late stages of disease. Together, these findings suggest that intranasal delivery of AAMSCs alone
may not be an effective therapeutic to prevent prion-induced neurodegeneration, particularly in
this aggressive model of intracranially-inoculated RML-scrapie. Studies are underway to assess
the benefits of ADMSCs delivered intranasally or intracranially prior to disease onset in a mouse
model of a human genetic prion disease.

We demonstrate the ability of AAMSCs to modulate astrogliosis through the relatively non-
specific but therapeutically relevant delivery method of intranasal injection. The remarkable
ability of these cells to migrate to the prion-infected brain, produce cytokines and growth factors,
and to attenuate neurotoxic astrogliosis and restore microglia to a homeostatic, ramified
phenotype, suggests an appeal for refinement of this therapeutic approach. A current avenue of
interest is the utilization of extracellular vesicles (EVs) derived from mesenchymal stromal
cells.27214 EVs are widely considered to be responsible for trafficking and delivering MSC-
derived paracrine modulators. Their compact size allows them to more effectively cross the
blood-brain barrier. EVs have a long half-life, and a cell-free therapy poses no threat of tumor
development. MSC-derived EVs naturally contain unique arrays of neuromodulators, immune
mediators, growth factors, and microRNAs that have been shown to inhibit aggregation of
proteins such as amyloid-f and a-synuclein. Moreover, purified EVs can be modulated to
contain specific cargo loads.?*3?* Further investigation is required to identify specific MSC-

derived molecules that mediate astrogliosis, and to optimize stimulation or “priming” of MSCs to
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promote optimal EV conditions to combat neurodegenerative diseases such as prion disease. The

ideal treatment for prion disease would include a regulator of astrogliosis and inflammation, in

combination with a therapeutic that can ameliorate PrPS¢ accumulation and restore neuronal

health.

Table 3.1. Primer sequences for reverse transcriptase quantitative PCR
Gene Forward primer Reverse primer
TSG-6 GCTACAACCCACATGCAAAGGA CCGTACTTGAGCCGAATGTGC
TGFp1 CTTCAATACGTCAGACATTCGGG GTAACGCCAGGAATTGTTGCT
VEGF ACTTTCTGCTCTCTTGGGTGC GCAGCCTGGGACCACTTG
FGF1 AAAGTGCGGGCGAAGTGTAT CTCATTTGGTGTCTGCGAGC
IL1B GCAGCAGCACATCAACAAG CACGGGAAAGACACAGGTAG
CCL5 TTAAAAACCTGGATCGGAACCAA TCGAGTGACAAACACGACTGC
TNFa CCGATGGGTTGTACCTTGTC AGATAGCAAATCGGCTGACG
C3 GAGCGAAGAGACCATCGTACT TCTTTAGGAAGTCTTGCACAGTG
Clqa AGAGAGGGGAGCCAGGAGC CATTGCCAGGTTTGCCAGGG
NLRP3 CCTGGGGGACTTTGGAATCA GACAACACGCGGATGTGAGA
Caspase-1 AACCACTCGTACACGTCTTGC ATCCTCCAGCAGCAACTTCA
IL18 GACTCTTGCGTCAACTTCAAGG GTITGTCTGATTCCAGGTCTCCA
CD16 TTTGGACACCCAGATGTTTCAG GTCTTCCTTGAGCACCTGGATC
CD32 AATCCTGCCGTTCCTACTGATC GTGTCACCGTGTCTTCCTTGAG
IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
CCL2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT
iNos CCCTTCAATGGTTGGTACATGG ACATTGATCTCCGTGACAGCC
NF-kBl1 GTGGAGGCATGTTCGGTAGT CCTGCGTTGGATTTCGTGAC
Arg-1 CGTAGACCCTGGGGAACACTAT TCCATCACCTTGCCAATCCC
Igf-1 AAAGCAGCCCGCTCTATCC CTITCTGAGTCTTGGGCATGTCA
B-actin GCTGTGCTATGTTGCTCTAG CGCTCGTTGCCAATAGTG

Table 3.2. DiD+ cells in brain regions after intranasal delivery

Cortex Hippocampus Thalamus Cerebellum

Mock-Labeled 0/2 0/2 0/2 0/2
DiD - 48 Hours 5/5 4/5 4/5 2/5
DiD — 7 Days 4/5 5/5 4/5 2/5
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Supplemental Figure 3.1. AAMSCs can be labeled with DiD and stain positive for Oct3/4 and Vimentin in
vitro and in vivo. (A) AAMSCs were labeled with DiD or mock (PBS) and incubated on chamber slides for 48 hours
prior to staining with Oct3/4 and vimentin. (B) DiD fluorescence was measured in Oct3/4+ cells in the hippocampus
and thalamus of mice that received intranasally delivered mock- or DiD-labeled AAMSCs (arbitrary units). T-test
with Welch’s corrections, ****p<0.0001, error bars = SEM.
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Supplemental Figure 3.2. Intranasal delivery of AAMSCs did not affect behavioral, clinical signs or survival
of prion-infected mice. (A) Mice were analyzed weekly for their ability to build nests and (B) bi-weekly for their
ability to burrow beginning at 13 wpi. (C) Clinical scoring was performed weekly beginning at 17wpi. (D) Mice
were euthanized after scoring a 10 or higher. Median survival was 163 days for both vehicle and AAMSC-treated
animals. Survival curves were compared using a log-rank test. Behavioral and clinical signs were compared between
groups using a Two-way ANOVA with post-hoc Tukey’s test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,
error bars = SEM.
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Supplemental Figure 3.3. AAMSC treatment does not induce changes in some inflammatory cytokine
transcripts in the hippocampus at 16 weeks post infection (wpi). No changes were seen in hippocampal mRNA
expression for (A) IL6, (B) CCL2, (C) iNos, (D) NF-«xB1, (E) Arg-1, or (F) Igf-1 with AAMSC treatment.
Hippocampi were analyzed from 10 animals, 6 AAMSC-treated and 4 PBS-treated controls. T-test with Welch’s
corrections, *p<0.05, **p<0.01, error bars = SEM.
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Supplemental Figure 3.4. AAMSC treatment has no effect on mRNA for inflammatory cytokine transcripts in
the hippocampus at 18weeks post infection (wpi). Hippocampal mRNA expression did not change in animals
treated with AAMSCs compared to controls for (A) IL1S, (B) CCLS5, (C) TNFe, (D) C3, (E) Clga, (F) NLRP3, (G)
Caspase-1, (H) IL18, (1) CD16, (J) CD32, (K) IL6, (L) CCL2, (M) iNos, (N) NF-xB1, (O) Arg-1, or (P) Igf-1.
Hippocampi were analyzed from 10 animals, 6 AAMSC-treated and 4 PBS-treated controls. T-test with Welch’s
corrections, p<0.05, error bars = SEM.

121



Frontal Cortex Hippocampus Thalamus Cerebellum

NBH

Terminal

(o0

4- skokokk
34 2 34 o 34 3
8 8 8 ;
7] (7]
2 24 2 24 2 2+ L 24
o [} o o
3 3 3 3
8 § § §
S 14 S 14 S 1 S -
0- 0- 0- 0-
NBH Terminal NBH Terminal NBH Terminal NBH Terminal

Supplemental Figure 3.5. Prion-infected mice show significant spongiosis throughout the brain at terminal
stages. (A) H&E stained brains from NBH and terminal mice. Vacuoles in the (B) frontal cortex, (C) hippocampus,
(D) thalamus and (E) cerebellum were scored on a scale of 0-5 based on size and number. An average of three
scores for each brain region was calculated for each animal. Terminal mice had significantly more vacuoles in all
brain regions compared to age-matched controls. H&E stained brains were analyzed from 7 NBH animals and 10
terminal animals. T-test with Welch’s corrections, ****p<0.0001, error bars = SEM. 40x representative images,
scale bar =20 pum.
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Supplemental Figure 3.6. AAMSC treatment does not induce detectable changes in PrPS¢. Western blots were
used to compare both PrPS¢ (PK-resistant PrP) and total PrP (not PK-treated) between vehicle and AAMSC-treated
mice. At 16 wpi, no difference was detected between (A) PrPS or (B) total PrP between treatment groups. At 18
wpi, no difference was detected between (C) PrP*° or (D) total PrP, and at terminal stages of disease, no difference
was detected between (E) PrP5¢ or (F) total PrP between treatment groups. See Figure 5 for images of western blots.
Brain homogenates were analyzed from 10 animals per timepoint, 6 AAMSC-treated and 4 PBS-treated controls (for
terminal mice, 7 AAMSC-treated and 3 PBS-treated controls). T-test with Welch’s corrections, p<0.05, error bars =
SEM.
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Supplemental Figure 3.7. AAMSC treatment does not change number of microglia in the thalamus. Counts of
Ibal+ cells were performed in the thalamus. Thalamic microglia were analyzed from 10 animals per timepoint, 6
AdMSC-treated and 4 PBS-treated controls. T-test with Welch’s corrections, error bars = SEM. IHC: 20x, scale bar
=50 pm.
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Supplemental Figure 3.8. AAMSC treatment does not change number of astrocytes in the thalamus. Counts of
GFAP+ cells were performed in the thalamus. Thalamic astrocytes were analyzed from 10 animals per timepoint, 6
AdMSC-treated and 4 PBS-treated controls. T-test with Welch’s corrections, error bars = SEM. IHC: 20x, scale bar
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Chapter 4:

Microglia-specific IKK and NF-kB signaling in a cellular model of prion infection

Summary

Prion diseases are a group of rare and fatal neurodegenerative diseases caused by the
cellular prion protein, PrP¢, misfolding into the infectious form, PrP5¢, which forms aggregates
in the brain. This leads to activation of glial cells, inflammation, and irreversible neuronal loss.
The role of glial cells in prion disease pathogenesis and neurotoxicity is poorly understood.
Microglia can phagocytose PrP%¢, leading to the release of inflammatory signaling molecules,
which subsequently induce astrocyte reactivity. Animal models show highly upregulated
inflammatory molecules that are a product of the Nuclear Factor-kappa B (NF-«kB) signaling
pathway, suggesting that this is a key regulator of inflammation in the prion-infected brain. The
activation of the IKf kinase complex (IKK) by cellular stress signals is critical for NF-xB-
induced transcription of a huge variety of genes, including inflammatory cytokines and
chemokines, enzymes, and genes involved in cell survival and autophagy. However, the
contribution of microglia to NF-kB signaling in the prion-infected brain has not been evaluated.
Here, we characterize a primary mixed glial cell model containing wild-type (WT) astrocytes and
IKK knock-out (KO) microglia. We show that, upon infection with prions, NF-kB-related genes
were significantly downregulated in mixed glial cultures containing IKK KO microglia. Despite
this, we find glial conditioned media (GCM) from infected cultures containing IKK KO
microglia (and wild-type astrocytes) to be equally neurotoxic to N2a neuroblastoma cells

compared to GCM from WT cultures. PrP5¢ accumulation was found to be significantly
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increased in mixed glia containing IKK KO microglia, suggesting that IKK signaling in

microglia is critical for effective autophagy of prions.

Introduction

Prion diseases are rare, invariantly fatal neurodegenerative diseases characterized by the
misfolding of the cellular prion protein, PrPC, into the disease-associated PrP-scrapie, or PrPSe.
The mechanism of the transformation of the alpha-helical PrP€ into the beta-sheet rich PrP5¢is
poorly understood, but can result from genetic mutation, infection with PrP5¢, or occur
sporadically. Prion diseases affect humans and a variety of mammalian species, with the
aggregation of PrP5¢ resulting in neuroinflammation, followed by irreversible neuronal loss,
associated behavioral and clinical signs similar to those seen in neurodegenerative diseases such
as Alzheimer’s disease, and, ultimately, death. !-322.181

The exact neurotoxic agent in prion disease is not fully understood, as expression of PrP is
critical for cells to become infected and for neuronal loss,*¢*%3? but glial cells also play a distinct
role in disease pathogenesis.’ %186 Neurons and astrocytes express the highest amount of PrP in
the brain,* and therefore are easily infected with PrP5¢ and can traffic it between cells.”!
Microglia scavenge and phagocytose PrP5¢, which results in a phenotypic change from
scavenging and ramified to activated or amoeboid, often denoted as a shift from M2 to M1, or
homeostatic microglia to disease-associated microglia (DAM).5%73-82:128.186 Thjg induces the
secretion of factors such as pro-inflammatory cytokines and chemokines, which in turn can
induce astrocytes to become reactive and in turn produce inflammatory and neurotoxic

mediators.*>:4%-79

127



A key regulator of inflammation in the prion-infected brain is the Nuclear Factor-kappa B
(NF-kB) pathway. In prion disease, toll-like receptors (TLRs) and nucleotide-binding
oligomerization-domain protein-like receptors (NLRs, including NLRP3) bind to cytokines
(particularly TNFa and IL1p), growth factors, damage-associated molecular patterns (DAMPs),
and even PrP%¢itself,!!7-122128.130 which activates the IKp kinase complex (IKK); composed of the
subunits IKKa, IKKf and IKKy. NF-kB is a complex that transcribes a DNA element called xB
enhancer. Under normal conditions, NF-«kB is inhibited through its binding to IxkBa.. When IKK
is stimulated, it phosphorylates IkBa, causing it to dissociate from NF-kB. NF-kB translocates to
the nucleus, binds to the kB enhancer, and transcribes a huge variety of genes. This includes
many inflammatory cytokines and chemokines, enzymes, anti-apoptotic proteins, p62, other
autophagy proteins, and proteins involved in the NLRP3 inflammasome.!!!:!12

Animal models of prion disease show highly upregulated inflammatory molecules that are a
product of this pathway, including TNF, IL1pB, IL6, CCL2 and CCL5.48.7%-116.122 [t’s quggested
that over 50% of genes upregulated in prion mouse models are associated with NF-xB.” BV2
and primary microglia models are shown to upregulate genes associated with NF- kB signaling
upon exposure to purified prions.'?? Moreover, the NF- kB signaling pathway affects many
pathways downstream, including Nod-Like Receptor family pyrin domain containing 3 (NLRP3)
inflammasome signaling, and p62-induced autophagy.!!!!13114 However, few studies have
assessed the role of NF-«xB in prion disease, particularly the involvement of this pathway in
microglia.

Animal models of prion disease that have a reduction or elimination of microglia have had
varying effects on disease outcome,””:8-92 depending on the time point in which the reduction

occurs, but generally, microglia are found to be protective to the host, as disease worsens when
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microglia are decreased or removed. Similarly, genetic manipulation to change the inflammatory
state of astrocytes have not successfully extended the lives of mouse models.***> Together, these
findings suggest that inflammation from glial cells plays a critical role in host protection, but can
become detrimental if left unchecked. Therefore, reduction, but not elimination, of glial-induced
inflammation, may be a promising avenue for therapeutics.”*!2316%177 To best develop
therapeutics, further investigation is required to understand the involvement of specific
inflammatory signaling pathways from astrocytes and microglia, and how they affect neuronal
health in the prion-infected brain. Here, we investigate the role of microglia-specific NF-xB
signaling and how it affects both prion-induced inflammation and protein aggregation in a cell-
culture model of prion disease. We characterize mixed glia derived from mice with wild-type
microglia, as well as those with microglia-specific knock-out (KO) of IKK,?* which effectively
knocks out NF-kB signaling in these cells. Infecting these cells with brain homogenates from
terminal scrapie-infected prion mice results in changes in the inflammatory cytokine profile,

neurotoxicity, phagocytosis of PrP%¢, and autophagy.

Materials and Methods

Animal care and ethics statement

Cx3CrlCre-IKKflox mice (C57Bl/6 background) were kindly provided to us by Dr. Ronald
Tjalkens.?*¢ All mice were bred and maintained at Lab Animal Resources, accredited by the
Association for Assessment and Accreditation of Lab Animal Care International, in accordance
with protocols approved by the Institutional Animal Care and Use Committee at Colorado State

University.
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Brain homogenates

CD-1 (Jackson Laboratory) mice were intracranially inoculated with 30ml of 1% Rocky
Mountain Laboratories (RML) strains of mouse-adapted scrapie, or normal brain homogenate
(NBH). Mice were monitored for weight loss and clinical signs of prion disease and euthanized
after showing significant signs of terminal illness. Euthanasia was performed by deeply
anaesthetization with isoflurane followed by decapitation. 20% brain homogenates were made in
phosphate-buffered saline (PBS) using beads and a tissue homogenizer (Benchmark Bead Blaster
24) and stored at -80C. Brain homogenates were aliquoted and treated with UV light for 30

minutes to sterilize prior to using for cell culture.

Isolation and prion infection of mixed glia

Zero to two-day old C57Bl/6 or CX3CR1-IKKflox pups were euthanized and brains were
extracted. Cerebellum, midbrain and hippocampus were removed and discarded, and the brains
were placed in MEM/EBSS containing 2x penicillin/streptomycin/neomycin (PSN) (Sigma) on
ice. Cortical tissue was used for mixed glial cultures, as described previously 2. Media was
removed and tissue was resuspended in prewarmed dissociation media (MEM/EBSS, 2x PSN
and 1.5U/ml Dispase (Gibco)) and triturated with a Sigmacote (Sigma) coated glass pipet. The
mixture was transferred to a beaker and stirred gently for 10 minutes, then tissue settled and
supernatant was transferred to a tube on ice. DNase-I (4000U/ml, Roche) was added to
dissociation media and tissue was stirred for 10 minutes. Extractions were repeated by adding
fresh dissociation media (without DNase-I) 2 to 4 additional times, until only fibrous tissue
remained in the beaker. The cell supernatant was centrifuged for 10 minutes at 1000 x g at 4C,

media was aspirated from cell pellet and replaced with glial growth medium (MEM/EBSS, 10%

130



heat-inactivated FBS and 1% PSN). 10® mixed glial cells were plate in 10 cm dishes. Glial media
was replaced after 24 hours and changed weekly. For in vitro prion infection, mixed glia were
plated at 10° cells per well in 6-well plates and infected with 0.1% normal or RML brain
homogenate once cells were ~80% confluent. Media was removed 72 hours later and cells were
washed twice with PBS prior to fresh media being added to remove any residual brain
homogenate. Supernatants (glial conditioned media) and protein, RNA, or cells were extracted

from plates, as described below.

Viability Assay

At 7 days post-infection, glial conditioned media (GCM) was removed from mixed glia,
centrifuged at 1000 x g for 5 minutes at 4°C to pellet cell debris, and transferred to a fresh tube
that was stored at -80°C for viability assays. GCM were thawed in a waterbath at 37°C prior to
use. N2a neuroblastoma cells were plated on black 96 well Nunc plates (Thermo Scientific) at
20,000 cells per well. 24 hours after plating, media was removed from N2a cells and replaced
with GCM (8-12 replicate wells per treatment group). For each plate, fresh glial media was used
as a control for live cells, and glial media containing 0.1% ethanol was used as a control for dead
cells. N2as were incubated with GCM or control media for 48 hours. PrestoBlue Cell Viability
Reagent (Thermo Fisher) was allowed to reach room temperature and diluted 1:10 with fresh
glial media. Cells were washed gently with PBS and 50 pl PrestoBlue/media was added per well
and incubated for 10 minutes at 37°C. Cells were analyzed using the FLUOstar Omega Plate

Reader (BMG Labtech).
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Detection of Apoptosis in N2a Cells

N2a cells were plated at 20,000 cells/well on glass coverslips in a 24-well plate. 24 hours later,
media was removed and replaced with GCM, as described above. Cells were incubated for 48
hours at 37°C with GCM, then gently washed once with PBS. Caspase 3/7 - FITC (Thermo
Scientific) and Annexin V - PE (Fisher Scientific) were combined following manufacturer’s
protocol in Annexin V binding buffer (BD) and incubated at room temperature in the dark for 30
minutes. Coverslips were immediately fixed with 2% paraformaldehyde for 10 minutes, washed
once with binding buffer, and incubated in PBS with 10% normal donkey serum (NDS) for one
hour in the dark at room temperature. Coverslips were incubated overnight at 4°C with MAP2
antibody (Cell Signaling, 1:100) in 5% NDS, washed twice with PBS, then incubated for one
hour with donkey anti-rabbit Alexa Fluor 647 (1:250) at room temperature in the dark.
Coverslips were washed twice with PBS, then incubated in Hoechst (ThermoFisher, 1:2000
dilution) for three minutes, then washed twice. Coverslips were removed from 24 well plates and
mounted on glass slides with ProLong Gold Antifade media (ThermoFisher). Slides were
covered from light and dried overnight at room temperature, then were kept at 4°C until imaging.
Slides were imaged with an Olympus BX63 fluorescence microscope equipped with a motorized
stage and Hamamatsu ORCA-flash 4.0 LT CCD camera and an Olympus Xline apochromat 20X
(0.8 N.A.) air objective. The DAPI channel was used to identify areas containing approximately
10 N2a cells, and for each treatment 10 representative images were taken at 20x. Regions of
interest (ROIs) were selected with Olympus cellSens software to identify MAP2+ N2a cells
using adaptive thresholding, and then converted into individual ROIs. Mean gray intensity of
Annexin V and Caspase3/7 was determined within each MAP2+ cell ROI. For each treatment,

approximately 100 cells were analyzed.
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Flow cytometry

Mixed glia at were washed and incubated with 3 ml of Cellstripper (Corning) for 15 min. Cells
were scraped and pooled, then centrifuged for 5 min at 1000xg at 4C. Cells were resuspended in
FACS buffer (1% heat inactivated FBS and 1 mM EDTA in sterile PBS) and centrifuged at 1000
x g. The cell pellet was resuspended in FACS buffer and aliquoted into 1.5 ml tubes. The cells
were incubated for 1 hour in the dark at room temperature with following antibodies: anti-
GLAST-PE (Miltenyi Biotec) and anti-CD11b-FITC (BD) at 1:50 dilution. Cells were
centrifuged at 500xg for and washed with FACS buffer. Cells were transferred in 500 ul FACS
buffer to library tubes on ice. 20,000 live cells per sample were analyzed using the CytekTM 4-
laser Aurora Cytometer and data was processed in FlowJo, gating on intact cells, single cells, and

PE/FITC-positive and PE/FITC-negative cells.

Immunoblotting

Cell lysates were isolated using the protein lysis buffer (50mM Tris, 150mM NaCl, 2mM EDTA,
ImM MgCl2, 100mM NaF, 10% glycerol, 1% Triton X-100, 1% Na deoxycholate, 0.1% SDS
and 125mM sucrose) supplemented with Phos-STOP and protease inhibitors (Roche). A BCA
Protein Assay kit (Thermo Scientific) was used to quantify protein concentration of lysates, and
500 ug protein was digested with 20 mg/ml proteinase K (PK) (Roche) for PrP5¢ blots for 1 hour
at 37°C. Digestion was terminated with 2mM PMSF and lysates were spun at 40,000 x g for 1
hour at 4°C before being loaded on a gel. For PrP¢ blots, 20 pg protein was used, and for all
other blots 25 pg was used, with no PK digestion. Samples were run on a 4-20% acrylamide SDS
page gels (BioRad) and transferred onto PVDF blotting paper (MilliPore). Blots for and LC3

were blocked and incubated with antibodies in 5% non-fat dried milk (Great Value). All other
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blots were blocked and incubated with antibodies in 5% bovine serum albumin (Sigma-Aldrich).
For PrP5¢ and PrP¢ blots, primary antibody Bar-224 (Cayman Chemical Company) was used at
1:1,000 dilution. For LC3 and phospho-p62, primary antibodies (Cell Signaling) were used at
1:1000 dilution. HRP-conjugated secondary antibodies were used at a concentration of 1:5,000
(Vector Laboratories). Corresponding blots were incubated for 10 minutes in stripping buffer
(1.5% glycine, 0.1% SDS, 1% Tween 20, in diH20, pH = 2.2), washed and reprobed for p62
(Cell Signaling). Loading control GAPDH was ran at a 1:10,000 dilution (MilliPore). The
protein antibody complex was visualized using SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Scientific) and visualized with the BioRad ChemiDoc MP. Quantification of

average band intensity was performed using the “measure” function on ImageJ.

Scrapie Cell Assay

Protocol adapted from Bian et al. 2010 and is described in Hay et al 2022.!2%17 Briefly, primary
mixed glial were infected with 0.1% RML or normal brain homogenate, as described above. 7
days later, cells were trypsinized and 50,000 cells were transferred to an ELISpot plate
(Millipore). Plates were dried overnight and treated with cell lysis buffer (50 mM Tris-HCI,
150mM NaCl, 0.5% IGEPAL-CA630, 0.5% Sodium Deoxycholate in H20 pH= 7.6) containing
Sug/ml PK (Sigma Aldrich) and incubated for 90 min at 37°C on a shaker. The digestion was
terminated with 2mM phenylmethylsulphonyl fluoride (PMSF, Thermo Fisher) at room
temperature on a shaker for 20 minutes. Plates were incubated with 3M Guanidine Thiocyanate
(Sigma Aldrich) in 10mM Tris-HCI (Sigma) (pH 8.0). Digestion was terminated and plates were
washed thoroughly with PBS, then blocked with 5% Superblock (Pierce, Rockford, IL). Plates

were incubated overnight with primary antibody Sha31 (Cayman Chemical Company), diluted
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1:5000 in TBST (Tris-Buffered Saline with Triton-X) at 4°C. Plates were washed and incubated
for 1 hour at room temperature with secondary antibody, AP-a-Mouse IgG (Southern
Biotechnology Associates, Birmingham, AL), diluted 1: 5000 in TBST. Plates were washed
thoroughly and dried overnight. NBT/BCIP tablet (Roche) in ultrapure water was added to plates
and incubated in the dark for 30 minutes. Plates were washed and dried for at least one hour at
4C. Plates were scanned with a ImmunoSpot S6-V analyzer (Cellular Technology Ltd, Shaker
Heights, OH), and determined spot numbers using ImmunoSpot5 software (Cellular Technology

Ltd, Shaker Heights, OH).

Reverse transcriptase quantitative PCR analysis

RNA was extracted from 6-well dishes using cell scraping, QIAshredder and RNeasy
extraction kits, in accordance with manufacturer’s protocol, including a DNase digestion step
with the RNase free DNase kit (Qiagen, Valencia, CA). Purity and concentration were
determined using a ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).
Following isolation and purification, 25ng per sample of RNA was reverse transcribed using the
iScript Reverse Transcriptase kit (BioRad, Hercules CA). cDNA was amplified within 24 hours
of reverse transcription using iQ SYBR Green Supermix (BioRad, Hercules CA). For NF-xB
panel, the RT? profiler PCR array for Mouse NF-«kB Signaling Pathway (Qiagen) was used with
Iq Sybr (Bio-Rad), following manufacturer’s protocol. Plates were analyzed using the Bio-Rad
CFX96 Real-Time System. Files were uploaded into RT? profiler PCR array analysis software
for quality control and generation of heat maps and clustergram. Samples were normalized to 5
reference genes. For qPCR of specific genes, the corresponding validated primer sequences were

used for each gene at 10mM. Plates were analyzed using the LightCycler 480 II (Roche). The
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expression data was analyzed using the 2-AACT method and normalized to expression of

reference genes f-actin. The fold difference was compared to control (C57 normal brain

homogenate treated) samples #2!. All treatments were done in triplicate and cDNA was measured

in triplicate. Data is a combination of three or four biological replicates. Validated primer

sequences are listed in Table 4.1.

Table 4.1. Primer sequences for reverse transcriptase quantitative PCR

Gene Forward primer Reverse primer

IL1B GCAGCAGCACATCAACAAG CACGGGAAAGACACAGGTAG
TNFa CCGATGGGTTGTACCTTGTC AGATAGCAAATCGGCTGACG
NLRP3 CCTGGGGGACTTTGGAATCA GACAACACGCGGATGTGAGA
Caspase-1 | AACCACTCGTACACGTCTTGC ATCCTCCAGCAGCAACTTCA

IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
CCL2 TTAAAAACCTGGATCGGAACCAA | GCATTAGCTTCAGATTTACGGGT
B-actin GCTGTGCTATGTTGCTCTAG CGCTCGTTGCCAATAGTG

IL18 GACTCTTGCGTCAACTTCAAGG GTTGTCTGATTCCAGGTCTCCA
CCL5 TTAAAAACCTGGATCGGAACCAA | TCGAGTGACAAACACGACTGC
IL1la AGACGGCTGAGTTTCAGTGAG TCTGGGTTGGATGGTCTCTTC
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Statistical analysis

For all analyses, outliers were identified and removed using a ROUT outlier test (Q=1%).
Cleaned data was analyzed using a One-way ANOVA with Tukey’s post-hoc analysis. All
figures present mean +/- standard error of the mean (SEM). All data analysis and generation of

graphs was done with Prism (v 9.1.0).

Results
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Figure 4.1. Significantly fewer microglia in mixed glial cultures containing IKK KO microglia. A) C57 mixed
glia contain both astrocytes (GLAST+) and microglia (CD11b+). B) IKK KO mixed glia contain a greater number
of astrocytes and fewer microglia, comparatively. Analysis of 20,000 cells per group.
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Mixed glial cultures contain both astrocytes and microglia, but there are significantly fewer
IKK KO microglia

Mixed glial cells on passage 1 from C57 (WT) or C57 with IKK KO microglia (IKK KO)
were analyzed with flow cytometry to determine the relative number of astrocytes compared to
microglia in these cultures. Cells were stained with an antibody for glutamate aspartate
transporter (GLAST) and the microglia/macrophage marker CD11b. In the WT population,
approximately 60% of cells were GLAST+ and about 26% were CD11b+, and about 14% did not
stain positive for either marker. There were substantially more GLAST+ cells in the IKK KO
glia, about 87%, but less than 4% CD11b+ cells, and only about 9% other cell types. This
suggests that, although the IKK KO mixed glial cultures may be purer, they contain much fewer
microglia than the WT cultures. This may suggest that knockout of IKK may impair microglia

proliferation or survival.?%

A C57 NBH vs RML (Fold Change) B C57 RML vs IKK KO RML (Fold Change)
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Figure 4.2. NF-kB-associated genes are significantly downregulated in infected mixed glial cultures containing IKK
KO microglia. A) Heat map comparing NF-kB-related gene expression between mixed glia that were treated with
normal brain homogenate (NBH) or RML-scrapie for 7 days shows a modest upregulation of genes in RML-infected
glia. B) Heat map comparing RML-infected WT glia to infected microglia-specific IKK KO mixed glia shows a
dramatic downregulation in most genes. C) Clustergram showing the maximum and minimum expression of all NF-
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kB-related genes analyzed and how these genes cluster with one another. D) Volcano plot comparing NF-kB-related
gene expression between RML-infected C57 to microglia-specific IKK KO mixed glia shows the majority of genes
are downregulated in IKK KO cultures. X-axis intersections: fold change +/- 1.5. Y axis intersection: p-value < 0.05.
Samples are composed of 3 pooled technical replicates, and 3 biological replicates for each group.

Prion infection induces a modest increase in NF-kB related genes, but knockout of IKK in
microglia curtails this

Mixed glial cultures containing both astrocytes and microglia were treated with 0.1%
NBH or RML brain homogenates for 7 days, as previously described. This is sufficient to induce
infection and detectable PrP5¢ is newly synthesized, not from residual brain homogenate.'?
RNA was isolated from these cells and analyzed using a mouse NF-«xB signaling pathway panel
containing 84 genes of interest. A modest increase in NF-kB-related genes was observed in
RML-infected C57 glia compared to NBH-treated C57 glia, with the largest fold-change being
less than 1.4 (Figure 4.2A). This is consistent with our previous findings, which show a modest
but significant increase in infected mixed glia in vitro (see also Figure 4.3).!23 The highest fold
change was identified in the inflammatory cytokine IL1a (+1.34) and the anti-apoptotic gene
Bcl2ala (+1.31), and the lowest fold change was in the caspase recruitment domain CARD10 (-
1.70), which is involved in mediating apoptosis and NF-kB activation.

A much larger difference in gene expression was observed between RML-infected C57
and microglia-specific IKK KO mixed glia, with the IKK KO glia showing a negative fold
change of -1.5 or greater for 57 of the 84 genes analyzed (68%) (Figure 4.2B). The greatest fold
changes were seen in toll-like receptor 9 (TLR9) (-193), and again in Bcl2ala (-199). Few genes
increased, but the largest increases were seen in epidermal growth factor receptor (Egfr) (+2.9)
and macrophage colony-stimulating factor 1 (CSF1) (+2.4), which promotes microglia
proliferation. Analysis of the gene expression of all four groups of cells using a clustergram

(Figure 4.2C) demonstrates that the majority of NF-xB-related genes are downregulated in IKK
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KO cultures compared to C57 cultures, regardless of NBH- or RML-treatment. However, a select
group of genes is upregulated in IKK KO cultures, and these genes cluster with one another.

To best observe changes in gene expression between RML-infected C57 and IKK KO
cultures, we opted to present this in a volcano plot and indicate specific genes that are highly
increased or decreased, or have shown significance in other pathways involved in prion disease
(Figure 4.2D). Of note, many inflammatory cytokines and chemokines are downregulated in IKK
KO cultures (TNFa, IL1a, IL1f, CCL2 and CCLY5), as well as the anti-inflammatory cytokine
IL10. Interestingly, the NLRP3-related gene Caspase-1 is significantly decreased. Of note, many
TLRs, including TLR1, TLR2, TLR4, TLR6 and TLROY, are all decreased in IKK KO cultures. A
full list of genes with a significant fold change of + or — 1.5 is available in a table in

Supplemental Figure 4.1.
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Figure 4.3. NF-kB and NLRP3-related genes are significantly downregulated in infected mixed glial cultures
containing IKK KO microglia. C57 and microglia-specific IKK KO mixed glia were treated with NBH or infected
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with RML brain homogenate for 7 days. mRNA expression of NF-kB-related cytokines and chemokines A) TNFa,
B) ILla, C)IL1B, D) CCL2, E) CCL5 and F) IL6 were analyzed, as were NLRP3-related genes G) NLRP3, H)
Caspase-1 and 1) IL18. Analysis of 3-5 biological replicates, each with 3 technical replicates. One-way ANOVA and
post-hoc Tukey test, error bars = SEM, *p < 0.05, **p <0.01, ****p <(0.0001.

IKK KO in microglia significantly decreases many NF-kB and NLRP3 related genes in
infected glia

We selected to analyze a few specific NF-kB-related inflammatory genes that are known
to be upregulated in the prion-infected brain.**7°-!16 Additionally, we wanted to look at
downstream effects on NLRP3-related genes. Mixed glia containing WT or microglia-specific
IKK KO were treated for 7 days with NBH or RML-scrapie brain homogenates. RML infection
modestly but significantly upregulated TNFa, IL1f, CCL2 and Caspase-1 in WT, but not IKK
KO, mixed glia. A significant decrease was seen in the NF-xB-related genes TNFa (Figure
4.3A), IL1a (Figure 4.3B), IL1f (Figure 4.3C), and CCL2 (Figure 4.3D) in both NBH-treated and
RML-infected IKK KO cultures compared to RML-infected WT cultures (p<0.0001). No
significant differences between WT and IKK KO cultures were observed for either NBH-treated
or RML-infected groups for the NF-kB-related genes CCLS5 (Figure 4.3E) or /L6 (Figure 4.3F).
A significant decrease was also seen in genes that are downstream of the NF-xB pathway and are
involved in the NLRP3 inflammasome related. NLRP3 (Figure 4.3G) and Caspase-1 (Figure
4.3H) were both downregulated in IKK KO cultures compared to RML-infected WT cultures

(p<0.0001), but no significant differences were observed for /L18 (Figure 4.31).
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Figure 4.4. Decreased markers of apoptosis, but no overall changes in neurotoxicity between C57 and
microglia-specific IKK KO mixed glia. A) Mixed glial cultures were treated for 7 days with NBH or RML
homogenates. Glial conditioned media (GCM) was isolated and plated on N2as in 96-well plates and chamber slides
for 48 hours. B) GCM-treated N2as were analyzed for percent viability using a Presto Blue cell viability assay. C)
GCM-treated N2as that were incubated with the nuclei stain DAPI, apoptosis stain Caspase-3/7, cell viability stain
Annexin V and neuronal-specific antibody MAP2 (representative images, 20x). Mean fluorescence of D) Caspase-
3/7 and E) Annexin V were analyzed in MAP2+ N2as (arbitrary units). Presto Blue assay represents 3 biological
replicates, each with 6-18 technical replicates. Caspase-3/7 and Annexin V assay represents one biological replicate,
with approximately 100 technical replicates for each group. One-way ANOVA and post-hoc Tukey test, error bars =
SEM, *p <0.05, **p <0.01, ***p < 0.001, ****p < 0.0001.

Glial conditioned media from infected glial cells decreases cell viability in N2a cells, even in
the absence of NF-xB signaling from microglia
To determine the effects of factors secreted into the media by wild-type (WT) mixed glia

compared to mixed glia with IKK KO microglia (hereafter referred to as IKK KO glia), glial
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conditioned media (GCM) was harvested from NBH or RML-infected glia after 96-hour
incubation. N2a neuroblastoma cells were incubated in GCM for 48 hours, then viability was
measured with Presto Blue (Figure 4.4A). GCM from RML-infected WT glia had an average of
13.4% fewer viable cells (p<0.01), and RML-infected IKK KO glia had an average of 23.9%
fewer viable cells (p<0.0001), compared to the NBH-treated controls (Figure 4.4B). However,
there were no statistically significant differences in viability between WT and IKK KO GCM
between NBH- or RML-infected cells. This suggests that, even in the absence of NF-xB
signaling from microglia, these glial cells are still secreting neurotoxic factors.

To assess the involvement of apoptosis in neuronal death induced by GCM, N2a cells
were incubated in GCM, as described above, and then stained for the neuronal marker MAP2,
and the apoptosis markers Caspase-3/7 and Annexin V (representative images in Figure 4.4C).
Significantly more Caspase-3/7 (Figure 4.4D) and Annexin V (Figure 4.4E) were observed in
N2as treated with GCM from C57 RML-infected glia compared to C57 NBH-treated glia
(p<0.0001). Likewise, significantly more Caspase-3/7 was observed in N2as treated with RML-
infected IKK KO GCM compared to NBH-treated IKK KO GCM (p<0.0001). Interestingly, no
significant differences were observed in Annexin V between these groups. Caspase-3/7 in N2as
was significantly decreased for IKK KO NBH GCM compared to WT NBH GCM (p<0.001),
and comparable to that of IKK KO RML GCM. Annexin V in N2as, however, was significantly
higher for both IKK KO NBH and RML GCM compared to C57 NBH GCM (p<0.0001), but
significantly lower compared to C57 RML GCM (p<0.0001). Together, these data suggest that
GCM from microglia-specific IKK KO mixed glia is comparably neurotoxic in an N2a model,

but that this may be through a cell death pathway other than apoptosis.
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Figure 4.5. Mixed glial cultures containing IKK KO microglia have increased PrP%. C57 and microglia-
specific IKK KO mixed glia were treated with NBH or RML for 7 days. A) Cell lysates were analyzed for PrPS°,
total PrP and GAPDH (loading control) via western blot (representative of two biological replicates). B)
Quantification of PrP%. C) Quantification of total PrP. D) PrPS¢ spot counts were analyzed via a scrapie cell assay
(representative images). E) Quantification of PrP5¢ spots, 3 experiments combined, each with 5-25 technical
replicates. One-way ANOVA and post-hoc Tukey test, error bars = SEM, ***p < 0.001, ****p <0.0001, ns = not
significant.
PrP%¢ is significantly increased in mixed glial cultures containing IKK KO microglia

C57 and microglia-specific IKK KO mixed glial cultures were infected with RML or
treated with NBH for 7 days, as described above. Cell lysates were analyzed via western blot to
determine relative amounts of PK-resistant PrP (PrP5°) and total PrP (not digested with PK)
(Figure 4.5A). Analysis of band intensity shows that PrP%¢is significantly higher in RML-
infected glia containing IKK KO microglia (p<0.0001) (Figure 4.5B), but that there are no

significant changes in total PrP (Figure 4.5C) between these groups. Cells that were infected for

7 days were trypsinized and transferred to EliSPOT plates where they were lysed and PK-
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digested and stained for PrP. Spots, representative of PrPS¢ aggregates, were significantly higher
in RML-infected C57 mixed glia and IKK KO mixed glia compared to NBH controls
(representative images in Figure 4.5D) (p<0.001; p<0.0001, respectively, Figure 4.5E).
Microglia-specific IKK KO mixed glia that were RML infected showed significantly more PrP5°
compared to their C57 counterpart (p<0.0001). Together, these data indicate that mixed glial
cultures containing IKK KO microglia have substantially higher PrP¢ accumulation compared to

WT mixed glial cultures.
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Figure 4.6. Decreased markers of autophagy in microglia-specific IKK KO mixed glial cultures. Cell lysates
from 7-day NBH-treated or RML-infected C57 or microglia-specific IKK KO mixed glia were analyzed for the
autophagy markers A) LC3-I and II, B) phosphor-p62 and p62. Representative of two biological replicates.
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Infected mixed glia with IKK KO microglia show changes in markers of autophagy

C57 and microglia-specific IKK KO mixed glial cultures were infected with RML or
treated with NBH for 7 days, as described above. To better understand why PrP*¢ is significantly
increased in the IKK KO mixed glial cultures (Figure 4.5), cell lysates were analyzed via western
blot to identify changes in markers of autophagy. Both pathways are important for PrPS¢
clearance and have been shown to be dysregulated in prion disease.®*!4%152 Comparing LC3-I
and II is a reliable indicator of autophagosome formation, as LC3-I is the cytoplasmic form of
the protein, and is recruited by p62 to the autophagosome and converted into LC3-II. Therefore,
similar levels of both proteins suggests normal autophagy, but decreased LC3-I and increased
LC3-II suggests that autophagy is increased.'*> LC3-I appears decreased in some samples of IKK
KO infected glia compared to C57 infected glia, suggesting that autophagy may be increased in
these cells (Figure 4.6A). p62 is produced by both the NF-«kB pathway and the Nrf2 oxidative
stress pathway.!* It becomes phosphorylated as it forms the autophagosome alongside LC3II.
Increased phospho-p62 is therefore a marker of increased autophagy.!4’ However, both phospho-
p62 and p62 appear decreased (p<0.063 and p<0.058, trending toward significant, data not
shown) in IKK KO infected glia compared to C57 infected glia (Figure 4.6B), suggesting that
total p62 may be decreased in these cells. Together, these data suggest a decrease in autophagy in
infected microglia-specific IKK KO mixed glial cultures, as autophagy may be dysregulated due

to an overall decrease in p62.
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Discussion

Microglia are potent regulators of prion infection and are involved in host protection
through inflammatory signaling, communication with astrocytes, phagocytosis and degradation
of PrP5¢37:8%-92 Many genes involved in the NF-«B signaling pathway are highly upregulated in

animal models with prion disease,*-84116

suggesting that this pathway is a critical innate immune
response to prion infection. To date, no studies have analyzed the role of microglia-specific NF-
kB signaling. A study from Julius et al. in 2008 knocked IKK out of cells in the CNS with
neuroectodermal lineage — namely neurons, oligodendrocytes, and astrocytes. They failed to see
any changes in disease time-course, PrPS accumulation or astrogliosis, and concluded that NF-
kB does not play a significant role in prion-induced inflammatory signaling. !'* Another study
directly knocked out the subunits of NF-kB, once again in cells derived from the neuroectoderm.
This group saw a decrease in survival in these mice upon prion inoculation, and increased
apoptosis.!!3 Both of these studies failed to account for microglia, which are derived from the
mesoderm!?® and known to be critical regulators of NF-kB-related inflammation in prion and
other diseases.***-7%92 Here, we utilize a primary cell model that contains wild-type astrocytes
and IKK KO microglia?* to characterize the role of microglia-specific NF-kB signaling in an in
vitro model of prion disease.

Cx3CrlCre express Cre recombinase under the Cx3crl promoter in the mononuclear
phagocyte system, and were combined with floxed IKKB mice?* to generate mice with IKK
knockout (KO) specific to mononuclear phagocytes (macrophages, monocytes and microglia).

As macrophages and monocytes are rarely found in the brain, even in prion disease,” these cells

are effectively microglia-specific IKK KO. In an innate immune response, IKK is critical for NF-
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kB translocation to the nucleus for transcription,'!!!!2 making these cells effectively NF-xkB KO.
All other brain cells derived from these mice have functional IKK and NF-kB signaling. We will
henceforth refer to the microglia-specific IKK KO cells, which contain wild-type (WT)
astrocytes, as IKK KO.

We first characterized these cells by comparing the relative percentages of astrocytes and
microglia between C57 (WT) and microglia-specific IKK KO mixed glia through flow
cytometry. We found that although IKK KO cultures had fewer cell types other than astrocytes
and microglia, they also had substantially less microglia compared to WT cultures (~4%
compared to 26%) (Figure 4.1). It has been shown previously that IKK is important for cell
survival and proliferation, and IKK KO has been shown to be embryonically lethal in some
animal models.?*> As NF-«B is a potent regulator of apoptosis and contributes to the
upregulation of anti-apoptotic genes, knocking it out of cells may be detrimental to their survival.
Indeed, IKK KO cells expressed significantly less of the anti-apoptotic gene Bel2ala (Figure
4.2) and significantly more Tnfrsf10b, also known as Death Receptor 5, and a potent regulator of
apoptosis (Supplemental Table 4.1).

It has been established that even a small number of microglia can greatly impact a cell
culture system, especially in modulation of astrocytes.'?! There is significant cross-talk between
astrocytes and microglia, as astrocytes remain relatively unresponsive to environment changes in

the absence of microglia-derived signaling, 446

and microglia rely heavily on astrocytes to
promote their proliferation.?3” Astrocytes highly express CSF1, which, alongside L34, which is
expressed by neurons, binds to colony stimulating factor 1 receptor (CSF1R) on microglia to

promote their proliferation and survival.?*’ Interestingly, one of the few upregulated genes in the

IKK KO cultures was CSF1 (Figure 4.2), suggesting that astrocytes in these cultures are
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producing increased CSF1 to promote microglial survival. CSF1 is highly upregulated in the
brain in response to inflammatory-inducing signals such as LPS.?*8

Nearly 70% of the 84 NF-kB-related genes analyzed were downregulated in RML-
scrapie-infected IKK KO glia compared to RML-infected WT glia (Figure 4.2) (Supplemental
Table 4.1 for complete list). Of these genes, many were inflammatory cytokines and chemokines
known to be upregulated in the prion-infected brain.**7°-!16 Some of these cytokines, including
TNFa, IL1a and IL1p, are known to be predominantly produced by microglia and influence the
state of astrocyte reactivity.**> Others, namely the cytokine CCL2, is known to be produced by
astrocytes and promotes an M1 phenotype in microglia.’! This suggests that in the absence of
microglia-specific NF-kB signaling, signaling from astrocytes is also decreased, as they are not
being fully activated by microglia.

To further interrogate the influence of microglia-specific IKK KO on specific genes of
interest, we performed qPCR analysis on three to five sets of RML-infected primary mixed glia,
each isolated from a separate set of mouse pups (Figure 4.3). We performed this analysis
multiple times due to drastically different responses in some genes. TNFa, IL1o and IL1f were
consistently downregulated in IKK KO glia, as were the NLRP3-related genes NLRP3 and
Caspase-1. This suggests that these genes are predominantly upregulated by NF-kB and the
majority are produced by microglia. We also saw an overall downregulation in CCL2, although
this was less robust than the other genes. As this chemokine is produced mainly by astrocytes,’!
it is likely still being expressed in the absence of microglia NF-«xB signaling. Due to their known
involvement in NF-kB signaling and/or prion pathogenesis, we additionally looked at expression
of CCL5 and IL6, as well as the NLRP3-related gene /L/8. We saw a large variation in

expression of these genes with each set of glia analyzed, showing both significant
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downregulation and, intriguingly, significant upregulation. This suggests that there may be
compensatory signaling pathways from astrocytes, microglia, or both, that are contributing to
inflammation in these cells. However, unlike many of the other genes, no significant changes
were seen between the WT glia treated with normal brain homogenate (NBH) or RML,
suggesting that this inflammation is not induced by prions.

Another set of genes that are significantly downregulated in these cells are TLRs,
particularly TLR1, TLR2, TLR4, TLR6 and TLR9Y, all of which are highly expressed in
microglia. This decrease in TLR expression is consistent with a decrease in microglial numbers,
and also likely contributes to an overall decrease in inflammatory molecules, 2*® as signaling is
dysregulated in the absence of sufficient TLRs. TLR3 is very slightly downregulated, but this
TLR is highly expressed in astrocytes, along with low-level expression of TLR1, TLR4, TLRS
and TLR9.2* Interestingly, microglia have been shown to be critical for TLR4 signaling in
astrocytes, and important for optimal signaling through TLR2 and TLR3.2*’ This may contribute
to overall downregulation of astrocyte-specific signaling in cultures containing IKK KO
microglia, as there are much fewer microglia present to prime the astrocytes. TLR4 is one of the
best studied TLRs, as its stimulation by signals such as LPS induce NF-kB inflammation in

112,238

microglia, which is critical to elicit an astrocyte response.?*? In prion mouse models, TLR1-

9 are all upregulated in the brain at terminal stages of disease.?*® TLR2 and TLR4 signaling are
important for sensing DAMPs and has been shown to be implicated in prion disease, as knocking
out either of these receptors in mice accelerates disease.??*24!

Microglia-induced inflammation is often cited as an inducer of neuronal cell death, either

45,46,49,56,

directly or indirectly. 92,127,128 Therefore, it was surprising that glial conditioned media

(GCM) from infected WT and IKK KO microglia showed similarly neurotoxicity. Incubating
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N2a neuroblastoma cells with GCM from C57 RML-infected glia induced significantly more cell
death and apoptotic markers than GCM from C57 NBH-treated glia (Figure 4.4). A similar trend
was seen in GCM from IKK KO RML-infected glia compared to IKK KO NBH-treated glia.
However, there were no differences in cell viability between GCM from C57 or IKK KO RML-
infected glia, nor NBH controls. Both the early apoptotic marker Caspase-3/7 and overall
viability were decreased in GCM from RML-infected cells, although Annexin V, a marker of
early cell death, remained unchanged. Interestingly, Caspase-3/7 was decreased for GCM from
IKK KO glia compared to GCM from C57 RML-infected glia. Annexin V was also decreased in
GCM from IKK KO glia compared to GCM from C57 RML-infected glia, but is significantly
higher for all IKK KO groups compared to GCM from C57 NBH-treated glia. Caspase-3/7 is a
distinct marker of apoptosis signaling, and its decrease in these cells suggests that GCM from
IKK KO mixed glia is not significantly contributing to neuronal apoptosis. However, the
increase in Annexin V suggests that cell death is still occurring, as this dye binds to
phosphotidylserine (PS) residues that are unexposed in a healthy cell, but become exposed on the
outside of the cell membrane during the early stages of cell death.!>® This stain, although
generally a marker of apoptosis, can also bind to PS residues in necrotic cells.?*? It appears that
incubating N2as with GCM from microglia-specific IKK KO RML-infected glia does not rescue
neurotoxicity when compared to GCM from C57 RML-infected glia. This suggests that there is
something being secreted by the mixed glia in the microglia-specific IKK KO cultures that is still
inducing non-apoptotic neuronal cell death. The absence of functional microglia may not be
protecting neurons from toxic signals from astrocytes. Moreover, this observation may be limited
to in vitro analysis. Microglia-specific IKK KO was shown to be protective against kainic acid-

243

induced hippocampal neuronal cell death in vivo.**> Microglial NF-kB signaling contributed to
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death of motor neurons in a mouse model of ALS.?** However, prion diseases present unique
pathogenesis to other neurodegenerative diseases. Further investigation both in vitro and in vivo
is required to understand the role of microglia-specific IKK KO on neurotoxicity in prion
disease.

The first indicator that cellular responses to misfolded proteins might be impaired in the
cell cultures containing IKK KO microglia was the huge accumulation of PrP% in these cells,
identified with both western blot and scrapie cell assay (Figure 4.5). Accumulation of misfolded
proteins is commonly associated with dysregulation of autophagy and lysosomal function.
Rescue of either of these pathways has been shown to improve life expectancy and clinical
pathology in prion-infected mice.!44153:245

Misfolded proteins are first identified and ubiquitinated by chaperone proteins, leading to
the binding and sequestering of these aggregates by p62, a protein that is upregulated by both
NF-«B and the Keap1-Nrf2 oxidative stress pathway.!4%-14> Cytosolic LC3-I binds to
phosphatidylethanolamine on newly synthesized autophagosomes, forming LC3-II and binding
to p62 to engulf the p62-polyubiquitin-protein complex. This autophagosome complex is then
degraded by the lysosome.!*® Ratios of LC3-I and LC3-II are a common indicator of early
autophagy, as LC3-II increase demonstrates the development of the autophagosome, but buildup
of this protein alongside p62 may indicate that autophagy or lysosomal function is being
impaired, which is also seen in prion disease.!4%:143:153 We observed some decrease in LC3-I and
increase in LC3-II for some samples from our IKK KO RML-infected mixed glial cultures, while
ratios remain relatively consistent in C57 RML-infected cultures, suggesting that there may be
increased autophagosome development, or a decrease in late endosomal development, in IKK

KO cells (Figure 4.6). However, we see a decrease in both phosphorylated and unphosphorylated
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p62, suggesting that this protein may have decreased expression. This would hinder
autophagosome maturation and inhibit protein degradation by the lysosome. Although p62 can
still be produced by the Keap1-Nrf2 oxidative stress pathway, a decrease in NF-xB signaling in
IKK KO microglia may have contributed to an overall decrease in p62 expression, leading to
impairments in autophagy, causing increased buildup of PrP5¢ in cultures containing IKK KO
microglia. Moreover, signals that activate the IKK complex have been shown to initiate
autophagy even in the absence of downstream NF-«B signaling, suggesting that knockout of IKK

leads impaired autophagy regardless of NF-kB-induced p62 signaling.!!*

Further characterization of this model is necessary to understand how microglia-specific
IKK KO affects overall NF-kB signaling, as well as downstream effects such as the involvement
of other inflammatory pathways, namely autophagy, and neuronal cell death. Although we see
profound differences in each of these responses to prion infection, it is difficult to tease out
whether this is due to the role IKK plays, or the overall decrease in microglia in response to IKK
KO. In vivo studies are the obvious next step to begin to answer these questions. Understanding
the involvement of IKK and NF-«B signaling in microglia may help uncover both biomarkers

and therapeutic targets for prion diseases.
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Supplemental Data

Supplemental Table 4.1. NF-kB-related genes with significant fold change comparing RML-infected microglia-
specific IKK KO to C57 mixed glia

Gene Symbol Fold A p Value Gene Symbol Fold A p Value
Atfl -1.82 0.000312 Mapk3 -1.97 0.002692
Bcllo -1.72 0.000448 Myd88 -3.05 0.005395
Bcl2ala -199.00 0.000017 Nfkb1 -3.05 0.000020
Bcl3 -8.19 0.000360 Nfkb2 -1.66 0.000535
Birc3 -5.58 0.000312 Nfkbia -2.54 0.006722
Cardll -27.81 0.001518 Nodl -2.48 0.000048
Caspl -4.60 0.000048 Rel -7.50 0.000248
Casp8 -5.65 0.000505 Rela -1.76 0.001384
Cel2 -3.14 0.005412 Relb -2.83 0.001681
Ccls -16.46 0.000076 Ripkl -3.30 0.000846
Cd27 -3.51 0.023269 Ripk2 -1.88 0.003934
Cd40 -4.43 0.004571 Statl -2.63 0.000014
Cflar -2.07 0.000412 Thkl -2.24 0.000532
Chuk -2.15 0.004812 Tirl -188.38 0.002608
Csfl 2.39 0.005718 Tir2 -28.98 0.000196
Egfr 291 0.005073 Tir3 -1.56 0.033222
Egrl -3.07 0.019219 Tir4 -4.74 0.000531
For 1.76 0.001001 Tir6 -14.74 0.000142
Fos -1.94 0.035054 Tir9 -193.02 0.000007
Hmox1 -2.96 0.000096 Tnf -153.33 0.000141
lcaml -2.54 0.000017 Tnfaip3 -5.75 0.002321
1kbkb -2.51 0.000324 Tnfrsf1b -15.64 0.000156
lkbke -10.17 0.004238 Tnfsf10 -7.13 0.002627
1110 -21.46 0.000871 Tnfsf10b 1.83 0.006976
1lla -57.43 0.001057 Tnfsf14 -15.85 0.001487
11b -46.23 0.000453 Tradd -1.60 0.000172
Irak2 -3.67 0.000021 Traf? -1.79 0.000312
Irfl -2.09 0.000685 Traf5 -3.39 0.000106
Lta 1.69 0.006960 Trafb -1.86 0.001397
Map3kl -5.83 0.000110
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Chapter 5:

Summary and Future Directions

This work highlights the importance of microglia, astrocytes, and the cross-talk between
the two in the prion-infected brain. Prion diseases remain untreatable and invariably fatal, despite
numerous efforts to develop therapeutics. Antibodies and small molecules that specifically target
PrPS¢ have been unsuccessful or shown strain specificity.!>”-13° Research has uncovered a huge
number of cellular pathways that are dysregulated by PrP5¢ aggregation, but unfortunately
developing drugs to target some of these pathways has had toxic side effects in animal models or
clinical trials.!>"!37 There is an urgent need for safe, effective therapeutics for human prion
diseases, to treat individuals with sporadic disease, help those whose families are plagued with
genetic disease, and alleviate any threats of an outbreak if chronic wasting disease crosses the
species barrier into humans, 23246

Although further works is required to optimize them as a therapeutic for prion disease,
we propose mesenchymal stromal cells (MSCs) as a promising candidate to decrease astrocyte
reactivity, polarize microglia toward a homeostatic phenotype, and reduce overall inflammation
in the prion-infected brain. Adipose-derived MSCs (AdMSCs) have the potential to be taken
from a patient, can be easily isolated and expanded in culture, and be delivered autologously to
said patient.!”® Although we have focused on intranasal delivery, which is a common method
used, 67220247 other studies have used intracranial delivery and intravenous delivery and showed
effective MSC trafficking to the brain.!6%177:210 These are both routes that should be considered
for further investigation - particularly intracranial delivery. Despite being less therapeutically

applicable, it may be the best “proof-of-principle” to assess the benefits of AAMSCs against
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prion disease. The greatest disappointment we encountered was that in our animal model,
AdMSCs were unable to attenuate neurodegeneration, which resulted in no improvement in
behavior or increase in survival time. This may be due not to the ineffectiveness of AAMSCs in
promoting neuronal health, but due to only a small number of them reaching the site of
neurodegeneration, not enough to combat the effects of PrPS¢ aggregation at late timepoints in
disease. Therefore, utilization of a more direct delivery method for AAMSCs will be best to
evaluate their efficacy in either direct or indirect intervention against prion-induced
neurodegeneration.

A second focus of further investigation is into the factors that are secreted by AAMSCs
that directly benefit the prion-infected brain. It is very unlikely that this is just a singular factor.
We were intrigued by TSG-6, which is secreted by AAMSCs upon stimulation with both
cytokines and prion-infected brain homogenates,!?3 and has been shown to attenuate NF-xB
signaling in glia and polarize microglia to an M2 phenotype.!61:163293 Tg assess the role of TSG-6
in decreasing inflammation in BV2 cells, we used small interfering RNA (siRNA) to knock
down TSG-6 in AAMSCs (Figure 5.1A-B) and co-cultured them with RML-treated BV2
microglia (Figure 5.1C-E). We saw a decrease in inflammatory markers /L/f and /L6, and an
increase in the M2 microglia marker Arg-/ when co-cultured with AAMSCs for 24 hours.
However, there seemed to be no changes between wild-type (WT) and TSG-6 siRNA
knockdown AdMSCs. Although this experiment should be repeated, it suggests that TSG-6 alone
is not the main contributing factor to AAMSC-induced protection against inflammation, and

these cells likely contain a variety of beneficial small molecules.
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Figure 5.1. SiRNA knock-down of TSG-6 has no effect on AAMSC attenuation of BV2 inflammation. A) Two
siRNA sequences were tested to knock-down TSG-6 in AAMSCs for 48 hours, using Mures as a delivery method. B)
Various amounts of siRNA #1 were tested to knock-down TSG-6 in AAMSCs for 48 hours. 1pg siRNA #1 was used
to knock-down TSG-6 in AdMSC:s for 48 hours in cell-culture plate inserts. After 24 hours, AAMSC inserts were
placed on RML-scrapie-treated BV2 cells and co-cultured for the additional 24 hours. RNA was isolated and
analyzed for C) /LIS, D) IL6 and E) Arg-1. One biological replicate each with three technical replicates. Normalized
to factin. One-way ANOVA and post-hoc Tukey test, error bars = SEM, * p< 0.05, ** p<0.01, *** p<(0.001, ****
p<0.0001, ns = not significant.

It has been well established that the therapeutic properties of MSCs are not from their
stem-cell-like properties and ability to differentiate to a variety of cell types, but from their

propensity to migrate and interact with a variety of cell types through paracrine signaling. This
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has been attributed not to the cells themselves, but through the extracellular vesicles (EVs) that
they secrete.!’4211212.234 EVg generally refers to exosomes, microvesicles, and apoptotic bodies.
MSC-derived EVs (MSC-EVs) have been shown to contain neurotrophic factors that contribute
to neural cell proliferation and differentiation, and growth factors such as VEGF and FGF that
promote angiogenesis, stimulating growth of blood vessels to improve neuronal survival.?*3234
Of course, MSC-EVs contain a plethora of anti-inflammatory cytokines and chemokines that can
act upon glial cells to reprogram them to a protective phenotype.?** MicroRNAs contained in
EVs have demonstrated the ability to increase endothelial cell proliferation, improving blood

248

brain barrier (BBB) integrity.>*® They also can contain enzymes such as nephrilysin, which is

potent in degrading amyloid-B in Alzheimer’s disease models.?*

Like the cells they are derived from, MSC-EVs express surface markers and membrane-
binding proteins such as CD29 and CD44, allowing for them to be selected for, characterized,
and, most importantly, interact with cells of interest. They can remain in the brain longer than the
cells they are derived from, and there is no concern that they will undergo aging or form tumors,
or elicit a significant immune response.?** In fact, multiple clinical trials are underway for using
EVs to treat amyotrophic lateral sclerosis and multiple sclerosis.?** Moreover, EVs from
AdMSCs, due to their smaller size, may more easily migrate to the brain and cross the BBB,
which may address the aforementioned problem of ensuring that the therapeutic is reaching the
brain.

A final pitch for the use of MSC-derived EVs for the treatment of prion disease is their
potential to be modulated. As we have shown, stimulating MSCs with cytokines or prion-

infected brain homogenates promotes their production of anti-inflammatory molecules and

growth factors. “Priming” these cells can be taken a step further, by loading these EVs with
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specific cargo to be delivered to the brain region of interest. This was elegantly demonstrated
recently by Peng et al. in a mouse model of Parkinson’s disease. They developed MSC-derived
exosomes that, when delivered intranasally, specifically migrated to sites of increased reactive
oxygen species - to dopaminergic neurons in the substantia nigra. These exosomes were loaded
with curcumin, which decreased a-synuclein aggregates and neurotoxicity, and increased
dopamine production. Additionally, these exosomes downregulated a variety of inflammatory
cytokines and disease-associated microglia.?!4

How could we utilize this therapeutic strategy to specifically target PrP5¢ and related
neurotoxicity and neuroinflammation? Based on the work I present in this dissertation, my
suggestion would be two-fold: 1) stimulate AAMSCs to produce EVs containing increased
immunomodulating molecules and growth factors to target glial inflammation,'?* and 2) load
these EVs with drugs to promote PrP5¢ degradation, such as rapamycin to induce
autophagy.!'4+2%0

A caveat to developing therapeutics for prion diseases is that diagnoses for these diseases
often come too late for treatments to be effective. This isn’t the case for genetic prion diseases,
however, as these can be screened for. Therefore, a current direction we are taking to assess
AdMSC:s as a treatment for prion diseases is using animal models of genetic prion disease. We
are currently exploring the therapeutic potential of intracranially-delivered AAMSCs into a
mouse model of Gerstmann-Straussler-Scheinker Syndrome (GSS), a disease characterized by a
single point mutation, P102L, (P101L in mice) in the prion protein. This mutation leads to
spontaneous PrP%¢ development. In a mouse model, this induces major PrP5¢ aggregation in the
cerebellum, which leads to motor dysfunction and ataxia, and eventually death.?!->>2 We are

working to characterize the inflammatory and glial profile, as well as neuronal function using
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electrophysiology, over the course of aging in this mouse model. Additionally, we are using
stereotaxic injections to deliver TNFa-stimulated AdMSCs into the cerebellum of GSS mice.
These mice live approximately 24 weeks before they die of naturally-accumulated PrP%. We
have delivered 2x10° stimulated AAMSCs to the left cerebellar hemisphere of mice at 12 weeks,
16 weeks, and 18 weeks, and euthanized them at 16 weeks, 18 weeks, and 22 weeks,
respectively. Currently, cerebellar mRNA has only been analyzed for the mice that received

AdMSCs at 12 weeks (and were euthanized at 16 weeks) (Figure 5.2).
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Figure 5.2. mRNA profile of 16-week-old GSS P101L mice after intra-cerebellar AMSC delivery at 12
weeks. Animals received either PBS or 2x10° TNFo-stimulated AAMSCs through stereotaxic delivery to the left
hippocampus at 12 weeks of age. Cerebellar mRNA was analyzed for A) CCL2, B) CCL5, C) TNFa, D) C3, E)
NLRP3 and F) Clga. Five or six biological replicates each with three technical replicates. Normalized to factin.
Unpaired T-test, error bars = SEM, * p< 0.05, *** p< 0.001.
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Unexpectedly, treatment with AAMSCs actually increased markers of inflammation.
Further analysis with different time points for treatment is necessary to assess if this treatment is
beneficial or detrimental to this model of GSS. Additionally, the effect on astrocytes, microglia,
and most importantly neurons, need to be further assessed in these animals.

In addition to introducing AdAMSCs as a therapeutic for glial-induced inflammation in
prion disease, this work also highlights the importance of IKK and NF-«B signaling in microglia
in prion pathogenesis. We have shown that an in vitro model of prion-infected mixed glia shows
significantly decreased NF-kB-related genes in cultures containing IKK KO microglia. However,
these cultures have increased PrPS¢ accumulation and lowered markers of autophagy.
Interestingly, these cultures contain significantly fewer microglia compared to WT cultures. Are
the effects we are seeing the result of IKK KO in microglia, a reduction of microglia as a whole,
or a combination of both? Both increased inflammation and impaired autophagy have been
shown to be detrimental in prion animal models.**%!4 Which of the two of these factors is most
important for survival? The best way to answer this is, of course, by observing this in vivo. We
have inoculated both WT and microglia-specific IKK KO mice with RML mouse-adapted
scrapie. Over the next few months, we will be performing behavioral assays and checking them
for signs of clinical disease. After euthanasia, we will assess the brains for PrP5¢ accumulation
and markers of autophagy, hippocampal mRNA expression of NF-kB and NLRP3-related genes,
and astrocyte and microglia number and morphology. Additionally, we will assess neuronal
health between these mice by counting pyknotic neurons in the CA1 region of the hippocampus,
and evaluate the relative amount of vacuoles throughout the brain. Ultimately, we hope to
thoroughly characterize the role of IKK and NF-kB signaling in microglia, and determine if this

would be an effective therapeutic target for prion disease.
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