Model for Studying the Physiological Role of
Non-cell Autonomous Factors on Neuromodulation

Changho Chun

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington

2022

Reading Committee:
David L. Mack, Chair
Andre Berndt
Ying Zheng
Alec S.T. Smith
Program Authorized to Offer Degree:

Bioengineering



© Copyright 2022

Changho Chun



University of Washington

Abstract
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Chair of the Supervisory Committee:
David L. Mack

Department of Rehabilitation Medicine

The intercellular communication in the ventral horn of the spinal cord is essential for the motor function
to innervate skeletal muscle. Hence, the progressive pathologies of several neuromuscular diseases
(NMDs) are likely to be driven by defects in more than one cellular subtype in the ventral spinal cord.
However, current neuro-centric human NMD modeling efforts do not recapitulate the nature of non-cell
autonomous neuromodulation occurring upstream of the disease, which significantly limits our
pathologic understanding. Therefore, in spite of the recent advancement in developing human induced
pluripotent stem cell (hiPSC)-derived neurons, the pathologic mechanism of non-cell autonomous
neurodegeneration remains elusive. Moreover, the current differentiation process of iPSC-derived
spinal motor neurons does not accurately mirror the transcriptomic trajectories of the native ventral
spinal cord development, limiting the application of the differentiated neurons. To address these
shortcomings, we studied the role of exogenous physiological inputs on neuromodulation using human
iPSC-derived spinal motor neurons, spinal astrocytes, and inflammatory stress factors. We studied the
neuroprotective mode of astrocytes in normal tissue and demonstrated that astrocyte-derived
extracellular vesicles enhance the longevity and electrophysiological function of immature iPSC-

neurons. Additionally, we showed that excessive exposure to the pro-inflammatory cytokine interferon-



v, which is secreted from a broad range of immune cells, induces an extensive transcriptomic alteration
of iPSC-derived motor neurons toward neurodegeneration, leads to the expression of pathologic
hallmarks of ALS. Finally, we assessed the physiological relevance of the iPSC-derived motor neurons
we used in this study. We performed a longitudinal transcriptomic analysis of differentiating iPSC-motor
neurons at each critical time point of development, to compare it with that of the developing human
spinal cord ventral horn. We expect this comprehensive transcriptomic mapping at a single-cell level
will provide us invaluable guidance for improving our spinal neuron differentiation strategy. Together,
we believe our findings contribute to understanding how the human motor circuit is developing and
affected by surrounding factors in normal and diseased conditions, which could lead to developing more

reliable human neuromuscular models eventually to identify future therapeutic targets of NMDs.
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Chapter 1. Introduction

1.1 Neuromuscular disease and implications for human health
Neuromuscular diseases (NMD) collectively affect 250,000 patients in the United States, 160
per 100,000 people worldwide and the majority of them are incurable. The diseases involve
progressive degeneration of motor and sensory units in the nervous system, leading to severe skeletal
muscle contraction or atrophy. The patients often exhibit respiratory weakness, foot deformities, gait
disturbance, grip impairment, and loss of sensation, which worsen over time depending on the subtype
of NMD.? Management of NMDs has been an intractable challenge since most of them are chronic,
rapidly progressive, disabling, and most of all, etiologically heterogeneous.®* Many complex genetic
and non-genetic reasons are known to derive the NMD onset and progression, though the detailed
pathologic mechanisms for most of them still remain elusive. The treatments are usually limited to
physiotherapy, respiratory services, and clinical psychology, which all are not for ultimate therapeutics
but auxiliary treatments. Due to the irreversible and progressive nature of those diseases, the financial

burden is staggering with costs related to the patient exceeding $46 billion dollars annually.*

1.2 Amyotrophic Lateral Sclerosis

Amyotrophic Lateral Sclerosis (ALS) is one of the most devastating NMDs that primarily attacks
motor neurons in the central nervous system (CNS).[Figure 1.1]>° It begins with focal weakness but
spreads relentlessly to most muscles including the diaphragm. The death is usually due to respiratory
paralysis occurring within 3-5 years after the onset No therapy so far provides substantial clinical
benefit against ALS. The only FDA-approved drugs are Riluzole and Edaravone, inhibiting glutamate-
mediated excitotoxicity and reducing ROS-induced cellular stress respectively.” However, they all have

been showing very limited improvement in neurodegeneration, extending life expectancy for just
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SOD1 was the first ALS gene to be

identified in the 1990s, and more than 120 Figure 1.1 Schematic illustration of ALS’ core pathology
genetic variants including C9orf72, TARDBP, FUS, UBQLN2 are known to be associated with ALS
pathology.” There are a number of potential risk factors for sporadic ALS (sALS) development, such as
smoking, environmental toxin exposure, traumatic brain injury, excessive use of skeletal muscle, or
inflammatory stress and those acquired ALS cases often accompany post-translational gene
modifications. Despite strikingly heterogeneous etiology, fALS and sALS have similarities in their
pathologic features. Interestingly, it has an average onset age of mid-50s regardless of having an
inherent genetic mutation, and the clinical symptoms appear nearly indistinguishable in both cases.®
Thus, the critical questions unaddressed in ALS pathology are: 1) why the symptomatic stage comes
so late in a patient's life even with the inherent mutation? 2) what triggers the rapid progression after
the late onset? 3) Which exogenous stress factor mostly contributes to the sALS development?

The discovered hallmarks of ALS tissues are protein aggregation, mitochondrial dysfunction,
endoplasmic reticulum stress, excessive neuronal excitability in the initial phase followed by motor
neuron death, and altered protein homeostasis with axonal transport ability.® Among these, cytoplasmic
aggregation of TDP-43 protein (encoded by the TARDBP gene) is one of the most common features

observed over 97% of patient’s post-mortem tissue in both fALS and sALS cases, indicating this highly
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conserved nucleic acid-binding protein might play a critical role on ALS pathology.[Figure 1.2]'° Forced
expression of normal TDP-43 puncta by itself is known to trigger neurodegeneration, supports gain of
aberrant TDP-43 expression is closely related to the disease development.’-'3 Given that TDP-43 is
heavily involved in more than 2,000 gene expression processes including transcriptional regulation,
alternative RNA splicing, mRNA migration and stabilization, TDP-43 malfunction is thought to be
located at the upstream of the ALS pathology rather than just being a downstream phenotype of the

disease, though the mechanism of the TDP-43 proteinopathy remains highly elusive.'"14-17

1.3 Non-neuron autonomous pathophysiology in ALS development

Neurons are just part of the

Spinal cord
ALS story. Although they are the g - ®

major pathologic targets, it has been ,_ < B 2N

demonstrated that the neuro-centric
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understanding the disease
fundamentals. Glial cells such as
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potent neuromodulators that
200pum # 50um

orchestrate neurogenesis,
Figure 1.2 Cytoplasmic misallocation of TDP-43 in the spinal cord

synaptogenesis, homeostasis and tissue harvested from a sporadic ALS patient.

function from very early neurodevelopmental stage. '®'9 Increasing evidence points out those cells
could be an initial target of degeneration to relay the pathological effect to neurons. Astrocytes are the
most abundant glial cells in the CNS, particularly getting tremendous attention in ALS pathology given

their indispensable role in neurophysiology. In normal conditions, they are heavily involved in the
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neurotransmitter regulation in the extracellular microenvironment, CNS vascularization signaling,
neurotrophic support, neurometabolites control and ionic regulation, all from the early stage of
neurogenesis.???? Neuron’s significant dependence on astrocyte’s input for initial development,
maturation and function made the hypothesis that loss of neuroprotective roles of astrocytes and/or
gain of neurotoxic function of diseased astrocytes to be marked as a powerful pathologic factor in ALS

development reasonable.?? [Figure 1.3]
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Figure 1.3 Graphical hypothesis about the bi-faced neuromodulation of astrocytes in normal and diseased condition

One of the known mechanisms involving astrocytes in early ALS pathology is a malfunction in
glutamate regulation, which exerts excitotoxicity to neurons near the synaptic area. Astrocytes in
normal condition uptakes the extra glutamates through glutamate transporter EAAT1,2 to buffer
extracellular glutamate concentration for providing balanced excitatory neurotransmission to nearby
neurons.?* The astrocytic defect on extracellular glutamate clearance was proven to damage neurons
in SOD1 mutant and sporadic ALS mouse models, and a number of clinical studies also implicated the
elevated glutamate level in patient’s body fluid was excitotoxic to motor neurons.?4-26 The downstream

phenotypes of excitotoxic damage include disruption of intracellular calcium dynamics, generation of
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reactive oxygen species (ROS), and mitochondrial dysfunction in ATP production, leading to
progressive neuron loss. The hyperexcitation of neurons before death has been particularly evident in
the pre-symptomatic stage of the disease, implying the pathologic input of malfunctioned astrocytes
are a critical factor for relatively early phase of disease development.?’2® Although the ablation of the
diseased astrocytes made a dramatic improvement in neuronal survival, there still is missing
information on which astrocyte-derived factor(s) induce neurodegeneration at each of the disease
progression stages.?%3"

Increasing number of studies imply the insoluble protein aggregation in neurons may be
attributed to the pathologic input of impaired astrocytes. As mentioned in the previous section,
cytoplasmic protein aggregation such as TDP-43, FUS, Ubiquitin is a characteristic feature penetrating
etiologically heterogeneous ALS cases, postulated as a common pathologic factor as well as a potential
therapeutic target for ALS treatment. Although protein inclusion has been observed in astrocytes as
well, the role of astrocytes on TDP-43 proteinopathy is unclear. Moreover, contradictory results from
recent studies regarding non-neuron autonomous TDP-43 proteinopathy hinder gaining clear insight
into how protein inclusion contributes to ALS pathology. Serio et al reported the TDP-43 mutant
astrocytes (M337V) did not adversely affect the survival of co-cultured neurons, even with cytoplasmic
TDP-43 localized in the astrocytes. The cumulative risk of death of WT motor neurons cultured on
mutant astrocytes was not significantly different from that of the same neurons cultured on WT
astrocytes, suggesting that mutant astrocytes are not directly inducing motor neuron death.3? On the
contrary, Tong et al reported the selective TDP-43 mutant expression in rat astrocytes caused a
progressive loss of motor neurons and the subsequent skeletal muscle denervation, resulting in
progressive paralysis.3? In the study of Peng et al, the genetic ablation of TDP-43 in astrocytes exhibit
A1-like reactive phenotype. Although the TDP-43" astrocytes did not affect the viability of co-cultured
neurons, the manipulated mice showed motor deficits, implying the non-neuron autonomous functional

impairment caused by the absence of astrocytic TDP-43.34 The disagreement may come from the
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difference in phenotypic severity of TDP-43 mutant astrocytes at the time of neuron co-culture, as the
cytoplasmic accumulation of the protein granules is increasing as they age. Furthermore, the astrocyte
proteinopathy might not be a direct trigger of neuron's significant death at the late stage of ALS, but
enough to induce progressive functional impairment of neurons at the initial symptomatic phase. Finally,
TARDBP mutation per se in astrocytes might not exert a neurotoxic effect directly but could be a
secondary risk factor to trigger a detrimental immune response, which may lead to the
neurodegeneration as a severe inflammatory response. Although with the different type of ALS causing
mutation, recent transcriptomic study of SOD1 mutant astrocytes revealed the mutant astrocytes have
significantly dysregulated expression of genes for coping with inflammatory stress. Since the increased
vulnerability of astrocytes to the inflammatory cytokine attack was proven to induce their neurotoxic
phenotype expression, the mutation might work as a trigger of astrocyte-mediated neurodegeneration
by lowering the threshold to the inflammatory stress. 2° Interestingly, the stressed astrocytes were also
proven to act as additional sources of pro-inflammatory cytokine release, such as type | and type I
interferons upon initial stress, to exacerbate neurodegenerative phenotype expressions.

The intervention of immunity is in fact an important axis of the non-neuron autonomous
neurodegeneration in ALS. Recent findings implicate the microglia and astrocytes which are
responsible for defending nerves from infection in normal conditions may play a central role in rapid
ALS progression at the symptomatic stage. Liddelow et al demonstrated that microglia under
inflammatory stress secretes an excessive amount of cytokines (e.g. IL-1a, TNF, C1q) that primes
astrocytes to express neurotoxic A1 phenotype.?°A1 astrocytes are known to be abundant in various
human neurodegenerative diseases including not only ALS but Alzheimer’s, Huntington’s, and
Parkinson’s disease. Since the survival of CNS neurons in those diseased tissues without A1 astrocytes
was normal, the inflammatory stress-bearing ‘microglia - astrocyte axis’ may be a critical driver of rapid
neurodegeneration at the late stage of the disease. Another recent study provided evidence of

interferon-gamma (IFNy) which is a potent inflammatory cytokine secreted from the diverse types of
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immune cells in our body induced neurodegeneration that recapitulates phenotypes of
neurodevelopmental disorders such as schizophrenia and autism.3® Aebischer et al added an
interesting discovery on this by showing ALS mutant (SOD1) astrocytes express a significantly elevated
level of IFNy for extracellular secretion, implying the cytokine could play a central role in the astrocyte’s
neurodegeneration mechanism.?® In summary, ALS appears to be a multifactorial disease with
complex pathological mechanisms but is likely to require the intervention of non-neuronal factors for
inducing severe neurodegeneration that leads to the disease development toward the symptomatic
stage. However, the majority of the non-neuron autonomous neurodegenerative mechanism and

molecular drivers of ALS development still remain unclear.

1.4 Human Induced Pluripotent Stem Cells: Applications and
Limitations to Model NMD

Animal models of ALS have been widely used to understand its pathologic mechanism.
Transgenic ALS rodent models are usually generated by overexpressing human ALS-inducing mutant
genes such as SOD1, TARDBP, c9orf72, FUS. Although these models provided invaluable resources
for studying molecular cascades of pathogenic processes, their clear limitations of human relevance
and low throughput initiated the development of human ALS model using induced pluripotent stem cells
(hiPSCs). Since Yamanaka et al have shown that activating 4 different transcription factors (Myc,
Oct3/4, Sox2, Kif4) can reprogram human adult somatic cells back in time to an embryonic-like
pluripotent state, iPSC-based platforms have been widely used for deriving almost every cell type in
the human body for developmental study and disease modeling.3’-3° To utilize iPSCs’ merits to
circumvent ethical issues while maintaining embryonic pluripotency, ALS research society has been
putting an enormous effort to differentiate iPSCs into functional spinal motor neurons, glial cells, and
skeletal muscle. The collective endeavor provided us the first opportunity to develop cell subtypes from
actual ALS patients with known genotypes and phenotypes, which was not feasible with embryonic

stem cells. ¥/
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Among those ALS-relevant cell types, spinal motor neuron differentiation has been
mostly studied to recreate the upstream pathology of the disease. Chambers et al discovered that
inhibition of BMP-4 and TGF-beta signaling by the combinatorial use of small molecules SB431542 and
LDN193189 in the early phase of iPSC differentiation blocks endoderm and mesoderm fates, leads to
the efficient generation of neuroectodermal cells in a few days.* The dramatic enrichment of
neuroectodermal cells through this dual-SMAD inhibition was confirmed by high expression of paired
box protein 6 (PAX6), sex-determining region Y-box2 (SOX2) and intermediate filament protein,
Nestin.#' As the neuroectoderm is specified, further signaling gradients act as morphogenic cues to
establish rostro-caudal and dorso-ventral neural axes. The paraxial mesoderm surrounding the early
neural tube secretes retinoic acid (RA), which induces caudalization and further directs neurogenesis.
RA signaling gradually decreases caudally down the spinal cord, as indicated by the increased
inhibitory activity of FGFs that are highly expressed in the lumbar spinal cord and tail bud. In addition
to RA and FGFs, Wnts are also required for the induction of caudal hindbrain and spinal cord identities.
Another key morphogen drives dorso-ventral spinal identity is Sonic Hedgehog (SHH). SHH is secreted
from the notochord in a gradated manner along the dorso-ventral axis. High SHH concentrations
promoted ventral spinal subtypes whereas SHH concentration faded out near the dorsal horn. Gradient
patterning of SHH further controlled the population ratio of motor neuron and interneuron in the spinal
ventral horn as well. 4'42 [Figure 1.4]

This initial breakthrough has led investigators to further pattern multipotent neural progenitors
toward spinal neuron population by reducing the contaminating sensory neurons and glial cells in
culture. Du et al demonstrated that combinatorial treatment of SB431542, LDN193189 and CHIR99021
(Wnt agonist) for a longer period than previous protocols together with CompoundE (anti-mitotic
reagent) significantly depresses the proliferation of contaminating cells.** More than 20 published
protocols so far demonstrated the differentiated cells consistently expressing pan-neuronal markers

(e.g. MAP-2, TuJ1, Neurofilament) as well as 25-40% motor neuron-specific proteins (e.g. Islet-1, HB9)
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by day 25-30 of differentiation.*>*” The successful derivation of functional neurons was further
demonstrated by running electrophysiological functional assessments, such as patch clamp and multi-

electrode assay (MEA) assays.*8
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Figure 1.4 Major signaling pathways and morphogens for native CNS neuron development (A) lllustration of
morphogen gradient forms each part of CNS. RA and SHH control the degree of caudalization and ventralization,
respectively. (B) The cross-section of the spinal cord shows the developing location of ventral neuron subpopulations.

4

Despite this huge progress, iPSC-derived neurons obtained from a series of small molecule
treatments exhibit immature physiology compared to their in vivo counterparts in the adult spinal cord.
The biggest roadblock is coming from the lack of fundamental understanding about how the current in
vitro differentiation process is spatiotemporally different from native spinal neurogenesis, particularly in
terms of signaling kinetics occurring at each stage of development. As such, mutant iPSC-derived
neurons might merely represent early-stage pathology rather than the late stage of neurodegeneration.
Given that over 90% of ALS patients are sporadic cases with late-onset in the age of 50-60’s, the iPSC-
neuron model falls short of to model symptomatic stage’s pathologic environment. Moreover, those

motor neuron differentiation protocols produce a network of ventral spinal neurons as a whole, including
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various subtypes of interneurons as well. However, we do not know how closely the differentiated
culture represents the native spinal tissue in terms of subpopulation composition or transcriptional
profiles. Studies in mice showed that ventral spinal cord motor circuits incorporate more than a dozen
motor neuron and interneuron subtypes, but the composition and transcriptomic profiles of human
spinal cord neurons are unknown and unlikely to be identical to that of the mouse. With iPSC-motor
neuron differentiation protocol, Thiry et al recently reported the differentiating culture at day 28 is
composed of 35% motor neurons, 28% interneurons and 22% glial cells without providing a further
classification of cell subtypes, which could be highly dependent on differentiation schemes.*” Therefore,
available data does not provide a sufficient yardstick to assess the capacity for our differentiation
protocols to produce populations that accurately represent the human spinal cord ventral horn, making
the reliability of iPSC-based neurodegenerative disease modeling still questionable. To accurately
model ALS pathophysiology, it is indispensable to generate neurons that express comparable
transcriptomic profiles of native spinal neurons, as well as being receptive to the glial-derived cues to
recapitulate neuroglial interactions that constitute the pathologic core of the symptomatic ALS tissue.
As mentioned, glial cells are potent upstream mediators of neurons, likely to be heavily involved
in both neuroprotection and neurodegeneration in a number of neurodegenerative diseases. Despite
their importance, it is not until very recently that glial cells are included in neurodegeneration studies
while neurons have been getting tremendous attention. As such, developing differentiation protocols
for various human iPSC-derived glia was not initiated until recently. However, as the increasing number
of evidence has been implying their substantial role in nervous system development and degeneration
under disease conditions, establishing reliable iPSC-glia differentiation protocols became a foremost
important prerequisite to model neurodegeneration as a whole. Among those glial cell types, astrocytes
are the most abundant cells in our nervous system with neurons (astrocytes to neurons population ratio
in human cortex = 1.65:1) and their development is relatively well-studied than others. During mouse

embryogenesis, astrocytes and neurons are generated from the same precursors, radial glia which is
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the earliest cell type coming from the lateral wall of the neural tube.?" Astrogenesis sequentially follows
neurogenesis but does not initiate until the late embryonic stage to early postnatal period where radial

glia differentiates into astrocyte progenitors. [Figure 1.5]4°
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Figure 1.5 Developmental timeline (weeks) of neurogenesis and astrogenesis in mouse embryo

Over the first post-natal week, the astrocyte progenitor cells mature into astrocytes possessing
resting phenotype with an average size of 150 ym (mouse). To mimic their native development, Krenick
et al reported the first iPSC-derived astrocyte generation, and more than 15 different protocols were
proven to produce cells expressing glia-specific markers since then. °° Those protocols commonly apply
Bone morphogenetic protein 4 (BMP4) and Leukemia inhibitory factor (LIF) to derive early
neuroepithelial precursors to astrogenic lineage by blocking neurogenic transcriptions, followed by
treating serum or Ciliary neurotrophic factor (CNTF) for maturation.>'-° Evaluation of the generated
culture is usually performed by immunocytochemistry with canonical glial markers such as GFAP,

S100b, AQP4, GLAST, GLT1 and gqPCR for gene expression analysis accompanied by functional
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assessments such as glutamate uptake assay and ATP-mediated intracellular calcium release assay.
Although the differentiated cells satisfied the current metrics for astrocyte validation, the culture is still
heterogeneous with an unknown subpopulation of astrocytes and other glial cell types. Moreover, given
their extreme plasticity upon exogenous stimulation, obtaining normal astrocytes in the resting state in
culture is still challenging. Finally, the lack of astrocyte-specific markers for live cell sorting and
immunostaining hinders efficient purification and verification of the culture, particularly at the late stage
of differentiation. Although most of the canonical pan-glial markers allow excluding contaminating
neurons in culture but leave intra-glial discrimination difficult. Recently, Barbar et al reported the CD49f
as an effective mature-stage iPSC-astrocyte marker, but their sequencing data suggest the marker is
non-specifically expressed in the early stage of native brain astrocytes as well, indicating the necessity

of more reliable marker discovery for functional astrocyte use to recapitulating neuroglial interaction. %6

1.5 Unmet Needs and Future Perspectives

Despite the initial advancement in human NMD modeling detailed in the previous sections, there
still is dire need for accurately recapitulating NMD pathophysiology as a whole with human iPSC-
derived cells. With current iPSC-NMD modeling approaches, it is difficult to elucidate how the
neurodegenerative pathology occurs at the CNS upstream for subsequent muscle denervation. These
shortcomings are likely due to the oversimplified ‘neuro-centric’ disease models which lack a
comprehensive understanding of non-cell autonomous aspects of neurodegeneration, in addition to the
use of immature neurons with unknown subpopulation identities. Consequently, studies often show
inconclusive or contradictory results by using isolated iPSC-motor neurons from different sources or
chemically purified neurons. Hence, there has recently been a targeted focus on developing strategies
for recreating iPSC-derived human neuroglial tissues to study their pathological interaction in a dish.
However, the comprehensive disease modeling and treatment studies with those tissues are still in
their infancy mainly due to several roadblocks. First, there still is a significant lack of understanding
about how the native neuroglial interaction occurs (e.g. signaling mode) in the normal spinal cord,
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thereby lacking a reliable yardstick to compare and modify our neuroglial tissue generation scheme in
vitro. Second, we still do not understand which mode of neuroglial interaction derives the pathologic
characteristics of many NMDs including ALS, hindering the recapitulation of the actual disease
progression in the culture plate. Finally, molecular drivers involved in the pathologic neuroglial crosstalk
are yet identified, leaving the upstream therapeutic target of NMD unidentified. Therefore, the future
NMD research perspectives for understanding the progression of neurodegeneration should include
the mechanism of neuromodulation induced by the non-neuron autonomous factors, especially the glial
input. We expect our proposed studies to provide significant insights into how the neurons are affected
by the exogenous pathogenic factors thereby contributing to a better understanding of the disease

progression mechanism and identifying potential therapeutic targets to combat the NMDs.

1.6 Dissertation of Specific Aims

The overarching goal of the research presented in this dissertation is to develop a human stem
cell model for studying the role of non-cell autonomous factors on neuromodulation in both normal and
diseased conditions. We sought to investigate the consequence and potential molecular drivers of
neuromodulation mediated by astrocytes using iPSC-derived neurons. We believe our study provides
an in-depth understanding of the physiological role of glia and their secreted factors, particularly for
deriving neurodegenerative phenotypes in the spinal motor neurons that recapitulate the upstream

pathology of NMD. This goal was accomplished by pursuing the following specific aims. [Figure 1.6]
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Aim 1. Investigate the neuroprotective role of normal astrocyte-derived extracellular vesicles
Neuronal physiology is highly dependent on astrocytic modulation in both normal and diseased

conditions, but their neuromodulation mode is not well understood. Specifically, it is unclear how the
astrocytes relay their signals to neurons and which molecular drivers are mainly responsible for each
of the altered neuronal phenotypes. We hypothesized that normal astrocytes use their extracellular
vesicles (EVs) to carry neuroprotective molecules for enhancing the electrophysiological function and
longevity of iPSC neurons. To test this hypothesis, we have collected EVs from normal human
astrocytes for iPSC-neurons and monitored their physiological change. Additionally, we performed EV-
cargo analysis using Exo-RNAseq and proteomics assays for identifying neuroprotective vesicular
cargo molecules.
Aim 2-1. Study the astrocyte-mediated neurodegeneration in ALS using iPSC-derived spinal
astrocytes and isogenic motor neurons

Given the normal neuron’s significant dependence on astrocytes for their survival and function, we
hypothesized the diseased astrocyte’s continuous physiological input would cause severe
neurodegeneration, resembling the late-stage of ALS phenotypes. To test this hypothesis, we first
developed a differentiation protocol to generate both spinal astrocytes and spinal motor neurons from
iPSCs reprogrammed from normal donors and its isogenic mutant TDP-43 (Q331K+/-) counterpart.
Next, we analyzed the phenotypic difference between WT and TDP-43 mutant astrocytes and motor
neurons, followed by comparing the electrophysiological impact of normal and mutant astrocytes on
neurons by co-culturing the two cells.
Aim 2-2. Study the pathologic role of neuroinflammatory cytokines on ALS development using
iPSC-derived spinal motor neurons
Since many recent studies have shown that the overly reactive peripheral immunity that is mainly
comprised of astrocytes and microglia promotes neurodegeneration, we sought to understand how

excessive exposure to inflammatory stress affects the physiology of the iPSC-motor neurons. We
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screened 7 different cytokines known to be elevated in ALS patients’ cerebrospinal fluid in terms of
their ability to induce PD-L1 expression, which is a well-conserved immune-modulatory gene in most
mammalian cells. We found that IFNy, a pro-inflammatory cytokine secreted from immune cells
including astrocytes, significantly upregulates the PD-L1 expression on iPSC-motor neurons. Thus, we
hypothesized that excessive exposure of IFNy to the spinal cord may promote neurodegenerative gene
expressions of motor neurons, which could lead to manifesting severe pathologic phenotypes in motor
neurons. To test this hypothesis, we ran a single-cell RNA sequencing analysis of iPSC-motor neurons
with and without the IFNy treatment and compared their transcriptomic profile, as well as their
phenotype expressions such as cytoplasmic protein aggregation and electrophysiological impairment.
Aim 3. Assess the physiological relevance of the iPSC-spinal neurons by comparing
transcriptomic trajectories of differentiating in vitro culture to that of the developing human
spinal cord

Despite the progress in generating iPSC-derived spinal neurons, a fundamental gap is remaining
unresolved to apply the result for downstream neuromuscular tissue engineering and disease modeling
studies. First, the phenotypic immaturity of the iPSC-neurons is a critical roadblock for accurately
recapitulating the actual nerve physiology. Second, we still do not understand how different the iPSC-
neuron’s transcriptomic profiles are from those of native counterparts, thereby having clear limitations
in expanding their applications. In this last aim, we ran longitudinal single-cell RNA sequencing at each
differentiation stages of iPSC neurons to perform a side-by-side comparison of the result to the data
generated with native spinal neurons obtained from the fetal spinal cord at different gestational
stages. The time-course transcriptomic data revealed that our iPSC-motor neuron differentiation
protocol works well in terms of generating motor neuron-enriched culture by day 24, but at the same
time, significant disparities with that of in vivo dataset which identifies problems of the current induction
method to be resolved in the future. We expect this transcriptomic trajectory comparison will tell us how

we should modify the current differentiation strategy to better mimic the cellular population and gene
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expression profile of developing native spinal cord for generating reliable iPSC-neurons in a dish.
Furthermore, this time-course transcriptomic dataset will also provide us important clues about how
and when we should co-culture spinal neurons with iPSC-skeletal muscle to generate a functional
neuromuscular junction in our later projects, to eventually model NMDs in a tissue level that

encompasses upstream and downstream physiology of the disease.
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Chapter 2. The Neuroprotective Role of Normal
Astrocyte-derived Extracellular Vesicles

e This chapter has been published in the following manuscript

Changho Chun, Alec S.T. Smith, Hyejin Kim, Dana S. Kamenz, Jung Hyun Lee, Jong Bum Lee, David
L. Mack, Mark Bothwell, Claire D. Clelland and Deok-Ho Kim*, ‘Astrocyte-derived Extracellular
Vesicles Enhance the Survival and Electrophysiological Function of Human Cortical Neurons in
vitro’ Biomaterials, 271, 120700, (2021)

2.1 Abstract

Neurons derived from human induced pluripotent stem cells are powerful tools for modeling
neural pathophysiology and preclinical efficacy/toxicity screening of novel therapeutic compounds.
However, human neurons cultured in vitro typically do not fully recapitulate the physiology of the human
nervous system, especially in terms of exhibiting morphological maturation, longevity, and
electrochemical signaling ability comparable to that of adult human neurons. In this study, we
investigated the potential for astrocyte-derived EVs to modulate survival and electrophysiological
function of human neurons in vitro. Specifically, we demonstrate that EVs obtained from human
astrocytes promote enhanced single cell electrophysiological function and anti-apoptotic behavior in a
homogeneous population of human iPSC-derived cortical neurons. Furthermore, EV-proteomic
analysis was performed to identify cargo proteins with the potential to promote the physiological
enhancement observed. EV cargos were found to include neuroprotective proteins such as heat shock
proteins, alpha-synuclein, and lipoprotein receptor-related protein 1 (LRP1), as well as apolipoprotein
E (APOE), which negatively regulates neuronal apoptosis, and a peroxidasin homolog that supports
neuronal oxidative stress management. Proteins that positively regulate neuronal excitability and
synaptic development were also detected, such as potassium channel tetramerization domain

containing 12 (KCTD12), glucose-6- phosphate dehydrogenase (G6PD), kinesin family member 5B
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(KIF5B), spectrin-alpha non-erythrocytic1 (SPTAN1). The remarkable improvements in
electrophysiological function and evident inhibition of apoptotic signaling in cultured neurons exposed
to these cargos may hold significance for improving preclinical in vitro screening modalities. In addition,
our collected data highlight the potential for EV-based therapeutics as a potential class of future clinical

treatment for tackling inveterate central and peripheral neuropathies.

2.2 Introduction

The mammalian cerebral cortex is well organized with specific layers supporting distinct
neuronal populations.>~° Within the cortex, neurons not only form connections with each other, but
also with supporting glial cells. These neuroglial interactions are indispensable for ensuring neuron
survival, differentiation, maturation, regeneration and proper coordination of motor and sensory
information in the brain.>®-%* Astrocytes are the most abundant subtype of glial cells coexisting with
neurons in the central nervous system (CNS). They are known to provide structural and trophic support
to neurons, mediate synaptogenesis at early stages of neonatal brain development, maintain and
eliminate neuronal synapses, and modulate excitability of associated neurons.®® Animal studies have
revealed that astrogenesis, which begins during the later stages of neurogenesis (around E18 in
rodents), coincides with axon and dendrite outgrowth as well as synaptic initiation in neurons.%°¢¢
Although numerous studies have revealed a diverse range of astrocyte functionality on neurons,
detailed mechanisms of how these nerve cells specifically interact with each other during development
and beyond, and how their interactions are altered in diseased tissues, are not well understood. Recent
studies using murine-derived cells have described EV-mediated neuronal modulation by astrocytes in
response to inflammatory or oxidative stress®’~"", or from genetic mutation causing neurodegenerative
disease.”>’3 These studies have significantly broadened our understanding of exosome-mediated
control of neurons by astrocytes in pathologic conditions, but we still lack critical information on how

astrocyte-derived EVs modulate neuronal physiology in the normal human nervous system. Given that
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astrocytes show species-specific characteristics to exhibit significantly varied physiological features in
different organisms, reliable human model study of EV-mediated astrocyte-neuron interactions will
highly contribute to understanding neuroglial communication in normal human CNS development.

In this study, we utilized hiPSC-derived cortical neurons and human astrocyte-derived EVs to
investigate the effect of EVs on the physiological behavior of human neurons, with a particular focus
on their positive regulation of neuronal survival and electrophysiology. The data presented here
highlight the neuroprotective role of astrocyte-derived EVs, as evidenced by reduced apoptotic signal
expression and enhanced electrophysiological function in treated neurons. In addition, we analyzed the
proteomic profile of astrocyte EVs in order to identify cargo molecules that may be responsible for the

observed enhancement of neuronal survival and function.

2.3 Materials and Methods

2.3.1 Astrocyte cell culture

Commercially sourced human primary astrocytes were purchased from ScienCell Research
Laboratories (Carlsbad, CA) and were stored, thawed and sub-cultured based on the manufacturer’s
protocol. Cultures were maintained in a 37 °C / 5 % CO- incubator throughout the culture period and
the astrocytes were used up to passage five, to maintain consistent cell quality. Initially, the astrocytes
were cultured for 72 hours in a base medium with an astrocyte growth supplement and fetal bovine
serum provided by the same manufacturer. After 72 hours of culture, the medium was replaced with an
EV-free medium consisting of the base medium plus EV-depleted serum and supplement. The cells
were then cultured for an additional 12 to 84 hours, allowing them to secrete a maximal number of EVSs,
while maintaining less than 90% cell confluency before collection of the conditioned medium.
2.3.2 Human iPSC maintenance and cortical neuron differentiation

WTC11 human induced pluripotent stem cells stably transduced with a doxycycline-mediated

Ngn-2 overexpressing transgene were kindly provided by the Gladstone Institute (San Francisco, CA).
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These cells were maintained and differentiated according to the Gladstone protocol published
previously.”*"> The hiPSCs were differentiated into human cortical neurons using a previously reported
method with limited modifications. Specifically, 80% confluent hiPSC colonies on Matrigel-coated plates
(Corning) were dissociated into single cells using Accutase (Thermo-Fisher) and transferred on to fresh
Matrigel-coated plates. The cells were then treated with an induction medium including N2 supplement
(100x, Thermo-Fisher), non-essential amino acids (100x, Thermo-Fisher), Glutamax (100x, Thermo-
Fisher) and doxycycline (1000x, Sigma-Aldrich) to initiate differentiation. The cultures were maintained
with the same induction medium replenished every day for 48 hours before being passaged and
transferred to the final assay plate. Differentiated neurons at day 3 post-induction were transferred to
0.01% poly-L-ornithine (Sigma-Aldrich) and 5 pg/mL laminin (Sigma-Aldrich) coated glass coverslips
for subsequent analysis. Cells were then fed with BrainPhys medium supplemented with B27
(Invitrogen), laminin (Sigma-Aldrich), and 10 ng/mL brain derived neurotrophic factor (BDNF; R&D
Systems) every 3 days until endpoint analysis.
2.3.3 EV isolation and characterization

Astrocytes were cultured with vendor-provided base medium supplemented with EV-depleted
serum. The culture medium in which cell-derived EVs were secreted was collected after 12, 24, 36, 48,
or 84 hours of culture. A multi-step ultracentrifugation protocol was then applied to concentrate and
purify the EVs. First, a spin at 300 rcf for 10 minutes was used to remove detached cells. 2,000 rcf for
10 minutes was then used to remove dead cells before a spin at 10,000 rcf for 30 minutes was applied
to remove cell debris and apoptotic bodies. The EVs were then collected following 2 repeated
ultracentrifugation steps at 30,000 rcf for 70 minutes. The EVs in the final solution were sterile filtered
using a 0.2 um filter, resuspended in 50 uL of BrainPhys medium (Stem cell technologies), and stored
at -80 °C for up to one month until use. The size distribution and density of the collected EVs were
analyzed using a Nanoparticle Tracking Analyzer (Nanosight of Malvern Institute). Storage

temperature-dependent changes in modal size and particle concentration were analyzed at different
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temperatures (4 °C, -20 °C and -80 °C) at day 3 and 7. The changes in physical properties and total
protein concentration of EVs after repeated freeze-thawing cycles was analyzed using isolated EVs
that were repeatedly incubated at -80 °C and thawed at room temperature. After each cycle, EV proteins
were quantified using the Micro BCA Protein Assay Kit (Thermo Fisher) and following the
manufacturer’s protocol. The modal size and particle concentrations were measure using Nanoparticle
Tracking Analyzer.
2.3.4 TEM imaging

For transmission electron microscopy imaging of EVs, a Titan TM 80-300 (FEI) was employed
at an accelerated voltage of 200 kV. The isolated EVs were resuspended in DPBS and the samples
were deposited onto a Lacey Formvar/carbon-coated copper grids, then air-dried at room temperature
before analysis.
2.3.5 Immunocytochemistry

To verify successful differentiation of cortical neurons and homogeneity of cultured astrocytes,
cells were immunostained for expression of cortical neuron (layer 2 and 3) and glia specific markers.
Briefly, cells were fixed in 4% paraformaldehyde for 15 minutes followed by permeabilization using 0.2%
triton-X solution for 10 minutes. Cells were then blocked with 0.5% BSA in PBS for 1 hour at room
temperature. After blocking, cells were incubated with primary antibodies diluted in 0.5% BSA solution
in PBS overnight at 4°C. The next day, cells were washed 3 times with PBS, and incubated for 2 hours
in a secondary antibody solution containing secondary antibodies diluted in 0.5% BSA solution in PBS.
Coverslips were mounted on microscope slides using Vectashield containing DAPI (Vector Labs) to
counterstain samples for nuclei. Images were taken at the Garvey Imaging Core at the University of
Washington’s Institute for Stem Cell and Regenerative Medicine using a Nikon A1 Confocal System on
a Ti-E inverted microscope platform. Antibodies used in these experiments were as follows: rabbit anti-
MAP-2 (1:1000, Millipore), mouse anti-CUX-1(1:500, Thermo-Fisher), chicken anti-GFAP (1:1000,

Invitrogen), mouse anti-S100B (1:500, Sigma-Aldrich), Alexafluor-594 conjugated goat-anti-mouse
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secondary antibody (1:500, Invitrogen), Alexafluor-594 conjugated goat-anti-chicken secondary
antibody (1:500, Invitrogen) Alexafluor-488 conjugated goat-anti-mouse secondary antibody (1:500,
Invitrogen) and Alexafluor-647 conjugated goat-anti-rabbit secondary antibody (1:200, Invitrogen).
2.3.6 EV labeling and uptake study

An ExoGlow-protein EV labeling kit (System Biosciences, Palo Alto, CA) was used for live cell
EV imaging. Collected EVs were incubated for 20 minutes with the labeling dye (1:500) at 37 °C to
induce vesicular protein conjugation with the dye molecules. Then the solution was treated with the
ExoQuick-TC solution and incubated for 2 hours at 4 °C, followed by centrifugation at 10,000 rcf for 10
minutes to remove unlabeled reagent molecules and collect labeled EVs only. The labeled EVs were
resuspended in neuronal maintenance medium and added to neurons 72 hours post-differentiation at
various concentrations. A live cell imaging microscope (Eclipse T1, Nikon) was used to image
fluorescently labeled EV uptake by the cultured neurons. In these experiments, images were collected
at multiple locations from examined culture wells every 5 minutes for 2 hours. Additionally, neurons
treated with unlabeled EVs were fixed after 2 hours of treatment and immunostained with a mouse anti-
CD81 antibody (1:100, Thermo-Fisher) to quantify the relative amount of internalized EVs based on
fluorescence intensity. CD81 labeling was coupled with fluorescently-labelled phalloidin (for F-actin
visualization; 1:200, Invitrogen) to confirm the correct positioning of CD81 expression relative to the

cell cytoskeleton.
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2.3.7 Cell senescence and apoptosis assay

To quantify the population of senescent neurons in each culture condition, a B-galactosidase
staining kit (Sigma-Aldrich) was used. The cells were fixed at day 4 with 4% paraformaldehyde (PFA)
for 15 minutes. The staining solution was prepared by mixing 25 uL of the X-gal solution with 475 uL of
iron buffer to make a total of 500 pL for each well. The staining solution was added to the culture and
kept at 37 °C for 3 hours before assessment. The number of cells exhibiting blue dye accumulation in
their cytoplasm under bright field microscope was then compared for each group. To quantify apoptotic
cells in these cultures, Annexin 5 (Thermo-Fisher) with propidium iodide (PIl, Thermo-Fisher) was used
to label cells for flow cytometry analysis (BD Canto Il). Specifically, 200,000 cells per condition were
treated with fluorescently labelled Annexin V and propidium iodide for 15 minutes at room temperature.
These cells were then immediately washed before flow cytometry analysis to minimize cell death during
the assay process. The number of cells expressing Annexin V and/or Pl in each group was then
analyzed and quantified using FlowJo software (BD Biosciences).
2.3.8 Morphological assessment of neurons

To examine the effect of astrocyte-derived EV treatment on axon outgrowth, cultured neurons
were imaged 2 hours, 6 hours and 12 hours after plating. The length of the longest neurite segment for
each neuron was measured for every image taken at each time point. Additionally, neurons from each
group were fixed at each timepoint and stained with anti-neurofilament to enable comparative
assessment of axon length. The axon morphologies were analyzed using the Simple Neurite Tracer
plugin in Imaged. To measure axon branching, the neurons immunostained for neurofilament
expression were individually analyzed using the Neurond plugin for Imaged to identify the divergence

of axon terminals.

35



2.3.9 Electrophysiological assessment of neurons

Electrophysiological function of neurons in each group was recorded using whole-cell patch
clamp techniques. Recordings were performed on an inverted DIC microscope (Nikon) connected to
an EPC10 patch clamp amplifier and computer running Patchmaster software (HEKA). Coverslips
supporting cultured neurons were loaded onto the microscope stage and bathed in a Tyrode’s solution
containing 140 mM NacCl, 5.4 mM KCl, 1.8 mM CaClz, 1 mM MgClz2, 10 mM glucose, and 10 mM HEPES.
The intracellular recording solution (120 mM L-aspartic acid, 20 mM KCI, 5 mM NaCl, 1 mM MgCly, 3
mM Mg?*-ATP, 5 mM EGTA, and 10 mM HEPES) was loaded into borosilicate glass patch pipettes
(World Precision Instruments) with a resistance in the range of 2—-6 MQ. Offset potentials were nulled
before formation of a gigaQ seal. Suction was then applied to disrupt the cell membrane in contact with
pipette end. This process allowed electrical and molecular access to the intracellular space, and
membrane potentials were then corrected by subtraction of the liquid junction potential, calculated by
Patchmaster. The current clamp mode was used for recording action potential behavior of neurons.
Specifically, a 2 nA depolarizing single pulse was applied for 5 ms to induce single action potentials,
and stepwise current injections of 10 pA from -30 to +70 pA for 500 ms were applied to trigger repetitive
action potential firing. The action potential duration at 90% repolarization (APD90), depolarization
speed and repolarization speed were recorded for each group of neurons by the Patchmaster software.
Inward and outward currents were evoked in voltage clamp mode, by providing 500 ms depolarizing
steps from -120mV to +30mV in 10 mV increments. To measure resting membrane potential of neurons
in each group, gap-free recordings of spontaneous activity in patched neurons were performed in
current-clamp mode with 0 pA current injection. The analyses of action potential waveforms and
currents were performed using the Patchmaster software suite. All reagents used in this protocol were

obtained from Sigma-Aldrich.

2.3.10 Proteomics analysis
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The protein cargo profile of astrocyte-derived EVs was analyzed using a commercial proteomics
service (System Biosciences). Astrocyte conditioned medium was sampled after 84 hours of culture for
EV collection followed by protein isolation and mass spectrometry. Raw data was analyzed using
Proteome Discoverer (Thermo-Fisher). Protein function was then evaluated using the gene ontology
browser DAVID (version 6.8).

2.3.11 Statistical analysis

All experiments were performed using at least 3 independently cultured neuron populations. EV
treatments were derived from 4 independent batches of cultured astrocytes. Significant differences
between groups were evaluated using either unpaired, two-tailed t-tests or Mann Whiney-U tests
depending on whether the data was normally distributed. One-way analysis of variance (ANOVA), or
ANOVA on ranks depending on data normality, with post hoc tests for multiple comparisons were used
to compare data sets with more than two experimental groups. For analysis of repetitive firing via patch
clamp, contingency tables were constructed and used to run chi squared tests to determine whether
the distribution of data was dependent on cell type. In all experiments, a p value of less than 0.05 was
considered significant. All statistical tests were performed using the GraphPad Prism statistics software

(GraphPad Software Inc.).

2.4 Results

2.4.1 Doxycycline-mediated overexpression of Neurogenin-2 is sufficient to drive cortical
neuron differentiation from hiPSCs

Human cortical neurons were obtained following the previously developed protocol that uses an
iPSC line harboring a doxycycline-inducible neurogenin-2 (Ngn2) transgene; a transcription factor that
drives rapid conversion of stem cells to neurons.” Briefly, neuronal differentiation was induced by
applying doxycycline for 24 hours after single cell dissociation of iPSCs and completed by exposing the
early stage neurons to a specific induction medium for an additional 48 hours. This was then followed

by a change to medium supplemented with BDNF, B27, and laminin from day 3 onwards [Figure 2.1A].
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In the first 24-hour period following induction, stem cells rapidly became polarized and began to exhibit
growth cones indicative of initial neurite outgrowth. By day 3, neurite growth was more apparent and
distinct axon outgrowth in each cell was observed. Cells at day 7 gained a typical neuronal morphology
characterized by long axons with branched dendrites approaching those of adjacent cells and small,
well-defined soma [Figure 2.1B]. Differentiated neurons were transferred to laminin-coated assay
plates at day 3 for further maturation and analysis. The overall differentiation period (3 days) was
dramatically shorter than that required in conventional human iPSC-derived neuron differentiation,
which can take 4-6 weeks.?37%7" Immunocytochemistry data collected from these cells demonstrated a
high degree of homogeneity of cortical neurons for each experimental batch (n = 5), indicating
significant enhancements in reproducibility and yield, compared to conventional, small molecule-
mediated differentiation of human neurons. In particular, the uniform expression of CUT-like homeobox
1 (CUX-1) observed in the majority of examined cells verified the successful generation of pyramidal
cortical neurons specific to upper layers of the cerebral cortex. The immunocytochemistry results
highlight the reliability of the described method for producing differentiated neurons with which to study

the effect of internalized EVs. [Figure 2.1C]

2.4.2 Ultracentrifugation of human astrocyte conditioned medium leads to isolation of

consistent and highly-uniform EVs

The homogeneity of the cultured astrocyte population was confirmed using immunostaining for
two glial cell-specific protein markers, GFAP and S100B, which are known to be primarily expressed in
the astrocyte cytoplasm. [Figure 2.2A, 2.2B] Astrocyte-EVs were collected by serial ultracentrifugation.
TEM images of negative stained EVs. [Figure 2.2C] and the Brownian motion observed from laser-
scattered particles in the assay solution demonstrate the successful isolation of EVs from the

conditioned medium. The mean mode size of collected EVs was 124 nm, with a density of 1.5x10°
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Figure 2.1 Differentiation of cortical neurons from Ngn 2 overexpressing hiPSCs. (A) Differentiation protocol
highlighting the use of doxycyclin to initiate Ngn 2 transcription. (B) Morphological changes observed between initial
stages of differentiation and the later stages of culture. (C) Human iPSC-derived cortical neurons immunostained
using antibodies against CUX-1 (neuronal marker in cerebral cortex layers 2 and 3) and MAP2 (pan-neuronal

marker) with DAPI-stained nuclei. Inset shows clear expression of CUX-1 in the cell cytoplasm. Scale bar of inset
image: 20 pym.
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particles/mL, and minimal batch-to-batch variation. [Figure 2.2D, 2.2E] The number of collected
EVs were linearly proportional to the incubation time of the astrocytes, as they continuously proliferate
in culture but presumably maintain their EV secretion rates. Although there was no significant difference
in the number of collected EVs between 48 and 84 hours of astrocyte culture, we maintained all
subsequent cultures to 84 hours to obtain the maximum number of EVs for use in downstream
experiments before cells became overconfluent and started to deteriorate. [Figure 2.2F] Long-term
EV storage at temperatures below 4 °C and repeated freeze-thawing procedures did not cause
significant change in their mode size, particle concentration, or total protein concentration, [Figure 2.2G,
2.2H, 2.2l] indicating their stable nature in response to environmental changes. The mean zeta potential
of the collected EVs was -10.37 mV, which indicated that the vesicles possessed a negative net surface
charge. [Figure 2.2J] The uniform surface charge prevented the aggregation of particles due to their
electrical repulsion, leading to a stabilized nanoparticle suspension in the described system.
Quantitative proteomics revealed that extracellular matrix proteins were the most abundant protein type

inside the astrocyte-EVs, including fibronectin1 and collagen subtypes. [Figure 2.2K]
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Figure 2.2. Astrocyte identification and EV characterization (A) Bright field image of human primary astrocytes at day
3 of culture. (B) Astrocyte culture immunostained using antibodies against GFAP and S1008; glial cell markers primarily
expressed in astrocytes. (C) TEM images of EVs collected from primary astrocytes. (D) Size distribution of collected EVs
with various cell incubation time before EV collection. (E) Mode size of collected EVs with various incubation time measured
by NTA (Nanoparticle Tracking Analysis). Incubation times on the x axis indicate the time elapsed following EV-free medium
change at day 4. (F) Number of particles per mL in the EV solution with the various astrocyte incubation times. Effect of
long-term storage at different temperatures on EV mode size change (G) and particle concentration change (H). (I) Effect
of repeated freeze-thaw cycles on EV mode size, particle concentration, and total protein concentration. (J) Zeta-potential
of collected EVs after 84 hours of cell incubation. (K) The ten most abundant proteins detected in the EVs. In all presented
data, error bars are SD and **p< 0.005 ***p<0.0005 ****p<0.0001, ns not significant (n=3).

2.4.3 Differentiated cortical neurons readily uptake astrocyte-derived EVs

For the next step, we investigated whether astrocyte-derived EVs can be internalized by human
cortical neurons in culture. Antibodies against CD81 and the ExoGlow-protein EV labeling kit, which
covalently label internal EV proteins, were used to cross-check EV-specific protein expression in the
neuronal cytoplasm after EV treatment. The fluorescence signal from ExoGlow was optimized to
monitor the neuronal uptake of EVs in a live cell culture environment. After 1 hour of EV treatment,
followed by medium washing, 83.3% of neurons expressed fluorescence signal localized to their cell
bodies, indicating successful uptake of astrocyte-derived EVs to the cytoplasm of cortical neurons.
[Figure 2.3A] However, due to the short duration of the activated fluorescence moiety, the fluorescence
signal decayed rapidly after 2 hours of labeled EV treatment. To fluorescently quantify the amount of
internalized EVs, we instead immunostained neurons with antibodies against CD81 (a common
transmembrane protein on EV surface) after treating EVs with various cell to EV ratios. CD81
expression analysis revealed that EV-treated neurons exhibited significant increases in cytoplasmic
fluorescence intensity in a dose-dependent manner, providing further evidence of successful
internalization of EVs into the cultured neurons. [Figure 2.3B] Fluorescence intensity dramatically
increased when treating up to 25 EVs per cell and then reached a plateau, indicating that EV uptake
saturated near the 25 EV particles per cell ratio. [Figure 2.3C, 2.3D] Untreated neurons did not show
CD81 positivity, not only indicating the absence of EVs in the cell but also negligible levels of

endogenous CD81 expression in the cultured neurons. [Figure 2.3D]
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Figure 2.3. EV internalization assay using EV-specific markers (A) Live cell images of cortical neurons illustrating
localization of EVs stained with the ExoGlow EV-protein staining kit for 1 hour. (B) Representative cortical neurons double
immunostained with antibodies against CD81 and F-actin to demonstrate cytoplasmic internalization of differing amounts of
EVs. (C) The uptake efficiency of EVs at different neuron to EV ratios obtained by quantifying fluorescently labeled EVs. (D)
The relationship between CD81 fluorescent intensity in EV-treated cells with different cell to EV ratio. The fluorescence
intensity is expressed as relative values normalized to an untreated sample. In all presented data, **p< 0.005 ***p<0.0005
****n<0.0001, ns not significant (n = 3).
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2.4.4 Astrocyte-derived EV treatment inhibits neuronal apoptosis and senescence in cultured
neurons

Since differentiation of cells in culture is an intrinsically stressful process, it is perhaps not
surprising that the rapid (3 day) differentiation of neurons from hiPSCs in response to Ngn-2
overexpression produced high numbers of apoptotic cells. 92% of neurons without EV treatment
expressed at least one of the apoptotic markers examined, whereas EV treated neurons contained a
reduced population of early apoptotic cells. Increasing concentrations of EV treatments were found to
correlate closely with the percentage of healthy living cells identified from each group, strongly implying
a role for astrocyte-derived EVs in inhibiting neurons from entering the apoptotic pathway. Although the
EVs did not effectively rescue cells already undergoing late stage apoptosis, an apparent trend towards
a gradual reduction in the number of cells entering early stage apoptosis in all EV-treated groups
suggests that bioactive molecules encapsulated in the EVs were able to rescue these cells from
responding to pro-apoptotic signals in differentiating cultures. [Figure 2.4A, 2.4B]

We also studied the effect of astrocyte-derived EVs on morphological degeneration in low
density cultures to quantify any effect of the treatment on neuritic development. We plated early stage
differentiated neurons (day 3) at 10,000 cells/cm?, which constitutes 10% of our typical neuron plating
density for long term culture. EVs were applied 1 hour after neuron plating and medium was replenished
with fresh EV-supplemented medium every three days thereafter until the assay date. Untreated groups
quickly began to show significant neuritic deterioration and cells did not survive beyond day 8 of culture.
Conversely, EV-treated cultures showed normal axonal projections at day 4 and retained their robust
morphology until day 8. [Figure 2.5A] Additionally, we tested whether low-density cortical neurons were
susceptible to unusual cell senescence, and whether astrocyte-derived EVs could inhibit activation of
senescent pathways in these cells. B-galactosidase (p-gal) is a hydrolase enzyme that catalyzes the
hydrolysis of B-galactosides into monosaccharides in senescent cells that normally contain hyperactive
lysosomes.”®7° The cleavage of a chromogenic substrate (X-gal) solution by upregulated galactosidase

activity results in the precipitation of a purple dye in the senescent cell cytoplasm. We used a B-gal
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solution kit on each group of neurons and analyzed the expression of X-gal cleavage-mediated dye
precipitation in their cytoplasm. Low density neurons on day 4 without EV treatment clearly expressed
dark blue aggregates in their cell bodies, strongly indicating that the cells had adopted a senescent
state. The number of 3-gal positive neurons in the EV-treated group (1:100) were significantly less than
that of untreated controls at day 4 of culture, indicating that the vesicular cargo was able to inhibit early

neuronal senescence as well. [Figure 2.5B]
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Figure 2.4. Analysis of apoptotic neurons in response to treatment with various concentrations of astrocyte-derived
EVs (A) Flow cytometry analysis of neurons at day 6 using Annexin V (y axis) and propidium iodide (x axis). The inset
numbers indicate the percentage of cells occupying each quadrant. Q1 = early-stage apoptotic cells (Pl positive), Q2 = late-
stage apoptotic cells (both Pl and Annexin V positive), Q3 = early-stage apoptotic cells (Annexin V positive), Q4 = alive cells
(Pl 'and Annexin V negative). 10,000 cells per condition were used for this assay. (B) Quantification and comparison of the
number of analyzed cells correspond to each condition. A contingency table comparing EV treatment conditions against
apoptosis found that the two factors are significantly related (p = 0.008, Chi squared test), suggesting that the occurrence
of neuronal apoptosis is dependent on the amount EVs added in the culture medium.
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Figure 2.5 Neuronal senescence assay comparing untreated and EV-treated neurons at day 3 post-induction. (A)
Bright-field images taken from different time points in culture with and without EV treatment. (B) Bright-field images taken
after cells were stained with a (B-galactosidase solution that produces a precipitate in the cytoplasm of senescent cells
supporting hyperactive lysosomes. Scale bars of inset images: 20 um (C) Quantification of the number of 3-galactosidase-
stained cells in treated and untreated cells at day 4 of each culture. Error bars represent the standard error of the mean.
**p<0.005 (n = 3).

2.4.5 Astrocyte-derived EV treatment enhances single cell electrophysiology of neurons

Since astrocytes are actively involved in regulating electrochemical behavior of neurons in the
CNS, we hypothesized that neuronal electrophysiology may be modulated by means of secreted
astrocyte-derived EVs, based on the fact that the astrocytic coverage is limited to adjacent neurons,
while consistent electrochemical regulation is required for neurons throughout the CNS. We therefore

used whole cell patch-clamp techniques to investigate electrophysiological behavior in 4-weeks old
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cortical neuron cultures with or without astrocyte-derived EV treatment. Evoked action potential firing
in neurons treated with EVs was significantly improved compared with untreated controls, in terms of
repetitive firing behavior and action potential amplitude. [Figure 2.6A] The population of neurons
exhibiting repetitive firing behavior in response to 500 ms depolarizing current injections was much
higher in the EV-treated group (50% of total) compared with that of untreated controls (30% of total).
[Figure 2.6B] Due to the higher number of repetitive firing cells in astrocyte-derived EV treated cultures,
treated neurons also exhibited a significant increase in average action potential firing frequency
compared with untreated controls. [Figure 2.6C] Similarly, we observed shorter action potential
durations at 90% of repolarization (APDgo) in the EV treated neurons (5.61+0.08 ms) compared with
untreated controls (6.89+0.33 ms). [Figure 2.6D] Together, these results indicate that the EV-treated
neurons were more responsive to the input stimulus than neurons cultured without the aid of astrocyte-
derived EVs. Specifically, the improvement in action potential firing frequency may indicate that the
intracellular protein cascade (e.g. voltage-gated ion channels) that processes electrochemical stimuli
in EV-assisted neurons was more highly developed than those of untreated control cells. In particular,
the data suggest that activity of voltage-gated potassium channels might be affected by EV treatment
since a significant improvement in action potential repolarization was observed in treated cells whereas
the depolarization speed was consistent. [Figure 2.6E, 2.6F] Finally, we compared resting membrane
potential (RMP) between EV-treated and untreated neuronal populations. In these experiments, the
average RMP of EV treated neurons was -61.6£2.0 mV, whereas untreated neurons exhibited an
average RMP of -50+£1.76 mV. [Figure 2.6G] This significant decrease in RMP may indicate a greater
capacity for transmembrane proteins in EV-treated cells to mediate passive K* membrane permeability,
though further investigation of the mechanism is required. Another possible speculation is that the
internalized EV cargos promoted the development of a more physiological K* gradient in the
intracellular region of the cultured neurons. Such a result would therefore suggest that EV treated

neurons promote the expression of more functional ion pumps and/or transporters.
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Figure 2.6. Single cell electrophysiology of EV-treated and untreated neurons. (A) Representative action potential
traces recorded from EV-treated and untreated neurons. (B) Number of patched neurons exhibiting different action potential
firing patterns, categorized as ‘repetitive’, ‘adaptive’, ‘single’, and ‘none’. A contingency table comparing EV treatment
condition against firing behavior found that the two factors are significantly related (p = 0.018), suggesting that the frequency
of firing type occurrence is dependent on the presence or absence of EVs in the culture medium. (C) Maximum action
potential firing rate in each group of neurons measured in response to a 500 ms depolarizing current injection. (D) The
action potential duration at 90% of repolarization (APD90). Depolarization speed (E) and repolarization speed (F) of neurons
relative to the apex of the recorded action potential. (G) Resting membrane potential measured from unstimulated neurons
with 0 pA current injection. In all presented data, error bars represent standard error of the mean, and ***p<0.0003
****p<0.0001, ns not significant. n = 20 (untreated), n = 16 (EV-treated) for each data set.
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2.4.6 Proteomics analysis identify EV cargo proteins that promote neuronal survival, oxidative
stress management, and electrophysiological function

To identify molecular contributors to the above-mentioned physiological enhancement in EV
treated cortical neurons, we performed a quantitative EV-proteomics assay. Mass spectrometry data
processed with Proteome Discoverer produced a list of 875 proteins detected from three biological
replicates of astrocyte conditioned medium. We then used gene ontology (GO) analysis to categorize
the detected proteins in three major GO terms: cellular component, molecular function, and biological
process. Nearly 60% of the detected proteins originated from extracellular exosomes while the rest
were from cytoplasm, cytosol, and cell membrane. This result directly confirms that most of the proteins
we analyzed were from an exosomal origin, since exosomes themselves are cytoplasm/cytosol derived.
[Figure 2.7A] This analysis further specifies that the EVs we collected are highly likely to be exosomes.
A large portion of the listed proteins function for protein binding and cell-cell adhesion, likely indicating
that many of the EV-associated proteins detected were involved in facilitating EV binding and uptake
into the target cell, thus enabling its role as a potent intercellular transporter. [Figure 2.7A-1, 2.7A-2]
Using a list of common EV proteins reported by Choi et al. as a background, we then performed protein
enrichment analysis by comparing astrocyte-derived EV protein levels to the background. Proteins
identified from astrocyte-derived EVs were more heavily associated with integrin binding and
extracellular matrix organization than common proteins found generally in EVs. [Figure 2.7B] We then
further characterized astrocyte-derived EVs specifically for their cohort of membrane proteins by
referring to an up-to-date list of EV surface proteins reported by Wu et al.8® CD81 was the most
abundant membrane protein expressed on astrocyte-derived EVs, justifying our method of using CD81
as a reasonable marker for the identification and verification of neuronal EV uptake. [Figure 2.7C]
Although the majority of identified proteins work to support fundamental EV physiology and function,
we sought to find neuroprotective proteins and proteins potentially involved in neuronal
electrophysiology from the cargo protein profile. We found 40 proteins previously reported to negatively

regulate cell apoptosis (10 of them were neuron-specific) such as HSP90AB1, a-synuclein, LRP1, and
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APOE. [Figure 2.7D] Additionally, we found several cargo proteins that could potentially affect hiPSC-
derived neuron electrophysiological function. These include Potassium channel tetramerization domain
containing 12 (KCTD12), Glucose-6- phosphate dehydrogenase (G6PD), Kinesin family member 5B

(KIF5B), Spectrin-alpha non-erythrocytic1 (SPTAN1). [Figure 2.7E]
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Figure 2.7 Proteomics analysis of astrocyte-derived EVs. (A) Top 5 GO terms ordered by protein % for the following
categories: cellular component, molecular function and biological process. (B) The most enriched GO terms for each of the
GO categories using the normal EV cargo protein list as a background.81 (C) Normalized abundance of astrocyte-EV
membrane proteins discovered. The most up-to-date list of EV surface proteins as a reference is obtained from literature.8°
(D) Normalized abundances of astrocyte-EV proteins involved in the negative regulation of neuronal apoptosis. (E)

Normalized abundances of astrocyte-EV proteins that may be involved in neuronal ion channel and membrane excitability
modulation. In all presented data, error bars represent the standard deviation.
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2.5 Discussion

One possible mechanism of remote interaction between astrocytes and neurons is EV-mediated
signaling. EVs such as exosomes are generated as intraluminal vesicles through inward budding of the
multivesicular body; a subtype of late-stage endosomes.??-8% Endogenously programmed intracellular
trafficking of multivesicular bodies can either fuse them with lysosomes for subsequent degradation, or
with the plasma membrane to facilitate the release of their vesicular contents into the extracellular
space in the form of EVs.828889 |n addition to the cellular ‘waste disposal’ role of EVs, they are now
regarded as major carriers of soluble factors that mediate paracrine communication between various
types of cells within the CNS.8285 EVs encapsulate numerous proteins and transferrable mRNA, miRNA,
IncRNA and lipids in order to modulate recipient cell behavior through post-transcriptional gene
regulation, direct protein expression, or expression of transferred inhibitory RNAs8. For a detailed
description of these vesicles, please see recent reviews (Zhang et al. 2019, Basso et al. 2016).

The role of astrocyte-derived EVs in different neuronal subtypes has been studied in several in
vitro and animal model studies. These previous studies focused on phenotypic changes that occur in
EV secreting cells in response to various extracellular stimuli, such as inflammatory cytokine treatment,
which can result in significant changes to their EV profile and in turn induce remarkable degeneration
in neurons taking up these EVs.67:69727390 Despite these studies significantly expanded our
understanding of how astrocyte-derived EVs regulate their function to modulate neuronal physiology,
phenotypic disparity of astrocytes in the CNS of human and murine models has meant that a reliable
understanding of human astrocyte EV-based neuroglial communication remains elusive. Moreover,
previously published studies have primarily investigated the effect of astrocyte-derived EVs on neuronal
survival, morphological development, and population level electrophysiology using murine-derived cells
and multi-electrode array systems.®® While informative as a means to widen our basic understanding
of EV-mediated neuroglial communication, such studies are insufficient to delineate astrocyte-EV’s

comprehensive effect on the electrophysiological function of single neurons, and more importantly, to

52



define the EV cargo molecules that drive the reported physiological effects in treated cells. In this study,
we sought to elucidate the effect of astrocyte-derived EVs on hiPSC-derived neurons, focusing on their
role in enhancing electrochemical function. Moreover, we analyzed the cargo protein profile using EV-
proteomics to identify those proteins likely responsible for the physiological enhancements we observed.

We first confirmed the identity of hiPSC neurons differentiated for this study. The Ngn2
overexpressing i°N iPSCs developed by Wang et al. were used for rapid differentiation into highly
homogeneous human cortical neurons.” Doxycycline-induced differentiation generated CUX-1 and
MAP-2 positive cortical neurons after just 3 days in culture and these neurons were found to be capable
of absorbing EVs from the culture medium, likely via standard EV uptake mechanisms described
elsewhere.84°! Although the majority of the population in culture exhibited a cortical neuron identity, as
determined by expression of the above mentioned markers, the survival and function of these cells
following Ngn2 overexpression was not yet determined. Therefore, we measured their baseline health
and function using apoptotic markers, a senescence marker, and single cell electrophysiological
analysis in the absence of glial-derived support. Flow cytometry results using two different apoptosis
markers (Annexin V and propidium iodide) illustrated that the majority of these neurons at 3 days post-
induction were already apoptotic. Though the signaling mechanisms controlling neuronal apoptosis in
adult nerve tissue are not fully understood, previous studies have suggested a lack of paracrine trophic
factors such as neurotrophins and IGF-1 may lead to apoptotic cell death.®29% Other previous
observations have led to the hypothesis that deregulation of the cell cycle can directly trigger apoptosis
or oxidative stress can affect cell cycle machinery to promote apoptosis.® Insufficient provision of
growth factors and/or tolerance of oxidative stress are potent factors in driving the onset of
neurodegenerative disease. As such, the lack of direct support from glial cells in purified cultured
neurons may lead to misinterpretation of assay results, especially in neurodegenerative disease
modeling studies. Given that neuronal apoptosis is not a cell-autonomous behavior, we treated

astrocyte-derived EVs to early stage (day 3) cultured neurons to check whether the vesicular cargos
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could enhance neuron survival in culture. We confirmed that neuronal apoptosis was evidently
ameliorated following EV treatment and that survival improved in dose dependent manner. Our results
may imply that astrocyte-derived EV cargoes function to prevent initiation or early progression of
neuronal apoptosis but cannot reverse late stage progression in cells that are already committed to
apoptotic cell death. Our results correlate with a previous study using a rodent model that showed
expression of various neuroglobins in astrocytes exhibited an anti-apoptotic effect and suggested that
such factors might function as neuroprotective against endogenous and environmental stressors.%:%7
We then tried to define the cargo proteins responsible for this improvement by running EV-proteomics
analysis. Gene ontology analysis of the identified astrocyte-EV proteins identified 40 proteins that were
previously reported to negatively regulate the cell apoptosis signal. 10 of these proteins were neuron-
specific, including heat shock protein HSP90AB1, alpha-synuclein (SNCA), and low-density lipoprotein
receptor-related protein 1 (LRP1). Heat shock protein 90AB1, which functions as a molecular
chaperone to counteract cellular stress, was the most abundant among the anti-apoptotic regulator
proteins present in the EVs. Carnemolla et al. showed that astrocytes and oligodendrocytes transcribe
the HSP90aa1 and HSP90ab1 genes especially under heat shock response inhibited proteotoxic
condition. Additionally, Batulan et al. reported the inability of differentiated neurons to transcriptionally
induce endogenous heat shock responses after external stress in rodent model experiments.®® These
results, coupled with those presented here, suggest that astroglial heat shock protein support (rather
than endogenous HSP expression in neurons) helps alleviate stress in neurons and that this interaction
is mediated via EVs.

Additionally, EV treatment on low density neurons induced notable decreases in senescence
marker expression. Proteomic analysis revealed calreticulin (CRT) expression in the EV cargoes. CRT
is a highly conserved chaperone protein that predominantly resides in the endoplasmic reticulum. CRT
has been reported to block the translation of p21 via stabilization of the 5’ region of its MRNA, leading

to the repression of p21 protein expression.®® P21 is known to drive cell growth arrest and senescence,
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therefore its suppression should also repress senescent behavior. Taken together, our data highlight a
neuromodulatory function for astrocyte-EV cargo proteins that inhibits neuronal apoptosis and
senescence triggered by stressful conditions in culture.

We next evaluated neuritic outgrowth speed and neurite length in EV treated neurons. A recent
study using 3D co-cultures of neurons and astrocytes showed an interdependent structural
development in these cell populations.’® Astrocyte addition promoted denser dendrite development
and longer axons in neurons while astrocytes also benefitted in terms of enhanced cytoskeletal
outgrowth and proliferation. The study additionally illustrated that the degree to which astrocytic aid
contributed to neuronal axon and dendrite development was highly dependent on the distance between
the two cell types in culture. Astrocyte’s structural support was significantly reduced in distal neurons,
indicating their close contact is required for astrocyte-aided neurite development in neurons.'® Similar
to this result, we did not see meaningful enhancement of neuritic outgrowth speed nor axon length in
EV treated neurons, reconfirming that astrocyte’s structural support on developing neurons is unlikely
to be provided via remote, EV-mediated interaction.

Since the major physiological function of neurons in the cerebral cortex is their inter-neuronal
electrochemical signal transmission, considerable effort has been made to elucidate the role of
astrocytes in promoting synaptogenesis and synapse maturation. Rodent model studies found that
neurogenesis precedes astrogenesis in the cortex, but neuronal synapses do not form until the end of
astrogenesis.’®" They also form ‘tripartite’ synapses with pre-synapsed neurons, increasing synaptic
diversity and buffering neurotransmitter concentrations within the synaptic cleft to maintain
electrochemical homeostasis. Although their critical role in intercellular synapse development is well
defined in rodents, it has yet to be defined how astrocytes modulate the functional maturation of
developing neurons, particularly in the human cortex. Here, we hypothesized that secreted factors from

astrocytes contribute to the maturation of electrophysiological function in human cortical neurons, and
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demonstrated that astroglial-derived EVs significantly enhance single neuron electrophysiology as
determined by whole-cell patch clamp experiment.

Whole cell patch-clamp recording enables comprehensive electrophysiological assessment of
individual neurons, by measuring resting membrane potential, input resistance and capacitance, and
waveform analysis for evoked or spontaneous action potentials.’® The characteristics of action
potentials, such as depolarization and repolarization speed, action potential amplitude and frequency,
action potential duration, along with the amplitude of sodium and potassium currents, are all important
criteria for the validation of the functional maturity of neurons. Maximum frequency of action potential
firing indicates how well neurons can repeat the action potential firing cycle in response to protracted
depolarizing stimuli and depends on the strength of stimulus applied to the neurons. The nervous
system in our body is frequency-modulated, rather than amplitude modulated, meaning that the
intensity of a stimulus does not affect the action potential amplitude but it's frequency. With these
metrics, we examined whether astrocyte-EVs act to enhance any aspects of electrophysiological
maturation in cultured cortical neurons. We observed extensive improvement in the majority of
examined electrophysiological metrics in EV treated neurons. EV-treated neurons exhibited more
repetitive and consistent firing of action potentials in response to protracted depolarizing stimuli as well
as significantly lower resting membrane potentials than untreated neurons. Previous studies have
shown that addition of rat astrocytes to hiPSC-neural cultures induces dramatic enhancement of
functional development in neurons, in terms of dendritic arborization, electrochemical excitability, and
synapse formation. However, the underlying intercellular mechanism facilitating this positive regulation
was not elucidated. Based on our results, we can postulate that ion channel expression in early stage
hiPSC neurons may depend on the support of astroglial proteins and/or RNAs provided through remote
molecular transmission.

To investigate the molecular drivers of the electrophysiological improvement observed in this

study, we analyzed the cargo proteins collected within astrocyte-derived EVs. Proteomic analysis found
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the presence of proteins promoting excitability of neurons, such as KCTD12, KIF5B, G6PD, and
SPTAN1. Potassium channel tetramerization domain containing 12 (KCTD), an important protein for
neuronal excitability control, is known to increase GABAg receptor expression in neurons, which acts
in an excitatory manner during early stages of neuron development in contrast to their inhibitory role in
the mature CNS."03.1%4 Kinesin family member 5B (KIF5B) is a subtype of homologous kinesin 1 proteins
with the primary role of mediating long-distance molecular transport in neurons. Most of the previous
studies focused on their role as molecular motors, but a recent study showed KIF5B has distinct
functions in excitatory synapse and ion channel development and function. Knock-out of KIFB (but not
other KIF5s) induced significant reduction in the frequency of excitatory current generation in rodent
models.'%® Additionally, Su et al. reported the KIF5B regulates the axonal transport of voltage-gated
sodium channels, thereby indirectly controlling the excitatory electrochemical activity of neurons in the
CNS.106

Increased activity of Glucose-6- phosphate dehydrogenase (G6PD) is known to protect neurons
from Parkinsonism, mainly by protecting them from oxidative damage. Experiments conducted by
Loniewska et al. demonstrated that G6PD deficient mice exhibit significant cognitive abnormalities and
fail to replenish antioxidant glutathione, which detoxifies neurodegenerative reactive oxygen species
(ROS) in neurons.™” Neurons are one of the most vulnerable cell types to oxidative stress and reactive
oxygen metabolites are known to act to modify ion transport mechanisms via ion transport pathway
proteins.'® As such, stable ROS handling ability in neurons may constitute a critical prerequisite to
facilitate normal ion channel activities associated with electrophysiological function. Previous studies
have revealed that ROS can attack ion channel transporters directly or indirectly through lipid
peroxidation.’® The disruption caused by accumulation of ROS stress on neuron membranes has been
reported to alter membrane potential and current, ionic gradient, action potential duration and amplitude,
spontaneous excitability, and even resting membrane potentials.”’® Hool et al. also demonstrated that

ROS stress targets voltage-gated Na*, K*, Ca?*, and Ca?*-gated K* channels, and interferes with ATP-
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sensitive K* currents and L-type Ca?* currents.'’''2 The fact that CNS neurons have a limited
antioxidant capacity, and rely heavily on astroglial support to deal with oxidative stress, makes inclusion
of G6PD in the astrocyte-derived EVs a reasonable mechanism to facilitate remote support for neuronal
ROS handling. Interestingly, one of the most prominent ROS (hydrogen peroxide) is known to delay
the inactivation of sodium currents through altering K* channel activity."'° Since we observed a dramatic
ability for EV treatment to improve repolarization of cortical neurons but exerted little modulating effect
on the depolarization speed, we postulate that antioxidant support from astrocyte-EVs may contribute
to the restoration of a neuron’s repolarization function. Given that ROS mediated stress is known to be
involved in the pathology of numerous neurodegenerative diseases, these results highlight the
importance of further in-depth study into the molecular mechanisms that underlie ROS stress-induced
ion channel disruption. Such future work could help define common pathologic mechanisms across
multiple disease states and identify potential therapeutic targets with which to combat
neurodegeneration in the human CNS.

We also found small quantities of alpha Il-spectrin within astrocyte-EV cargoes, that potentially
work to stabilize Na* channels. Galiano et al. reported the alpha Il-spectrin stabilizes nascent sodium
channel clusters in cortical neurons and regulates the assembly of the node of Ranvier.""® Mutations in
alpha llI-spectrin are a known cause of early infantile epileptic encephalopathies, and have been shown
to alter the sensitivity of voltage-gated sodium channels, leading to abnormal action potential thresholds
in infant nerves.'* Additionally, the presence of EHD3 proteins in astrocyte-EVs, which has been
shown to regulate membrane excitability in neurons, could help explain the observed improvement in
action potential firing behavior in EV-treated neurons.'’® EHD3 in known to be differentially expressed
in pyramidal neurons of the pre-frontal cortex in patients with schizophrenia, further underscoring its

physiological role in modulating electrochemical behavior in cortical neurons.’"®
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2.6 Conclusion

In this study, we have investigated the extensive physiological effects of EVs secreted from
human astrocytes on hiPSC-derived cortical neurons. Treatment with an optimized EV concentration
was found to have a significant impact on the inhibition of neuronal apoptosis, presumably due to the
presence of anti-apoptotic proteins within the EVs. Additionally, we showed that EV treatment prevents
early senescence and improves the longevity of cortical neurons in culture. EVs also remarkably altered
the electrophysiology of single neurons. We observed a 40% increase in the number of neurons
exhibiting repetitive action potential firing behavior, three times higher maximum frequency in action
potential firing, and an 18.5% reduction in the APDgo of EV-treated neurons compared with untreated
controls. EV-treated neurons also showed a significant reduction in resting membrane potential and
faster repolarization speed, which all indicate a positive effect of astrocyte-derived EVs on their
functional maturation. We also characterized the protein profile of astrocyte-derived EVs to identify
protein cargos responsible for this dramatic enhancement of electrophysiological function. Several
astrocyte proteins known to be involved in regulating neuronal ion channel maturation, membrane
excitability, and oxidative stress handling were detected, which could explain the functional
enhancement of cultured neurons post EV treatment. The observations presented here provide useful
insights on the diverse modes of neuron-glia communication in the human CNS. These data may inform
on the use of EVs for developing more physiologically relevant nerve-on-a-chip assays for preclinical
screening applications, enhancing our capacity to model various types of neuropathies, and even the
development of novel therapies or biomarkers critical for combating neurodegenerative diseases in the

future.
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Chapter 3. Human stem cell model of astrocyte-mediated
neurodegeneration in ALS

3.1 Abstract

To understand ALS pathology as a whole, recent research efforts try to add glial components to
the conventional neuro-centric disease model. Glial cells’ extensive roles in neuronal development,
survival, and function in the CNS environment make the idea of glia-derived neurodegeneration
reasonable. Among those glial cells, astrocytes have been getting particular interest due to their
significant involvement in neurotransmission, intracellular stress management, homeostatic
maintenance, and immune responses in CNS. Studies of neuron-astrocyte communication in ALS
rodent models and clinical observations of patients’ post-mortem tissue implicated the diseased
astrocytes’ involvement is attributed to the diverse aspect of neurodegeneration. Although increasing
evidence equivocally points out that neurodegeneration is highly attributed to the aberrant astrocytic
reactivity, molecular drivers and mechanism of astrocyte-mediated neurodegeneration are not well
understood. Moreover, the lack of reliable human ‘astrocyte-neuron models’ that recapitulate the
progression of ALS pathophysiology has been a roadblock to understanding the symptomatic stage of
neurodegeneration as a whole. In this study, we generated iPSC-derived astrocytes and isogenic spinal
motor neurons from normal and ALS mutant lines (TDP43Q331K+/-) to investigate the pathologic effect
of mutant ALS astrocytes on the neurons as well as the therapeutic potential of normal astrocytes’
physiological input to the diseased neurons. We first compared the phenotype of motor neurons derived
from WT and ALS mutant iPSCs to understand the difference in their baseline physiology before adding
any astrocytic component. Then we co-cultured each group of neurons with WT and ALS mutant iPSC-
derived astrocytes to make 4 pairs of comparison, to understand how the different astrocytic input alters

the neurophysiology, to build a more comprehensive model of human neurodegenerative diseases.
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3.2 Introduction

Understanding the pathologic role of astrocytes in ALS development is one of the critical
milestones in the ALS study. An increasing number of recent studies have been demonstrating the
progressive neurodegeneration that occurs upstream of the disease is highly attributed to the
neurotoxic astrocyte inclusion.30:33.117-120 Gjgnificant infiltration of reactive astrocytes near neurons at
the symptomatic stage of ALS, and remarkable slow-down of motor and cognitive deficits after their
removal in animal models imply that astrocyte pathologies are mainly responsible for the disease
progression.3%121.122 Gijven that ALS has an extremely heterogeneous etiology including more than 20
genetic causes with a number of exogenous risk factors, aiming to effectively prevent its progression
before entering the symptomatic stage would be a more feasible way to treat the disease rather than
targeting the entire removal of all of the initial risk factors. Thus, understanding the progressive
pathologic mechanism by identifying the triggering factor(s) for the explosive development of
neurodegeneration is an indispensable task to achieving the goal.

Previous efforts to model astrocyte-neuron interaction in ALS tissue have been highly reliant on
rodent models bearing human mutant SOD1 transgene (SOD1%%4), which encodes enzymes that
convert superoxide into oxygen or hydrogen peroxide. The SOD1 mutation was identified in the early
1990s, takes 2.3% of total ALS cases, and the studies with this rodent model provided enormous
amounts of initial insights of pathologic neuroglial interactions. Those studies showed normal neurons
in the chimeric mice acquired an ALS phenotype when surrounded by SOD1 mutant astrocytes.’'”123
Further studies showed the genetic ablation of mutant SOD1 in astrocytes significantly delayed the
motor function impairment and extended the lifespan of treated mice, implicating the critical pathologic
mechanism that goes through astrocytes to exert neuron damage.®%'?* The SOD1 mutant astrocytes
were abnormally proliferative with enlarged protoplasmic morphology, and showed an elevated level of
mitochondrial ROS, downregulated EAAT2 expression which is supposed to uptake the excessive

extracellular glutamate for neuroprotection.?®> Another recent study of mutant SOD1 mouse models
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revealed the SOD1 mutant astrocytes have a lower threshold against inflammatory stress, induced by
IL-1a, TNF-a, and C1qa that generates reactive astrocytes. Guttenplan et al reported the significant
upregulation of reactive astrocyte markers (complement 3) in SOD1 mutant astrocytes with smaller
amounts of the exogenous inflammatory stress than for WT. The animals with reactive astrocytes
showed dramatically shortened lifespans and motor deficits, which was not the case for the immune-
compromised (knocked out of cytokine-releasing genes) mice. The significant delay of
neurodegeneration but similar onset age in the knocked-out model agrees with the idea that
inflammatory astrogliosis is highly involved in the disease progression phase, but not in the very initial
pathologic stage.?’

Despite the previous information collected from numbers of SOD1%%A rodent model studies,
research of pathologic astrocyte-neuron interaction in ALS is still in its infancy. The SOD1 mutation
case has been dominating the previous ALS studies by virtue of having the G93A SOD1 mouse model
developed in the 1990s, but it takes only 2% of entire ALS subclasses. More importantly, ALS with
SOD1 mutation exceptionally does not exhibit TDP-43 proteinopathy which is a hallmark of over 97%
of ALS cases, making its disease representativeness low.'"14125 Thus, understanding the contribution
of TDP-43 proteinopathy to ALS pathology by using a relevant astrocyte-neuron model would be a
critical prerequisite to resolving the secret of the common ALS pathology, for the development of widely
applicable ALS drugs. Finally, the murine model’s lack of physiological relevance to the human ALS
pathophysiology requires the development of a reliable human model to accurately mirror the TDP-43
dysfunction and severe neurodegeneration that occurs in actual patients.

In this study, we generated human iPSC-derived spinal cord astrocytes and isogenic motor
neurons from both WT and ALS mutant (TDP43@33K+-) stem cells, to investigate the pathologic role of
the diseased astrocytes on non-cell autonomous neurodegeneration. Specifically, we investigated the
physiologic effect of a mutation in TARDBP gene in astrocytes by hypothesizing the misregulation of

this RNA-binding protein will extensively alter the expression of the thousands of downstream genes
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that control astrocyte physiology, leading to the expression of severe neurotoxic phenotypes. We
compared the phenotype of WT and ALS mutant iPSC-derived astrocytes and also motor neurons
separately, to first analyze their baseline physiological difference which stems from the cell-
autonomous mutation. Then we evaluated the neuron’s electrophysiological function after co-culturing
with the two different groups of astrocytes, to understand how the different astrocytic input alters the

neuron’s electrophysiological function.

3.3 Materials and Methods
3.3.1 Motor neuron differentiation from iPSCs

WTC11 iPSCs from a normal donor were provided by the Conklin lab (Gladstone Institute, CA)
for normal motor neuron differentiation. Working with the University of Washington’s Institute for Stem
Cell and Regenerative Medicine Ellison Stem Cell Core, heterozygous TDP-43¢s« mutations were
introduced into the WTC11 iPSC line, using methods described previously.® Both the WT and mutant
iPSCs were passed onto Matrigel-coated 6-well plates and incubated at 37°C / 5% CO. in mTeSR until
they reached 50~60% confluency. At this point, cultures were differentiated into regionally unspecified
neural progenitor cells using a monolayer differentiation method adapted from Du et al.’” The cultures
were single-cell passaged onto fresh Matrigel-coated 6-well plates on day 5 and 11, and kept in the
induction medium until day 18. On day 18, the cultures were passaged on 0.01% poly-L-ornithine
(Sigma-Aldrich) & 50 mg/mL Laminin (Sigma-Aldrich)-coated assay plates or frozen down in mFreSR
medium (Stem cell Technologies). From day 18, the cells were exposed to culture conditions promoting
motor neuron maturation, essentially as described by Amoroso et al.’® The day 25 neurons were re-
plated to the fresh laminin plate and co-cultured with astrocytes until the end of each assay.
3.3.2 Spinal astrocyte differentiation from iPSCs

The same line of iPSCs were used to generate human astrocytes. The undifferentiated cells
were treated with the same induction medium of motor neuron differentiation until day 11, to obtain

neural progenitor cells with spinal cord lineage. At day 11, the cells were exposed to glial-induction
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medium mainly composed of Leukemia inhibitory factor replenished every day until day 18 passage. At
day 18, cells were dissociated for replating on Matrigel-coated 6-well plate with Leukemia Inhibitory
Factor (LIF) and BMP4 with the same concentrations for further differentiation. The culture was
passaged every 6 days on Matrigel plate until day 40. The day 40 culture were sorted with CD44 and
CD49f antibodies, to obtain mature astrocytes and expanded on the poly-ornithine / Laminin treated
culture substrate for downstream assays.

3.3.3 Co-culture of astrocytes and motor neurons generated from WT and Q331K+/- iPSCs

The day25 of iPSC-motor neurons were co-cultured with the day 45 of iPSC-derived astrocytes
on the laminin-coated 24 well culture plate and 48 well MEA plate. The neurons and astrocytes were
plated with the density of 100,000 cells/well. For MEA experiment, neurons were plated to form compact
monolayer to cover the embedded electrodes before adding the same number of astrocytes on top of
neurons. The mixed populations were fed with half-neuronal and half-astrocyte maintenance medium
after plating, and the fresh medium was supplied every day for the rest of the culture.

3.3.4 Immunocytochemistry

The cells were fixed in 4% paraformaldehyde for 15 minutes and blocked with 0.5% BSA in PBS
for 1 hour at room temperature. Cells were then incubated with primary antibodies diluted in 0.5% BSA
in PBS overnight at 4°C. The next day, cells were washed 3 times with PBS. They were then incubated
in a secondary antibody solution containing secondary antibodies diluted in 0.5% BSA in PBS overnight
at 4°C. Counterstaining was performed with Vectashied containing DAPI (Vector Labs). Images were
taken at the Garvey Imaging Core at the University of Washington’s Institute for Stem Cell and
Regenerative Medicine using a SP8 Leica Confocal System on an inverted microscope platform. 12-
bit 1024x1024 pixel images were acquired with LAS X Leica software. Antibodies used in this study
were as follows: mouse anti-S1008 (1 in 500, Thermo-Fisher), chicken anti-GFAP (1 in 1000, Thermo
Fisher), rabbit anti-EAAT1 (1 in 200, Thermo Fisher), rabbit anti-microtubule associated protein-2 (1 in

1000, Millipore), mouse anti-Islet-1 (1 in 10, DSHB), rabbit anti-TDP43 (1 in 200, Thermo-Fisher),
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mouse anti-Tud1 (1 in 500, Thermo-fisher), rabbit anti-Tud1 (1 in 200, Thermo-Fisher), Alexafluor-594
conjugated goat-anti-mouse secondary antibody (1:500, Invitrogen), Alexafluor-594 conjugated goat-
anti-chicken secondary antibody (1:500, Invitrogen), Alexafluor-647 conjugated donkey-anti-mouse
secondary antibody (1:500, Invitrogen), and Alexafluor-488 conjugated goat-anti-rabbit secondary
antibody (1:500, Invitrogen). Quantitative analysis of fluorescence images was performed with ImageJ
software.

3.3.5 Fluorescence Activated Cell Sorting (FACS)

Cells were lifted by incubation with TrypLE (Stem Cell Technologies) for 15 minutes. Cell
suspension was triturated 8-10 times and passed through a 70mm cell strainer (Sigma; CLS431751)
then diluted > 3x with PBS with calcium and magnesium. Cells were spun in a 15mL conical tube at
300 g for 5 minutes at room temperature. The cell pellet was resuspended in FACS staining buffer
(DMEM/F12, 1% FBS, 1mM EDTA) with 1:50 PE Rat Anti-Human CD44 (for astrocytes, BD
Biosciences), APC Mouse Anti-CD271 (for neurons, BD Biosciences) and APC Rat Anti-Human CD49f
antibody (for astrocytes, BD Biosciences) and incubated on ice for 20 minutes. The IgG-PE and IgG-
APC control dye was used for making secondary control groups. Cells were then washed twice in FACS
wash buffer (PBS, 1% FBS, 1mM EDTA) by spinning down at 300 g for 5 minutes and resuspended in
the culture medium. The CD44- & CD271+ cells (for neurons), CD44+ & CD49f + double-positive cells
(for astrocyte) were isolated via FACS on an ARIA-3 Cell Sorter (BD Biosciences) using the 70um
nozzle, at 20 or 23 psi. Data were analyzed using FlowJo version 9.

3.3.6 ATP-stimulated intracellular Ca?* imaging

Neurons at day 25, 32 and day 40 were treated with Fluo4-AM (Thermo-Fisher) for 30 minutes
at 37°C, washed twice with PBS without calcium and magnesium and imaged in the live cell imaging
solution. Live fluorescence imaging of the ATP induced Ca?* activity was done with an ArrayScan XTi
high-content imager (Thermo-Fisher). The whole field of view images at 20x magnification were

acquired with Photometrics X1 cooled CCD camera (Thermo-Fisher) at 4 Hz for 60 seconds with ATP
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(100uM, Thermo-Fisher) treatment. For quantification of the change in intensity over time, the cells in
each experiment group were outlined as regions of interest (ROls) and analyzed with ImageJ software.
Ca?* transients are expressed in the form of AF(t)/FO , where FO is a baseline fluorescence of a given
region of interest and AF is the difference between the current level of fluorescence F(t) and FO.
Fluctuations of AF(t)/FO of less than 0.05 were considered non-responses. The AF(t)/FO traces were

presented with the original R script of the author.

3.3.7 Glutamate uptake assay

CD49f+ astrocytes (WT and TDP43%331K*") were incubated with 100 uM glutamate (Sigma-
Aldrich) in the maintenance medium. The cell-free wells were equally treated with the same
concentration of glutamate as a control. The conditioned medium was collected after 3 hours and
analyzed with a colorimetric glutamate assay kit (Sigma-Aldrich), following the manufacturer's
instruction. The same culture medium without glutamate were also used as negative controls. The
absorbance of each well was quantified based on that of the glutamate standard solution. Three
biological replicates per condition were used for the final analysis.
3.3.8 Mitochondrial trafficking analysis

For mitochondria movement recording, neurons at day 32 were stained with Mitotracker Orange
CMTMRos (Thermo-Fisher) for 30 min. The stained cells were then washed twice with PBS without
calcium and magnesium and imaged via a confocal microscope (Nikon A1, 40x oil lense) equipped with
a live cell module maintaining 37°C, 5% CO 2 and > 90% relative humidity environment during recording.
Time-lapse recordings were taken with an exposure time of 500 ms interval between image capture for
2 minutes. All images were analyzed using the TrackMate plugin in the Imaged software to calculate
instantaneous velocity of individual mitochondria. Each mitochondrion present in the axons of cells
within the field of view were captured as individual particles and tracked frame by frame. The
instantaneous velocity of each mitochondrion at each time point was then plotted as a histogram with

0.5 ym/second intervals. The data were normalized so that the relative velocity in WT cells was 1. In
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so doing, the mitochondrial speed in neurons in all other experiment groups was calculated as a single
relative value. GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) was then used for post
hoc counting and plotting the frequency of instantaneous velocities.
3.3.9 Multi-Electrode-Array assay

Population-level of electrophysiological function in motor neuron cultures was assessed by a 48-
well multielectrode array (MEA) system using the Maestro MEA system (Axion Biosystems). The day
21 cells were plated on the Cytoview 48 well plate (Axion Biosystems) at the density of 100,000 cells
per well followed by adding the same number of iPSC-astrocytes (Day 50) on top of neurons. The
maintenance medium was replaced every day. The recording was taken every day from day 22 to day
40 for all experiment groups. During data acquisition, standard recording settings for spontaneous
neuronal spikes were used (Axis software, version 2.5), and cells were maintained at 37°C/ 5% CO:>
throughout the 2-minute recording period. The standard settings have 130 x gain, and record from 1 to
25000 Hz, with a low-pass digital filter of 2 kHz for noise reduction. In all experiments, spike detection
was set at 5x the standard deviation of the noise and network burst detection was recorded if at least
25% of the electrodes in a given well showed synchronous activity. Reported results were calculated

by averaging all of the electrodes in each well, then averaging data from duplicate wells.
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3.4 Results

3.4.1 Spinal motor neuron are successfully differentiated from WT and TDP43®33'K*- |pSCs
Human iPSC cultures (WT and TDP43®33'K+-) were differentiated to regionally unspecified

neural progenitor cells using a monolayer-based protocol adapted from Du et al. [Figure 3.1]

Caudalization

TGF-R /BMP4 Ventralization Spinal neuron progenitor

generation & expansion Neuronal maturation

Day-1 Day0 Day5 Day11 Day18 Day25 Day40
| | | | | | L,
single iPSC DMEM/F-12 z single cell passage single cell passage . €D44- / CD271+ sorting
passage + Neurobasal ‘3” N3 +RA+AA RA + AA + Pur (0.1uM)  Single cell passage(PLO/Lam)
+ Glutamax -3 + Pur (0.5 uM) + SAG (0.5 uM) + SAG (0.1uM) Transfer to assay substrate
+ N2 + NEAAs c +SB + LDN + CHIR (1 uM) + BDNF (10ng/mL) + GDNF (10ng/mL)
+B27 +PIS 3 + CNTF (10ng/mL) + IGF-1 (10ng/mL)
- Pur - SAG

AA + SB + LDN + CHIR (3uM)

Figure 3.1 The protocol for ventral spinal motor neuron differentiation adapted from Du et a/

The cells were subsequently exposed to differentiation conditions toward a caudal and ventral spinal
phenotype, essentially as described by Amoroso et al.’® The differentiating cells were bearing distinct
neuronal morphology, characterized as multi-polar cell bodies with evident neuritic outgrowth. [Figure
3.2A] The day18 progenitors were positive for Nestin and PAX6 staining, the early marker of
neurogenesis. [Figure 3.2B] The day 25 cells of both groups were highly expressing neuronal marker
CD271 (P75NTR) on their surface but a negligible amount of CD44, which stains the glial cell population
in this lineage of culture. [Figure 3.2C, 3.2D] The 39 % of day 25 WT cells expressed motor neuron
specific transcription factor Islet-1 and all of them expressed a pan-neuronal marker Tud1 (B Ill tubulin).
Similarly, 42 % of the TDP43933'K+*- cells on the same day were positive for the Islet-1 staining, and all
of them expressed TuJd1. The expression levels of both Islet-1 and Tud1 in WT and the mutant culture

were not significantly different. [Figure 3.2E, 3.2F]
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Figure 3.2 The differentiating cells highly express neural progenitor and spinal motor neuron markers while
exhibiting distinct morphological development (A) The cells exhibit dramatic morphological change along the
differentiation. Day25 cells have distinct morphology of neurons with extended neurites (B) Day 18 cells express Nestin
and PAX®6, which are canonical markers for neural progenitors. The FACS result of day 25 culture. The cells are stained
with antibodies against CD271 and CD44 for (C) WT and (D) Q331K+/- mutant group. (E) (F) Similar % of the WT
and TDP-43 mutant culture at day 25 express Islet-1 and TuJd1, indicating the successful motor neuron differentiation
from both groups of iPSCs.

3.4.2 WT and TDP43®331K+- jpSC-derived motor neurons showed a phenotypic difference in their
electrophysiology but not in other functional aspects

The two groups of differentiated neurons from WT and TDP43®33'K+- iPSCs were compared in
terms of the TDP43 expression pattern, axonal mitochondria movement, and electrophysiologic
functionality to investigate the neuron-autonomous disease phenotypes. We postulated the mutation
in TARDBP gene could cause the increase of TDP-43 protein expression level as a compensation
mechanism, as well as induce cytoplasmic mislocalization which is commonly observed in nerve cells
with diverse neurodegenerative diseases. However, we did not observe a significant difference in TDP-
43 localization pattern between the normal and mutant groups. The TDP-43 protein was dominantly
expressed in the neuronal nuclei in both groups with a similar co-localization value (Pearson’s R-value),
indicating the TARDBP mutation in neurons per se is not a direct cause of the protein mis localization
or aggregation. [Figure 3.3A, 3.3B, 3.3C] However, the entire gene expression level of TDP-43 in both
groups became significantly different after the development, implying the compensation mechanism
might be applied to make up the dysfunctional TDP-43 expression in neurons. [Figure 3.3D]

We also compared the intracellular calcium release ability of WT and mutant neurons at day 27.
Both groups of cells did not show significant difference in terms of % cells responding to the ATP
stimulation and average fluorescence intensity change, indicating the TDP-43 mutation might not impair
intracellular calcium release ability upon extracellular stimulation. [Figure 3.4A, 3.4B] Furthermore, we
compared the axonal trafficking speed of mitochondria which is an important function to maintain axon

physiology, especially in motor neurons with extremely long axons. We did not observe any significant
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difference the mitochondria trafficking speed in mutant neurons than that of WT neurons. [Figure 3.4C,

3.4D]
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Figure 3.3 The TDP-43 expression pattern in WT and Q331K+/- iPSC-derived neurons. (A) The immunocytochemistry
image of TDP-43 expression in WT and Q331K+/- mutant neurons at three different time points of differentiation. (B) The
quantitative comparison of cytoplasmic TDP-43 allocation in WT and mutant neurons at day 40. (C) The quantified degree
of co-localization for TDP-43 and DAPI expression in both groups at day 40 (D) The overall level of TDP-43 RNA (qPCR)
at various developmental time points in both groups of neurons. In the presented data, error bars represent standard
deviation, and *p<0.05, ****p<0.0001, ns not significant.
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Figure 3.4 The comparison of intracellular calcium release and axonal mitochondria trafficking between WT and
Q331K+/- mutant neurons at differentiation day 27. (A) The trace of fluorescence change recorded for individual cells
upon exogenous ATP stimulation using Fluo-4. (B) The maximum fluorescence intensity changes under the ATP
treatment in each group (C) Schematic and example fluorescence image of axonal mitochondria trafficking (D)
Quantitative summary of mitochondria trafficking speed compared in each group. (ns not significant)

However, the electrophysiological functions of the neurons in each group were significantly
different in terms of action potential firing rate, burst frequency, burst duration, and network burst
frequency. The time-course MEA recordings with both groups of neurons all showed a gradual increase
in the action potential firing frequency until day 30. However, the WT neurons showed a dramatic
increase in firing frequency from day 31 whereas that of mutant neurons drew a plateau from the same
time point. On the day of peak functionality, WT neurons showed significantly higher firing rates, a

number of burst firings and their duration, and network burst firing frequencies than those of mutant

neurons. [Figure 3.5]
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Figure 3.5 The electrophysiological function of WT and Q331K+/- neurons (A) lllustration of MEA experiment (B)
Longitudinal comparison of action potential firing frequencies in WT and Q331K+/- neurons from day25 to day 32. (C)
Side-by-side comparison of various aspect of electrophysiology of neurons in both groups at the day of peak functionality
(Day32). In the presented data, error bars represent standard deviation, and *p<0.05, **p<0.005, ****p<0.0001.

3.4.3 Spinal astrocytes are successfully differentiated from WT and TDP43®331K+-{pSCs
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Figure 3.6 The spinal astrocyte differentiation scheme adapted from Tchieu et a/

Human iPSC cultures (WT and TDP439331K+-) were differentiated into astrocytes by suppressing
neurogenesis while activating spinal astrogenic transcription factors through a series of small molecules
treatment. [Figure 3.6] The iPSCs were differentiated into regionally unspecified neural progenitors by
day 11 using the same protocol for motor neuron differentiation, since the astrocytes and neurons share

the same progenitors (neuroepithelial cells) at the early embryogenic stage. The progenitors in natural
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environment are fate-restricted to differentiate into neurons and the rest of them proliferates for
astrogenesis by turning on the gliogenic transcriptional switches (JAK-STAT pathway) while repressing
pro-neural transcription factors after completing the neurogenic phase.'®?" Thus, we followed their
native developmental sequence by temporally optimizing the small molecule treatment scheme at each
of the differentiation phases. From day 11 to day 18, the progenitors are expanded by treating fibroblast
growth factor (FGF2) and epidermal growth factor (EGF) before inducing astrogenic transcriptions. The
TGF-p was additionally treated at this phase, since the TGF-3 was recently reported as an upstream
activator to induce NF1A (Nuclear Factor 1A) gene expression which induces glial competency.?? The
study demonstrated a transient but not chronic expression of NF1A effectively increased the expression
of glial specific cytoskeletal marker GFAP (Glial Fibrillary Acidic Protein) by temporarily lengthening the
concomitant G1 phase. At day 18, the culture medium switched to astrocyte induction medium having
LIF and BMP4 for daily feeding until day 24 passage. LIF is a cytokine in interleukin-6 family, secreted
from neurons to help notch to turn on the JAK-STAT signal. BMP4 induces the formation of SMAD1-
STATS3 transcription factor complex that transactivates the astrogenic genes such as STAT3, CD44,
AMOG.? The cells at day 25 were sorted with antibodies against CD44 to remove neuronal population
(CD44-) and further differentiate the CD44+ early astrogenic progenitors. The post-sorted cells were
passaged every 6 days to maintain the initial density in culture. The CD44+ cells exhibited polarized
morphology but a non-neuronal shape of cytoskeleton projection, characterized by a large cytoplasmic

area with a protoplasmic shape. [Figure 3.7A]
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Figure 3.7 The identification of iPSC-derived astrocytes post live cell sorting (A) time course morphological change
of differentiating astrocytes from day 0 to day 50 after sorting. FACS sorting result of (B) WT culture and (C) Q331K+/-
mutant culture using antibodies against CD44 and CD49f. Difference in protein expression and morphology of CD44-
cells with the CD44+ / CD49f+ astrocytes from (D) WT and (E) Q331K mutant iPSCs at day 45. (F) Reference image of
primary human astrocytes stained against the same antibodies. Matured astrocyte marker and ventral spinal marker
expression of (G) WT and (H) Q331K+/- culture at day 60. Quantification of (I) S1008, GFAP (J) EAAT2 expression and
(K) cytoskeletal size comparison of the differentiated astrocytes in both groups. In the presented data, error bars represent
standard deviation, and *p<0.05, ns not significant.

At day 45, the cells were sorted again with CD44 and CD49f antibodies which are integrin-
binding proteins expressed on the early and late stage of astrocytes, respectively. Barbar et al
demonstrated the CD49f to be exclusively expressed on matured astrocytes’ surface but not on other
glia or neurons through comprehensive single-cell RNA sequencing analysis.?* The majority of day 45
cells in both WT and mutant groups expressed CD44 (>84%) and CD49f (>79%), verifying a successful
differentiation of astrocytes despite having the mutation. [Figure 3.7B, 3.7C] The CD44+ and CD49f+
double positive cells were plated on the PLO/Laminin coated substrate for further maturation until the
assay date. The plated cells showed apparent morphological differences with the CD44- cells of which
majorities of the cell expressed neuronal marker BllI-tubulin (TuJ1). [Figure 3.7D, 3.7E]. The CD44+
& CD49f+ cells at day 45 showed similar morphological development and heterogeneity with those of
the primary human astrocytes [Figure 3.7F]. The astrocytes were further matured for 15 more days
post-sorting, until reaching the stage of expressing Excitatory Amino Acid Transporter 2 (EAAT2). The
majority of WT and Q331K+/- astrocytes expressed S1003 and GFAP, which are calcium binding
protein expressed from early astrocyte progenitors and intermediate filament protein expressed from
the later stage of astrogenesis, respectively [Figure 3.7G, 3.7H, 3.71]. The uniform expression of
HOXB4 in their nuclei further verified the ventral spinal identity of the sorted cells [Figure 3.7G, 3.7H].
The percentage of cells expressing EAAT2 in WT astrocytes was higher than that in mutant astrocytes
on the same day, implying the extracellular glutamate uptake function might be compromised via the
Q331K +/- mutation in astrocytes.[Figure 3.7G, 3.7H, 3.7J] Additionally, GFAP-stained cytoskeletal

area of mutant astrocytes was larger than that of normal astrocytes [Figure 3.7K], which agrees with
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previous findings that various ALS-patient-derived astrocytes have hypertrophic phenotypes in

common.?®

3.4.4 Electrophysiological function of neurons are affected by the co-cultured astrocytes in
unexpected way

Next, we sought to compare the electrophysiological function of neurons under the presence of
WT and Q331K+/- mutant astrocytes. We generated 4 pairs of astrocyte/neuron co-culture (WT MN +
WT AC, WT MN + mutant AC, mutant MN + WT AC, mutant MN + mutant AC) by adding day 45
astrocytes to the same number of motor neurons plated on the MEA wells on the differentiation day 25
which is after their neurogenic phase, and daily recorded the firing behavior of neurons for 10 days.
Unlike the hypothesis we made, the WT astrocytes did not improve the electrophysiological function of
WT neurons, rather decreasing the firing frequency, and Q331K+/- mutant astrocytes showed a similar
effect on the firing frequency of WT neurons. [Figure 3.8A] Conversely, the mutant neurons which
were initially compromised on their firing function presumably due to the downstream effect of TARDBP
mutation showed an increasing pattern of the firing frequency when cultured with both groups of
astrocytes, regardless of their genotypes. [Figure 3.8B] On the final day of recording, this trend was
more obvious showing that the neuronal firing frequency was not affected by the mutation status of
astrocytes. In both groups of neurons, adding WT and mutant astrocytes induced a similar trend of
firing frequency change, implying the response to the astrocytic input is highly regulated by the intrinsic
mutation of neurons. [Figure 3.8C, 3.8D] However, it is unclear why the addition of normal astrocytes
impairs the firing function of WT neurons, and the reason for the functional improvement of mutant
neurons after co-culturing with mutant astrocytes. We will discuss more of the possible reasons for this

counterintuitive observation in the following discussion section.
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Figure 3.8 The electrophysiological function of WT and Q331K+/- neurons after astrocyte addition The
representative trace of time-course mean firing rate change of WT motor neurons with WT and mutant astrocyte co-
culture (A) and mutant motor neurons with the same set of astrocyte co-culture (B). The consolidated data of the
neuronal firing frequency at the last day of the MEA assay for three batches of experiment for WT motor neurons (C)
and mutant motor neurons (D). In the presented data, error bars represent standard deviation, and *p<0.05,
****p<0.0001, ns not significant.

3.5 Discussion

The WTC11 iPSCs developed and shared by Bruce Conklin’s group (Gladstone Institute, CA)
were used to generate normal ventral spinal neurons and isogenic astrocytes. For ventral spinal neuron
differentiation, the iPSCs were treated with a series of induction mediums containing morphogens for
driving neural progenitors followed by adding ventralizing and caudalizing factors at the defined
temporal window for specifically priming progenitor cells into the desired lineage of neurons. The
homogeneous expression of Nestin and PAX6 on day 18 cells confirmed the successful generation of
regionally unspecified neural progenitors with a minimal amount of contaminating cells from different

germ layers. Also, the culture was highly enriched with the neural rosettes by day 12-15, resembling
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the early neural tube formation in vivo spinal cord development. The day 18 passaged cells were further
treated with neural maturation factors until the homogeneity assessment via flow cytometry on day 25
with antibodies against CD271 (P75NTR) and CD44. CD271 is a transmembrane neurotrophin receptor
protein enriched on neurons, for which the downstream signals control the neuronal differentiation,
growth, and death during their life cycle.?® CD44 is a hyaluronic binding transmembrane receptor
protein that works for cell-surface adhesion, known to be minimally expressed on neurons but highly
on the differentiating glia.?’~2° Both WT and mutant cells were highly expressing CD271 (80~83%)
whereas CD44 expression was negligible, demonstrating the enrichment of neuron population in the
day 25 culture. The motor neuron-specific transcriptional factor Islet-1 was partially expressed on the
neurons in both groups, indicating the possible inclusion of ventral interneurons in the cultures, though
more detailed subpopulation analysis is required. In spite of having a pure population of neurons by
day 25 of culture, a small number of non-neuronal cells in both groups gradually proliferated to form a
mixed culture with the post-mitotic neurons around day 40.

We next analyzed the TDP-43 expression pattern to investigate whether the mutation in the
TARDBP gene causes cytoplasmic aggregation of the TDP-43 in neurons. The cultures at day 25,32,40
were fixed and stained against human TDP-43 protein and quantified their cytoplasmic protein
expression in both groups. Additionally, we have compared their TDP-43 mRNA expression level at
multiple time points to compare the overall TARDBP gene transcription level throughout their
development. Surprisingly, we did not observe an evident difference in the expression pattern of the
TDP-43 between the WT and Q331K+/- mutant cells and both of their TDP-43 were well localized in
the nuclei at all assay time points. This indicates that the misallocation and/or aggregation of the TDP-
43 observed in the post-mortem tissue of ALS patients may not be driven by the inherent mutation in
neurons but needs an extracellular trigger to turn on the pathologic signal. Since the numbers of
evidence verified that cytoplasmic TDP-43 inclusion is a pathogenic factor rather than merely a

downstream disease phenotype, it is critical to elucidate specific non-neuron autonomous preconditions
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deriving their TDP-43 proteinopathy. Interestingly, the absolute amount of TDP-43 transcript in mutant
cells post-differentiation was significantly larger than WT, in contrast to the similarities in the protein
localization pattern. This might be due to the compensation mechanism of the impaired gene to
quantitatively make up the deficiency of protein activity but more studies are required to understand
this aberrantly elevated level of the TARDBP transcript in mutant cells.

Next, the functionalities of the differentiated neurons in both groups were evaluated by the MEA
experiment. We daily recorded their spontaneous field potential traces from day 25 to 32 upon
continuous ionic stimulation naturally occurring inside of the culture medium. Both of the cultures were
able to fire comparable action potentials with mean firing frequencies of 5~7 Hz by day 30 but the mean
firing rate of WT neurons outpaced the mutant neurons distinctively from day 31. The electrophysiology
of the day32 WT and mutant cultures exhibited apparent differences in terms of individual firing
frequency, burst firing frequency, burst duration, and network burst firing frequency which measures
the interneural signaling abilities in culture. The result suggests that the TDP-43 mutation in neurons
per se could affect their electrophysiological function, implying an extensive downstream effect of
having a mutation in RNA binding protein.

We sought to understand how their baseline function could be affected by the astrocytic input.
For astrocyte differentiation, we utilized the spinal neuron differentiation protocol for generating
regionally unspecified progenitors based on the fact that the spinal astrocytes are generated from the
same progenitors with neurons. To optimize the astrogenesis process, we have tested a diverse
morphogen treatment scheme with varying conditions including sequence and duration of astrogenic
factors (LIF, BMP4, TGF-B, CNTF) addition and treating concentration. The final protocol was
established based on the result of CD49f and CD44 protein expression %, which was proven to
effectively discriminates the astrocytes from other glia and neurons. CD49f is a laminin-binding protein,
recently discovered as a novel astrocyte marker by Barbar et al.?* The authors showed negligible

expression of the surface protein in immature astrocytes, oligodendrocytes and neurons, but
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exclusively on matured astrocytes. As mentioned, CD44 is an effective surface marker to sort glial cells
from heterogeneous neuroglial culture, since the protein is enriched on the glial cell membrane but not
on neurons. We have used both protein markers to evaluate the differentiation status as well as
selectively sort differentiated astrocytes for the downstream experiments. The consistent FACS result
of over 80% of CD49f and CD44 positivity in day 45 culture verified the successful induction of
astrocytes by the time.

The similar expression level of both surface markers and S1008, GFAP, HOXB4 in WT and
Q331K+/- mutant culture demonstrated the mutation does not significantly hinder ventral spinal
astrogenesis. However, since fewer of the mutant astrocytes expressed EAAT2 than WT astrocytes,
one of the downstream phenotypes of TDP-43 mutation might be the damaged extracellular glutamate
clearing ability. Additionally, the cell body size of mutant astrocytes was significantly larger than that of
WT cells, which agrees with the previous observations of hypertrophic astrocytes explanted from
neurodegenerative animal tissue.?® To analyze more comprehensive downstream phenotypes of TDP-
43 mutation in astrocytes, functional assessment such as intracellular calcium release, extracellular
glutamate absorption, and clearance of reactive oxygen species along with the side-by-side
transcriptomic comparison of mutant astrocytes with WT counterparts are required.

Lastly, we co-cultured the differentiated motor neurons with astrocytes, both for WT and
Q331K+/- mutant group to investigate how the astrocyte addition alters neuronal electrophysiology. We
hypothesized that the normal astrocytes will increase the firing rate of co-cultured WT and mutant
neurons, whereas mutant astrocytes exert the opposite effect. However, the MEA analysis showed the
modality of the response to the astrocyte addition was more dependent on the mutation status of
neurons. WT motor neurons showed an impaired firing function under the effect of astrocytes
regardless of their mutation status. Conversely, mutant motor neurons showed an increasing trend of
firing function with both WT and mutant astrocytes. This unexpected result might be attributed to the

insufficient maturity of iPSC-derived astrocytes, since the canonical markers we used for cell type
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identification are unable to tell us whether they are ready to interact with neurons, although this
hypothesis still cannot fully explain the opposing trend of firing behavior in WT and mutant neurons with
astrocytes. Another possible reason is the unoptimized co-culture condition (e.g. medium composition,
neuron to astrocyte ratio co-culture timing for each cell type, feeding cycle) since culture condition could
dominate the neuron’s physiology and mask the astrocytic input. Thus, it is necessary to verify whether
the electrophysiological outcome came from neuroglial interaction or any other extrinsic factor(s) before

making a conclusion about this study.

3.6 Conclusion

In this study, we successfully differentiated spinal motor neurons and astrocytes from both WT
and Q331K+/- mutant iPSC cultures, using protocols adapted from the recent literature. The WT and
mutant motor neurons showed a comparable phenotype in terms of TDP-43 expression, intracellular
calcium flux, and axonal trafficking of mitochondria but a significant difference in electrophysiological
function. The WT motor neurons showed much more frequent spontaneous firing than the mutant group,
implying the potential pathologic role of TARDBP mutation in ion channel misregulation. The
differentiated astrocytes from both groups of iPSCs also showed phenotypic differences in protein
expression and morphology. However, the neuroglial co-culture experiment showed that neurons’
functional response to the astrocyte addition was more affected by neurons’ intrinsic mutation status,
rather than that of astrocytes. Both groups of astrocytes decreased the firing frequency of WT motor
neurons, but increased the firing frequency of the mutant motor neurons. To understand the underlying
physiology of this unexpected result, it is necessary to compare the gene expression profile of adult
primary astrocytes to that of iPSC-astrocytes to understand if they are ready to regulate the nearby
neurons. Moreover, the optimization process of the neuroglial co-culture experiment is required to more

accurately recapitulate their physiological interaction in vivo.
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Chapter 4. The Pathologic Role of IFNy-induced
Neuroinflammation on ALS Development

e This chapter has been published in the following manuscript

Changho Chun, Jung Hyun Lee, Mark Bothwell, Paul Nghiem, Alec S.T. Smith* and David L. Mack?*,

‘Interferon-y Elicits Pathological Hallmarks of ALS in Human Motor Neurons’ BioRxive (2022)

4.1 Abstract

Neuroinflammation is an established factor contributing to amyotrophic lateral sclerosis (ALS) pathology,
implicating the possible detrimental effects of inflammatory cytokines to motor neurons. The RNA/DNA-binding
protein TDP-43 has emerged as a pivotal actor in ALS, because TDP-43 mutations cause familial ALS and loss
of nuclear TDP-43, associated with its redistribution into cytoplasmic aggregates (TDP-43 proteinopathy), in
motor neurons occurs in 97% of ALS cases. However, mechanisms linking neuroinflammation to TDP-43 mis-
localization have not been described. Programmed death-ligand 1 (PD-L1) is an immune-modulatory protein,
highly expressed on cell surfaces following acute inflammatory stress. To determine which inflammatory
cytokines might impact motor neuron function, seven cytokines known to be elevated in ALS patients’
cerebrospinal fluid were tested for their effects on PD-L1 expression in human iPSC-derived motor neurons.
Among the tested cytokines, only interferon-y (IFN-y) was found to strongly promote PD-L1 expression. Thus,
we hypothesized that excessive exposure to IFN-y may contribute to motor neuron degeneration in ALS. We
observed that neuronal populations exposed to IFN-y exhibited severe TDP-43 cytoplasmic aggregation and
excitotoxic behavior correlated with impaired neural firing activity, hallmarks of ALS pathology, in both normal
and ALS mutant (TARDBP®*'*"y neurons. Single-cell RNA sequencing revealed possible mechanisms for these
effects. Motor neurons exposed to IFN-y exhibited an extensive shift of their gene expression profile toward a
neurodegenerative phenotype. Notably, IFN-y treatment induced aberrant expression levels for 70 genes that
are listed in the recent literature as being dysregulated in ALS. Additionally, we found that genes related to
neuronal electrophysiology, protein aggregation, and TDP-43 mis-regulation were abnormally expressed in IFN-
y treated cells. Moreover, IFN-y induced a significant reduction in the expression of genes that encode

indispensable proteins for neuromuscular synapse development and maintenance, implying that cytokine
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exposure could directly impair signal transmission between motor axons and muscle membranes. Our findings
suggest that IFN-y could be a potent upstream pathogenic driver of ALS and provide potential candidates for

future therapeutic targets to treat sporadic forms of ALS, which account for roughly 90% of reported cases.
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4.2 Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that primarily attacks motor neurons, leading
to progressive and ultimately fatal denervation of skeletal muscle throughout the body. Familial mutations are
implicated as the cause for roughly 10% of ALS cases, while the pathologic origin of the other 90% remains
unclear.”? Drugs currently approved for use in ALS patients in the USA and/or Europe prolong patients’ lives by
only a few months, leaving the disease intractable.” Most patients do not develop neuromuscular symptoms until
their 50s or 60s, regardless of the cause. However, the disease progresses rapidly once patients become
symptomatic, with the average life expectancy of patients reported as less than 5 years after symptom onset."?

A common pathologic feature of ALS is dysfunction of the RNA/DNA-binding protein, TDP-43. It has been
suggested that TDP-43 plays a central, but poorly understood, role in ALS etiology since mutations of the gene
encoding TDP-43, TARDBP, segregate with disease in some cases of familial ALS, and loss of nuclear TDP-43,
associated with aberrant cytoplasmic accumulation of TDP-43 aggregates, is present in 97% of both familial and
non-familial forms of ALS.>™®

Neuroinflammation is known to be a major factor in ALS progression and inflammatory cytokine action
may switch from a neuroprotective to a neurotoxic role as the disease develops.®® Although previous studies
have shown that activated peripheral immunity could acutely damage motor neurons’ survival and function, the
molecular drivers of inflammatory stress and the following neurodegenerative consequences in neurons are
unclear.”®'2 To assess the capacity of motor neurons to respond to various neuroinflammatory cytokines, we
examined their effects on expression of Programmed death-ligand 1 (PD-L1), a cell surface protein, that is highly
expressed by many cell types in response to exposure to a variety of inflammatory cytokines. PD-L1 plays a
key role in immune escape by activating its cognate receptor, PD-1 on immune cells.”> We, therefore,
investigated the influence of pro-inflammatory cytokines, known to be increased in ALS patients’ cerebrospinal
fluid, on expression levels of PD-L1. We used both WT and ALS mutant (TARDBP®*'%*") iPSC-derived motor
neurons for the cytokine screening assay, to compare their response.

We showed that interferon-y (IFN-y), was the only cytokine, among those tested, that strongly promotes
neuronal PD-L1 expression in both groups. Although IFN-y contributes to normal brain development and has

been suggested to influence neurodevelopmental disorders such as autism and schizophrenia, a role for IFN-
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y in ALS etiology has not been explored. Importantly, we report that IFN-y treated motor neurons in both normal
and TARDBP®**'K*" groups recapitulated pathologic hallmarks of ALS, such as hyperexcitation followed by loss

of neuronal firing ability and cytoplasmic aggregation of TDP-43.

In order to reveal mechanisms that might mediate the effects of IFN-y exposure and TARDBP®331¢*"-

genotype on motor neuron ALS pathophysiology, we employed single-cell RNA sequencing to identify genes
that are differentially expressed in response to IFN-y exposure or TARDBP mutation, individually or in concert.
The results of our transcriptomic analysis suggest that IFN-y could be a potent neurodegenerative cue to induce
ALS pathogenic processes and reveal possible mechanisms linking IFN-y exposure to TDP-43 proteinopathy.
Collectively, our findings suggest that compounds capable of inhibiting IFN-y-mediated signaling in neurons may
constitute promising targets for future immunotherapeutic drugs to prevent the progression of neurodegeneration

in both familial and sporadic forms of ALS.

4.3 Materials and Methods
4.3.1 Maintenance of human iPSC lines

WTC11 (WT, Q331K+/-) iPSCs were frozen in mFreSR medium (Stem Cell Technologies) and
stored under cryogenic conditions in liquid nitrogen. 10 cm dishes were treated with Matrigel (Thermo
Fisher Scientific) diluted 1 to 60 in DMEM/F12 medium (Thermo Fisher Scientific) and incubated at
37°C/ 5% CO2 overnight. On the day of plating, vials of cells were removed from liquid nitrogen storage
and incubated in a 37°C water bath for 3 minutes. The content of the vial (1 mL) was then transferred
to a 15 mL centrifuge tube and centrifuged for 3 minutes at 300 g. The supernatant was aspirated and
cells were resuspended in fresh mTeSR (Stem Cell Technologies) supplemented with 10 uM Y-27632
(Thermo Fisher Scientific), a specific inhibitor of Rho kinase activity. Prepared Matrigel plates were
then aspirated, washed with PBS containing Ca?* and Mg?* (Thermo Fisher Scientific), and the cell
suspension was then plated evenly over the prepared culture surface. Y-27632 was removed from the
culture medium the first day after plating and cells were fed daily with fresh mTeSR from then on. Cells

were incubated at 37°C/ 5% CO2 until iPSC colonies filled the field of view when visualized using an
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Eclipse TS100 microscope (Nikon) fitted with a 10X lens. At this point, medium was aspirated and
replaced with TrypLE 1x solution (Invitrogen), incubated in 37°C/ 5% CO- for 5 minutes. The detached
cell colonies were dissociated with gentle trituration with P1000 pipette, followed by adding the same
volume of PBS with calcium and magnesium. The cell suspension was spun down and resuspended in
fresh mTeSR with mild trituration to gently break up cell clusters. The cell suspension was then split
across the desired number of Matrigel-coated plates and returned to the incubator. During continued
culture, any iPSC colonies displaying irregular boundaries, significant space between cells or low
nuclear to cytoplasmic ratios were carefully marked and removed from culture using a fire-polished,

sterile glass pipette.

4.3.2 Differentiation of iPSCs into ventrospinal motor neurons

Human iPSCs were passaged onto Matrigel-coated 6-well plates as described above and
incubated at 37°C/ 5% CO2in mTeSR until they reached ~50% confluency. At this point, cultures were
differentiated into regionally unspecified neural progenitor cells using a monolayer differentiation
method. Briefly, the undifferentiated dayO0 cells were treated with dual-SMAD inhibitors, SB431532 and
LDN193189, as well as ascorbic acid (AA). CHIR99021 was added to the medium for the purpose of
activating the Wnt pathway, which has been proven to enhance neuroepithelial differentiation and
proliferation. At day 5, cultures were treated with All-trans retinoic acid (RA) for caudalization and the
SHH agonist Purmorphamine, to give ventralization cues to the cells. On day 11, cells were passaged
onto fresh Matrigel coated 6-well plates and treated with RA and AA until day 18 to expand the neural
progenitor population. These cells were then passaged at 100,000 cells/ cm? onto 0.01% poly-L-
ornithine (Sigma-Aldrich) and 5 pg/mL laminin (Sigma-Aldrich)-coated surfaces and exposed to culture
conditions promoting motor neuron differentiation. Specifically, cells were fed with 10 ng/mL of
neurotrophic factors (BDNF, GDNF, IGF-1 from R&D systems, NT3 from Stem Cell Technologies),
ascorbic acid (2.27 uM). During all stages of differentiation, a basal medium consisting of a 1:1 mix of

Neurobasal medium and DMEM/F12, supplemented with B27, Glutamax, N2, Non-essential amino
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acids, and penicillin-streptomycin, was used. All cells used in the described experiments were
differentiated from WTC11 colonies between passages 45 and 55.
4.3.3 Cytokine treatment

WT and TARDBP®33'K*- mutant iPSC-derived neurons were exposed to 7 different cytokines,
treated from day 23 to day 25 of the ventrospinal neuron differentiation method described above.
Recombinant human and mouse IFNa, IFNy, IL-4, IL-6, IL-1B, IL-17, and TNF-o were used at

concentrations depicted in Figure 1B. All of the cytokines were purchased from R&D Systems.

4.3.4 Co-culture of CD8+ T cells and iPSC-derived motor neurons

Whole blood was collected into 10 mL BD Vacutainer Plastic Collection Tubes with Sodium
Heparin and inverted multiple times. To isolate PBMCs, whole blood was gently layered over a double
volume of Ficoll in a Falcon tube and centrifuged for 30-40 minutes at 400g without a brake. Four layers
formed, each containing different cell types - the uppermost layer contained plasma, which was
removed by pipetting. The second layer contained PBMCs and these cells were gently removed using
a pipette and added to PBS to wash off any remaining platelets. The pelleted cells were then counted
and the percentage viability estimated using Trypan blue staining. A 96 well cell culture plate was
coated with a CD3-specific Ab (OKT3, eBioscience for human T cells) and 5 ng/mL concentrations of
PD-L1-Ig for control experiments. For co-culture of CD8" T cells and iPS derived motor neurons, the
culture plate was coated with poly-L-ornithine, laminin, and a CD3-specific Ab sequentially. Human
CD8" T cells were purified from PBMCs freshly isolated from whole blood using CD8a* T cell isolation
kit [I, human (Miltenyi Biotec.). Purity was confirmed to be over 90 % by flow cytometry. The T cells
were labeled with 1uM CFSE, quenched by cold FBS, and incubated in plates coated with CD3-specific
Ab. Human iPSC-derived neurons were cocultured with CD8* T cells purified from PBMCs at a 1:1 ratio
(Neurons : CD8" T cells) for 5 days in culture medium with CD3 stimulation. On day 5 after stimulation,

cells were stained with an Ab against CD8-APC and then analyzed for CFSE dilution by flow cytometry.

4.3.5 Flow cytometry
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The following antibodies were used for flow cytometry analysis: PD-L1 (29E.2A3, BioLegend),
CD44 (C44Mab-5, BioLegend), and CD8 (SK1, BioLegend). The stained cells were analyzed using a
BD FACS Calibur flow cytometer. For each sample, 10,000 events were recorded and histograms were
plotted. The percentages of cells were calculated using FlowJo software (Treestar, Ashland, OR).
4.3.6 Imnmunocytochemistry

Cells were fixed in 4% paraformaldehyde for 15 minutes and permeabilized in 0.2% Triton-x
solution, followed by blocking with 5% goat serum in PBS for 1 hour at room temperature. Cells were
then incubated with primary antibodies diluted in 0.5% BSA in PBS overnight at 4°C. The next day,
cells were washed 3 times with PBS. They were then incubated in a secondary antibody solution
containing secondary antibodies diluted in 0.5% BSA in PBS overnight at 4°C. Counterstaining was
performed with Vectashield containing DAPI (Vector Labs). Images were taken at the Garvey Imaging
Core at the University of Washington’s Institute for Stem Cell and Regenerative Medicine using a Leica
SP8 Confocal System on an inverted microscope platform. 12-bit 2048x2048 pixel images were
acquired with Leica LAS X software. Antibodies used in this study were as follows: mouse anti-Islet1
(1 in 200, DSHB), rabbit anti-p Ill tubulin (1 in 500, Sigma Aldrich), rabbit anti-TDP43 (1 in 200,
Invitrogen), goat anti-ChAT (1 in 200, R&D Systems), Alexafluor-488 conjugated goat-anti-mouse
secondary antibody (1:500, Invitrogen), Alexafluor-594 conjugated goat-anti-rabbit secondary antibody
(1:500, Invitrogen) and Alexafluor-647 conjugated Donkey-anti-goat secondary antibody (1:500,

Invitrogen).

4.3.7 Electrophysiology

Population level function in motor neuron cultures was assessed using 48-well multielectrode
arrays (MEA) in conjunction with the Maestro MEA system (Axion Biosystems). Day 21 cells were
plated on Cytoview 48 well plates (Axion Biosystems) at the density of 100,000 cells per well. Plated
cells were then subjected to daily cytokine and blocking antibody treatment using fresh medium from

the next day onwards. Electrophysiological recordings were taken every day from day 22 to day 40 for
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all experimental groups. During data acquisition, standard recording settings for spontaneous neuronal
spikes were used (Axis software, version 2.5), and cells were maintained at 37°C/ 5% CO- throughout
the 2-minute recording period. The standard settings have 130 x gain, and record from 1 to 25 000 Hz,
with a low-pass digital filter of 2 kHz for noise reduction. In all experiments, spike detection was set at
5x the standard deviation of the noise and network burst detection was recorded if at least 25% of the
electrodes in a given well showed synchronous activity. Reported results were calculated by averaging
all of the electrodes in each well, then averaging data from duplicate wells.

4.3.8 Quantitative real-time PCR

We extracted total RNA from cells using Trizol (Invitrogen). After checking RNA purity and concentration, RNA
was reverse transcribed to cDNA using the iScript SuperMix reagent (BioRad). Primers (IDT) were diluted in
nuclease-free water with PowerUp SYBR Green master mix (Applied Biosystems) and gPCR performed on the
Applied Biosystems 7300 machine. The following primers were used human f-actin: forward, 5 -
ACTCTTCCAGCCTTCCTTCC- 3, reverse, 5 -CAATGCCAGGGTACATGGTG- 3’; human PD-L1: forward, 5’ -
GGAAATTCCGGCAGTGTACC- 3, reverse, 5 -GAAACCTCCAGGAAGCCTCT- 3’; human IFI27: forward, 5’ —
TGGAATGCCACGGAATTAACC - 3, reverse, 5 - GCCACAACTCCTCCAATCAC - 3’; human IFIT2: forward,
5-CACTGCAACCATGAGTGAGA - 3, reverse, 5 —AGGTTGCACATTGTGGCTTT- 3’; human PLAAT4: forward,
5 — CCGCTGTAAACAGGTGGAAA - 3, reverse, 5 - CCGCTGTAAACAGGTGGAAA - 3’; human CRABP1:
forward, 5’ - AAGGTCGGAGAAGGCTTTGA- 3, reverse, 5 - AGTGGCTAAACTCCTGCACT- 3’; human KCND2:
forward, 5’- CCTTCTTCTGCTTGGACACG-3’, reverse, 5- TCTGTCATCACCAGCCCAAT-3’; human SCN9A:
forward, 5- AGGACCTCAGAGCTTTGTCC-3, reverse, 5- AAGTCACTGCTTGGCTTTGG-3’; human PRPH:
forward, 5- CTCAAGCAGAGGTTGGAGGA-3', reverse, 5- CGTGCAGCTTCTTGAGGAAC-3’; human TPBG:
forward, 5’ - GCCTCGTCCAACAACCATAC- 3, reverse, 5 - CACCTCTTCGCCTCTTGTTG- 3’; human BST2:
forward, 5’ - CCATCTCCTGCAACAAGAGC- 3, reverse, 5 — TGCATCCAGGGAAGCCATTA - 3’; human PBX3:
forward, 5’- TTACCAAGGGTCCCAAGTCG-3, reverse, 5- GTAGCCTCCCGTCTGATTGA-3’; human C9orf16:
forward, 5- GCAGAATACGCTGCCATCAA-3’, reverse, 5- CGTGGAGGTGGTCATTCTTC-3’; human p53:
forward, 5’- CCCAAGCAATGGATGATTTGA-3’, reverse, 5- GGCATTCTGGGAGCTTCATCT-3’; human p21:

forward, 5- GGCAGACCAGCATGACAGATT-3’, reverse, 5- GCGGATTAGGGCTTCCTCT-3’; human PUMA:
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forward, 5- CCTGGAGGGTCCTGTACAATCT-3', reverse, 5- GCACCTAATTGGGCTCCATCT-3"; human pri-
miR-34a: forward, 5- CCAGAACAGTTCCTGCTGC-3’, reverse, 5’- TTAGCTGGTGCTCTCAGAC-3'. Relative
RNA levels were calculated from Ct values.
4.3.9 Single cell RNA sequencing

Single cells differentiated from WT and Q331K+/- mutant iPSC-derived neurons with or without
IFNy treatment were collected on day 32, to generate total 4 independent single cell libraries. Following
single cell dissociation using TrypLE (Thermo Fisher Scientific), cells were filtered through a 70 pym
filter and spun down at 1200 rpm for 5 minutes. The single cell pellet was resuspended in neuron
maintenance medium at a maximum concentration of 2,000,000 cells/mL, followed by measuring cell
viability using the Countess Il automated cell counter (Invitrogen), which confirmed over 91% viability
of cells in all groups. Cells were spun down at 1200 rpm for 5 minutes again and resuspended in PBS
+ 0.04% BSA at a concentration of 15,000 cells/16.5 pL to target harvesting 10,000 recovered cells per
library. cDNAs of single cells from each group were barcoded with 10x Genomic’s Chromium Next GEM
Chip G Single Cell Kit and Chromium Next GEM Single Cell 3' Kit v3.1, by following manufacturer’s
protocol. Constructed libraries were loaded to the Tapestation (Agilent) to quantify the cDNA amount
and confirm fragmentation status, followed by sequencing with the Illlumina NextSeq2000 at the
Genomics core with the University of Washington’s Institute for Stem Cell and Regenerative Medicine.
The sequencing was performed at an estimated read depth of 10,000 reads/cell. Sequenced FASTQ
reads were initially processed using CellRanger v.3 software with settings recommended by the
manufacturer (10X Genomics).
4.3.10 Transcriptomic data analysis

Read alignment, filtering, barcode counting, and unique molecular identifier (UMI) counting was
performed using CellRanger data processing software provided by 10x Genomics. The feature
barcoded matrix was obtained for further gene expression analysis with Seurat V4.0. The quantitative

summary of sequencing was obtained from the CellRanger as follows: 1) The sequencing of single
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cells from WT culture without IFNy stimulation detected 1,911 genes per cell, 4,105 UMI per cell, and
21,312 mean reads per cell. 2) The sequencing of single cells from WT culture with IFNy stimulation
detected 1,833 genes per cell, 3,726 UMI per cell, and 16,427 mean reads per cell. 3) The sequencing
of single cells from Q331K+/- mutant culture without IFNy treatment detected 1,651 genes per cell,
3,443 UMI per cell, and 18,452 mean reads per cell. 4) The sequencing of single cells from Q331K+/-
mutant culture with IFNy treatment detected 1,858 genes per cell, 3,803 UMI per cell, and 20,319 mean
reads per cell. For the comparative gene expression analysis, the integration of single-cell data
described by Stuart et al. was applied on the basis of the Seurat algorithm. Before applying the
integration, cells with low UMI counts, doublets, and cells with relatively high mitochondrial DNA content
were removed. The cleared datasets were subsequently normalized in order to correct for differences
in read depth and library size, using Seurat’s “LogNormalize” function which divides feature counts of
the cell by its total counts, followed by multiplying the scale factor. Then, the integration method
included in Seurat v.4 aligned the shared cell populations across multiple datasets to identify cells that
are in a matched biological state in each library, which allows comparative gene expression analysis
across the selected libraries to be performed. The PCA was performed with the integrated data post
normalization, followed by running the “RunUMAP” function to generate 2-dimensional UMAP
projections using the top principal components detected in the dataset. “FindConveredMarkers”
function in Seurat identified conserved cell type markers for generating the feature plots with the
“FeaturePlot” function. The clusters were annotated by analyzing the list of conserved marker genes in
each cluster with the gene ontology database, The Human Protein Atlas, and the PanglaoDB.
Differential gene analysis was performed by using the “FindMarkers” function in Seurat, and the result
was displayed with volcano plots, heatmaps, and violin plots to visually highlight the contrast in gene

expression across the selected transcriptomic datasets.

4.4 Results

4.4.1 IFN-y significantly elevates PD-L1 expression on iPSC-derived motor neurons
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We established a differentiation protocol, using small molecules, for generating induced pluripotent stem cell
(iPSC)-derived ventrospinal motor neuron populations, essentially as described by Smith et al.’® Furthermore,
we previously employed CRISPR-Cas9-mediated gene editing techniques to introduce a pathogenic Q331K
mutation into the TARDBP gene locus of the WTC11 iPSC line, creating an ALS (TDP-43 mutant) line and an
isogenic control pair.’ In this study, these iPSCs were induced to generate human spinal motor neurons with
wildtype (WT) and TARDBP®*'K*" genotypes. We assessed whether exposure of neurons with these two
genotypes to inflammatory cytokines affected expression of PD-L1. Neurons were exposed to IFNa, IFN-y, IL-4,
IL-6, IL-18, IL-17, or TNFa for 3 days (post-neuronal induction), which are the inflammatory cytokines reported
to be most significantly increased in ALS patients."”'® [Figure 4.1A, 4.1B] Of the 7 listed cytokines, only IFN-y
promoted a significant increase in PD-L1 expression, and this was consistent across both WT and Q331K+/-
populations. [Figure 4.1C]

Does PD-L1 in motor neurons function as a suppressor of cytotoxic T cell attack as it does in many
cancer cell types? To address this question, we isolated T cells from a normal donor’s blood sample and labeled
them with a carboxyfluorescein succinimidyl ester (CFSE), which covalently attaches a fluorescent label to the
amines of cellular proteins. IFN-y treated neurons were co-cultured with CFSE labeled CD8" T cells for 5 days
in the presence of anti-CD3, a marker of T cell proliferation. Labeled T cells without neurons were used as
controls in the presence of anti-CD3 or in the presence of both anti-CD3 and PD-L1-Fc proteins. PD-L1-Fc
inhibited the proliferation of CD8" T cells by approximately 30%. [Figure 4.1D] As shown in the same figure,
IFN-y treated neurons also reduced CD8" T cell proliferation but only by approximately 10%, suggesting that the

level of PD-L1 expression in motor neuron achieved by IFN-y exposure is only modestly immunosuppressive.
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Figure 4.1 IFN-y elevates PD-L1 expression in both WT and TARDBP mutant iPSC-derived spinal motor neurons.
(A) Experiment timeline for motor neuron differentiation and downstream assays. (B) Schematic illustration of 4 experimental
groups and culture images of WT and mutant neurons before cytokine treatment. (C) Cell surface PD-L1 expression after
IFNe, IFNy, IL-4, IL-6, IL-18, IL-17, and TNF« treatment in iPSC-derived cells during phase Il. Representative flow cytometry
histograms (top) and quantification of flow cytometry analyses (bottom left). Error bars, S.D. (n=3, biological replicates). The
table shows the concentrations of the treated cytokines (bottom right). (D) Suppression of CD8* T cell proliferation by co-
culture with IFN-y-treated neurons. Schematic of the cells and antibodies used (left panel). CFSE-labeled CD8* T cells were
stimulated by incubating them in anti-CD3-coated plates for 5 days, in the absence or presence of IFN-y-treated iPSC-
derived neurons. Quantification of CFSE-labeled CD8* T cell proliferation is depicted in each histogram (middle panels) and
summarized in the bar graph (right panel).

4.4.2 IFN-y exposure hyperactivates neurons followed by a complete loss of their firing function
Having verified that motor neurons are particularly sensitive to IFN-y, we investigated whether this
inflammatory cytokine might contribute to the electrophysiological dysfunction of motor neurons
associated with ALS. We assessed function of iPSC-derived motor neuron cultures, with both WT and
TARDBP®331K*- genotypes, via multi-electrode arrays (MEAs), which enable recording of spontaneous
field potential changes from cultured neurons in a non-destructive and non-invasive manner. [Figure
4.2A) We treated neurons daily with 3 different concentrations of IFN-y (0.5 ng/mL, 5 ng/mL, 50 ng/mL)
from days 23 to 40 post neuronal induction while recording the neuron’s firing activity across the same
culture period. [Figure 4.2B] The time-course analysis of the mean firing rate shows a distinct
difference in the firing pattern between untreated and IFN-y-treated neurons. Untreated neurons
showed a gradual increase in the firing rate as they matured for both the normal and mutant groups
and maintained firing rates above 5 Hz from day 27 until the end of phase 2. However, neurons treated
with IFN-y above 5 ng/mL showed a drastic increase in the firing rate from day 27, reaching higher than
30 Hz by day 32, followed by a sharp decline in the firing rate subsequently. As a consequence of IFN-
y exposure, both WT and mutant groups completely lost their firing ability by day 38. [Figure 4.2C]
Although IFN-y treatment was the major driver of this aberrant firing behavior, we also observed
a notable difference in firing patterns between IFN-y untreated WT and mutant neurons. The TARDBP
mutant neurons tended to exhibit more active firing patterns than WT neurons early in the recording
period. However, they started to exhibit impaired firing ability from day 31 and this trend was maintained

until the end of the recording period. Notably, the firing frequency of mutant neurons was significantly

101



lower than that of WT neurons at day 38. This result suggests that electrophysiological impairment
could be one of the downstream pathologic effects of TARDBP mutation in neurons, which agrees with
previous studies.''? [Figure 4.2C] However, since IFN-y exposure induced a much more pronounced
impairment of neuronal electrophysiology, regardless of mutation status, the data suggest that IFN-y-
mediated inflammatory stress in the neurons may be a potent trigger of both inherited and acquired
forms of neurodegenerative disease. [Figure 4.2D]

This “hyperactivation followed by silencing” pattern was consistently observed in both WT and
mutant neurons exposed to IFN-y above 5 ng/ml. The weighted mean firing rate consistently showed a
significant increase in firing frequency followed by a sudden drop, whereas untreated controls were still
able to fire in the last phase of recording. [Figure 4.2E] In neuronal cultures, neural circuit formation
can lead to synchronization of neural activity, detected as “burst” firing on MEAs.'¢202" The
differentiation protocol employed for these studies specifies neurons with ventral spinal cord identity,
including interneurons as well as motor neurons, and the presence of interneurons was confirmed by
our RNAseq analysis (data not shown). Consequently, these cultures have the potential to generate
neuronal networks in vitro. We therefore monitored network burst firing behavior in these cultures to
understand whether IFN-y treatment altered inter-neuronal signaling. We observed an increase in the
burst firing frequency of both WT and mutant neurons during the mid-phase, but the contribution of IFN-
y to this change was limited. However, the burst firing ability of mutant neurons was dramatically
reduced in the last phase, regardless of IFN-y treatment. IFN-y -treated WT neurons showed dose-
dependent decreases in burst firing ability in this same phase. [Figure 4.2F] Similarly, we observed an
increase in network burst firing frequency for both groups of neurons in the mid-phase of the recording.
As expected, prolonged exposure to 50 ng/mL IFN-y produced evidence of decaying network burst
firing activity in both groups by the end of the culture period. However, exposure to 5 ng/mL IFN-y

affected neurons harboring mutant TARDBP more strongly than WT neurons. [Figure 4.2G]
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Taken together, we observed that electrophysiological function of cultured neurons is affected
by both TARDBP mutation and IFN-y-mediated stress. However, the physiologic influence of IFN-y
treatment surpassed the inherent mutation in terms of the strength of its effect on firing patterns. We
found that normal neurons were similarly vulnerable to continuous IFN-y-mediated inflammatory stress,
strongly suggesting that IFN-y could be a critical pathogenic driver of sporadic ALS, which accounts for
the majority of patient cases.

4.4.3 Prolonged IFN-y exposure triggers cytoplasmic TDP-43 mis-localization

Does IFN-y exposure contribute to triggering the cytoplasmic mis-localization of TDP-43, which
is a defining hallmark of ALS? To address this question, we treated both WT and mutant neurons with
5 ng/mL IFN-y for 15 days following the neurogenic phase of differentiation and immunostained the
culture with anti-TDP-43 on days 25, 32, and 40 to monitor its expression and subcellular localization.
[Figure 4.3A] Interestingly, we did not observe cytoplasmic TDP-43 mis-localization at any examined
time-point in either WT or TARDBP mutant neurons without IFN-y treatment. However, IFN-y exposure
led to prominent cytoplasmic accumulation and aggregation of TDP-43, in both groups of neurons. This
phenotype was not observed until day 40, suggesting that TDP-43 mis-localization may require an
accumulation of inflammatory stress over time to trigger the phenotype. [Figure 4.3B] Although the WT
neurons developed a significant TDP-43 proteinopathy in response to IFN-y exposure, the degree of
the phenotype was more severe for TARDBP®@33'K*- mutant cells. This result indicates that the TARDBP
mutation generates neurons that are more susceptible to cytoplasmic TDP-43 aggregation in response

to inflammatory stress. [Figure 4.3C]
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Figure 4.2 IFN-y treatment induces aberrant electrophysiological activity in WT and TARDBP mutant iPSC-derived
neuronal populations. (A) lllustration of the MEA experiment. (B) Experiment time line for the IFN-y treatment and neuronal
electrophysiology recordings. (C) Representative plot for time-course weighted mean firing frequency of the neurons. High
concentration IFN-y treated neurons show aberrant increase in firing rate during phase Il, followed by an acute silencing in
phase lll. (D) Field potential trace of the neurons from each condition showing aberrant electrophysiological progression in
response to IFN-y treatment. Collective summary of phase-dependent electrophysiology of neurons for (E) weighted mean
firing rate, (F) burst firing frequency, and (G) network burst firing frequency under the different stimulation conditions and
mutation statuses. (Error bars S.D., n = 3 biological replicates; *P < 0.05, ***P<0.001, ****P<0.0001, ns=not significant; two-
way ANOVA)

4.4.4 Impact of IFN-y exposure on the p53 pathway

TDP-43 promotes the function of p53, a key mediator of cell death across many diseases. Maor-
Nof et al. recently reported that p53 could be a critical regulator of neurodegeneration in C9orf72 mutant
ALS, which is the most common subtype of familial ALS and is known to promote TDP-43
proteinopathy.?>23 Hence, we further investigated the activation of p53 under the same conditions as
in Figure 3B. We employed gRT-PCR to examine the expression of mRNA encoding p53, as well as
its downstream effectors, p21, PUMA, and pri-miR-34a. [Figure 4.3D] In the WT condition, expression
of the p53 pathway genes was low at initial stages of culture, but p21 expression was increased in a
time-dependent manner following IFN-y treatment. Interestingly, the expression of those p53 pathway
genes in cells bearing mutant TDP-43 all increased in a time-dependent manner, regardless of IFN-y
exposure, indicating that mutant TDP-43 activates the p53 pathway, even in the absence of extensive
cytoplasmic TDP-43 mis-localization. Since p53 pathway activation is a common response to various
types of cellular stress, this result suggests that the presence of mutant TDP-43 could drive an
intracellular stress response to turn on p53 signaling in neurons, whereas IFN-y-mediated inflammatory

stress elicits significant TDP-43 proteinopathy in both WT and Q331K+/- mutant neurons. [Figure 3E]
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Figure 4.3 IFN-y treatment triggers TDP-43 proteinopathy, whereas TARDBP mutation increases the basal activity
of the p53 signaling pathway. (A) Experiment timeline of the immunocytochemistry and gene expression assays. (B)
Immunocytochemistry assay of WT and TARDBP mutant cultures showing significant cytoplasmic translocation and
aggregation of TDP-43 protein in response to IFN-y stimulation at the later phases of both cultures. (C) Quantitative analysis
of cytoplasmic TDP-43 translocation for each experimental condition. Time-course qRT-PCR analysis for each experimental
group to quantify the expression of (D) p53, p21 (the early transcriptional target of p53 signaling), PUMA (a proapoptotic
gene induced by p53), and Pri-miR-34a (a p53-regulated microRNA). An apparent trend in p53 pathway activation is
observed with TARDBP mutation, whereas IFN-y stimulation plays a limited role on this pathway. (E) Schematic summary
of the phenotypic observation in each condition. (Error bars S.D., n = 3 biological replicates; *P < 0.05, ***P<0.001,
****P<0.0001, ns=not significant; one-way ANOVA)

4.4.5 Exposure to IFN-y significantly alters the transcriptomic profile of both WT and TARDBP
mutant motor neurons

Functional effects of IFN-y are primarily mediated by JAK1/2 dependent activation of STAT1/2
transcription factors. Therefore, to gain insight into the mechanisms responsible for IFN-y effects on
electrophysiological dysfunction and TDP-43 cytoplasmic mis-localization, we characterized the transcriptional
changes induced by exposure of motor neurons to IFN-y. WT and Q331K+/- mutant neurons were treated with
IFN-y (5 ng/mL) for 10 days (days 22 to 32 post neuronal induction) directly following the neurogenic phase of
differentiation, and subjected to single-cell RNA-sequencing on the last day of stimulation. We generated four
single cell libraries defined by mutation status and IFN-y treatment. [Figure 4.4A] Population analysis showed
that motor neurons constituted 37.7% and 40.0% of WT and Q331K+/- mutant populations, respectively. The
majority of non-neuronal cells in both groups were early glial progenitors and their gene expression profiles were
all affected by IFN-y treatment. [Figure 4.4B] Further cluster annotation, based on homeobox (HOX) gene
expression patterns, indicated that both WT and Q331K+/- mutant motor neuron populations expressed regional
identities specific to the upper spinal cord. (data not shown)

Motor neuron stimulation by IFN-y generated 672 (WT) and 430 (Q331K+/-) differentially expressed
genes (DEGs) compared to untreated controls. Interestingly, 613 DEGs appeared between the IFN-y stimulated
WT and Q331K+/- motor neurons, implying a potential role for the TDP-43 mutation in mediating neuronal
responses to IFN-y. We also found 327 DEGs between the WT and Q331K+/- neurons that were not exposed
to IFN-y, indicating that the TDP-43 mutation exerted a significant impact on cultured motor neuron’s downstream

gene expression profiles. [Figure 4.4C]
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Figure 4.4 IFN-y treatment induces inflammatory gene expression in both WT and TARDBP mutant iPSC-derived
motor neurons. (A) Experiment timeline of IFN-y treatment and gene expression analysis. The schematic illustration shows
the library constitution for the single-cell RNA sequencing experiment. (B) UMAP clustering of both cultures shows the
populational distribution of the differentiated cells. (C) The number of DEGs in each pairwise comparison. (+) indicates
culture with IFN-y treatment and (-) indicates untreated controls. Q indicates Q331K+/- mutant group. (D) Heatmap of top
50 DEGs based on the fold change post IFN-y treatment in both WT and mutant motor neurons. Scale indicates relative
gene expression level in each group. Gene counts per cell were normalized for their total counts over all genes and
logarithmized. (E) Gene ontology (GO) analysis of the DEGs generated in each pairwise comparison. (F) The top 5 DEGs
included in the selected GO terms in each pairwise comparison. > denotes the listed genes are more expressed in the left
group than in the control group on the right.

A heatmap of the top 50 DEGs in each group shows that IFN-y exposure significantly increased
inflammatory gene expression and decreased ribosomal protein gene expression in both WT and
Q331K+/- motor neurons. A notable elevation of B2M (3-2-microglobulin) expression was observed in
both WT and Q331K+/- motor neurons in response to IFN-y treatment. B2M is a component of MHC-1
(Major Histocompatibility Complex-l) class molecules. They are expressed in all nucleated cells and
are responsible for presenting foreign peptide fragments on the cell surface, which bind CD8+ T cells
to trigger an immediate immune response. 3-2-microglobulin is a critical mediator of MHC-1 surface
expression, verified using a B2M-defienct mouse model that rarely presents MHC-1 on the cell surface
and exhibits poor development of CD8+ T-cells.?42° The significant increase of B2M expression in our
culture model demonstrated that IFN-y elicits an acute inflammatory response from treated motor
neurons. In addition, a sharp increase of HLA-A, HLA-B, and HLA-C expression in WT and Q331K+/-
neurons, which encodes human leukocyte antigens that correspond to MHC-I class, confirmed that the
IFN-y-mediated inflammatory response constituted a major upstream driver of gene expression change
in both groups of motor neurons. [Figure 4.4D]

Gene ontology analysis was performed using the DEGs that arose from 4 different pairs of gene
expression data, to generally characterize the nature of the effects. Changes in gene expression due
to the TARDBP mutation were mainly related to cytoplasmic translation, glycolytic processes, and
neuronal synaptic plasticity. Within the cytoplasmic translation GO term, ribosomal proteins (including
RPL24, RPL21, RPL39, RPL34, and RPL36A) were up-regulated in mutant neurons. These data mirror

the sequencing results previously reported from primary excitatory neurons harboring a C9orf72
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mutation, which is responsible for the most frequent form of familial ALS.?6 DEGs arising from IFN-y
treatment were primarily related to immunity, sterol metabolism, and regulation of translation in both
WT and mutant neurons. However, mutant neurons exposed to IFN-y exhibited significant differences
in the expression levels of genes related to glycolysis, respiratory chain, and mRNA splicing, when
compared to WT motor neurons receiving the same concentration of IFN-y. [Figure 4.4E, 4.4F]

4.4.6 IFN-y drives gene expression changes characteristic of neurodegeneration.

We sought to ascertain whether exposure to IFN-y promoted the expression of ALS-related transcripts

PQ331 K+/-

in cultured motor neurons and, if so, how the trend differed from that caused by the TARDB mutation.

We compared the identified DEGs individually to lists of the ALS risk genes recently identified by applying a
machine learning algorithm to ALS GWAS data and molecular profiling of iPSC-derived motor neurons.?’ [Figure
4.5A] We found a significant overlap between the 4 sets of DEGs with those risk genes. In particular, we found
72 DEGs related to ALS pathology, derived by IFN-y exposure. The result confirms that cytokine exposure puts
cultured neurons on to a neurodegenerative pathway, which could potentially lead to the development of an ALS
phenotype, although the IFN-y did not induce motor neuron death in either WT or mutant groups. [Figure 4.5B,
4.5C]

The most significantly mis-regulated DEGs in each pairwise comparison, and the GO analysis
results for those genes, revealed a distinct effect of Q331K mutation and IFN-y exposure on motor
neuron function, suggesting that the functional behavior of these cells is more greatly affected when
both factors are present. [Figure 4.5D, 4.5E] In summary, IFN-y treatment significantly altered the gene
expression profile of both WT and Q331K mutant motor neurons in a manner that could lead to the
development of ALS phenotypes. [Figure 4.5F]

From the list of genes exhibiting greater than two-fold differential expression for each pairwise
comparison, we employed qPCR to confirm and more precisely quantify the extent of differential

expression of genes that are particularly relevant to neurodegeneration. We found that apoptotic genes,
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Figure 4.5 The IFN-y-induced transcriptomic changes promote an ALS phenotype in motor neurons. (A) The
schematic illustration shows how the analysis was performed. (B) DEGs found from each comparison were compared with
the previously reported risk genes for various neurodegenerative disease states. The number of risk genes on the y axis
shows how many of the reference risk genes for each disease were overlapped with the DEGs generated by either mutation
or IFN-y treatment. (C) The immunostaining images show that IFN-y treatment does not induce notable cell death in both
groups of culture. (D) The fold-change and p-value of selected DEGs for each comparison that have a significant role in
neurodegeneration based on the recent literature. (E) GO analysis results for the subgroup of DEGs that are known to
increase the risk of ALS development. (F) lllustration summary of the discovery delineated in the figure. (+) indicates culture
with IFN-y treatment and (-) indicates untreated controls.

such as IFI127, IFIT2, and PLAAT4, were highly elevated in response to IFN-y treatment but were
unaffected by the Q331K mutation. [Figure 4.6A] We also confirmed decreasing CRABP1 gene
expression following IFN-y exposure. CRABP1 is an essential component of neuromuscular junction
(NMJ) development and maintenance via the CRABP1-CaMKII-Agrn pathway. Its reduced expression
in IFN-y treated cells indicates that this cytokine may directly impair the stability and function of muscle
innervation by motor neurons. [Figure 4.6B] Moreover, the list of DEGs in IFN-y treated cells compared
with controls included genes encoding ion channel proteins responsible for regulating neuronal
electrophysiology. RNA-seq and gRT-PCR data both implicated that the genes for the voltage-gated
potassium channel KCND2 and the sodium channel SCN9A were mis-regulated in a direction that might
promote neuronal excitotoxicity. [Figure 4.6C] The significant increase in expression of PRPH that
encodes the neuron-specific intermediate filament protein, peripherin, is interesting because over-
expression of peripherin in motor neurons promotes neuronal cell death, and peripherin is a component
of ubiquitinated inclusions and of axon spheroids in ALS.?%-30 Given that the overexpression of WT
peripherin causes protein aggregation and motor neuron degeneration in transgenic mice, our result
implies that exposure to IFN-y could drive adoption of similar phenotypes in human motor neurons.
Similarly, the decrease of TPBG observed following cytokine treatment indicates that IFN-y could
increase the risk of protein aggregation since the ablation of TPBG is known to promote alpha-synuclein
aggregation in a mouse model of neurodegeneration. [Figure 4.6D] Lastly, we found significantly

altered expression for ALS risk genes under IFN-y exposure, such as BST2, PBX3, and C9orf16, which
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Figure 4.6 qRT-PCR verification of the selected DEG expression categorized by their functional implications in
motor neurons. Comparison of RNAseq and qRT-PCR assay results for the DEGs potentially responsible for cell death
(A), NMJ impairment (B), excitotoxicity (C), and protein aggregation (D). (E) Additional DEGs known to be mis-regulated in
familial ALS models, in which aberrant expression was caused by IFN-y treatment. (F) Schematic summary of the potential
implications for the listed DEGs driving neurodegenerative phenotypes. (Error bars S.D., n = 3 biological replicates; *P <
0.05, ***P<0.001, ****P<0.0001, ns=not significant; two-way ANOVA)

have been reported to be mis-regulated in various familial ALS models although their pathologic
function is yet to be identified. [Figure 4.6E] In summary, IFN-y exposure promoted gene expression
changes that are likely to induce electrophysiological impairment, neuromuscular synapse breakdown,

protein aggregation, and apoptotic cell death. [Figure 4.6F]

4.5 Discussion

In this study, we found that only IFN-y, among cytokines tested, increases the expression of
immune-modulatory protein PD-L1 in both WT and Q331K+/- mutant motor neurons. Other pro-
inflammatory cytokines known to be elevated in ALS patient cerebrospinal fluid were not able to induce
the PD-L1 up-regulation, our data suggest that motor neurons might be particularly sensitive to IFN-y.
We hypothesized that an inflammatory response leading to excessive exposure of spinal cord motor
neurons to IFN-y could elicit expression of a neurodegenerative phenotype. The source of
neuroinflammation-associated IFN-y that may affect motor neurons remains to be fully charactered. T
cells are a major source of IFN-y secretion, although NK cells, glia and even neurons can produce IFN-
v.2' T cell infiltration of the CNS parenchyma occurs only in a few types of acute inflammation. A T cell
population resides constitutively associated with the choroid plexus, where it may secrete IFN-y into
the CSF. Importantly, CSF of ALS patients exhibits an expansion of a T cell subpopulation expressing
eomesodermin, which drives IFN-y expression.®?> IFN-y is permeable to the blood spinal barrier,
particularly in the cervical region, implying that T cells impacted by peripheral inflammation might
expose motor neurons to IFN-y.33-3% Moreover, Bonney et al showed that IFN-y even promotes its
permeability to the blood-brain barrier, implying that uncontrolled IFN-y secretion may broadly affect

the physiology of the entire CNS.3¢ Finally, peripherally projecting motor axons lie outside the blood

114



brain barrier. Exposure of sympathetic axons to IFN-y mediates axonal STAT1 phosphorylation and
transport of these activated transcription factors to the somatic nucleus.?” If a similar retrograde IFN-y
axonal signaling pathway exists in motor neurons, T cell-generated IFN-y circulating peripherally might
affect motor neurons.

We examined the capacity of IFN-y exposure to elicit two hallmarks of ALS — impaired
neurophysiological function of motor neurons and mis-localization of TDP-43 in cytoplasmic aggregates,
and observed the occurrence of both, in agreement with our hypothesis. We found that the
electrophysiological function of neurons bearing a TARDBP mutation and exposed to IFN-y was
significantly impaired, and the impact of the cytokine treatment surpassed the effect of the mutation.
The cytokine-treated neurons showed a ‘hyperexcitation and silencing’ pattern (regardless of whether
or not they expressed a TARDBP mutation) that resembled the excitotoxic behavior of neurons in the
mid-phase of ALS. Although further follow-up studies are required, downregulated genes encoding the
potassium channels and abnormal elevation of genes for sodium channel proteins could be responsible
for their functional damage.

We further studied whether TDP-43 proteinopathy, another pathologic hallmark of ALS, could
be induced by IFN-y treatment. The continuous treatment of IFN-y triggered a severe cytoplasmic
aggregation of TDP-43 in both WT and mutant neurons at late stages of culture. No such phenotype
was induced at any time point by the presence of the TARDBP mutation alone, although the severity
of the IFN-y triggered phenotype was more pronounced in the mutant groups. This result implies that
mis-localization of TDP-43 requires an upstream trigger beyond mutation in the TARDBP gene, but
does not discount the possibility that the mutation in TARDBP does contribute to the development of a
pathologic phenotype.

Our single-cell RNA sequencing analysis revealed that IFN-y triggers a significant transcriptomic
alteration in both WT and Q331K+/- mutant neurons that trends toward the development of an ALS

phenotype and suggests several specific mechanisms by which increased IFN-y transcriptional
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signaling in motor neurons might impair electrophysiological function and promote TDP-43 mis-
localization. Among the DEGs arising from IFN-y treatment, we identified genes known to be aberrantly
expressed in familial ALS, as well as potential drivers of cell apoptosis, protein aggregation,
excitotoxicity, and NMJ breakdown, implying that cytokine exposure may induce a broad range of ALS
pathological hallmarks, even in motor neurons that do not bear mutations in TDP-43. Since many DEGs
identified in familial ALS mouse models were also mis-regulated in our normal motor neurons after
simply treating with IFN-y, we could postulate that the mutation may work as a potential upstream
trigger to induce secretion of IFN-y, which in turn drives neurodegenerative gene expression in motor
neurons.

We found that IFN-y induces an abnormal expression of motor neuron-specific genes
responsible for regulating NMJ development and maintenance. CRABP1 is a retinoic acid-binding
protein, that was recently found to regulate motor function via maintenance of the NMJ through the
CRABP-CaMKII-Agrin axis. Lin et al. showed that CRABP1 knock-out mice exhibited adult-onset ALS-
like phenotypes and developed significantly impaired NMJs followed by motor axon degeneration,
which was rescued after the re-expression of the gene.®® It is notable that, in our hands, CRABP1
expression was dramatically reduced in both genotypes of motor neurons under exposure to IFN-y,
indicating that excessive immunological activity might contribute to the development of sporadic forms
of ALS via direct targeting of the neuromuscular synapse. PRPH encodes a neuronal intermediate
filament protein, peripherin. Mutations in this gene lead to the enrichment of one of the three splice
variants observed in human patients (Per28), which causes a disruption of neurofilament assembly and
is associated with the development of an ALS phenotype.?® Peripherin levels are significantly elevated
in patients with motor neuron disease and the protein accumulates in the majority of axonal inclusion
bodies in ALS patient motor neurons. 22-303% Given that motor neurons are highly polarized cells with
extremely long axons, the regulation of cytoskeletal genes is of critical importance in the axonal

trafficking of organelles and biomolecules, which directly affects motor neuron survival and function.
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PRPH also localizes to Bunina bodies, which are intraneuronal protein inclusions, suggesting that an
increase in peripherin expression may cause protein aggregation in motor neurons.?8 Xiao et al. showed
that overexpression of PRPH induces self-aggregation and causes motor neuron degeneration in
transgenic mice. In our experiments, the significant increase of PRPH in motor neurons exposed to
IFN-y raises two important questions: 1) Does increased PRPH in neurons disrupt axonal trafficking
and degenerate neurons in a retrograde manner? 2) Does PRPH also induce cytoplasmic aggregation
of TDP-43? TPBG encodes trophoblast glycoprotein and a deficiency in this protein induces the
aggregation of alpha-synuclein in mice. Although TPBG mis-regulation is more directly linked to
Parkinson’s disease, the downstream effect of decreased TPBG expression in motor neurons may be
worth investigating in order to establish a better understanding of its potential role in developing a broad
range of neurodegenerative phenotypes.

Regardless, there still are important questions that to be answered to better understand the
pathologic role of TDP-43 proteinopathy on ALS development. First, more studies are required to
understand the pathologic consequence of severe TDP-43 cytoplasmic aggregations induced by IFN-
y in motor neurons. Second, speculative mechanisms mentioned here linking particular DEGs to IFN-
y-mediated protein aggregation need to be experimentally tested. Finally, we still do not understand
the exact role of TARDBP mutations in aggravating the disease phenotype once initiated by cytokine
exposure.

We additionally investigated whether the p53 pathway, a cell death mediator gene that is known
to be mis-regulated in familial ALS is turned on by IFN-y treatment. Given that p53 is one of TARDBP’s
downstream target genes, we postulated that the p53 pathway could be initiated by IFN-y-induced TDP-
43 proteinopathy. However, IFN-y stress did not induce p53 signaling. Instead, the presence of a
TARDBP mutation strongly upregulated p53 pathway genes in a time-dependent manner, indicating

that the p53 pathway is directly affected by the mutation status of TDP-43.
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We believe these results raise important questions, the answers to which could lead to a better
understanding of the pathogenic role of aberrant immunity-mediated neurodegeneration, which could
be a key component driving rapid disease progression in ALS. For example, it is currently unclear
whether the inflammatory reaction occurs at the axon terminal, the periphery of the patient’s body,
before spreading the pathologic effect to neuronal cell bodies in a retrograde manner. Finally, it would
be valuable to investigate the neuron-autonomous pathologic role of PD-L1, besides its immune-
modulatory function, since recent studies have revealed that exogenous PD-L1 treatment to mouse
sensory neurons significantly impairs their firing ability without having any influence on the immune
response.*? Therefore, understanding the neuron-autonomous role and downstream signaling path of
PD-L1-mediated neuromodulation could be a critical step towards understanding the mechanism of the

IFN-y-induced neurodegeneration.

4.6 Conclusion

Our findings strongly suggest that IFN-y is a potent driver of neuroinflammation that induces the
adoption of ALS phenotypes in both WT and TARDBP mutant spinal motor neurons. We found that
IFN-y treatment not only induces a significant increase in functional PD-L1 and inflammatory gene
expression but also extensively shifts motor neuron’s gene expression towards a diverse array of
neurodegenerative features. We found that continuous exposure to IFN-y alters motor neuron
phenotypes in a manner that mirrors changes observed in ALS. Both WT and TARDBP mutant iPSC-
derived motor neurons showed a dramatic decay of firing frequency coupled with an increase in
cytoplasmic TDP-43 aggregation following IFN-y treatment. However, the mutant neurons exhibited
more severe phenotypes for both features, suggesting a role for the mutation in exacerbating the
inflammatory stress response. We further confirmed that IFN-y exposure triggered transcriptomic
alterations that suggest movement towards expression of a neurodegenerative phenotype in motor
neurons. Thus, our study provides strong evidence for a pathogenic link between IFN-y-mediated

inflammation and subsequent neurodegeneration in spinal motor neurons that mirrors ALS pathology.
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These results suggest that immunomodulatory compounds may constitute strong targets for

ameliorating symptoms in both sporadic and familial forms of ALS.
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Chapter 5. Evaluate the physiological relevance of the
iPSC-spinal motor neurons by comparing transcriptomic
trajectories of differentiating in vitro culture to that of the
developing human spinal cord ventral horn

5.1 Abstract

Advances in neurodegenerative disease modeling with human iPSC-derived cells provided an
unprecedented opportunity to recreate the disease pathophysiology in human tissue. Since the first
iPSC-spinal neurons were generated in 2010, several differentiation protocols have been developed
to generate spinal neurons that better mirror their native counterparts. However, those protocols in
common generate a mixture of an undefined subpopulation of neurons, with unknown transcriptomic
profiles and developmental statuses of various non-neuronal byproducts. Current in vitro differentiation
protocols still lack in detail on how to provide those signals in the correct spatiotemporal manner but
rely on the daily provision of induction morphogens and growth factors that have extremely short half-
lives without fully understanding their mechanism of action for inducing neurogenic signaling cascades
in vivo. Moreover, there is a minimal understanding of which stage the iPSC-spinal neurons correspond
to the native developmental pathways, and how the neuronal composition and gene expression profile
is different from those of the native spinal cord ventral horn. These overall shortcomings make the
representation of iPSC-spinal neurons questionable, significantly hindering the extensive application of
the in vitro culture for disease modeling. To address these critical shortcomings, we longitudinally
analyzed the transcriptome of the developing iPSC-ventral spinal neurons at a single cell level, to
compare it with that of the developing human spinal cord ventral horn. We analyzed the longitudinal
expression of marker genes identifying critical cell types in the ventral spinal cord development, to
assess the physiological relevance of neurodevelopment in culture. Particularly, we focused on

analyzing the subpopulations of neurons generated through our iPSC differentiation protocol, by
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quantifying the key marker gene expressions for the different ventral spinal neuron types. In the future
analysis, we will also perform a side-by-side transcriptomic comparison of the in vitro data with that
obtained from fetal spinal cord ventral horn at various gestational stages, to map their gene expression
trajectories. We expect this comprehensive transcriptomic matching will provide us with an important
molecular clue to enhance our current spinal neuron differentiation protocol to more accurately mimic
native ventral spinal neuron development. Furthermore, this initial transcriptomic study will provide us
an invaluable insight into how and when we should co-culture them to the developing iPSC-derived

skeletal muscle, for generating functional human NMJ in the future to model NMDs as a whole.

5.2 Introduction

The progressive pathology of NMDs is driven by defects in more than one neuronal subtype.’?
The interaction of these neuronal subpopulations in the ventral horn of the spinal cord is essential for
normal development, long-term survival, and function throughout life.>®* Moreover, the exquisitely
designed inter-neuronal crosstalk may affect their transcriptomic profiles during spinal cord
development.*~” However, the current iPSC-spinal neuron differentiation protocols were built upon an
insufficient understanding of the temporal window of native neurodevelopment. In addition, in vitro
neural differentiation protocols rely on the daily addition of small molecule cocktails without having
information on the molecular kinetics at each stage of inductions.”*89 Consequently, we have been
producing unknown subpopulations of neurons and contaminating cell mixtures that are not likely to
mirror that of the native spinal cord ventral horn. Moreover, we have no idea how the transcriptomic
profiles of each of the neurons differentiated in vitro are different from those of their native counterparts.
Therefore, we posit that our inability to consistently generate the correct ratio of neuronal subtypes and
transcriptomic status, and have them survive and continue to function long-term is caused by inaccurate
inductive signals that do not mimic the exquisite spatiotemporal signaling gradients during embryonic
development. This shortcoming has been a major roadblock to understanding the native biology and

pathophysiology of the system as a whole.
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In an attempt to recapitulate the spatially and temporally dynamic mixture of neuronal subtypes
in vivo, we need to create an iPSC-derived human spinal cord ventral horn by mimicking the structural
organization and morphogen gradients established during de novo rostral/caudal and dorsal/ventral
patterning. Specifically, we hypothesize developmental pathway as well as how their neuronal
transcriptome and subtype composition are different.

In this final aim, we analyzed the gene expression profile of differentiating iPSC culture from an
undifferentiated state to day45 of post-mitotic neuronal state. The cellular composition at each critical
stage of their development was analyzed to confirm they are on the correct neurogenic pathway.
Additionally, we analyzed their transcriptome to understand which subpopulation of spinal neurons
were generated, using known marker genes for those neurons. Moreover, we studied whether the
neurons express a set of essential genes required for neuromuscular development since the NMJ
develops through the reciprocal signaling of motor neurons and skeletal muscle from the initial
developmental stage. In future works with this aim, we will perform a side-by-side single-cell
transcriptomic comparison of neuronal subtypes differentiating in vitro to human fetal spinal cord
neurons at multiple gestational stages. We will establish an iterative workflow of identifying fetal
neuronal clusters with distinct transcriptional signatures that then drives the refinement of our in vitro
differentiation protocol. We expect this comprehensive dataset will provide us with an important
temporal guidance map of signaling cues that drive the critical stages of native neurogenesis. It will
also tell us how to provide kinetically accurate stimulation to each stage of differentiating iPSC, leading
to generating a much more physiologically relevant population of ventral spinal neurons. Additionally,
this advancement in ventral spinal neuron differentiation will fuel our future studies like the creation of
an iPSC-derived neuromuscular tissue for a more comprehensive pathophysiological study of NMDs

at a tissue level.

5.3 Materials and Methods
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5.3.1 Differentiation of iPSCs into spinal motor neurons

Human iPSCs (WTC11) were passaged onto Matrigel-coated 6-well plates as described above
and incubated at 37°C/ 5% CO2in mTeSR until they reached ~50% confluency. At this point, cultures
were differentiated into regionally unspecified neural progenitor cells using a monolayer differentiation
method adapted from Smith et al.3 Briefly, the undifferentiated day0 cells were treated with dual-SMAD
inhibitors, SB431532 and LDN193189, as well as ascorbic acid (AA). CHIR99021 was added to the
medium for the purpose of activating the Wnt pathway, which has been proven to enhance
neuroepithelial differentiation and proliferation. At day 5, cultures were treated with All-trans retinoic
acid (RA) for caudalization and the SHH agonist Purmorphamine, to give ventralization cues to the cells.
On day 11, cells were passaged onto fresh Matrigel coated 6-well plates and treated with RA and AA
until day 18 to expand the neural progenitor population. These cells were then passaged at 100,000
cells/ cm? onto 0.01% poly-L-ornithine (Sigma-Aldrich) and 5 pg/mL laminin (Sigma-Aldrich)-coated
surfaces and exposed to culture conditions promoting motor neuron differentiation. Specifically, cells
were fed with 10 ng/mL of neurotrophic factors (BDNF, GDNF, IGF-1 from R&D systems, NT3 from
Stem Cell Technologies), ascorbic acid (2.27 uM). During all stages of differentiation, a basal medium
consisting of a 1:1 mix of Neurobasal medium and DMEM/F12, supplemented with B27, Glutamax, N2,
Non-essential amino acids, and penicillin-streptomycin, was used. All cells used in the described

experiments were differentiated from WTC11 colonies between passages 45 and 55.

5.3.2 Immunocytochemistry

Cells were fixed in 4% paraformaldehyde for 15 minutes and permeabilized in 0.2% Triton-x
solution, followed by blocking with 5% goat serum in PBS for 1 hour at room temperature. Cells were
then incubated with primary antibodies diluted in 0.5% BSA in PBS overnight at 4°C. The next day,
cells were washed 3 times with PBS. They were then incubated in a secondary antibody solution
containing secondary antibodies diluted in 0.5% BSA in PBS overnight at 4°C. Counterstaining was
performed with Vectashield containing DAPI (Vector Labs). Images were taken at the Garvey Imaging
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Core at the University of Washington’s Institute for Stem Cell and Regenerative Medicine using a Leica
SP8 Confocal System on an inverted microscope platform. 12-bit 2048x2048 pixel images were
acquired with Leica LAS X software. Antibodies used in this study were as follows: mouse anti-Islet1
(1in 200, DSHB), rabbit anti-p Il tubulin (1 in 500, Sigma Aldrich), rabbit anti-PAX6 (1 in 200, Invitrogen),
goat anti-Nestin (1 in 200, Invitrogen), Alexafluor-488 conjugated goat-anti-mouse secondary antibody
(1:500, Invitrogen), Alexafluor-594 conjugated goat-anti-rabbit secondary antibody (1:500, Invitrogen)

and Alexafluor-647 conjugated Donkey-anti-goat secondary antibody (1:500, Invitrogen).

5.3.3 Single cell RNA sequencing

Single cells were collected on the motor neuron differentiation day3,5,8,11,15,18,21,24,27 and
stored in LN2 until the day of library generation. The single cells on the differentiation day
30,35,40,45,50 were stagger-cultured from the different starting dates to run the library generation
experiment on the same day without freeze-thawing step. Total of 15 samples from different
differentiation day are divided into three groups to generate three multiplexed libraries with Chromium
NextGem library construction kit (10x Genomics) to proceed with serial sequencing due to the capacity
limit. Specifically, the generated cDNAs of single cells from each group were barcoded with 10x
Genomics’ Chromium Next GEM Chip G Single Cell Kit and Chromium Next GEM Single Cell 3' Kit
v3.1, by following the manufacturer’s protocol. Constructed libraries were loaded to the Tapestation
(Agilent) to quantify the cDNA amount and confirm fragmentation status, followed by sequencing with
the lllumina NextSeq2000 (P3 reagent) at the Genomics core with the University of Washington’s
Institute for Stem Cell and Regenerative Medicine. The sequencing was performed at an estimated
read depth of 10,000 reads/cell. Sequenced FASTQ reads were initially processed using CellRanger

v.3 software with settings recommended by the manufacturer (10X Genomics).

5.3.4 Transcriptomic data analysis
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Read alignment, filtering, barcode counting, and unique molecular identifier (UMI) counting was
performed using CellRanger data processing software provided by 10x Genomics. The feature
barcoded matrix was obtained for further gene expression analysis with Seurat V4.0.6. The quantitative
summary of sequencing was obtained from the CellRanger. For the comparative gene expression
analysis, cells with low UMI counts, doublets, and cells with relatively high mitochondrial DNA content
were removed. The cleared datasets were subsequently normalized in order to correct for differences
in read depth and library size, using Seurat’s “LogNormalize” function which divides feature counts of
the cell by its total counts, followed by multiplying the scale factor. The PCA was performed with the
integrated data post-normalization, followed by running the “RunUMAP” function to generate 2-
dimensional UMAP projections using the top 10 principal components detected in the dataset. For the
cluster annotation, a marker gene list was obtained from the literature published by Rayon et al. The
data visualization was performed with codes provided by Seurat (scatter plots, feature plots, heatmaps,
violin plots) and Graphpad prism (bar plots). For the gene ontology analysis, ShinyGo V 0.76.2 was

used.

5.4 Results

5.4.1 Human spinal motor neurons are successfully differentiated from WTC11 WT iPSCs

The in vitro spinal motor neuron differentiation process involves four major induction stages as
illustrated in the previous section. Briefly, the undifferentiated pluripotent stem cells are initially treated
with small molecules (SB431542, LDN193189) that inhibit the mesodermal pathway and induce early
neuroectodermal fate. Du et al additionally found that activation of WNT by using CHIR99021 promotes
the enrichment of neuroepithelial cells as well as their proliferation in the early progenitor phase. We
adapted these protocols for optimizing the initial neuroectodermal induction from day O to day 5 in
culture, mimicking the regionally unspecified neural tube formation in vivo The second phase of the
differentiation involves a further patterning of the neuroepithelial cells within the dorso-ventral and
rostro-caudal axis to specifically derive them into the ventral spinal neurons. The dorso-ventral
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patterning depends on the gradient of sonic hedgehog (SHH) signaling generated from noto cord below
the neural tube. The high concentration of SHH molecules induces ventralization of the precursor cells
whereas dorsalization mainly occurs where the SHH signal phases out. Additionally, SHH gradient
determines the generating ratio of motor neurons to interneurons, the two major neuron types in the
ventral horn of the spinal cord. We used purmorphamine, a potent SHH agonist with varying
concentrations for adjusting the level of ventralization as the differentiation proceeds. For rostro-caudal
patterning, previous studies have demonstrated that all-trans retinoic acid (RA) is a key regulator of
caudalization by controlling the expression pattern of HOX genes. Therefore, the introduction timing,
duration, and gradient of RA and SHH treatment combinatorically determines the regional identity of
spinal neurons during early spinal cord development. We treated RA from day 6 to day 18 at which the
initial neural induction was assumed to be completed. The early progenitors expanded mainly from day
11 to day 18 to enrich the culture with the neural precursor population that expresses Nestin and
Pax6.[Figure 5.1A, 5.1B] To induce neural maturation without having the neurotrophic support from
glia, we provided human recombinant brain-derived neurotrophic factor (BDNF), glial-derived
neurotrophic factor (GDNF), ciliary neurotrophic factor (CNTF) together with the Insulin-like growth
factor-1 (IGF-1) daily basis from day 18 to the end of the culture. The day25 culture expressed lateral
motor column marker ISL-1 with significant growth of neurites, indicating the cells are on the motor
neuron differentiation track. [Figure 5.1C] Pax6.[Figure 5.1A, 5.1B] To induce neural maturation
without having the neurotrophic support from glia, we provided human recombinant brain-derived
neurotrophic factor (BDNF), glial-derived neurotrophic factor (GDNF), ciliary neurotrophic factor (CNTF)
together with the Insulin-like growth factor-1 (IGF-1) daily basis from day 18 to the end of the culture.
The day25 culture expressed lateral motor column marker ISL-1 with significant growth of neurites,

indicating the cells are on the motor neuron differentiation track. [Figure 5.1C]
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5.4.2 Longitudinal single-cell RNA sequencing provided overall transcriptomic view of the
differentiation

To run the longitudinal sequencing analysis, we collected 1 million cells from each culture, for
every three days from dayO to day30, and kept frozen in -150 °C until the assay date. From day30 to
day50, we collected the same number of cells for every 5 days but used fresh culture due to the low
viability of late-stage neurons after defrosted. The total 15 multiplexed libraries from iPSC to day50 of
culture were generated with 10x Chromium 3’ library construction kit for sequencing run. The pooled

library solution was sequenced with Illumina 1000/2000 P3 cartridge kit. We first analyzed the
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Figure 5.1 Expression of protein markers at each stage of spinal motor neuron differentiation (A) Morphological
development of neurons during the differentiation and the time points of single cell collection (B) Day 18 progenitor cells
express the intermediate filament Nestin and paired box protein-6 (PAX6), a canonical marker of early neural precursor
cells. (C) Day 25 neurons show the early neuron marker Islet-1, mainly expressed in the lateral motor neurons, and beta
tubulin, the pan-neuronal marker.
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sequencing result of libraries at 4 critical time points, iPSC, day18, day24, day30 to understand the
initial picture of the differentiation status. [Figure 5.2A] The number of cells recovered for sequencing
was 5,608 on average, with more cells recovered from the day 30 culture than other groups, presumably
due to the fewer cell death that occurred in the live cell culture. Throughout those points, 54,120 total
readings per cell were made on average, and the number of genes detected was 4,961 per cell on
average. [Figure 5.2B]

To understand cell type diversity in each sample, we performed clustering analysis using UMAP
algorithm embedded in Seurat v4.0.6. The clustering resulted in generating 8 (iPSC), 9 (day18), 13
(day24), and 12 (day30) different clusters in each group. The result showed a close proximity of clusters
for iPSC and day18 culture, which implies the majority of cells share common genes and are on a
similar track of the differentiation process, whereas the day24 culture showed a bifurcated clustering
trend which became more evident in the day30 culture, implies the cells were divided into two main
lineages as the differentiation proceeds. [Figure 5.2C]

As expected, the undifferentiated culture highly expressed canonical pluripotency markers such
as OCT4, CNMD, and NANOG although there was a variance among the level of these marker
expressions in culture. We also found a high % of cells expressing SOX2, which is a transcription factor
expressed both in stem cells and early ectoderm. Interestingly, 11.58% of the iPSC culture expressed
early neural progenitor marker MAP2, implying some of the stem cells are losing their stemness but
auto-differentiated into the ectodermal lineage, which is known as a default pathway of germ layer
differentiation. Further analysis revealed that those cells (mainly in cluster 6 of the iPSC library) were
much less expressing pluripotency markers but shifted to ectoderm even without receiving any

induction cues of differentiation. (data not shown)
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Figure 5.2 The trend of critical marker gene expression for the libraries at 4 critical differentiation time points
(A) Timeline of the single cell collection for library preparation (B) Sequencing metric distribution from 4 different libraries.
The number of cells sequenced, total molecules detected per cell, and the number of genes discovered from each cell.
(C) UMAP clustering analysis shows each stage of culture is composed of 9~13 different clusters based on their gene
expression similarities. (D) Quantitative analysis of critical marker genes at each stage of differentiation. The cell types
based on each marker gene expression were categorized as iPSC, iPSC/CNS progenitor, CNS progenitor/neuron, CNS
neuron, PNS progenitor, and PNS neuron. (E) Time course change of marker gene expression. OCT4 = pluripotency
marker, SOX2 = pluripotency / ectoderm marker, MAP2 = CNS progenitor & neuron marker, ELAVL3 = CNS neuron
marker. The % expressing cells is the ratio of cells expressing each marker to the total cells in the culture.
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From day18 culture, pluripotency marker expression disappeared in all clusters, indicating the
entire culture completely lost its pluripotency but differentiated into the specific lineage of cells. The day
18 cells showed high expression of SFRP2 and SOX2, which shows the culture is likely to be dominated
by cells from ectoderm, where the neural precursors are made. At the same time, those cells with highly
expressed Nestin and MAP2, strongly imply that most cells are successfully differentiated at least into
neural precursors, although further analysis for the cell type annotation is required to specify their
subclasses. Surprisingly, over 50% of day18 cells were also expressing CNS neuron markers, ELAVL3,
and STMN2, which we expected to see from the later stage of differentiation. Given that both gene
expression is known to well discriminate post-mitotic neurons from early neural precursors, a significant
expression of them in culture verifies the differentiation process occurs faster than we expected. In the
day30 culture, we saw a substantial reduction in SFRP2 and SOX2 but a similar level of MAP2 and
ELAVL3 which indicate the neurogenic process may reach the plateau state. However, we need to
employ more specific marker genes to better understand where the cells are on their developmental
track. Although not a significant change, the decrease of ELAVL3 expression after day18 may need
more explanation to understand their developmental status better. [Figure 5.2D, 5.2E]

We further sought to understand how the day18 culture is different from a later stage of
differentiation, first by analyzing the ratio of neural precursors to neurons. We picked day27 culture for
the side-by-side comparison with day18 culture since it has been the first evaluation time-point of the
differentiation. We found a significant difference in their gene expression profile presented by UMAP
clustering analysis. [Figure 5.3A, 5.3B] Although the faster pace of differentiation than we expected,
we found the day18 culture is still enriched with neural progenitors expressing SOX2, many of which
were disappeared in the day 27 culture but mostly replaced by MAP2 positive population. We confirmed
this finding by analyzing more of the marker genes, such as MKI67, NEFL, NEFM, and NRG1. The high
expression of SOX2, NEX, and MKI67 in the cells at the left region of the UMAP verified the early

precursors are confined to those clusters. Conversely, MAP2, ELAVL3, STMN2, NEFL, NEFM, and
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NRG1 were exclusively expressed in the cells of the rest of the region, making clear segregation of
progenitors and post-mitotic neuronal populations.[Figure 5.3C] We confirmed that high expression of
neuronal markers in clusters 1,4,7,11 in day27 culture [Figure 5.3D], which were having spinal cord
identity verified by high expression of HOX genes. The day 27 neurons were mainly expressing HOX3
to HOX9, showing the differentiated neurons have hindbrain to cervical identity in the spinal cord.
[Figure 5.3E] We further studied the subpopulation of the day27 neurons by using markers for VO, V1,
V2, and V3 interneurons and motor neurons. Only a few cells expressed markers for VO and V1
interneurons but a notable number of cells expressed the V2 interneuron marker ASCL1, and V3
interneuron marker NKX2-2 and SIM1 which all work as transcriptional factors. As expected, more than
half of the neuronal population expressed at least one of the motor neuron marker genes, which verifies
the neuronal clusters are enriched with motor neurons. The result indicating the protocol can generate
more population of V2, and V3 interneurons and motor neurons than another subclass of ventral spinal
neurons. [Figure 5.3F] The UMAP subgroup clustering of ELAVL3 and STMN2 positive population
confirmed that 4 clusters are expressing pan-neuronal markers. [Figure 5.4A, 5.4B] cluster 6 and 7
were enriched with V2 and V3 interneurons with more V2 interneurons in cluster 7 and more of V3
interneurons in cluster 6. [Figure 5.4C, 5.4D] We also found that cluster 6 has SLC18A3 and CHAT-
positive motor neuron populations, suggesting that a single cluster is not simply comprised of one type
of neurons but a mixture of multiple neuronal subtypes. We did not see a notable expression of
canonical spinal motor neuron marker expression, ISL1, and MNX, which is known to be transiently
expressed. However, high expression of marker genes for cholinergic neurons verifies that clusters 0

and 6 are enriched with motor neurons. [Figure 5.4E, 5.4F]
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Figure 5.3 Gene expression analysis of day18 and day27 culture (A) Side-by-side UMAP comparison of day18
and day27 cultures (B) superimposed UMAP figure of those cultures show a distinct difference in the single cell gene
expression (C) The featured plot shows a bifurcate expression pattern of neural progenitor markers (left) and post-mitotic
neuron markers (right) in the integrated UMAP (D) The neuronal gene expression pattern in each cluster of day18 and
day27 culture (E) Quantitative analysis of HOX gene expressions verifies the spinal cord identity of the differentiated
day27 neurons (F) Sub-neuronal population analysis of the day27 culture with marker genes for VO,V1,V2,V3 ventral
interneurons and motor neurons. The neurons in the day27 culture did not express genes for the dorsal horn of the spinal
cord.
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Figure 5.4 Marker gene expression in each neuronal cluster (A) UMAP of subgroups expressing neuronal markers
(B) Pan-neuronal marker ELAVL3 and STMN2 expression in cluster 0,3,6,7. (C) V2 interneuron marker expression (D)
V3 interneuron marker expression (E) Motor neuron marker expression in cluster 0,3,6,7.

Next, we compared the gene expressions of the day27 neuron clusters to that of the developing
human spinal cord. We used the raw data shared by Rayon et al (2021), to reproduce figures of
transcriptomic expression. We found the native spinal cord made the more clear transition of neural
progenitors to neurons by CS19, demonstrated by the evident increase of cells expressing MAP2,
ELAVL3, and STMNZ2, and a decrease of NES. On the other hand, the day27 culture was still enriched
with SOX2 and NES-positive cells, which implies the cells in the day27 culture are still under active
neurogenesis. [Figure 5.5A, 5.5B] Further comparison of marker expression for interneuron and motor
neurons revealed more notable differences in the subpopulation of ventral neurons generated in each
culture. The NKX2-2 and SIM1 level shows that in vitro differentiation makes much more V3

interneurons than in vivo, within this period of native spinal cord development.
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Figure 5.5 Gene expression comparison of day 27 in vitro culture with those of developing human spinal cord
at the Carnegie stage 14,17,19. (A) Population % expressing neural progenitor and pan-neuronal marker genes. (B)
The ratio of cell expression genes for neurons to progenitors shows the day27 culture resembles more of the CS14. (C)
UMAP of the developing human spinal cord (D) % expressing cells in each culture for the selected marker genes in the
ventral population.

Spinal motor neurons in each cluster also showed clear disparities in CRABP1, SLC18A3, and CHAT
expressions. We found the day27 culture showed a much lower level of CRABP1 gene than in any of
the three developmental stages in vivo, whereas the SLC18A3 and CHAT level was extremely higher

in vitro differentiation than in vivo cases. [Figure 5.5C, 5.5D]
5.5 Future works

In addition to the initial set of results presented above, we aim to perform a more in-depth
analysis of the raw dataset obtained from the whole 15 libraries in vitro to reveal the unknown

transcriptomic dynamics along the motor neuron differentiation. Moreover, we will suggest how the

current iPSC-spinal motor neuron differentiation protocol should be improved to generate a
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physiologically relevant population of spinal motor neurons, particularly to develop the first functional
human NMJ in a dish with iPSC-derived skeletal muscle. To this end, we will perform an extensive
transcriptomic trajectory analysis with Monocle 3 algorithm to map the chronological gene expression
change in pseudo-time, followed by selecting critical gene sets for the motor function to track how the
transcripts are expressed along the differentiation timeline. Moreover, we will compare the result with
that of the developing human spinal cord we will collect, to better understand the physiological
relevance of iPSC-derived ventral spinal neurons. We expect this comprehensive side-by-side
transcriptomic comparison will provide significant insight into the field of neuromuscular disease

modeling research, to ultimately develop more reliable therapeutic approaches in the near future.
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Chapter 6. Conclusions and Future Directions

The research presented in this dissertation illustrates the physiological role of non-neuron
autonomous factors such as astrocytes and inflammatory cytokines on neuromodulation using iPSC-
derived spinal motor neurons. We believe this work has many implications for future neuromuscular
disease modeling efforts. We established a protocol to generate human spinal motor neurons in culture,
and suggested a way to evaluate their developmental status at a single cell level to improve the
physiological relevance of the in vitro model. Moreover, our approach to understanding neurons’
physiological dependency in normal and diseased conditions provided comprehensive insight to better
understand neurodegenerative drivers and suggested potential immunotherapy targets to combat the
disease. Specifically, in the first aim study, we found the iPSC-neurons’ survival and
electrophysiological function can be highly improved by treating the normal astrocyte’s extracellular
vesicles in a dose-dependent manner, which contains a variety of neuroprotective nucleic acids and
proteins verified by the cargo profile analysis. In the second aim study, we showed that pro-
inflammatory stress induced by the continuous treatment of interferon-y extensively alters the
transcriptomic profile of motor neurons toward the neurodegenerative direction. Interestingly, the
stressed motor neurons exhibited pathologic hallmarks of ALS such as electrophysiological
excitotoxicity and cytoplasmic TDP-43 aggregation. This result strongly implies that excessive exposure
of the spinal cord to the inflammatory cytokine could derive a severe level of peripheral
neurodegeneration. Finally, this dissertation study also includes an extensive analysis of iPSC-derived
ventral spinal neuron’s physiological relevance by performing longitudinal transcriptomic profiling along
their differentiation, to provide an objective view of how well the iPSC-derived neurons recapitulate the
developmental status of their native counterpart.

These efforts have potential implications to create new approaches for understanding the
upstream pathology of many types of NMDs in a comprehensive manner since they commonly show

aberrant glial activity and excessive immune infiltration during the course of disease development. The
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result presented in this study implies that the therapeutic efforts may need to be focused on regulating
non-neuron autonomous factors which could potentially promote explosive neurodegeneration. In
future studies, we aim to elucidate the signaling mechanism of neurodegeneration derived from
dysregulated immunity and glial activity to identify therapeutic sites to immunologically block the
pathogenic signaling cascade. Additionally, we aim to construct 3D human NMD models in a dish with
more reliable iPSC-derived motor neurons and skeletal muscle as a high-throughput platform of drug
discovery, to accurately assess the therapeutic efficacy of the candidate therapeutic molecules at the

functional tissue level.
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