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Abstract

Huntington's disease (HD) is a devastating neurodegenerative disease. It is
caused by the presence of an expanded trinucleotide CAG repeat in the HTT
gene, resulting in expression of expanded polyglutamine-containing mutant HTT
throughout the body. HD patients display a dysfunctional peripheral immune
system up to sixteen years before disease onset. This is shown also in HD animal
models, where immune system dysfunction is found both in the periphery and

central nervous system (CNS).

The overall aim of this work is to determine the mechanism(s) by which mutant
and wild type HTT regulate myeloid cell function and contribute to innate
immune system dysregulation as a potential modifier of HD progression.
Specifically, this thesis had two aims: firstly, to investigate the CNS component
of the innate immune system in a human HD microglia-like cell model; and

secondly, to assess the role of wild type HTT in peripheral innate immune cells.

To address the first aim, a unique cohort of human induced pluripotent stem cell
lines from related individuals with varying HTT polyglutamine expansion lengths
(22Q, 58Q, 69Q, 75Q) and an isogenic series of embryonic stem cell lines (30Q,
45Q and 81Q) were differentiated to microglia-like cells. Our results suggest that
these HD microglia-like cells display subtle altered phenotypes compared to
control microglia in a HTT polyglutamine length-dependent manner. To
investigate the impact of these altered phenotypes on HD pathology, a series of
conditioned media experiments were conducted to assess the effects of HD or
control microglia-like cell-conditioned media from basal and stressed conditions
on HD and control medium spiny neurons, and vice versa. Finally, to assess the
performance of HD and control microglia-like cells in an environment closer to
what would be found in the CNS, microglia-like cells were treated with CSF from
HD and control individuals and their health and function assessed. This work
represents the first assessment of human HD microglia in vitro and shows that
human HD microglia-like cells are dysfunctional like their rodent counterparts and

peripheral myeloid cells from HD patients.

For the second aim, glucan-encapsulated siRNA particles were used to lower
HTT levels in non-HD primary human macrophages and a series of functional

assessments were performed, comparing HTT-lowered and control cells. These



findings suggest a novel role for wild type HTT in the myeloid cells of the
peripheral immune system, specifically in cytokine expression, phagocytosis and
their response to cellular stress. Together, these results further elucidate the role

of huntingtin in innate immune cells in health and disease.

Impact statement

Huntington’s disease (HD) is a fatal, inherited neurodegenerative disease and
the most common monogenic neurological condition in the developed world
(Evans et al.,, 2013; Morrison et al., 2011). Individuals typically become
symptomatic in the prime of life, with the average age at onset being just 40 years
old (Myers, 2004).

This work focused on assessing the role of disease-associated, mutant (m)HTT
and normal, wild-type (wt)HTT, in the innate immune system as a modifier of HD.
To achieve this, a pluripotent stem cell (PSC) derived model of the CNS
component of the innate immune system, microglia, was developed and

characterised.

The production of a PSC-derived microglia model is particularly beneficial as it
allows the study of a cell type that was previously very inaccessible for scientists.
Previously the maijority of research in human microglia was done using cells
isolated post-mortem, with extremely limited availability. In this way, therapeutics
may be tested in this human cell model as well as in animal models, as is currently
the standard. The hope is that this will improve the translation of therapeutics
across from animal models into humans, as the minutia of treating human cells
can be investigated in this model prior to clinical testing. The use of PSCs has
the further benefit of reducing the requirement for animals used in research,
although animal products such as antibodies are still used. Additionally, this
research has highlighted the benefits of using isogenic series of PSC lines to
reduce the noise in data caused by genetic variability, allowing greater

confidence in drawing conclusions from data.

This work shows that HD microglia-like cells are hyper reactive in their cytokine
production as previously seen in animal models of HD, but it has also uncovered

some not previously tested for before, specifically that human HD microglia-like



cells produce elevated levels of reactive oxygen species. This can now be
assessed in animal models and optimised as a read out in the context of disease
interventions. Furthermore, beyond the development and characterisation of a
human HD microglial model, a conditioned-media co-culture paradigm was also
established. This co-culture set-up can be used to identify interactions between

various cell types relevant to HD, in order to identify druggable targets.

Finally, the investigation into the effects of wtHTT on the innate immune system
were conducted on primary human macrophages and confirmed a role for wtHTT
in pro-inflammatory cytokine expression. Follow up work should identify the
cellular pathways through which wtHTT exerts these effects, which can then be

targeted for the treatment of immune disorders such as rheumatoid arthritis.
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Abbreviations

2D two dimensional

2-ME 2-mercaptoethanol

3D three dimensional

3-NP 3-Nitropropionic acid

6-OHDA 6-hydroxydopamine

8-OHDG 8-Oxo0-2'-deoxyguanosine

53BP1 TP53-binding protein 1

AAO age at onset

ACTB beta actin gene

AD Alzheimer’s Disease

ALR AIM2-like receptor

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AIF1 Allograft inflammatory factor 1 gene (also known as IBA1)
ANOVA analysis of variance

AP1 Activator protein 1

ASO antisense oligonucleotide

ATP adenosine 5’-triphosphate

BAC bacterial artificial chromosome

BCA bicinchoninic acid

BDNF brain-derived neurotrophic factor

bFGF basic fibroblast growth factor

BMP-4 bone morphogenic protein 4

bp base pair

BSA bovine serum albumin

BV2 immortalised murine microglial cell line
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C5a Complement component 5a
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Cas9 CRISPR associated protein 9

CB2 cannabinoid receptor type 2

CBP cAMP response element-binding protein-binding protein
CD cluster of differentiation
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CSF2 colony stimulating factor 2, also known as GM-CSF
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CXCR C-X-C chemokine receptor
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ddH20 deionised distilled water
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DTT dithiothreitol

E embryonic day

E8+ supplemented essential 8 media

EBs embryoid bodies

ECM extracellular matrix

EDTA ethylenediaminetetraacetic acid

e.g. for example

EGFP Enhanced green fluorescent protein

ELISA enzyme-linked immunosorbent assay
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ER endoplasmic reticulum

ERK extracellular signal-regulated kinase

ESCs embryonic stem cells

ESET histone methyltransferase

Et al et alia
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FACS fluorescence-activated cell sorting
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Fix/Perm Fixation and Permeabilisation buffers

FLT3 ligand ligand for a receptor tyrosine kinase called FLT3
FOXP3 forkhead box P3

FSC forward scatter

g gram

GABA y-aminobutyric acid

GABAergic pertaining to or affecting the neurotransmitter GABA
GAPDH Glyceraldehyde 3-phosphate dehydrogenase

GASG6 growth arrest specific 6

GC Guanine Cytosine

GeRP beta-1,3-D-glucan-encapsulated siRNA particle

GM-CSF granulocyte-macrophage colony-stimulating factor
GPR34 G protein—coupled receptor 34

GTPase large family of hydrolase enzymes that bind to the nucleotide
guanosine triphosphate and hydrolyse it to guanosine diphosphate
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GWAS Genome wide association study

h hour

H2AX Variant histone H2A

H3 Histone H3

H4 Histone H4

H2DCFDA chemically reduced form of 2',7'-dichlorodihydrofluorescein diacetate
HAP1 huntingtin-associated protein 1

HBSS Hank's Balanced Salt Solution

HCI high content imaging

HD Huntington’s disease

HEAT huntingtin, elongation factor 3, the PR65/A subunit of protein
phosphatase 2A and the lipid kinase Tor

HelLa immortal cell line isolated from cervical cancer
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HIP huntingtin interacting protein

HIPPI synonym IFT57 intraflagellar transport 57
HSR heat shock response

HTT human huntingtin gene

HTT human huntingtin protein

Hdh murine huntingtin gene

IBA1 lonized calcium binding adaptor molecule 1 gene (also known as AlF1)
i.e. id est

IF immunofluorescence

IFNy interferon gamma

IFNop interferon alpha beta

IkB inhibitor of kappa B

IKK IkB kinase

IL interleukin

iINOS inducible nitric oxide synthase

iPSC induced pluripotent stem cell

IRAK interleukin-1 receptor-associated kinase

IRF Interferon regulatory factor

IRK induced receptor-like kinase

IsoHD isogenic series of ESC lines created by Ooi et al., 2019.
IT15 interesting transcript 15

JAK janus kinase

kb kilo base pair

kDa kilodalton

KIF5A kinesin family member 5A gene

KMO kynurenine 3-monooxygenase

L litre

LDH lactate dehydrogenase

LDN selective BMP signaling inhibitor

LPS lipopolysaccharide

M molar

M1 classically activated macrophages/monocytes
M2 alternatively activated macrophages/monocytes
mM millimolar

MHTT mutant HTT

MACS magnetic-activated cell sorting

MAL MyD88 adapter-like
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MAPK mitogen-activated protein kinase

M-CSF macrophage colony-stimulating factor also known as CSF1
MERTK MER proto-oncogene, tyrosine kinase

MHTT mutant HTT

MHC major histocompatibility complex

min minutes

miRNA micro-ribonucleic acid

ml millilitre

MMP matrix metalloproteinase

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MRNA messenger ribonucleic acid

MSD Meso Scale Discovery

MSN medium spiny neurons

mTOR mechanistic target of rapamycin

MYB gene for protein named Transcriptional activator Myb
MYC v-myc avian myelocytomatosis viral oncogene homolog
MyD88 myeloid differentiation primary response gene 88
n number

N number

NFkB nuclear factor kappa-light-chain-enhancer of activated B cells
NLR NOD-like receptor

NMDA N-methyl-D-aspartate

Nm wavelength

NNOS neuronal nitric oxide synthase

NO nitric oxide

NOS nitric oxide synthase

NRSF Neuron-Restrictive Silencer Factor also known as REST
NSAIDs Non-steroidal anti-inflammatory drugs

NuMA Nuclear mitotic apparatus protein 1

OD optical density

P2RY12 purinergic receptor P2Y12

P38 MAPK P38 mitogen-activated protein kinases

P53 Tumor protein p53

P62 ubiquitin-binding protein p62

PAMP pathogen-associated molecular pattern

PBMC peripheral blood mononuclear cell

PBS phosphate-buffered saline

PCM1 Pericentriolar material 1 protein

PCR polymerase chain reaction

PD Parkinson’s Disease

PE phycoerythrin

Pen/Strep cocktail of penicillin and streptomycin

PFA paraformaldehyde

PolyQ polyglutamine

PRR pattern recognition receptor

PROS1 protein S gene

PSCs pluripotent stem cells

PSD post synaptic density

PU1 transcription factor encoded by SPI1 gene

PuroR puromycin resistant

Q glutamine
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QC quality control

gPCR quantitative polymerase chain reaction

RAB Family of Ras-like small GTPases

REL v-rel avian reticuloendotheliosis viral oncogene homolog
REST RE1-silencing transcription factor also known as NRSF
RI ROCK inhibitor (Y-27632)

RIPA radioimmunoprecipitation assay

RISC RNA-induced silencing complex

RLR RIG-I like receptor

RNA ribonucleic acid

RNAIi RNA interference

RNase ribonuclease

RNA-Seq RNA sequencing

RNS reactive nitrogen species

ROCK Rho-associated, coiled-coil containing protein kinase
ROS reactive oxygen species

RPMI Roswell Park Memorial Institute

rRNA ribosomal ribonucleic acid

RT-gPCR real time gPCR

RUES2 Rockefeller University Embryonic Stem cell line 2
RUNX1 gene name for RUNX Family Transcription Factor 1
s seconds

s421 serine position 421

SB431542 A specific inhibitor of TGF-B Receptor Kinase
SCF stem cell factor

SCR scrambled

SD standard deviation

SDS sodium dodecyl sulfate

SEM standard error of the mean

siRNA small interfering ribonucleic acid

SIN3A SIN3 Transcription Regulator Family Member A
SK-N-SH neuroblastoma cell line

SMAD a family of structurally similar proteins that are the main signal
transducers for receptors of the transforming growth factor beta (TGF-B)
superfamily

SNP single nucleotide polymorphism

SOD superoxide dismutase

SPI1 gene name for Transcription factor PU.1

SSC side scatter

ssRNA single-stranded ribonucleic acid

STAT signal transducers and activators of transcription
TALENSs Transcription activator-like effector nucleases
TAE tris-acetate-EDTA

TBHP tert-Butyl hydroperoxide

TBP TATA-Box Binding Protein

TE tris-EDTA

TFC total functional capacity

TGF transforming growth factor

Th T helper cell

TLR toll-like receptor

TMEM119 Transmembrane Protein 119 gene



TNF tumour necrosis factor

TPO thrombopoietin

TRAF TNF receptor-associated factor

TRAM TRIF-related adaptor molecule

TREMZ2 triggering receptors expressed on myeloid cells 2 gene
TR-FRET time-resolved Forster energy transfer
TRIF TIR-domain-containing adapter-inducing interferon-f3
TRK Tropomyosin receptor kinase

Tyr Tyrosine

UCL University College London

UHDRS unified Huntington’s disease rating scale
UPS ubiquitin-proteasome system

US United States

USPQ upstream of the polyQ site

UTR untranslated region

VEGF Vascular endothelial growth factor

VS. Versus

WT wild type

wtHTT wild type HTT

Xg gravitational acceleration

YAC yeast artificial chromosome

ZFP Zinc Finger Protein
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1. Chapter 1: Introduction

1.1.  Huntington’s disease

1.1.1. Clinical features

Huntington’s disease (HD) is a fatal, inherited neurodegenerative disease and
the most common monogenic neurological condition in the developed world
(Evans et al., 2013; Morrison et al., 2011). The prevalence of HD varies up to ten-
fold between different ethnicities; Caucasian populations generally show the
highest prevalence, with approximately 9.71 cases per 100,000 people, whereas
the prevalence in some Asian countries is as low as 0.42 cases per 100,000
(Rawlins et al., 2016). Individuals typically become symptomatic in the prime of
life, with the average age at onset being just 40 years old (Myers, 2004).
However, approximately 5-10% of cases have onset before 20 years of age and
are classified as juvenile HD (Gonzalez-Alegre and Afifi, 2006; O. W. Quarrell et
al., 2013; Ross et al., 2014).

HD is characterised by a triad of symptoms, with motor, cognitive and psychiatric
function affected. The distinctive motor phenotype of uncontrolled “dancing”
movements, or chorea, marks the definitive diagnostic onset of the disease in
adult HD cases and patients have increasing difficulty controlling voluntary
movements as the disease progresses. Cognitive deficits may include attentional
deficits and problems with emotional recognition, and neuropsychiatric issues
may comprise apathy, depression and blunted affect display. The clinical
presentation of HD is complex, with considerable variability between patients, but
cognitive and motor phenotypes do appear to progress together (Novak and
Tabrizi, 2010). It is important to note that while the first signs of motor symptoms
define the clinical onset of the disease, cognitive impairment and
neuropsychiatric deterioration can occur much earlier, and have a significant
impact on quality of life before clinical diagnosis (Bates et al., 2015; Rosas et al.,
2008; Ross et al., 2014). This pre-manifest phase can last up to fifteen years;
however, once motor symptoms begin, the median survival is eighteen years

from diagnosis (Ross et al., 2014).

Juvenile HD has some overlap with the adult form in terms of clinical pathology,

but there is a predominance of bradykinesia and dystonia rather than chorea and
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a more frequent occurrence of myoclonus and epilepsy. At post-mortem, juvenile
HD brains show much more widespread degeneration than their adult
counterparts (O. W. Quarrell et al., 2013).

1.1.2. Genetics

HD is unique among the most common neurodegenerative diseases in that its
underlying cause is definitive and well-known. Thanks to the efforts of the
Huntington Disease Collaborative Research Group, the HD gene (HTT, encoding
the huntingtin protein) was located on human chromosome 4 and the nature of
the disease-causing mutation identified as an expanded CAG repeat at the N-
terminus of the gene (The Huntington Disease Collaborative Research Group et
al., 1993). The length of the expansion, encoded by CAG trinucleotide repeats,
is variable within the population, with unaffected individuals carrying repeats of
6-35 units. Individuals carrying expansions greater than forty units in length
invariably develop HD and in general longer repeat lengths lead to earlier onset
of disease. Adult onset patients typically carry repeats of between 40-50 CAG
units and juvenile HD patients typically carry mutations above 55 CAG units, but
there are rare cases of juvenile onset HD with smaller mutation sizes (O. W. J.
Quarrell et al., 2013). Interestingly, for each HTT CAG size there is a range of
ages when patients may begin to show symptoms. This may be due to the
influence of other modifying genetic factors, as well as environmental effects
(Langbehn et al., 2010). Repeats in the intermediate range of 36-39 CAG units
show reduced penetrance, with some individuals never being clinically
diagnosed, while others develop HD (Bates et al., 2015). This has recently been
partially explained by studies which found that the length of the uninterrupted
repeat in these cases predicted onset, with longer pure CAG repeats causing
earlier onset and those interrupted with CAA codons appearing protective (Lee
et al., 2019; Wright et al., 2019).

1.1.3. Central nervous system (CNS) pathology

HD is characterised by progressive neurodegeneration, with an overall decrease
in brain volume of 19% at death (Halliday et al., 1998). Specific regions are more
heavily affected, however, most notably the GABAergic medium spiny neurons
of the striatum where up to 95% are lost by end-stage disease, resulting in a 50%

reduction of total striatal volume (Vonsattel, J.P., DiFiglia, 1998). This striatal loss
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correlates with signs of motor impairment and is a key pathological correlate of
disease progression (Guo et al., 2012). However, the reduction in brain volume
in HD patients at post-mortem is not accounted for by striatal loss alone, and the
cerebral cortex and hypothalamus are also known to be strongly affected
(Halliday et al., 1998; Rosas et al., 2005). Pathology is not just confined to
neuronal degeneration, however, as glial cells also appear to be affected (Shin
et al.,, 2005). There is also significant white matter loss in HD patients, with
deficiencies occurring at the very earliest stages of disease, particularly in the
cortico-striatal tract (Novak et al., 2014; Phillips et al., 2014, Yi Teo et al., 2016).
As well as this, there is pre-symptomatic and progressive accumulation of
activated microglia, in response to pathological stimulation, and accompanying
neuroinflammation in brain areas most affected by the disease (McColgan et al.,
2017; Pavese et al., 2006; Sapp et al., 2001; Tai et al., 2007), as is observed in

many other neurodegenerative diseases.

1.1.4. Pathology beyond the CNS

The neuropathology of HD is an obvious core part of the disease process and
clearly correlates with the characteristic symptoms seen in patients. However,
evidence points to this CNS pathology being accompanied by diverse peripheral
phenotypes and pathologies, which is perhaps unsurprising given that HTT is

expressed in all tissues of the body (Li et al., 1993; van der Burg et al., 2009).

Skeletal muscle wasting and weight loss are both prominent in HD patients and
some animal models of HD (Goodman et al., 2008). The heart is also known to
be affected, and heart failure is reported to be the second leading cause of death
in HD (Lanska et al., 1988). Cardiac dysfunction is also found in mouse models
of the disease (Mihm et al., 2007) and when mutant HTT (mHTT) is expressed
only in the cardiomyocytes of wild-type mice, they develop heart failure (Pattison
et al., 2008), suggesting that this peripheral phenotype occurs independently of
events in the CNS. HTT is very highly expressed in the testis and while fertility is
unaffected in patients with HD, there is clear pathology; and animal models of HD
show considerable testicular atrophy (van der Burg et al., 2009; Van Raamsdonk
et al., 2007). Some reports have also suggested that osteoporosis may be a part
of the peripheral phenotype in HD, which increases in severity with increasing

HTT CAG length However, it is unclear whether this is a secondary effect from
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the immobility associated with the later stages of disease, a side-effect of the
neuroleptic treatment, or a direct effect of the peripheral expression of mHTT
(Bonelli et al., 2007; Goodman and Barker, 2011). These peripheral pathologies
of HD are accompanied by dysfunction in the innate immune system which
persists when its cells are isolated and tested ex vivo, suggesting cell
autonomous dysfunction caused by the expression of mHTT alone (Bjorkqvist et
al., 2008; Dalrymple et al., 2007; Kwan et al., 2012; Miller et al., 2016; Trager et
al., 2014; Trager et al., 2015).

1.1.5.  The HTT protein
The HTT gene is located at chromosome 4p16.3. It is a large multi-exon gene
that can be alternately spliced to form a number of HTT protein isoforms (The

Huntington Disease Collaborative Research Group et al., 1993).

1.1.5.1. Wild-type HTT

Wild-type HTT (WtHTT) is a large soluble protein of 348 kDa (Cattaneo et al.,
2005). It is ubiquitously expressed in all cells and tissues, with highest expression
levels in the CNS and the testes (Li et al., 1993). The CAG repeat, which is
expanded in disease, is found in exon 1. It encodes an N-terminal polyglutamine
sequence that forms a largely helical secondary structure, the exact conformation
and stability of which is influenced by the surrounding protein regions. The
function of this low-complexity region has not been fully elucidated but it is
suggested that such regions aid in the modulation of protein-protein interactions
(Xiao and Jeang, 1998), protein—nucleic acid interactions (Shen et al., 2004) and
protein subcellular localisation (Salichs et al., 2009). HTT also contains a number
of so-called HEAT (huntingtin, elongation factor 3, a subunit of protein
phosphatase 2A and TOR1) repeats. These are tandem repeat sequences of
roughly forty amino acids that are arranged in anti-parallel alpha-helices. The
function of HEAT regions in proteins is unclear, but they may be important in
chromosomal interactions and intracellular transport, as they have been shown
to bind to chromatin and adhesins (Neuwald and Hirano, 2000; Shiga et al.,
1996). Additionally, in the case of HTT, the transcription factor NF-xB is known
to bind to these HEAT repeats (Neuwald and Hirano, 2000). The HEAT regions
are interspersed in the gene with disordered regions (Figure 1.1), which are

believed to be important for HTT’s ability to interact with a large number of other

26



proteins (Harjes and Wanker, 2003; Tourette et al., 2014). The wtHTT protein
appears to have a large interactome, suggestive of a role as a molecular scaffold,
and indeed in Drosophila this sort of role for HTT as a scaffold for selective
macroautophagy has been shown (Rui et al., 2015). Most recently cryo-electron
microscopy was used to determine the structure of full-length human wtHTT in
complex with HTT-associated protein 40 at an overall resolution of 4 A. This
confirmed that qtHTT is largely a-helical and consists of three major domains.
The amino- and carboxy-terminal domains contain multiple HEAT repeats
connected by a smaller bridge domain containing different types of tandem
repeats (Guo et al., 2018).

Despite the abundant roles of wtHTT and protective effects of its expression, it is
unlikely that the extensive pathology seen in HD is caused by a loss of normal
HTT function alone. Particularly as the lethality of wtHTT knockout and
conditional knockout models are rescued by expression of mHTT, suggesting the
mutant form of the protein retains the essential functions of WtHTT in
development (Leavitt et al., 2001). Additionally, patients homozygous for the HTT
mutation are rare, but do not appear to have an earlier age of onset than
heterozygotes, despite lacking wtHTT entirely, and while there is some evidence
that their progression is more severe (Squitieri et al., 2003), larger scale studies
have not found replicated this result (Cubo et al., 2019). This suggests it is more
likely that disease pathogenesis arises primarily from a toxic gain of function by
mHTT.

1.1.5.2. Mutant HTT

The CAG repeat of the HTT gene is found in exon 1, and encodes the N-terminal
polyglutamine sequence. It is expanded in mHTT and this results in an unstable
protein structure and changes to its conformation and structure that are key to its
toxicity (Ross and Tabrizi, 2011). Currently, it is not possible to crystallise mHTT
due to its instability. This means that in-depth structural analysis has not been
possible. However, it has been suggested that the expansion increases the
length of the random coil, facilitating aggregation and abnormal protein

interactions (Kim et al., 2009).

The alpha-helical structure found in wtHTT is largely lost in the mutant form, with

mHTT fragments instead forming a compact beta-sheet structure that is capable
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of aggregation, the efficiency of which is highly dependent on the CAG repeat
length (Chen et al., 2001; Ross and Tabrizi, 2011). On a cellular level, N-terminal
mHTT fragments form inclusions in both the cytoplasm and the nucleus, whereas
wtHTT maintains a cytoplasmic localisation exclusively, and does not form

inclusions or aggregates in that manner (Vonsattel, J.P., DiFiglia, 1998).

Both the wild type and mutant forms of the HTT protein are known to undergo
significant  post-translational  modification, including  phosphorylation,
SUMOylation, ubiquitination, acetylation and palmitoylation (Cong et al., 2011;
Steffan et al., 2000; Thompson et al., 2009; Yanai et al., 2006). These
modifications tend to occur in the disordered regions of the protein and affect
physical properties of the protein such as half-life and the propensity to form
aggregates. The HTT protein is also known to be cleaved by a number of
proteolytic enzymes (Graham et al., 2006), resulting in a large number of
fragments ranging in size. Of particularly note is the exon 1 fragment formed from
mHTT, of approximately one hundred amino acids which is suggested to be

particularly toxic (Bates et al., 2015; Ross and Tabrizi, 2011).
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Figure 1.1. The huntingtin protein. The human HTT protein contains a number of
HEAT repeat regions. A polyglutamine (polyQ) stretch is located at the N terminus, which

is expanded in HD. Proteolytic cleavage by Caspase 6 results in the formation of toxic

28



N-terminal fragments such as cp-1 and cp-2. HTT is known to undergo many post
translational modifications, such as acetylation (Ac), phosphorylation (P), and the
addition of ubiquitin or small ubiquitin-like modifiers (SUMO). IVLD and NLPR are amino
acid cleavage sequences. NES=nuclear export signal, PIAS1= Protein Inhibitor Of
Activated STAT 1, HIP14= Huntingtin interacting protein 14, AKT= serine/threonine-
specific protein kinase also known as Protein Kinase B. SGK= Serum/Glucocorticoid
Regulated Kinase, CBP= CREB-binding protein. Reprinted with permission from Ross
and Tabrizi, 2011.

1.1.5.3. Function

The exact function of wtHTT remains unclear. However, it is known to be
essential for embryonic development, as HTT knockout is embryonic lethal in
mice prior to CNS development (Duyao et al., 1995; Nasir et al., 1995). This is
rescued by the expression of HTT in the extra-embryonic tissues, suggesting a
role for HTT beyond the CNS during development (Dragatsis et al., 1998).
Conditional knockout of HTT in neonates is lethal, but interestingly this is due to
acute pancreatitis rather than any CNS pathology. Additionally, if the knockout
occurs after four months of age it is non-lethal, suggesting a key developmental

timing to the essential role of HTT (Wang et al., 2016).

Conditional HTT knockout adult mice exhibit increased CNS apoptosis (Zeitlin et
al., 1995) and there is significant evidence that wtHTT is neuroprotective in HD,
but also more generally in neurological conditions where cell death occurs
(O’Kusky et al., 1999; Rigamonti et al., 2000; Zhang et al., 2003). For example,
overexpression of wtHTT in HD mice leads to a reduction in striatal cell loss
(Leavitt et al., 2006, 2001; Rigamonti et al., 2000).

The loss of wtHTT can also contribute to the HD phenotype in animal and cell
models of the disease, with worsened motor phenotypes, survival rates and cell
vulnerability in the absence of WtHTT (Van Raamsdonk et al., 2005; Zhang et al.,
2003; Zuccato et al., 2003, 2001). Beyond HD, wtHTT is also protective, such as
in a model of ischemia where mice expressing higher levels of wtHTT show a
reduction in lesion size of 17% compared to their normal littermates. Additionally,
wtHTT levels are reduced in mouse models of traumatic brain injury and spinal
cord injury, which is blocked by administration of a broad caspase inhibitor,
suggesting this depletion is due to HTT’s role as a caspase substrate (Zhang et
al., 2003).

29



Research to date has focused on the role of wtHTT in neurons, where possible
roles for the protein in vesicular trafficking (Velier et al., 1998) and cellular
trafficking of BDNF along microtubules (Gauthier et al., 2004) have been found.
At a transcriptional level, wtHTT interacts with REST/NRSF to modulate the
transcription of NRSF-controlled neuronal genes, which include BDNF (Zuccato
et al., 2001). There is also evidence that wtHTT has a role in transporting NF-xB
from the synapse to the nucleus, which is impaired by mHTT (Marcora and
Kennedy, 2010). By comparison, little is known about the role of wtHTT in non-
neuronal cells. However, recent work has suggested a novel role for wtHTT in
the immune system, showing that lowering the levels of wtHTT results in a
reduction in cytokine expression following stimulation with lipopolysaccharide
(LPS) and interferon gamma (IFNy) (Trager et al., 2014). Given the diversity of
roles wtHTT has been shown to play in neuronal cells, it is possible that many

more functions for wtHTT in other cell types remain to be uncovered.

Despite the abundant roles of wtHTT and the protective effects of its expression,
as previously mentioned, it is unlikely that the extensive pathology seen in HD is

caused solely or even largely by a loss of normal HTT function.

1.1.6. Experimental models of HD

1.1.6.1. Animal models

A wide variety of HD animals models have been developed, including Drosophila,
rat, pig and sheep models (Baxa et al., 2013; Handley et al., 2016; Lewis and
Smith, 2016; von Harsten et al., 2003). The ability to study HD in vivo has been
key to improving our understanding of the disease, and while no model perfectly
recapitulates the human disease, each is useful for studying different aspects of
the disease, and is complementary to work in human tissues to generate a full

understanding of HD pathogenesis and progression.

Particularly frequently used have been rodent models of HD, where the most
common models include: truncated N terminal fragment models, knock-in models
using full-length HTT, and transgenic models using full-length HTT. See table 1.1.
for a list of the most commonly used models. A more exhaustive list can be found
in Pouladi et al., 2013 (Pouladi et al., 2013). Initial work relied on the use of

transgenic fragment models of HD. For example, the R6/2 mouse model, in which
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a fragment of the human HTT gene was inserted into the mouse genome,
specifically the N-terminus, containing a CAG repeat expansion of 150 units
(although larger expansions are commonly in use now) expressed using the HTT
promoter (Mangiarini et al., 1996). Fragment models tend to have very severe
disease phenotypes, with earlier onset and rapid progression, and are perhaps
closer genetically and phenotypically to juvenile onset HD. Following on from
these fragment models, a number of transgenic mouse models have been
created that contain the full-length human HTT gene, such as the YAC128 and
BACHD models. In each case, the full length gene is randomly inserted in the
genome, with four or five copies present in addition to both alleles of the
endogenous murine HTT, leading to high overall expression levels (Dagmar E.
Ehrnhoefer et al., 2009). Knock-in mouse models also exist, which are perhaps
the most similar to the human disease in terms of the genomic and protein
expression of mHTT, where exon 1 of one allele of the mouse HTT gene is
replaced with an expanded CAG construct, meaning the mutant allele is identical
to the endogenous locus except for the exon 1 expansion and should be
expressed at endogenous levels (Lin et al., 2001; Woodman et al., 2007). Two
excitotoxic models of HD also exist, where intrastriatal injections of the
endogenous metabolite quinolinic acid or systemic administration of 3-
nitropropionic (3-NP), an inhibitor of the mitochondrial citric acid cycle, result in
some of the biochemical, behavioural and pathological features of HD in rodents
and non-human primates (Schwarcz et al., 1983). Finally, conditional models
exist, whereby mHTT expression can be isolated to particular cell types, e.g.
striatal cells only (Gu et al., 2007), through cross breeding mice where expression
of a fragment of mHTT (Exon1), is driven by the endogenous ubiquitously-
expressing Rosa26 promoter, and can only be switched on by Cre recombinase,
with Cre recombinase expressing mice, where Cre expression is limited to
particular cell types through the use of specific promoters e.g. the Nestin
promoter, which drives pan neuronal Cre expression (Gu et al., 2005b, 2007).
Collectively these murine models have been incredibly helpful in improving our
understanding of HD, but it is important to note that therapies which have been
successful in mouse models have failed when translated to human patients. This
highlights the fact that animal models, while invaluable, do not fully recapitulate

human disease; specifically the time frame and severity of disease, and so
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perhaps should be used in tandem with human cell-based approaches. This
understanding is what has driven the research contained in this thesis; to develop

and characterise a human cell-based approach to support research into our

understanding of Huntington’s disease.

Table 1.1: Popular rodent models of HD

Transgene CAG repeat mHTT
Model Promoter
product length expression
67 amino acids
1kb human
of N-terminal
R6/1 mice HTT 116 ~x0.30
fragment (human
promoter
HTT)
67 amino acids
1kb human
of N-terminal
R6/2 mice HTT 150 ~x0.75
fragment (human
promoter
HTT)
Endogenous
N-terminal
HD51 rats fragment (22% of rat Htt 51 <x1.00
rat Htt gene) promoter
HdhQ150 Full-length
Endogenous
mice, chimeric
mouse Htt 150, 200 x1.00
HdhQ200 human HTT exon
promoter
mice 1:mouse Hit
Full-length
Endogenous
chimeric
HdhQ111 mouse HTT 111 x1.00
human HTT exon
promoter
1:mouse Hit
Full-length Endogenous
zQ175 mice | chimeric mouse Htt 188 x1.00
human HTT exon romoter
1:mouse Hit P
YAC128 Full-length
g Human HTT 128 ~x1.00
mice human HTT promoter and
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regulatory
elements
(24kb
upstream,
117kb
downstream)
~x1 (relative
Human HTT to
promoter and expression
regulatory of a full-
BACHD Full-length elements 97 length
mice human HTT (20kb human HTT
upstream, transgene
50kb containing
downstream) 18 CAG
repeats)
Human HTT
BACHD rats Full-length promoter and 97 ~x2.50-4.50
human HTT regulatory
elements

1.1.6.2. Cell models

A number of immortalised cell lines with CAG repeat knock-ins or over-
expressing transgenic lines have been produced, either through isolation from
malignant cancerous tissues, or through genetic modification of cells to be
immortalised using viral methods or otherwise (Pérez-Severiano et al., 1998).
These lines serve as an excellent resource, but due to being isolated from
malignant tissue or the possibility of containing artefacts from becoming
immortalised, results found in such models should be validated in other models
(Park et al., 2008).

Primary human cells have been used extensively also, particularly from the most

accessible tissues, such as fibroblasts, blood cells, and muscle cells. These cells
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are then cultured ex vivo for experiments. The benefits of using cells direct from
a patient are numerous; the expression level and CAG repeat size are as is found
in the patient, and the epigenetic age of the cells is preserved. However, these
samples can only be cultured for a limited period of time, are invasive to collect
and rely on patients to be willing to donate. Additionally, cells may behave
differently when isolated and in vitro, than they do when receiving environmental
signals within a patient’s system (Hawksworth, 1994; Park et al., 2008). It is on
this background that pluripotent stem cells (PSCs) have been developed and
their use adopted in labs around the world, with the gold standard being
embryonic stem cells (ESCs), more recently joined by induced pluripotent stem
cells (iPSCs).

iPSCs are produced through reprogramming of somatic cells, such as fibroblasts,
through the introduction of specific transcription factors (Lowry et al., 2008;
Takahashi et al., 2007; Yu et al., 2007). This is particularly useful for producing
cell-based models of disease, where somatic cells from patients can be
reprogrammed to a pluripotent state, while maintaining their genetic identity.
Disease-specific iPSCs for a number of neurodegenerative disorders have been
produced, including Parkinson’s disease and Alzheimer’s disease (Chang et al.,
2019; H. Liet al., 2018; Yagi et al., 2011). This has also been applied in HD, with
iPSC lines produced from HD patients and related controls. The benefit of these
lines is the theoretically infinite source of patient material that they can produce,

with the same polyQ length and expression level as the donor.

Embryonic Stem Cells (ESCs), on the other hand, are derived from donated
blastocysts, either carrying specific disease mutations, or controls that can be
edited using genome editing. In theory, a disease such as HD can be equally
modelled by either iPSCs or ESCs (Halevy and Urbach, 2014).

Of additional benefit has been the production in recent years many differentiation
protocols, such that it is possible to produce almost any cell type of interest from
these starting materials (Abud et al., 2017; Arber et al., 2015; Van Wilgenburg et
al., 2013). This is particularly useful in the cases of very inaccessible tissues and

cell types such as those of the CNS.

However, as with any technique in its infancy, there are a number of caveats to

the use of PSCs that are only now becoming apparent, as their use becomes
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more widespread. For example, it has become apparent that the neurons
produced from iPSCs may be more embryonic than previously expected, and that
long maturation periods must be employed to generate even subtle disease
relevant phenotypes, in the cases of diseases such as HD and AD, that have a
later onset. There are some suggestions that these immature cell phenotypes
and the reduced prevalence of disease pathology in iPSC-derived neurons, may
be due to the reprogramming process which returns somatic cells to a pluripotent
state, where the epigenetic clock becomes reset (Rando and Chang, 2012). This
issue is being investigated by iPSC labs around the world currently, and the
extent that this may caveat results is beginning to be understood. This issue may
be circumvented through the use of direct-differentiation protocols, where
somatic cells are directly differentiated into the desired cell type (e.g. cortical
neurons), without the iPSC reprogramming procedure (Yoo et al., 2011). This
method is also in its infancy, but appears to preserve the phenotypes of disease
more effectively. Also, dependent on the reprogramming method used to create
iPSCs, there is evidence of incomplete reprogramming, where iPSCs retain some
“epigenetic memory” of the donor cell type (Bar-Nur et al., 2011; Kim et al., 2010;
Ma et al., 2014).

HD is particularly tractable for production of an allelic series from control ESCs,
as it is caused by a single gene, where a disease such as AD would be harder to
model using ESCs. However, to create a disease model from control ESCs,
genetic manipulation is required, for example using CRISPR-Cas9 technology. A
number of research groups have now produced series of isogenic ESC lines with
varying CAG lengths on identical genetic backgrounds, allowing for investigation
of the effect of CAG length on phenotype without the presence any other genetic
modifiers (An et al., 2014; Ooi et al., 2019; Ruzo et al., 2018). There are some
caveats to this method, however, and it should be noted that off-target effects of
CRISPR-Cas9 have now been suggested to be a relatively common occurrence
when using this system, depending on the cell type used (Veres et al., 2014;

Zhang et al., 2015) and so should be tested for and considered.

Another avenue for the production of HD ESC lines has been through the

donation of embryos generated through IVF and screened for HD. Embryos
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positive for the mutation may be donated to science for the production of HD ESC
lines (Verlinsky et al., 2005).

Early research in the HD field using iPSC and ESC derived cell types has been
of great interest, however the caveats of PSC use also apply in HD. For example,
studies using iPSC-derived neurons particularly, failed to appreciate the impact
of other genetic variation on the performance of the cells. For example, in a study
with primary human immune cells, typically an N of 10 per group would be
required. However, in some PSC-publications, a single HD line is used against a
single control line for certain experiments, resulting in a significantly under
powered study, with an associated high false discovery rate (Conforti et al.,
2018).

However, with the correct number of repeats and controls in place, human iPSC
and ESC-derived cell types can be a very promising model to use to investigate
HD. This is particularly true for cell types such as microglia and neurons, where
primary human cultures are difficult to obtain, and have a limited life time in
culture; for such cell types, iPSCs and ESC derived versions provide a novel

opportunity to address key research questions in vitro.

In summary, rodent models have been the research model of choice for many
key discoveries and have been very useful in building our understanding of
Huntington’s disease. However, following 65 million years of evolutionary
divergence, there are of course significant differences between rodent and
human systems, in the CNS (Hodge et al., 2019), and also in the immune system,
which form the focus of this thesis (Mestas and Hughes, 2004; Smith and
Dragunow, 2014). Additionally, the failure of many therapeutics in human ftrials,
that have been effective in rodents, emphasises that these differences are of
consequence. For these reasons, human models should be pursued wherever
possible, in parallel with in vivo animal research, to strengthen the case for results
found in both. There is also a case for using immortalised cell lines for
Huntington’s and immune system research. However, given the possibilities of
artefacts due to the immortalisation process, and possible genetic abnormalities
in the cases of lines isolated from cancers, results found in such lines must be
replicated in other models. This is particularly relevant for microglia, where recent

studies have shown that microglia cell lines differ genetically and functionally from
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primary microglia and ex vivo microglia (Butovsky et al., 2014; Das et al., 2016;
Melief et al., 2016). Finally, primary human cells for the study of Huntington’s
disease carry many benefits; the use of the patient’s own cells allows assessment
of cells with the exact CAG length and HTT expression level of the patient.
However, primary cells have a limited lifetime in vitro, and are challenging to
obtain in large numbers. This is particularly true for the cells of the CNS, such as
microglia, where cells can only be collected in low numbers post mortem, or
following tissue resection for therapeutic reasons (tumour removal or epilepsy).
For these reasons, this thesis has aimed to develop a human iPSC and ESC-
derived model of Huntington’s disease neurons and microglia. Human iPSC and
ESC-derived neurons and microglia are a theoretically infinite resource for
researchers, and in the case of HD, where lines are derived from HD patients,

they express the polyQ at the size and expression level found in the donor patient.

1.1.7. Cellular pathogenesis of HD

1.1.7.1. HTT aggregation, fragmentation and accumulation

One neuropathological hallmark of HD is the accumulation of intracellular mHTT
aggregates, and specifically, intranuclear aggregates, which sequester
transcription factors, chaperone proteins, ubiquitin and wtHTT into them
(Arrasate et al., 2004; Davies et al., 1997; DiFiglia et al., 1997; Steffan et al.,
2000). In cell and animal models of HD, accumulation of these aggregates
correlates with disease load (Becher et al., 1998; Sieradzan et al., 1999) and
causes increased apoptotic cell death (Hackam et al., 2000). However in some
models of HD, cells containing aggregates survive for longer than those without
and suppression of aggregate formation increases toxicity (Arrasate et al., 2004;
Choi et al., 2012). Indeed, the formation of aggregates may be a way for the cell
to reduce the concentration of toxic species soluble in the cell and
compartmentalise for improved cellular function. In fact, when aggregation is
prevented in a fragment mouse model of HD, there is increased dysfunction of

the ubiquitin proteasome system (UPS) (Ortega et al., 2010).

It is possible that mHTT has multiple toxic species with anything from soluble
misfolded mHTT to protofibrils, fibrils, aggregation foci, compact beta-sheet
structures potentially capable of toxicity (Bates, 2003; Rubinsztein and

Carmichael, 2003). Full-length mHTT may be toxic in and of itself, but there is
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clear evidence that that N-terminal exon 1 fragments of mMHTT can be particularly
toxic. Models expressing exon 1 alone show far more severe phenotypes than

full-length models.

1.1.7.2. Dysregulated transcription

Transcriptional dysregulation is a central feature of pathogenesis in HD and one
of the earliest signs of mHTT-induced dysfunction (Ryu et al., 2006). It is seen
consistently in both patients and HD cell and animal models. There are several
ways in which mHTT causes transcriptional dysregulation. Firstly, mHTT is
capable of binding DNA directly and in this way regulates transcription and
occupies gene promoters. This occurs in a polyQ length-dependent manner, with

a longer expansion leading to increased binding (Benn et al., 2008).

Secondly, mHTT can indirectly affect transcription through influencing chromatin
structure, thus affecting the accessibility of genes to transcription factors. In HD
brains and R6/2 mice, histones H3 and H4 are hypo-acetylated and present in
nuclear inclusions of mHTT. Moreover, HDAC inhibitors are found to improve
some disease phenotypes of HD mice and Drosophila (Jia et al., 2016; Pallos et
al., 2008; Steffan et al., 2001). Histone H3 (K9) is also found to be hyper-
methylated in HD brains, with methylation a well-known mechanism for gene
silencing. This is most likely caused by increased levels of ESET, a histone H3
(K9) methyltransferase whose expression is increased in HD patients and the
R6/2 mouse model. Interestingly, treatment to reduce trimethylated H3 (K9)
results in an amelioration of symptoms in the R6/2 mouse model (Labbadia et al.,
2011; Ryu et al., 2006; Sadri-Vakili et al., 2007; Sadri-Vakili and Cha, 2006).

Finally, mHTT can affect transcription by directly interacting with transcription
factors and their regulators. For example, mHTT is known to bind directly to CBP,
which possesses histone-acetyltransferase activity, as well as TBP, p53, mSin3a
and SP1, and can sequester them into inclusions. SP1 is bound by wtHTT also,
but mHTT binds with a higher affinity and a downregulation of SP1 regulated
genes is seen in HD (Ryu et al., 2006). mHTT is also known to directly interact
with the IKK complex (Khoshnan et al., 2004 ), and significantly affects the activity
of the NF-xB pathway, which is dysregulated in a number of different models of
HD. For example, it has been found that resting human HD myeloid cells have

upregulated expression of gene sets relating to NF-xB and significantly reduced
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protein levels of the negative NF-kB regulator, 1kB (Miller et al., 2016). This
altered activity pattern has been suggested to be caused by mHTT binding to
IKKy, resulting in increased NF-xB activity, increased |xB degradation and
subsequent NF-kB translocation (Trager et al., 2014). Additionally, in other
models of HD, for example cultured cells expressing mHTT and striatal cells from
HD transgenic mice, elevated NF-kB activity is seen (Takano and Gusella, 2002).
mHTT exon 1 fragments alone can strongly increase NGF-induced NF-xB
dependent gene expression (Khoshnan et al., 2004) and in slice culture genetic
inhibition of NF-xB activity reduced mHTT exon 1 fragment induced toxicity
(Smith et al., 2014; Trager et al., 2015).

1.1.7.3. Dysreqgulated proteostasis

Given the aggregation phenotype seen in HD, it seems clear that many cell types
struggle to clear the mHTT protein, leading to increasing load in the cell and
eventual formation of aggregates. This suggests dysfunction of protein clearance
pathways and a great deal of evidence supports the idea of autophagy being
dysfunctional in HD. HTT may ordinarily aid the autophagic processes; a function
that is lost in the mutant form of the protein (Martin et al., 2015; Samaraweera et
al., 2013; Steffan et al., 2000). Interestingly, in cell models of HD the UPS
appears dysfunctional, but when tested in vivo this was not found, with mouse
models only showing transient UPS dysfunction in response to acute expression
of mHTT, with continued dysfunction only caused in the presence of aggregation
inhibitors (Ortega et al., 2010). The heat shock response (HSR) pathway is also
impaired in HD and while the presence of expanded HTT polyglutamine tracts in
cells alone is insufficient to induce the HSR pathway, its presence does appear
to inhibit the proper induction of the HSR in the presence of an additional stressor.
In this way, cells have a reduced capacity to respond to stressors (Chafekar and
Duennwald, 2012; Labbadia and Morimoto, 2013; San Gil et al., 2017).

1.1.7.4. Dysregulated mitochondrial function and bioenergetics

Mitochondrial dysfunction is also present in HD, with aberrant mitochondrial
morphology seen in post mortem brain tissue and in ex vivo peripheral cells such
as lymphoblasts (Gu et al., 1996; Squitieri et al., 2006). The performance of
mitochondria in HD is also suggested to be impaired due to enzymatic changes

and reductions in substrate availability, but it is likely that these impairments are
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secondary to damage occurring elsewhere in the brain, rather than a primary

event in the disease aetiology (Browne, 2008).

Oxidative stress is also found to occur in HD. There is evidence of abnormally
increased levels of several markers of oxidative stress-induced damage in HD
patients and models. For example, 8-OHDG, a biomarker of DNA oxidation, is
significantly elevated in post mortem brain tissue (Browne et al., 2010), with a
parallel increase is found in peripheral blood leukocytes (Chen et al., 2007).
There is also evidence from in vitro cell work in HeLa, COS-7 and SK-N-SH cells,
that the presence of mHTT itself results in elevated levels of reactive oxygen
species (ROS) production in a polyQ-dependent manner (Wyttenbach et al.,
2002), suggesting a cell autonomous mechanism. This increase in ROS
production is linked to HTT polyQ length specifically, and can be induced without
the presence of any surrounding exon1 sequence. In addition, ROS production
and the formation of mHTT aggregates coincide in cells, both preceding toxicity
and death. Blocking aggregation appeared to reduce ROS production in this
model also (Hands et al., 2011). The mechanism by which mHTT causes ROS
production is unknown, but it has been suggested that it occurs via inhibition of

the proteasome (Wyttenbach et al., 2002).

Nitric oxide production is also found to be altered in HD. Nitric oxide synthase
(NOS) can be either beneficial or detrimental in neurodegenerative disease. This
is dependent on disease stage, the isoform of NOS involved, and the balance
between nitrosative and oxidative stress. There are three isoforms of NOS;
endothelial (eNOS), neuronal (nNNOS) and inducible (iNOS). Endothelial and
neuronal NOS are both constitutively expressed and have roles in homeostatic
physiology, whereas iINOS is expressed in glial cells and only in response to
stimulants (Deckel, 2001). Specifically, microglia express iNOS in response to
LPS and IFNy stimulation (Possel et al., 2000). NO has antioxidant properties in
many cases (Wink et al., 1999). However, if the environment of the cell is rich in
superoxides due to oxidative stress, NO species contribute to the formation of
peroxynitrite, a neurotoxic by-product (Espey et al., 2000). In HD patient post
mortem brain samples, nNOS mRNA and protein levels are reduced in the
striatum, but not in the cortex (Norris et al., 1996), and the activity of nNOS is
also reduced in R6/2 mice (Deckel et al., 2000).
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In addition to this, peroxynitrite is increased in transgenic mouse models of HD
(Browne et al., 1999; Deckel et al., 2000). In the 3-NP-induced model of HD, NO
and peroxynitrite play a role in the neurodegeneration which follows 3-NP
administration (Galpern et al., 1996; Nishino et al., 2000). In the quinolinic acid-
induced model of HD, NOS activity is increased compared to controls and NOS
inhibition is protective against the emergence of circling behaviour, a phenotype
associated with neurodegeneration in the model (Pérez-Severiano et al., 1998).
This suggests that nitrosative stress may play a role in HD pathology; however,

this requires further confirmation in human HD cases.

1.1.7.5. Dysregulated cellular transport and trafficking

Dysregulated cellular transport and trafficking is also a known pathology in HD.
For example, mHTT has been shown to interact with B-tubulin to disrupt protein
transport post-Golgi and secretion (Smith et al., 2009). mHTT has also been
shown to interfere with vesicle formation from recycling endosomes through
altered interactions with RAB11 (Li et al., 2009). Most relevant for the striatal
degeneration seen in HD patients, mHTT has been shown to have impaired
ability to transport BDNF vesicles due to altered interactions with huntingtin-
associated protein-1 (HAP1) and the p150Glued subunit of dynactin (Gauthier et
al., 2004). Interestingly, the heterozygote mutants tested were as deficient as
homozygous mutants, suggesting a dominant negative effect of the mutant form.
This is particularly detrimental for striatal MSNs, which rely on BDNF for their

survival, but do not produce it themselves (Li et al., 2009).

1.1.7.6. Non cell autonomous effects

It is important to acknowledge the role of cell-cell interactions in the production of
HD pathology. Many publications have shown that expression of mHTT in some
discrete cell types that are affected in HD, is insufficient to produce HD pathology.
For example, in animal models of HD, expression of mHTT in cortical pyramidal
neurons and glia alone were insufficient to produce HD pathology (Gu et al.,
2005a). Expression of mHTT in striatal MSNs alone resulted in progressive and
cell-autonomous accumulation of nuclear mHTT aggregates, but mice with this
striatal degeneration alone failed to develop significant locomotor deficits and
other stereotypical elements of striatal neuropathology such as gliosis usually

associated with HD (Yang et al., 2007). Similarly, expression of mHTT in
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microglial cells alone in mice resulted in a lack of disease phenotypes (Petkau et
al., 2019). In a rodent model, expression of highly expanded mHTT in astrocytes
has been shown to cause detrimental knock-on effects to the health of neurons,
with the development of a neurological phenotype (Bradford et al., 2009),
although not recapitulating all HD phenotypes. This highlights the importance of
HTT expression throughout the cells of the brain, in the production of HD
phenotypes and pathology. It has also been shown that HD patient brains and
three different murine model types (R6/2, YAC128 and Hdh92 and Hdh111) have
a higher level of excitotoxic Kynurenine 3-monooxygenase (KMO) pathway
metabolites, suggesting dysfunction of the KMO pathway (Guidetti et al., 2006,
2004), further increasing the likelihood of excitotoxicity in the HD brain.

Co-culture experiments using ex vivo primary murine cells have shown that
mHTT-expressing neurons are protected from glutamate toxicity when in the
presence of wtHTT-expressing astrocytes compared to HD astrocytes (115-
150Q). This may be due to an impaired ability of mHTT expressing astrocytes to
clear synaptic glutamate, which can then result in excitotoxicity in neurons (Shin
et al., 2005).

Studies in cell lines and ex vivo cells from murine models have shown that mHTT
has an impaired ability to facilitate BDNF transport in comparison to wtHTT. This
impairment may underlie the increased loss of MSNs in the striatum in HD, which
are particularly vulnerable as they do not produce BDNF themselves and
therefore require BDNF transport from the cortex for survival (Gauthier et al.,
2004; Zuccato and Cattaneo, 2007). MSNs are also particularly vulnerable
because of their high metabolic demands due to their high level of connectivity to
the neocortex (Ehrlich, 2012). Taken together, these results highlight the
importance of non-cell autonomous mechanisms in the accumulation and
progression of pathology, with a myriad of dysfunctional cell types contributing to

the complete phenotype seen in HD.

1.1.8. HD therapeutics

Current HD therapeutics are limited to treating the symptoms of HD, without
addressing the underlying cause. Up until 2017, a total of 99 clinical trials were
conducted investigating therapies to treat HD. The success rate of these trials

has been very low, with just 3.5% of trials progressing to the next stage of testing
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(McColgan and Tabrizi, 2018; Travessa et al., 2017). There is only one licensed
drug for the treatment of HD, specifically, tetrabenazine, which aids in the control
of chorea, but with some undesirable side effects (Kieburtz et al., 2018). In clinical
practice, neuroleptics including olanzapine, respiridone and quetiapine are also

commonly used to treat chorea (Kieburtz et al., 2018).

Outside of these existing symptom management options, a variety of drugs are
under investigation as potential disease-modifying agents. These can be broadly
classified into four categories. First, HTT-lowering therapies, either via RNA
interference (RNAI), (Grondin et al., 2012; McBride et al., 2011; Stiles et al.,
2012), anti-sense oligonucleotides (ASO) or zinc-finger protein (ZFP) methods
(Evers et al., 2011; Garriga-Canut et al., 2012), which interact with the production
of HTT protein at various points from transcription to translation to prevent
pathology by lowering the level of mHTT in the system. The next area of
investigation surrounds modulators of cellular homeostasis, such as chaperone
enhancers (Sontag et al., 2013), autophagy enhancers and drugs that prevent
aggregation (Labbadia et al., 2012; Renna et al., 2010). Thirdly, therapies to
improve neurotrophic support to MSNs are being assessed (Simmons, 2017),
either via TRK receptor agonists or delivery of BDNF and GDNF via viral or stem
cell vehicles (Leschik et al., 2013). Finally, due to the improving understanding of
the importance of glial cells in HD, the last category of therapeutics targets glial
cell function such as Laquinimod, which targets inflammation, and CB2 agonists

that target immune cell function (Bouchard et al., 2012; Comi et al., 2012).

1.2. The innate immune system

The innate immune system is the most evolutionarily ancient part of the immune
system. It recognises invading pathogens or cellular damage and rapidly
produces stereotyped responses to defend the integrity of the body (Janeway,
1989). The innate immune system has evolved to recognise specific pathogen-
associated molecules that are highly conserved and essential for the
pathogenicity and survival of invading pathogens. Importantly, these molecules
are common to large groups of microorganisms, allowing the innate immune
system to respond to a vast number of invading pathogens via recognition of a
much smaller number of pathogenic protein signatures. These pathogenic protein

signatures are known as pathogen associated molecular patterns (PAMPs) and
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the receptors that recognise these PAMPs are known as pathogen recognition
receptors (PRRs). Some of the best-known examples of PAMPs include bacterial
lipopolysaccharide (LPS), peptidoglycans, bacterial DNA, double-stranded RNA
and glucans. LPS, for example, is common to all gram negative bacteria and only
bacteria produce it, making it an ideal PAMP for the innate immune system to
recognise and react to (Janeway, 1989; Medzhitov and Janeway, 2000). PRRs
can be split into a few families: Toll-like receptors (TLRs), Rig-I-like receptors
(RLRs), Nod-like receptors (NLRs), AIM2-like receptors (ALRs) and C-type lectin
receptors (CLRs). LPS is recognised by a member of the TLR family, TLR4
(Brubaker et al., 2015; Kumar et al., 2011). NLRs and TLRs can also sense non-
infectious sterile tissue injury such as stroke or traumatic brain injury (Ransohoff
and Brown, 2012).

The innate immune system works in tandem with the adaptive immune system,
which consists of B and T lymphocytes, which carry out antibody responses and
cell-mediated immune responses, respectively. Cell-mediated immune
responses involve activated T cells reacting directly against an antigen that is
presented to them to eliminate them, or may involve T cells signalling to the innate
immune system’s macrophages to phagocytose foreign material. Antibody
responses are mediated by B cells, which produce and secrete antibodies which
bind to foreign antigens, marking them for destruction by the innate immune
system and also preventing them binding other cells of the body. Crucially,
adaptive immune responses are slow to develop in response to a new pathogen,
so it may take up to a week for the adaptive immune system’s response to
become effective in these cases. This is when the fast, stereotyped responses of
the innate immune system are essential to keeping a new pathogen at bay.
Importantly, the adaptive immune system remembers pathogens it has
encountered before, so this lag only occurs when new pathogens enter the
system (Alberts B, Johnson A, Lewis J, 2002; Medzhitov and Janeway, 1997).

1.2.1. Innate immune system signalling

Activation of PRRs results in a cascade of intracellular signalling in the innate
immune system, leading to either rapid responses such as phagocytosis,
autophagy (Deretic et al., 2013), cell death and cytokine processing (Lamkanfi

and Dixit, 2014; Ransohoff and Brown, 2012), or slightly slower responses such
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as the production and release of pro-inflammatory cytokines and interferon from
the cell. These latter processes occur 24-48 hours after antigen recognition,
signalling to the rest of the immune system to react to the invading pathogen
(Brubaker et al., 2015).

TLRs are the best studied PRRs of the innate immune system. They were first
discovered as orthologues to a receptor found in Drosophila and are considered
to be the primary sensors of pathogens (Kumar et al., 2011). Once activated, they
initiate intracellular signalling, via MyD88 primarily, but also via MYD88-adaptor-
like protein (MAL), or TIR domain-containing adaptor protein inducing IFN(
(TRIF) and TRIF-related adaptor molecule (TRAM), which then interact with the
NF-kB, ERK, AP1, IRK and p38 MAPK downstream pathways (Figure 1.2),
resulting in initial upregulation of transcription of pro-inflammatory cytokines, such
as IL-6, IL-8, TNFa, IL-1B and type 1 interferon (O’'Neill et al., 2013). This
upregulation is transient, peaking at 2-4 hours, before progressive repression of
their expression after that. Other genes are induced at later time points, up to 24
hours after initial stimulation, and act in an autocrine manner to elicit secondary

signalling cascades (Aung et al., 2006; Schroder, 2003).
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Figure 1.2. Mammalian Toll-like receptors. A summary of mammalian Toll-like
receptor (TLR) signalling. TLRs are located at the cell surface or localised to the
endosomes. TLR signalling is initiated by ligand-induced dimerization of receptors.
Following this, TLRs engage with Toll-IL-1-resistance (TIR) domain-containing adaptor
proteins, either MYD88, MAL, TRIF or TRAM (Myeloid differentiation primary-response
protein 88, MYD88-adaptor-like protein, TIR domain-containing adaptor protein inducing
IFNB and TRIF-related adaptor molecule, respectively). This stimulates downstream
signalling pathways involving IRAKs, TRAFs which in turn activate MAPKs and JNK and
p38 leading to activation of transcription factors such as NF-xB, IRFs, CREB, AP1
(nuclear factor-xB, interferon-regulatory factors, cyclic AMP-responsive element-binding
protein and activator protein 1, respectively). TLR signalling results in the induction of
pro-inflammatory cytokine expression. dsRNA, double-stranded RNA; IKK, inhibitor of
NF-kB kinase; LPS, lipopolysaccharide; MKK, MAP kinase kinase; RIP1, receptor-
interacting protein 1; rRNA, ribosomal RNA; ssRNA, single-stranded RNA; TAB,
TAK1-binding protein; TAK, TGFB-activated kinase; TBK1, TANK-binding kinase 1.
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Reprinted with permission from "The history of Toll-like receptors — redefining
innate immunity”, 453-460, O’Neill et al., ©2013”

1.2.2. Cells of the innate immune system

The innate immune system is made up of cells that can be split into two
categories, myeloid or lymphoid, according to their developmental lineage
(Gasteiger et al., 2017). Cells that develop from the myeloid lineage include
granulocytes, monocytes, monocyte-derived macrophages, dendritic cells, and
mast cells of the immune system. Cells that develop from the lymphoid lineage

include B and T cells of the adaptive immune system (Janeway et al., 2001).

Tissue-resident macrophages such as alveolar and kidney macrophages,
microglia, Kupffer cells and Langerhans cells (Haenseler et al., 2017; Hayden
and Ghosh, 2011), also form part of the innate immune system, but come from a
distinct lineage to myeloid or lymphoid cells (Ginhoux et al., 2013; Hoeffel and
Ginhoux, 2015).

1.2.2.1. Monocytes

Monocytes make up 10% of total circulating white blood cells in humans (Auffray
et al., 2009) and are replenished by pluripotent haematopoietic stem cells in the
bone marrow. They are primary effector cells, with PRRs and chemokine
receptors that mediate migration into tissues upon stimulation, where they
differentiate further into dendritic cells and macrophages (Owen, 2012). They
produce inflammatory cytokines and can phagocytose cells and toxic debris

(Geissmann et al., 2010).

Human monocytes can be divided into three subtypes. Classical monocytes,
which express CD14 at a high level and CD16 at a low level, are generally pro-
inflammatory, but produce high levels of IL-10, an anti-inflammatory cytokine, and
low levels of TNFa in response to LPS. They also preferentially express genes
involved in wound healing. Non-classical monocytes express a lower level of
CD14 but have a much higher expression of CD16. These monocytes have
reduced phagocytic capacity and produce fewer reactive oxygen species (ROS).
This subset releases IL-18 and TNFa in response to DNA or RNA particles,
implicating them as a pathogenic agent in autoimmune diseases, such as

rheumatoid arthritis. Intermediate monocytes express CD14 at a high level, as

47



well as CD16, and their numbers are consistently associated with human

inflammatory disease (Yang et al., 2014; Ziegler-Heitbrock, 2007).

In human monocyte differentiation, it is accepted that classical monocytes
expressing CD14 at a high level leave the bone marrow and differentiate
into intermediate monocytes expressing both CD14 and CD16 at a high level and
then sequentially differentiate into CD16 expressing non-classical monocytes in
peripheral blood circulation. As such non-classical monocytes are considered a
more mature cell type. It is likely that a spectrum of monocyte forms exists and
that this three subset system is over-simplified, but it is helpful in the context of a

brief summary (Yang et al., 2014).

1.2.2.2. Monocyte-derived macrophages and dendritic cells

Upon stimulation, monocytes migrate into tissues and differentiate into
macrophages or dendritic cells. Macrophages express a broad range of PRRs
that allow them to react to a diverse range of immune challenges. Typically, they
respond by production of inflammatory cytokines and the induction of
phagocytosis (Geissmann et al., 2010). Traditionally, macrophages have been
classified as M1 and M2 subtypes, or classical and alternative, which echoes the
subtype system used for monocytes. Again, it is a likely a spectrum exists of
macrophages, from inflammatory classical macrophages to anti-inflammatory
alternative macrophages, with intermediate subtypes prevalent (Martinez and
Gordon, 2014). Dendritic cells also differentiate from circulating monocytes and
form a diverse group of cells involved in the process of antigen presentation to
lymphocytes, mediating the interactions between the innate and adaptive

immune systems (Owen, 2012).

1.2.2.3. Tissue resident macrophages

Tissue-resident macrophages, which include the only CNS innate immune
system cell type, microglia, come from a distinct developmental lineage,
compared to monocyte-derived macrophages. It has become clear that tissue
resident macrophages derive from an earlier wave of embryonic macrophage
production and are MYB-independent but dependent on PU.1 and IRFS8.
Monocytes, and their differentiated macrophages, however, depend on MYB for
their renewal (Ginhoux et al., 2010, 2013; Gomez Perdiguero et al., 2014; Hoeffel
et al., 2015; Hoeffel and Ginhoux, 2015; Kierdorf et al., 2013; Palis et al., 1999).
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Microglia are not readily replaced or replenished by other monocytes or
macrophages from outside the brain, whereas some other tissue resident
macrophages, which also originate from this earlier wave of embryonic
macrophage production, can be partially or fully replaced by foetal liver or blood
monocyte-derived macrophages in a tissue-specific manner (Bain et al., 2014;
Calderon et al., 2015).

1.2.2.4. Microglia

1.2.2.4.1. Origin and roles of microglia in the CNS
Microglia, as previously mentioned, are tissue resident macrophages. They arise
from primitive CD45+ CX3CR1- myeloid progenitors in the yolk sac, that
differentiate to CD45+ CX3CR1+ microglial progenitors and travel into the brain
before vascularisation and act as the resident immune cells of the brain. They
make up 10-15% of the neuroglial population, which consists of astrocytes,
oligodendrocytes and microglia (Nayak et al., 2014). The expression of the
transcription factor PU.1 defines the microglia lineage, separating them from
other tissue resident macrophages (Goldmann et al., 2016; Prasad et al., 2016).
The majority of studies assessing microglial origin have been conducted in
mouse models, in which microglia populate the CNS between E8.5 and E9.5;
before astrocytes and oligodendrocytes emerge (Hoeffel et al., 2015; Minocha et
al., 2017). Much less is known about the colonisation of microglia in the CNS in

humans however (Petrik et al., 2013; Smith and Dragunow, 2014).

Expression of colony-stimulating factor 1 receptor (also called CD115) (Elmore
et al., 2014), and the corresponding ligands M-CSF (CSF-1) and IL-34 (Solary
and Droin, 2014), as well as GM-CSF are required for the maintenance and
proliferation of microglia (Greter et al., 2012; Koguchi et al., 2003). Neuronal cells

initially provide these factors, and later astrocytes also.

Microglia are necessary for normal brain development. They have a well-
documented role in neuronal development, where they promote migration and
differentiation of neural progenitors, neurogenesis, and oligodendrogenesis
(Aarum et al., 2003; Paolicelli et al., 2011; Ueno et al., 2013). They have also
been shown to contribute to the clearance of superfluous neurons during

development and in adult neurogenesis (Cunningham et al., 2013; Marin-Teva et
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al.,, 2012; Neumann et al., 2009). They also have been shown to regulate
synaptogenesis, where DAP12 signalling in microglia is thought to be key to TrkB
expression at the synapse and normal synaptic function, and to synaptic pruning;
where microglia interact with and phagocytose excess synapses to remove them.
This is thought to be mediated through deposition of microglial-associated
proteins such as TREM2, fractalkine and complement proteins (Dalmau et al.,
1998; Graeber et al., 2010; Hong et al., 2016b; Monier et al., 2006; Schafer and
Stevens, 2010; Stevens et al., 2007; Tremblay et al., 2010). Interestingly, in
mouse models of AD it has been shown that this synaptic pruning is aberrantly

re-activated to cause synapse loss early in AD pathology (Hong et al., 2016a).

Microglia also have key roles in maintaining homeostasis in the brain. For
example, microglia have been shown to play a role in maintaining synapses and
synaptic plasticity through interactions with the synaptic cleft, dendritic spines and
even astrocytic processes, to facilitate the process of synaptic maturation,
pruning and elimination (Schafer and Stevens, 2015; Tremblay and Majewska,
2011). In this homeostatic role, at rest, microglia show a highly ramified
morphology. Time-lapse imaging has revealed that microglia processes are
highly motile, extending and retracting with brief static periods, to survey their
environment looking for homeostatic disturbances (Davalos et al., 2005;
Nimmerjahn et al., 2005; Wake et al., 2009). Microglia have also been shown to
support the growth and maintenance of neural networks through the secretion of
growth factors such as brain-derived neurotrophic factor, nerve growth factor and
insulin-like growth factor (Elkabes et al., 1996; Ferrini and De Koninck, 2013; Li
and Barres, 2018).

Microglia also have a key role in the injured brain. In response to injury, be it via
bacterial infection, traumatic brain injury, ischemia or neurodegenerative disease,
microglia shift activities, and may be termed “activated microglia”, switching from
surveying their environment to responding to invading pathogens or damage
signals from neurons; characteristically they adopt an amoeboid appearance.
Reactive or activated microglia usually become phagocytic, engulfing necrotic
cells and foreign material. Additionally, depending on the activating substance,
microglia will release pro-inflammatory cytokines, reactive oxygen species, nitric
oxide and quinolinic acid (Benarroch, 2013; Colton and Gilbert, 1987; Luheshi et
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al., 2011; Nakagawa and Chiba, 2014), as in the case of bacterial infections
(Hanisch et al., 2001; Hausler et al., 2002), or anti-inflammatory molecules such
as IL-10 in response to apoptotic signalling (Hanisch et al., 2001; Hausler et al.,
2002). This capacity to respond differently to a variety of stimulants highlights the
complexity of microglial responses and their versatility as immune cells.
Interestingly, it has been found that microglia will also respond differently to
different concentrations of the same stimulant, for example, low doses of IFNy
illicit protective responses from microglia, such as downregulation of TNFa
production (Butovsky et al., 2005), whereas higher doses of IFNy result in

cytotoxic responses (Butovsky et al., 2006).

Microglia have been shown to become increasingly inflammatory in the aged
brain, with upregulation of major histocompatibility complex class Il molecules,
toll-like receptors and integrins. In this way, microglia in the aged brain can be
considered “primed”, and this phenomenon may contribute to the
neuroinflammation seen in neurodegenerative diseases with adult onset, such as
HD, AD and PD (Norden and Godbout, 2013).

1.2.2.4.2. Caveats to consider for microglial research to date
The majority of research into microglia thus far has been conducted in rodent
models. There are many broad similarities between human and rodent microglia
in terms of gene and protein expression, however, there are key inter-species
differences, such as proliferation rate, NO production, TLR4 receptor expression
and adhesive properties, among others (Mestas and Hughes, 2004; Smith and
Dragunow, 2014). This reliance on rodent models in microglial research is in part
due to the fact that research using primary human microglia is difficult to conduct.
This is because primary human microglia are challenging to isolate and culture
from post mortem brain samples, or from live patients; usually cultured following
surgical resection of epileptic tissue or cancerous sites, and they can generally
only be isolated in limited numbers (Radford et al.,, 2015; Schapansky et al.,
2015). Also, given the sensitivity of microglia to their environment, microglia
isolated from patients with neurological disorders or comorbidities may be

activated, or in some way altered from their resting state.
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Similarly, this sensitivity to their environment means that the results from work
conducted on both human and rodent microglia in vitro and in isolation from other
cell types must be considered with this sensitivity to their environment in mind.
Indeed, studies have found that microglia isolated from tissue resections patients
show marked transcriptional differences when assessed immediately ex vivo
versus after in vitro culturing, with the authors concluding that transfer to a tissue
culture environment causes rapid and extensive downregulation of microglia-

specific genes (Gosselin et al., 2017).

It is clear, therefore, that there is a great need for the thorough assessment of
human microglia to complement the large body of work conducted in rodent
microglia, in order to identify and characterise the areas of function and
dysfunction where human microglia differ to their rodent counterparts.
Additionally, due to the difficulties of isolating and culturing primary human
microglia, the opportunity that using microglial-like cells differentiated from
human ESCs and iPSCs provides is enormous. This would allow assessment of
human microglia in larger numbers, uninhibited by the challenges of primary
human microglial work. However, it is important to bear in mind the limitations of
in vitro work, as mentioned briefly above, and not to dismiss the importance of in
vivo work. Scientists should consider repetition of results in in vivo models to
verify findings where possible. The available methods of differentiating microglia-

like cells are reviewed below.

1.2.2.4.3. PSC-derived microglia-like cells
At the beginning of this thesis, a number of microglial differentiation protocols
were being published (Abud et al., 2017; Douvaras et al., 2017; Haenseler et al.,
2017; Muffat et al.,, 2016; Pandya et al., 2017). Two of these were updated
versions of earlier protocols for macrophages (Van Wilgenburg et al., 2013;
Yanagimachi et al., 2013). To choose which protocols to use in this work, each
protocol was assessed for the practical elements of yield, cost, time-required,
whether the produced “microglia-like” cells were tested in co-culture, how
reproducible the protocol was (number of lines tested in), requirements for
specialist equipment (FACS, O2 changing incubators). They were also assessed
for key scientific elements of the cells produced such as the expression of key

microglial genes and proteins, the ability of the cells to produce cytokines,
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phagocytose, respond to chemotactic stimuli, produce reactive oxygen species
and show the morphological characteristics of human microglia, see Appendix 2,

Table A2.1 for easy comparison of the results for each protocol.

To summarise each protocol briefly, Muffat et al., published a protocol to
differentiate microglia-like cells in which they differentiated human ESCs and
iPSCs into embryoid bodies (EB) of two main types: neuralised, dense EBs and
cystic EBs. Cystic EBs were positive for markers of early yolk-sac myelogenesis,
such as PU.1 after 14 days in culture. These YS-EBs were collected and re-plated
for 30 days. At this point, semi-adherent round cells appeared that were highly
phagocytic and highly motile. These semi-adherent round cells were cultured for
further to produce microglia-like cells with mRNA expression similar to human
foetal microglia, that are phagocytic, produce cytokines in response to LPS
stimulation and migrate in response to chemotactic stimuli. However, the yield
per starting cell was low. The authors tested this protocol in 20 iPSC and ESC
lines, indicating good reproducibility (Muffat et al., 2016). This protocol was
initially tested in this thesis, chosen as it was one of the first available, however
repeated attempts could not produce microglia cells with the appropriate gene

expression (data not shown).

Another protocol was published by Pandya et al. They differentiated human
iPSCs into microglia-like cells through exposure to defined growth factors
followed by co-culture with astrocytes. Briefly, iPSCs were exposed to a number
of key growth factors through culturing with two different defined media across
14 days. After 14 days cells expressed CD34, CD45, and CD43, markers for
myeloid progenitor cells. These cells were further co-cultured with human
astrocytes in medium containing IL-3, granulocyte-macrophage colony-
stimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF).
Following 1-2 weeks in culture, these cells were considered to be “mature” by the
authors. Gene expression showed that these microglia-like cells showed similar
expression to human foetal microglia, and dendritic cells and macrophages.
These cells were phagocytic, capable of producing cytokines in response to
stimulation (LPS) and produced ROS,. These cells were not tested in a co-culture

setting however, and the authors only tested two iPSC lines, so the reproducibility
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of these results across different lines is not clear, and the yield per starting cell

was low, limiting this protocol’s utility in this thesis (Pandya et al., 2017).

At a similar time, Abud et al., in the lab of Matthew Blurton-Jones, also published
protocol detailing a method to differentiate iPSCs into microglia. iPSCs were
initially differentiated into CD43+ myeloid progenitors using defined medium and
temporal exposure to low (5%) oxygen levels. The medium was then changed to
serum-free microglia differentiation media containing M-CSF, IL-34, TGF-31, and
insulin. Finally, microglia-like cells were exposed to CD200 and CX3CL1 for 3
days to induce maturation. Gene expression analysis showed these microglia-
like cells cluster with human fetal and adult primary microglia. The clustering with
adult microglia is of particular note, as this was not achieved by any other
protocol. These cells were also phagocytic, showed chemotactic responses and
cytokine production. The yield per starting cell was also high, and the protocol
has been testing in 10 iPSC lines (Abud et al.,, 2017). However, given the
requirement for low oxygen incubators, it was not possible to test this protocol in

this thesis.

Douvaras et al., also published a protocol in which ESCs and iPSCs were
differentiated into microglia, building on previous work by Yanagimachi et al. This
involved exposure to a plethora of key growth factors over 25 days, after which
CD14+/CX3CR1+ cells were isolated and further cultured with GM-CSF and IL-
34 to produce microglia-like cells. These cells also show a gene expression
profile which mirrors that of human foetal microglia. These cells also show
phagocytic activity, cytokine production and chemotactic responses, and the
protocol was tested in 16 iPSC lines, showing good reproducibility. However they
were not tested in co-culture, and the yield per starting cell was low which are
weaknesses (Douvaras et al.,, 2017). The earlier version of this protocol was
tested in this thesis, with an initial aim to differentiate human macrophages
(Yanagimachi et al., 2013). However, following the publication of this updated
protocol by Douvaras, we added the maturation step described here and tested
the protocol for generation of microglia-like cells, and found the gene expression

as described.

Finally, Haenseler et al., describe the simplest protocol to produce microglia-like

cells from iPSCs, building on previous work by Van Wilgenburg et al. iPSCs were
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grown into EBs, and after 3-4 weeks in culture embryonic tissue resident
macrophage precursors emerged in the cell culture supernatant. These cells are
MYB-independent primitive myeloid cells, which appear early in development and
differentiate into a range of tissue-resident macrophage cells (such as alveolar
and kidney macrophages, microglia, Kupffer cells, and Langerhans cells) hence
being termed macrophage precursors (Buchrieser et al., 2017). These precursors
were harvested and subsequently either co-cultured for 2 weeks with iPSC-
derived cortical neurons or in neuronal-type media. This produced a high yield
per starting cell of microglia-like cells that are phagocytic, produce cytokines
when stimulated, respond to chemotactic stimuli, adopt a dynamic and ramified
microglia-like morphology and have a transcriptional profile similar to human
foetal microglia. It was tested in 28 iPSC and ESC lines, showing that it is highly
reproducible (Haenseler et al., 2017; Yanagimachi et al., 2013). Although this
protocol does not produce cells with an adult microglia transcriptomic signature it
was chosen for testing in this thesis due to its ability to produce cells that possess
many key microglial features and because it did not require specialist facilities
such as FACS or low oxygen incubators, and as such was much easier to

implement within the lab.

This assessment shows that while the yield and reproducibility of these different
protocols varies somewhat, each of these approaches produces myeloid, or
“microglia-like” cells that show the key functional capacities and transcriptional

profiles of human microglia, albeit foetal human microglia.

As of yet, there is no consensus on the ideal methodology to generate PSC-
derived microglia. To truly compare these protocols, direct comparative studies
are necessary to identify the most reliable and reproducible method to produce
microglia-like cells. Additionally, it must be noted these protocols, with the
exception of Abud et al., produce microglia similar to human foetal microglia.
While there is some evidence for effects of HD at such an early stage (Ruzo et
al., 2018), symptom onset for the non-juvenile form is generally in mid-life and
the strongest disease phenotypes at the cellular level are most likely to be seen
in adult microglia. This is relevant for this thesis, where the microglia-like cells are
more foetal in nature, so likely to show less significant changes in phenotype. In

the future, direct reprogramming of somatic cells to microglia might tackle this
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problem by avoiding the resetting of the genetic clock that occurs during iPSC
generation. This retention of age associated transcriptomic signatures has been
previously shown in neurons and oligodendrocytes (Das et al., 2016; Melief et al.,
2016; Yoo et al., 2011).

1.2.2.4.4. Microglia in Huntington’s disease
Microglia have previously been shown to be dysfunctional in rodent HD models
and in post mortem and imaging assessments in human patients. This will be
covered in detail in the sections below: 1.2.1.1-1.2.1.3, where the evidence for
dysfunction of the innate immune system in HD, both peripherally and in the CNS
is detailed. Briefly, HD microglia from rodent models have shown deficits in
migration and elevated cytokine release in response to stimuli such as MMP3,
compared to control animals (Connolly et al., 2016; Kwan et al., 2012).
Additionally, there is significant evidence of early microglial accumulation in HD
patient brains, as shown by imaging (Pavese et al., 2006; Politis et al., 2015,
2011; Tai et al., 2007), although there are caveats to the methods used to assess
this (Choi et al., 2011; Owen and Matthews, 2011; Venneti et al., 2006). Finally,
some post mortem investigations have shown microgliosis and complement

production in HD patient brains (Sapp et al., 2001; Singhrao et al., 1999).

Due to this evidence of microglial dysfunction in HD, the microglial-like cells
produced by the Haenseler et al.,, (updated Van Wigenburg protocol) and
Douvaras et al.,, (updated Yanagimachi protocol), once confirmed to be
“microglial-like” in their gene expression and capacity for cytokine production and
phagocytosis, were further assessed for possible differences between lines

carrying expanded CAGs of increasing sizes and control lines.

1.2.3. Neuroinflammation and neurodegenerative diseases

It is clear that the innate immune system in the CNS, particularly microglia, has a
vital role in responding to immune challenges, providing rapid responses to a
large variety of pathogens and triggering longer term responses from the adaptive
immune system. With this in mind, the innate immune system has become a
target for focused study in disease models, particularly neurodegenerative
diseases, where neuroinflammation is a commonly found phenomenon (Heneka
et al., 2014). Neuroinflammation can be particularly damaging in

neurodegenerative disease, because unlike a pathogenic infection where
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resolution is rapidly achieved and the invading pathogen removed, the underlying
issue in neurodegenerative diseases cannot be rapidly resolved and the immune
response and resultant damage is ongoing. This can result in chronic and
pathological activation of the innate immune system in these cases,
characterised by the accumulation of microglial cells, the appearance of
dystrophic microglia and astrogliosis (Ellrichmann et al., 2013; Staal and Moller,
2014). Peripheral immune challenges can also exacerbate disease progression,
which has been found in a number of neurodegenerative diseases (Lee et al.,
2008; Murray et al., 2011; Nguyen, 2004).

In Parkinson’s disease (PD), the second most common neurodegenerative
disease after Alzheimer’s disease (AD), patients present with a characteristic
movement disorder, associated cognitive impairment, and progressive disability
(Kim et al., 2000). Similar to HD, the substantia nigra is preferentially lost in PD.
Interestingly, epidemiological studies have found long term use of anti-
inflammatory agents, such as aspirin, reduces the risk of developing PD (Chen
et al., 2005, 2003). In addition, studies in acute animal models of PD such as
MPTP-induced PD (Kurkowska-Jastrzebska et al., 2004) and 6-OHDA-induced
PD (Carrasco and Werner, 2002; Sanchez-Pernaute et al., 2004) have found that
pre-treatment or concurrent treatment with anti-inflammatory drugs results in less

severe dopamine depletion and reduced PD symptoms.

In normal rats, LPS injections into the substantia nigra, cortex and hippocampus
result in neurodegeneration in the substantia nigra only. This was then repeated
in primary cultures from the same areas, and the same pattern found, with
dopaminergic neurons most strongly affected (Kim et al., 2000). Interestingly, the
authors noted that microglial number were highest in the substantia nigra in vivo
and ex vivo, although this may be as a result of innate higher suspectibility of
these cells causing greater activation, migration and proliferation of microglia in
that brain area, rather than the elevated levels of microglia directly contributing to
the neuronal loss. The permanent loss of substantia nigra neurons following LPS
injection was also found in additional studies, which suggested the LPS
treatmented resulted in mitochondrial injury that led to neuronal death (Herrera
et al., 2000; Hunter et al., 2017). Additionally, the pro-inflammatory cytokine

TNFa is found to be elevated in the CSF of PD patients and in post-mortem brain
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samples (Mogi et al., 1994). In animal models of PD, blocking TNFa signalling
results in reduced neuronal loss and behavioural changes (Hunot et al., 1999;
McCoy et al., 2008). Taken together, these data point to neuroinflammation

affecting disease pathology in PD.

Another progressive neurodegenerative disease where neuroinflammation has
been heavily implicated is AD. AD is the most common neurodegenerative
disease in the world, characterised by memory loss, cognitive impairment and
impairment in daily living (Ferri et al., 2005; Lobo et al., 2000; Qiu et al., 2009).
Pathologically, it can be characterised by the build-up of extracellular amyloid
plaques and intraneuronal tangles composed primarily of tau protein (Perl, 2010).
Interestingly, early research showed that reactive phagocytic microglia were
associated with these amyloid plaques (Carpenter et al., 1993; McGeer et al.,
1988; Perlmutter et al., 1992), and so a great deal of research has been
conducted to understand the role of microglia in this AD pathology (Wyss-Coray
and Rogers, 2012). Eliminating microglia in mouse models of AD does not seem
to effect plaque size, but in one study there were some signs of improved
behavioural performance following elimination of microglia (Dagher et al., 2015).
More recently, research has shown that microglia show aberrant reactivation of
the pruning activity of early brain developmentin early AD, leading to the synapse
loss associated with the early stages of disease (Hong et al., 2016a). This
highlights a mechanism by which microglia directly affect AD pathology.
Epidemiological studies suggest anti-inflammatory drugs reduce the risk of late-
onset AD with the duration of use being particularly important (Szekely et al.,
2007; Vlad et al., 2008). Furthermore, perhaps the most convincing data for a
role of the immune system in AD has come from a number of genome wide
association studies, which have implicated microglia-related genes including
TREM2 and CD33 (Bertram et al., 2008; Guerreiro et al., 2012; Hollingworth et
al., 2011; Jonsson et al., 2013; Lambert et al., 2013, 2009; Naj et al., 2011) as

risk factors for AD.
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1.3. HTT and the innate immune system
1.3.1. Dysfunction of the innate immune system in HD

1.3.1.1. Evidence from rodent models

A number of studies suggest activation of the immune system in HD, as well as
the presence of altered immune responses very early on in the disease, prior
even to the onset of noticeable symptoms (Ellrichmann et al., 2013). Patients
show elevated inflammatory cytokine levels in their peripheral blood and
cerebrospinal fluid (CSF) up to 16 years before disease onset and post-mortem
analysis of HD brain tissue shows elevated levels of inflammatory cytokine mRNA
(Bjorkqvist et al., 2008). Moreover, a hyper-reactive phenotype of monocytes and
macrophages has been consistently found across human and mouse models,
with elevated responses to immune stimuli such as LPS or CSE (Bjorkqvist et al.,
2008; Connolly et al., 2016; Trager et al., 2014). Specifically, the expression of
pro-inflammatory cytokines such as IL-6, IL-1$3, and IL-8 seem to be consistently
elevated. Most recently, research by Connolly et al., 2016 in YAC128 mice found
that primary microglia cultured ex vivo differentially express IL-12, IL-10, IL1-p,
IL-2, IL-4 and IL-5 in response to treatment with LPS, CSE or MMP3, compared
to YAC18 mice and wild type mice, with no change at the mRNA level for these
cytokines. This is particularly physiologically relevant as elevated MMP3 levels
have been found in HD CSF samples (Connolly et al., 2016). Another interesting
finding from this research was the existence of regional differences in microglia,
which were maintained when assessed ex vivo. Specifically, microglia were
harvested from various brain areas and their cytokine profile was assessed.
Microglia from all brain areas except those isolated from the hippocampus were

hyper-reactive.

Interestingly, in primary rodent neuronal cultures transfected with exon 1 mHTT,
wtHTT-expressing microglia migrated towards neurons expressing mHTT, and
positioned themselves along irregular neurites. However, they did not localise
with mHTT inclusions, or exacerbate pathology. Additionally, prior to the
emergence of neuronal pathology in this model, the wtHTT-expressing microglia
upregulated IBA1, and with the emergence of neurodegeneration an increase in

the production of IL-6 and complement component 1q was found, suggesting the
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microglia show localised pro-inflammatory cytokine production in response to

neurodegeneration even when expressing wtHTT alone (Kraft et al., 2012).

Investigations also uncovered a migration deficit in response to ATP and C5a, in
microglia isolated from both mouse models compared to their wild type
littermates, when assessed ex vivo using a Boyden chamber assay (Kwan et al.,
2012). This deficit was additionally found in patient monocytes and macrophages
assessed ex vivo. As well as this, a more general deficit in motility was shown,

with deficits in extension and retraction of processes, as well as actin remodelling.

1.3.1.2. Evidence from post-mortem human studies

This work in mouse models is complemented by a number of studies conducted
using human HD patients either post-mortem or via non-invasive imaging. One
such study looked at post-mortem brain samples from HD patients, and assessed
various brain areas for the expression of key cytokines at the mRNA level. In this
study, IL-6 expression was found to be upregulated in the striatum, cortex and
even the cerebellum, which is thought to be largely spared from neuropathology
in HD. IL-8 was elevated in the striatum and cortex alone, and MM9 mRNA was
only detectable in HD samples. IL-10, an anti-inflammatory cytokine, was also
upregulated in the striatum and has previously been found to be elevated in
patient plasma too, suggesting efforts by the immune system to dampen down
the hyper reactivity found in the disease state (Bjorkqvist et al., 2008; Silvestroni
et al., 2009). It is important to note, however, that this study had a small sample
size, and that gPCR has some caveats to its use, with some transcripts degrading
more rapidly in samples, and during qPCR itself some transcripts can be

preferentially replicated according to their GC nucleotide content.

Other post-mortem studies found marked astrogliosis and microgliosis in multiple
brain areas in HD samples, but not in controls (Sapp et al., 2001; Singhrao et al.,
1999). Sapp et al., 2001, did this by staining for thymosin beta-4, a marker for
microglia reactivity and found that reactive microglia occurred in all stages of
pathology, and accumulated in density with increasing pathology; Singhrao et al.,
1999, found that the expression of multiple components of the complement

pathway were upregulated in microglia from HD brains compared to controls.
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1.3.1.3. Evidence from imaging studies in humans

The results from these post-mortem studies have been accompanied by non-
invasive imaging studies, to assess microglia activation in pre-symptomatic gene
carriers as well as manifest HD patients. Pavese et al., 2006, found a significant
increase in activated microglia in the striatum, as assessed by [11C](R)-PK11195
binding. [11C](R)-PK11195 binds specifically and selectively to the peripheral
benzodiazepine receptor (PBR) also known as translocator protein (TSPO),
which is expressed by both microglia and astrocytes, with a greater contribution
from microglia, although this remains a source of debate (Mangiarini et al., 1996).
TSPO ligands have been shown to modulate functions consistent with microglial
activation and as such, [11C](R)-PK11195 binding has been used as a marker of
brain injury and inflammation. However this method is limited by poor signal to
background ratio, making quantification challenging, and the contribution of
astrocytes to the signals seen should be considered (Choi et al., 2011; Owen and
Matthews, 2011). That being said, this method showed that microglial activity
level assessed in this way was correlated with disease severity in HD, which itself
was measured by assessing the striatal binding of [11C]raclopride, a marker of
dopamine D2 receptor binding and thus a proxy for GABAergic cell function in
the region, as well as the Unified Huntington’s Disease Rating Scale score and
the patient’'s CAG index. Also detected were significant increases in microglia
activation in cortical regions including prefrontal cortex and anterior cingulate
(Pavese et al., 2006).

A similar study made volumetric measures of HD brains using structural MR, as
well as the same functional measures using PET for D2/D3 receptor binding
([11C]raclopride) and activation of microglia ([11C](R)-PK11195) in HD brains.
This was used to investigate the structure and function of individual brain regions
and estimate regional networks known to be linked to key psychiatric, cognitive
and motor symptoms in HD. In this way, the authors were able identify a close
association between levels of microglial activation and clinical scales of disease
severity and measures of daily living. Perhaps most interestingly, in the case of
pre-manifest HD gene carriers, a correlation between microglial activation and
the predicted probability of HD onset in the next five years was found (Politis et
al., 2011), which was confirmed by another study (Tai et al., 2007). In a follow up

study, the authors were able to find a correlation between increased microglial
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activation in the cortical, basal ganglia and thalamic brain regions with elevated
plasma levels of pro-inflammatory cytokines such as IL-13 , IL-6, IL-8 and TNFa
in pre-symptomatic gene carriers predicted to be more than ten years from

disease onset (Politis et al., 2015).

This fits with previous work in the peripheral immune system that found elevated
cytokine levels in pre-manifest gene carriers, the likely source of which being the
innate immune cells of the periphery, monocytes and macrophages. These cells,
when isolated from pre-manifest gene carriers as well as manifest HD patients
show a hyper-reactive phenotype, producing elevated levels of pro-inflammatory
cytokines when assessed ex vivo, which is corrected upon HTT-lowering
treatment (Trager et al., 2014). RNA sequencing of primary monocytes from
manifest HD patients and controls sought to begin to investigate the underlying
mechanism of this hyper-reactive phenotype, and intriguingly found that HD
monocytes appear to be “primed” for immune reactions, with elevated mRNA
expression levels of a number of key inflammatory cytokines under baseline
conditions (Miller et al., 2016). This is in line with work conducted using the BV2
microglial cell line transfected with wtHTT or mHTT, which found that expression
of mHTT promotes autonomous microglial activation through increased
expression and activity of the myeloid lineage-determining factors, PU.1 and
C/EBPs. These factors prime certain enhancers and promoters for binding by
signal-induced transcription factors such as NF-«xB. This was linked with elevated
gene expression levels of pro-inflammatory cytokines in vivo. Additionally, when
BV2 cells were co-cultured with mouse ESC-derived neurons, only those
expressing mHTT increased neuronal apoptotic activity. Additional studies using
primary human myeloid cells isolated from whole blood samples found that the
load of mMHTT fragments in these cells increases with disease load, as measured

by levels of caudate atrophy (Weiss et al., 2012).

1.3.1.4. Evidence against targeting the immune system in HD

Finally, some in vivo mouse work published recently has cast doubt over the
therapeutic benefits of targeting the innate immune system in HD and particularly
microglia. Petkau et al., 2019, found that knocking out mHTT expression in
microglia alone in the BACHD mouse model while maintaining mHTT expression

in the rest of the CNS, appeared to successfully reduce elevated IL-6 expression
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when assessed ex vivo, but did not rescue any of the phenotypes associated with
HD. Additionally, when mHTT was knocked out in all CNS cell types except
microglia, there was a significant rescue of body weight, rotarod performance and
striatal volume (Petkau et al., 2019). While this research has some caveats, it
does suggest that while HD microglia appear to be functionally altered compared
to control microglia, this is insufficient alone to alter disease progression. This
may be due to the relatively low percentage of microglia in the brain. In humans,
microglia comprise approximately 10% of the number of cells in the CNS and are
relatively small, (Jinno et al., 2007). Therefore, a reduction of mHTT in this small
population may not alter the overall mHTT load in the brain to any great degree,
meaning a sufficiently toxic environment can still develop, allowing neuronal
pathology to progress whilst also causing wtHT T-expressing microglia to become
dystrophic. Microglia are highly reactive cells, and so the impact of the

environment that microglia are in, cannot be underestimated.

Crucially, recent single-cell RNA sequencing studies in mice have called into
question the level of HTT expression in microglia. One such study, conducted in
41 mice, analysed the RNA expression in 76,000 individual microglia in mice
during development, in old age and following brain injury. They identified nine
clusters of microglia types and one monocyte/macrophage cluster. While it was
not highlighted in their paper, the results for HTT expression can be found using

their website and search function (http://www.microgliasinglecell.com/). This

showed a sporadic pattern of HTT expression, with the majority of cells showing
no expression at all (Hammond et al., 2019). Another study also conducted single
cell RNA sequencing in adult mice only, profiling 690,000 cells (Saunders et al.,
2018). Again, the expression level of HTT was not mentioned in their paper,
however the authors have developed an interactive online software to allow their

results to be searched (http://dropviz.org/). Searching for HTT in this software

should that HTT is expressed in microglia (Microglia_Macrophage C1qgb or
Microglia_Macrophag_Tmem119-Mrc1). With the highest levels in the thalamus,
then increasingly less in the frontal cortex, cerebellum, globus pallidum, posterior
cortex, substantia nigra, hippocampus and striatum, in that order. However,
neurons did appear to show higher levels of expression. This fits with work
completed in three murine models of HD and post mortem HD patient samples

which have shown that only 0-2% of microglia have HTT inclusions (Jansen et
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al., 2017). Altogether, this calls into question the validity of targeting mHTT in
microglia, and suggests that the altered phenotypes in HD microglia shown thus
far may be due to non-cell autonomous effects. Future studies should regularly
assess HTT expression levels in microglia. Unfortunately this was not considered

in this thesis, and is a weakness of the experiments included here.

Another study, conducted in the R6/2 model of HD, found numbers of microglia
are significantly lower in the R6/2 model at the end stage of disease compared
to controls. To try and alleviate this, a program of regular low dose LPS injections
was implemented to increase microglial numbers. An increase in microglial
numbers was induced, and correlated with an increased life span in these LPS-
treated mice (Lee et al., 2018). However, it is worth noting that in HD patients an
increase of microglia is seen that correlates with disease progression, so this

result may not be applicable to the human disease.

1.3.1.5. Possible mechanisms underlying immune dysfunction in HD

Based on all the above research, a number of theories exist as to the mechanism
underlying the immune dysfunction that is seen in HD. One theory is that aberrant
NF-xkB pathway activation occurs due to the presence of mHTT, leading to
elevated immune responses. Trager et al., 2014, found that translocation of
RELA (p65) to the nucleus occurred in a greater proportion of HD monocytes ex
vivo compared to control samples, when stimulated with LPS, and that this
translocation lasted longer in HD samples. Combined with findings in BV2 cells,
this suggests that the presence of mHTT interacts with the NF-«xB pathway at
some level, to increase activity and also slow the resolution of responses to
stimuli (Crotti et al., 2014).

In addition, there is significant evidence suggesting that the presence of mHTT
alters ROS production in a polyQ-dependent manner (Wyttenbach et al., 2002).
Interestingly, ROS have been shown to have a significant impact on the activation
of the NF-xB pathway. For example, exogenously added hydrogen peroxide
causes phosphorylation of IkBa on Tyr42 or other tyrosine residues and
subsequent degradation of IkBa and activation of NF-kB pathway (Takada et al.,
2003). There is also evidence that this activation of the pathway by ROS is
through a distinct mechanism from how it is triggered by pro-inflammatory

cytokines or antigens (Schoonbroodt et al., 2000). In this way, it may be possible
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that mHTT interacts with the NF-«xB pathway directly, and also through affecting
ROS production.

1.3.2. Wild-type HTT in the innate immune system

In general, HD research has focused on the effects of mHTT, rather than wtHTT,
and as such, there is not yet a clear picture of the role of wtHTT in the immune
system. However, we do know that HT T-lowering via siRNA treatment of control
ex vivo human macrophages results in a reduction in cytokine expression (Trager
et al., 2014), which suggests a role for wtHTT in cytokine expression. Research
into HTT’s interacting partners more generally has suggested roles in
transcription, RNA splicing, endocytosis, vesicular trafficking, and cellular
homeostasis, as well as having anti-apoptotic effects. Additionally, the strength
of some of these interactions is altered by the presence of the expanded polyQ
(Harjes and Wanker, 2003). It may be through these interacting partners that
wtHTT effects cytokine expression, but further research is required to assess

these possibilities.

1.3.3. Pharmacological interventions targeting the innate immune system in HD
Several pharmacological interventions have been tested in mouse models of HD,
with disease-modifying effects seen. For example, peripherally administered
cannabinoid receptor 2 (CB2) agonist caused suppression of motor deficits and
CNS inflammation in transgenic mice, whilst extending their life span.
Interestingly, the application of a peripherally restricted CB2 antagonist blocked
these effects, despite the presence of the agonist in the CNS (Bouchard et al.,
2012). This points to a peripherally-restricted effector mechanism. Additionally,
manipulating the KMO pathway of tryptophan degradation in peripheral immune
cells results in extended lifespan of HD mice, with prevention of synaptic loss and
a reduction in microglial activation. Interestingly, the modifying drug cannot cross
the blood brain barrier so effects are due to peripheral manipulation alone
(Zwilling et al., 2011). However, blood brain barrier leakage has been shown to
exist in HD patients, with infiltration of peripheral immune system macrophages
into the CNS. Indeed, it was recently shown that right caudate leakage correlates
with HD progression, and although this does not show any causation it may be

worth exploring further to see if cross-talk and CNS-infiltration plays a role in
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progression and should therefore be considered when investigating therapeutic

avenues (Drouin-Ouellet et al., 2015).

Some studies have found anti-inflammatory agents such as minocycline to be
protective, effectively delaying mortality in the R6/2 model of HD (Chen et al.,
2000), but this has not been replicated in other transgenic models of HD or with
other anti-inflammatory drugs (Mievis et al., 2007; Norflus et al., 2004; Smith et
al., 2003). Additionally, clinical trials with minocycline in HD patients showed only
minimal improvement and even decline in cognitive performance in some cases
(Cudkowicz, 2010). Laquinimod, another immunomodulatory agent which has
shown some efficacy in cell models of HD, was also recently found to be

ineffective in a clinical trial for HD (Kieburtz et al., 2018).

1.3.4. Targeting the immune system therapeutically in HD

There is considerable evidence in favour of targeting proinflammatory processes
with an anti-inflammatory agent to treat neurodegenerative diseases, as
previously described, with long term use of NSAIDs has been shown to reduce
the risk of PD and AD (Heneka et al., 2014; Lucin and Wyss-Coray, 2009).
However, the innate immune system, and the immune system generally, are
incredibly complex, with many interacting signalling pathways. In this way,
targeting specific aberrant proinflammatory cytokine levels as seen in HD, could
have unforeseen negative effects. This has been the case in AD therapeutics
research, where levels of IL-10, an anti-inflammatory cytokine, were increased in
a mouse model of AD to combat neuroinflammation. Unfortunately, this caused
suppression of microglial phagocytosis of amyloid beta, a concomitant increase
in amyloid plaque accumulation, as well as a worsening of the memory

impairment seen in the model (Chakrabarty et al., 2015).

A general dampening down of the immune system in HD may not, therefore, yield
entirely positive therapeutic outputs. Rather, we will have to elucidate the
underpinnings of the dysfunction seen in HD and discover more specific targets,
to allow us to inhibit the damaging, negative impacts of the dysfunctional immune
response, without impairing the protective effects of the immune system that have

been seen in HD generally.
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1.4. PhD aims and objectives

The overall aim of this work is to determine the mechanism(s) by which mutant
and wild type HTT regulate myeloid cell function and contribute to innate
immune system dysregulation as a potential modifier of HD progression.

More specifically, my work had two main aims:

1. To investigate the effects of mHTT on both the peripheral and CNS
components of the innate immune system; monocytes and macrophages,

and microglia, respectively.

2. To assess the functional role of wtHTT in peripheral innate immune cells.

The objectives of my work were:

1. Establish and characterise a human PSC-derived HD monocyte and

macrophage cell model

2. Establish and characterise a human PSC-derived HD microglial cell

model.

3. Investigate the effects of knockdown of wtHTT on human macrophages’

function and biology.
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2 Chapter 2: Materials and methods

2.1 Subject recruitment and classification

All experiments with human samples were performed in accordance with the
Declaration of Helsinki and approved by the University College London
(UCL)/UCL Hospitals Joint Research Ethics Committee (LREC 03/N008). All
subjects provided informed written consent prior to sample donation or tissue
biopsy. Blood samples were taken from control subjects recruited from staff and
students at the UCL Institute of Neurology, in accordance with the study’s ethics
approval. Subjects with potential inflammatory or infective conditions were
excluded from the study, as were subjects on immunomodulatory medications.
Skin biopsies were taken from subjects recruited through the Huntington’s

disease clinic at the National Hospital for Neurology and Neurosurgery, London.

2.2 lIsolation of blood monocytes

Whole blood samples were collected using BD Vacutainer® Cell Preparation
Tubes containing polyester gel and a density gradient liquid that allows for
isolation of PBMCs through a single centrifugation step at 1000 xg for 30 min,
with the brake turned to “slow” for deceleration. The PBMC layer was then
aspirated from the upper interface into a fresh sample tube using a sterile plastic
Pasteur pipette. The sample was topped up to 30 ml with ice-cold sterile PBS and

then centrifuged at 350 xg for 15 min, and the supernatant discarded.

To select for monocytes alone, cells were resuspended in 280 pl MACS buffer
(PBS, 1% bovine serum albumin (BSA), 2 mM EDTA) and 60 pl CD14
microbeads (Miltenyi Biotec) and incubated at 4 °C for 15 min. The cells-beads
mix was then centrifuged at 350 xg for 5 min before being resuspended in 1 ml
MACS buffer. Magnetic cell sorting was carried out by placing MACS columns
(Miltenyi Biotec) in a magnetic field and pre-washing with 500yl MACS buffer,
before adding each cell suspension to an individual, labelled column. Once the
cell suspension had passed through the column, the columns were washed with
a total of 4 ml MACS buffer. Magnetically labelled cells were collected by
removing the columns from the magnetic field and plunging 2.5 ml MACS buffer
through the column twice using a plunger. The sample was topped up to 10 ml

with MACS buffer and the isolated monocytes were counted using a Neubauer
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counting chamber before being seeded on appropriate plates at an experiment-

dependent density for downstream experiments.

2.3  Primary human monocyte and macrophage cell culture

Culture of primary human immune cells was carried out in a Containment Level
2 laboratory using strict aseptic technique. A tissue culture hood with a laminar
flow unit was used for all procedures, including preparation of culture media and
reconstitution of reagents. All reagents and plastics used for tissue culture were
bought pre-sterilised and only opened within the tissue culture hood. All cells
were cultured in an incubator set to 37 °C with 5% CO.. Primary human immune
cells were cultured in R10 media (RPMI 1640 supplemented with 10% FBS, 2

mM L-glutamine, 50 units/ml penicillin and 50 pg/ml streptomycin).

Monocyte-derived macrophages were obtained by adding 20 ng/ml GM-CSF
(Cell Guidance Systems) to the monocyte culture media for six days to induce
differentiation. The media was changed after three days to provide the cells with
fresh media and GM-CSF for the final three days of the differentiation process.
Monocytes treated with GM-CSF exhibited a macrophage phenotype after six

days in culture.

24 iPSC and ESC cell culture

2.4.1 Generation of HD family iPSC lines

Induced PSCs were generated from fibroblasts in skin biopsies taken from three
siblings with juvenile HD and carrying HTT mutations with polyQ (glutamine)
lengths 58, 69 and 75 respectively, and their unaffected parent with a 22 polyQ,
as a non-disease control. Two adjacent 3 mm punch biopsies taken from each
subject’s forearm were cut into squares of 0.5-1mm? and placed epidermis side
up into one well of a 6-well plate containing two drops of pre-warmed fibroblast
medium (DMEM with glutamax, 4.5 g/L glucose and 1 mM pyruvate (Gibco), 10%
foetal bovine serum, 50 U/ml penicillin, 50 pg/ml streptomycin, 2.5 ml/L
amphotericin, 2.5 ml/L amphotericin). A sterile coverslip was placed over the
pieces of tissue to help them adhere to the plate and a further 2 ml pre-warmed
medium added to the well, ensuring not to dislodge the coverslip. Following
incubation at 37 °C, 5% CO: for one week, the media was changed. After this,

cells were media changed every 3-4 days and passaged when required using
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0.05% Trypsin-EDTA, re-seeding each time at 1x10* cells/cm?. During expansion
of the cultures, cells were frozen down at passages three, four and five for storage
in liquid nitrogen until required. The cells were used to generate iPSCs by Sendai
virus reprogramming using the CytoTune-iPS 2.0 Sendai reprogramming kit
(Thermo Fisher). These were verified by the expression of pluripotency markers,
differentiation into all germ layers using a self-organisation assay, karyotyping,
Sanger sequencing to confirm the CAG repeat length and confirmation of the
absence of exogenous Sendai virus. Regular karyotyping and CAG sizing were
not repeated after this point, however, which is a weakness of this approach.
Three different clones of iPSCs were generated from each subject. These lines
will be referred to as the “HD family lines” throughout this thesis. At a later time

point, iPSCs from a patient carrying 125Q were generated in the same manner.

2.4.2 Generation of IsoHD ESC lines

An isogenic allelic ESC series was generated by the Pouladi group at Singapore
University and shared with the Tabrizi lab. The method for generating these lines
is described in their recent publication (Ooi et al., 2019). Briefly, H9 hESCs were
chosen as the parental cell type to incorporate increasing CAG repeat lengths in
exon 1 of HTT. To facilitate gene modifications in the CAG tract of HTT, two pairs
of transcription activator-like effector nucleases (TALENSs), which cleave either
upstream (USPQ) or downstream (DSPQ) of the CAG repeat tract, were
generated. DSPQ TALENs were more active than USPQ TALENSs.

Donor DNA was constructed using a previously published strategy (Xu et al.,
2017) and comprised homology arms carrying 30, 45, or 81 polyQ (glutamine)
repeats in exon 1 of HTT. The homology arms flanked a piggyBac selection
cassette that contains genes encoding EGFP, puromycin resistance (puroR), and
thymidine kinase. DSPQ TALENs and donor DNA were transfected into H9
hESCs, and triple-antibiotic selection used to select for successful transformed
cells. Monoallelic knock-in of the expanded polyQ tract in all clones was
confirmed by PCR. To eliminate potential confounding effects of the selection
cassettes, targeted hESCs were transfected with excision-only PiggyBac
transposase plasmid, and removal of the selection cassette was validated by
PCR. Overall, the resultant allelic panel contains heterozygous hESCs with a high
CAG allele of 30, 45, and 81 repeats in exon 1 of HTT (encoding HTT protein

70



with a corresponding number of polyQs), referred to as “IsoHD cells” (Ooi et al.,
2019).

2.4.3 Origins of other PSC lines

An additional, unrelated control iPSC line was used in experiments, carrying a 15
polyQ repeat, generated from a male donor, age-matched to the juvenile HD
donors, gifted to the Tabrizi group by the Houlden lab at UCL. An additional
control line (20Q) was generated by the Brivanlou group and gifted to the Tabrizi
lab. Briefly, they combined CRISPR/Cas9 technology with ePiggyBac
transposition to edit the genome of the RUES2 hESC line at the HD gene,
reinserting the normal 20Q repeat into the control line to account for the effects

of the gene editing process itself (Ruzo et al., 2018).

244  Culture of PSCs

Culture of iPSCs and ESCs was carried out in a Containment Level 2 laboratory
using strict aseptic technique. A tissue culture hood with a laminar flow unit was
used for all procedures, including preparation of culture media and reconstitution
of reagents. All reagents and plastics used for tissue culture were bought pre-
sterilised and only opened within the tissue culture hood. All cells were cultured
in an incubator set to 37 °C with 5% CO.. All non-differentiating cells were
cultured on Nunc™ cell-culture treated multidishes coated with Geltrex LDEV-
Free reduced growth factor basement membrane matrix at a dilution of 1:100,

and in Essential 8 media (E8+; Gibco) unless otherwise stated.

Upon reaching ~85% confluency, PSC cultures were split at a 1:6 ratio, or less
if required, using either EDTA (0.5 mM; Thermo Fisher Scientific) or TrypLE™
Express Enzyme phenol red (1x; Thermo Fisher Scientific), depending on the
downstream experiment. In all cases, the media from the confluent wells was
removed, and the well washed with D-PBS, then EDTA or TryPLE was added
and incubated for 3-4 min at 37 °C. Following the incubation period, the EDTA
was removed and the cells removed from the well by gentle trituration with the
appropriate media, before seeding in a fresh, coated-plate at the appropriate
density. When TryPLE was used, cells were triturated in the TryPLE itself, before
collection in a fresh falcon tube and dilution 1:10 with DPBS. This suspension
was centrifuged at 350 xg for 5 min, and the cell pellet resuspended in the

appropriate media and plated at the required density.
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To store PSC stocks, cells were washed with D-PBS and then harvested using
EDTA (0.5 mM) as described in the above section, prior to collection in freezing
media (E8+ containing 10% DMSOQO). Approximately 1 ml of cell suspension (from
one well of a six well plate) was added per labelled cryovial, which was placed
quickly into a Mr Frosty vessel and frozen overnight in a -80°C freezer prior to

transfer to a liquid nitrogen tank for long term storage.

To thaw these frozen stocks of PSCs, vials of the desired genotype were removed
from liquid nitrogen storage and thawed quickly by immersion in a 37 °C water
bath without submerging the cap. The thawed cell suspension was then
transferred gently to a fresh 15 ml conical tube, before room temperature media
was slowly added in a dropwise fashion to reduce the osmotic shock to the cells
while diluting out the DMSO in the freezing media. The cell suspension was then
centrifuged at 200 xg for 5 min, and the resulting supernatant aspirated and
discarded. The cell pellet was then resuspended in E8+ media containing ROCK
inhibitor (Y27632, Sigma; 1:1000) and plated at the required density and gently
placed in a 37 °C, 5% CO- incubator to settle overnight. The following day the
media was replaced by E8+ media without ROCK inhibitor. The spent media was

then replaced daily until the cells reached approximately 85% confluency.

2.5 Differentiation of PSC-derived microglia-like cells

2.5.1 The ‘Yanagimachi method’

The Yanagimachi et al., protocol consisted of five sequential steps. On day 0,
primitive streak cells were induced from undifferentiated PSCs through treatment
with bone morphogenetic protein 4 (BMP4) at 80 ng/ml in E8+ media. In the
second step, on day 4 of the protocol, these cells were differentiated into KDR+
CD34+ hemangioblast-like hematopoietic progenitors using StemPro 34
supplemented media (Gibco) containing 2 mM Glutamax with vascular
endothelial growth factor (VEGF) at 80 ng/ml, basic fibroblast growth factor
(bFGF) at 25 ng/ml and stem cell factor (SCF) at 100 ng/ml. These hematopoietic
progenitors were then committed towards initial myeloid differentiation in step
three on day 6, using a cocktail of cytokines consisting of SCF at 50 ng/ml,
interleukin 3 (IL-3) at 50 ng/ml, thrombopoietin (TPO) at 5 ng/ml, macrophage
colony-stimulating factor (M-CSF, also known as colony stimulating factor 1,
CSF1) at 50 ng/ml and FMS-like tyrosine kinase 3 ligand (FIt-3 ligand) at 50 ng/ml

72



in supplemented StemPro34 containing 2 mM Glutamax. These cells were then
differentiated further into the myeloid lineage in step four, using a similar cocktail
of FIt3 ligand (50ng/ml), granulocyte-macrophage colony-stimulating factor (GM-
CSF, or colony stimulating factor 2, CSF2) at 25 ng/ml and M-CSF at 50 ng/ml
from day 13-15 onwards, producing tissue resident macrophages. Importantly,
the original protocol describes these cells as monocytic-lineage cells, yet
subsequently were shown to be tissue-resident macrophages (Douvaras et al.,
2017).

These tissue resident macrophage cells were isolated using CD14 microbeads
(Miltenyi Biotec), as described in section 2.2. Finally, when an experiment
required matured tissue resident macrophages, a fifth step was added, which
involved CD14+ cells being cultured in RPMI-1640 medium (Sigma)
supplemented with 10% foetal bovine serum (FBS) and M-CSF (100ng/mL, Cell

Guidance Systems) for seven days with a media change at day four.

Step 1: Step 2: Step 3: Step 4: Step 5:
Induction of Induction of Commitment Maturation towards Maturation towards
primitive hematopoietic towards microglial mature microglial

streak cells progenitors myeloid cell fate precursors cells

D 6 13-15 16-28 +7
1 1 1 ]

ay 0 4
: : ) 1
CytOKines -----

Medium

Plate coating

Figure 21 The Yanagimachi et al., 2013 protocol.
Step 1: Primitive streak cells were induced from undifferentiated ESCs/iPSCs. Step 2:
Cells were differentiated into hemangioblast-like hematopoietic progenitors. Step 3: Cells
were committed towards initial myeloid differentiation. Step 4: Cells were differentiated
into “monocytes” as described by the original paper, now referred to as “microglial
precursors” defined as cells expressing CD14 and CX3CR1. Where more “mature” cells
were required, harvested precursors were then cultured for a week in media
supplemented with M-CSF to promote differentiation towards a further differentiated

state.
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2.5.2 The ‘Haenseler method’ (adapted Van Wilgenburg)

Microglia-like cells were differentiated according to a published protocol by Van
Wilgenburg et al., 2013, and an adapted version used by Haenseler et al., 2017.
Briefly, the protocol involves two major steps. First, embryoid bodies were formed
by seeding 10,000 cells/well in a round-bottomed 96 well Corning Costar ultra-
low attachment dish in the appropriate media (E8+ media with 50 ng/ml BMP-4
(Peprotech), 50 ng/ml VEGF (Cell Guidance Systems), 20 ng/ml SCF (Cell
Guidance Systems) and 10 mM ROCK Inhibitor (Y27632, Sigma), followed by a
brief centrifugation (3 min at 800 xg) to collect the cells at the bottom of each well.
The embryoid bodies were collected five days later, and harvested into
appropriate sized flasks (Thermo) with approximately 150 EBs per T175 flask in
microglial differentiation media, consisting of X-vivo media (Lonza) supplemented
2 mM L-glutamine, 50 units/ml penicillin and 50 ug/ml streptomycin and 100 ng/ml
M-CSF (Cell Guidance Systems), 25 ng/ml IL-3 (Cell Guidance Systems) and 2-
mercaptoethanol at 1:1000 from 50 mM stock (Gibco). These EBs were then
media changed weekly, with harvesting of tissue-macrophage precursors, so-
called as they are MYB-independent primitive myeloid cells, which appear early
in development and differentiate into a range of tissue-resident macrophage cells
(such as alveolar and kidney macrophages, microglia, Kupffer cells, and
Langerhans cells) (Buchrieser et al., 2017) from three weeks post EB harvesting.
Harvested precursors were then cultured for two weeks in microglial maturation
media, consisting of DMEM/F12 supplemented with 2 mM L-glutamine, 50
units/ml penicillin and 50 pg/ml streptomycin and 100 ng/ml GM-CSF (Cell
Guidance Systems) and 100 ng/ml IL-34 (R&D Systems) to promote further
differentiation. All plates for maturation, other than Cell Carrier-96 (Perkin Elmer),

were Primaria.
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Figure 2.2: The Haenseler (adapted Van Wilgenburg) protocol. A) A graphical

summary of the protocol, including the timeline of differentiation, and the media
and cytokines used to progressively differentiate PSCs to microglia-like cells. B)
Bright field images of cells at each stage of the protocol, from PSC stage to

microglia-like cells.

2.6 Differentiation of PSC-derived MSNs

PSCs were cultured on Geltrex (1:100, Gibco) according to the manufacturer’'s
instructions. Cells were differentiated to neuronal cultures containing MSNs
using a protocol adapted from Arber et al., 2015 with several modifications.
Briefly, this involved neural induction of PSCs at the appropriate confluency
through the addition of N2B27pre medium (DMEM/F12 and Neurobasal media in
a 2:1 ratio, with N2 supplement and B27 supplement without vitamin A, and 2 mM
L-glutamine) supplemented with 100 nM LDN193189, 10 uM SB431542 and 200
nM dorsomorphin. Passage 1 was conducted between day 9-12 after neural
induction. Cells were split 2:3 onto fibronectin-coated (Millipore) 12-well plates
(Thermo Nunc) in N2B27pre medium supplemented with ROCK inhibitor
(Y27632, Sigma) and activin A (PeproTech). Twenty four hours later, the 1 ml of
media on the cells was removed and replaced with 1.5 mI N2B27pre medium with
activin A, without ROCK inhibitor. Thereafter, cells received a 50% media change
every other day to gradually dilute out the ROCK inhibitor. At day 19-22 following
neural induction, passage 2 was conducted. Cultures were dissociated with

EDTA, and re-plated onto poly-D-lysine and laminin-coated 6-well plates (Thermo
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Nunc), resulting in a split ratio of 1:3. At day 28-30 of differentiation, cells were
dissociated and plated for imaging. CellCarrier-96 well plates (Perkin Elmer) were
pre-coated with Geltrex (1:100 diluted in cold DMEM:F12) at 37 °C for at least
one hour prior to use, but no longer than 24 h in advance. After aspirating off the
spent media, room temperature Accutase (0.5 ml per well) was applied directly
to cells, and incubated at 37 °C for 10 min. Cells were dissociated to near single
cell suspension by trituration using a P1000 pipette. Cells were washed by
centrifugation through 10 ml PBS at 280-300 xg for 3 mins. The supernatant was
discarded and the cell pellet resuspended in 1 mI N2B27 post medium. Cells were
counted and seeded at 30,000 per well in 200 yl N2B27 Post (DMEM/F12 and
Neurobasal media in a 2:1 ratio, with N2 supplement and B27 supplement with
vitamin A, and 2mM L-glutamine). After 48 hours the wells received a half media
change. Every other day after this, half the culture medium was changed until
day 36 when the cultures are considered to be sufficiently mature to conduct

Oeu%indgiono i Oolgpgsor;pecigOo ] Neural differentiation
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Figure 2.3: The protocol used to differentiate MSN-enriched neuronal
cultures based on Arber et al., 2015. Differentiation of PSCs to MSN-enriched
neuronal cultures took place over 36 days, with four different differentiation media
used and three passage steps to progressively differentiate the cells towards a

neuronal fate, at a final density suitable for high content imaging (HCI). BDNF=
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brain-derived neurotrophic factor, GDNF= glial cell-derived neurotrophic factor,

LGE-= lateral ganglionic eminence, P= passage.

2.7 Conditioned media and CSF treatments of PSC-derived cells

2.7.1  Treatment of microglia-like cells with MSN conditioned media

MSN media was harvested from day 36 PSC-derived MSN cultures. Baseline and
stressed samples were collected by either harvesting media 24 h following a
media change, or 24 h following a heat treatment of 45 min at 42 °C. Harvested
media was immediately snap frozen on dry ice and stored at -80 °C until use.
Frozen media samples were then placed on ice at 4 °C overnight to thaw and
diluted 1:2 with unconditioned microglia media before use. Control media
conditions were unconditioned microglia media, and unconditioned MSN media

diluted 1:2 with unconditioned microglia media.

On day zero of the experiment, microglia-like cells were media changed into
these various media treatments following their fourteen day maturation period. At
least 10-12 wells of a 96 well dish were used for each media treatment. On day
two, the wells received a media change of the appropriate media type. Finally, on
day five, 50 pl of media from each well was harvested and assessed by LDH
assay as described in section 2.12.1, and the cells fixed before staining for IBA1
and Caspase 3. These plates were then imaged and analysed using the Opera

Phenix high content imaging (HCI) platform (section 2.10).

2.7.2 Treatment of microglia with CSF

CSF harvested from HD patients and controls, kindly provided by Dr Ed Wild, was
collected according to the published protocol for the HD-CSF study (Lauren M
Byrne et al., 2018b). Briefly, lumbar punctures were carried out between 9 and
10.30 am, after 12 h fasting, samples were collected on ice and processed within
30 min of collection by centrifugation and freezing using standard kits containing
polypropylene plasticware supplied by the HDClarity study. CSF samples were
thawed on ice for 4 h prior to use. For ROS assessments, microglia-like cells
were incubated in CSF samples diluted 1:2 in Assay buffer. For LDH assessment

and HCI screening, CSF samples were diluted 1:2 in microglia media.
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2.7.3 Treatment of MSNs with microglia-like cells-conditioned media

Microglia media was harvested from microglia-like cells kept in culture for 14 days
to develop characteristics such as expression of key microglial genes and
proteins, and develop functional capacities such as phagocytosis and cytokine
production. Baseline and stimulated samples were collected either 24 h after a
media change, or 24 h after treatment with 2 ug/ml LPS and 10 ng/ml IFNy. These
samples were immediately snap frozen and stored at -80 °C until use. Frozen
media samples were then placed on ice at 4 °C overnight to thaw and diluted 1:2
with unconditioned MSN media before use. The control media condition was

unconditioned MSN media.

On day zero of the experiment, MSNs were media changed into these various
media treatments, at day 36 of their differentiation protocol. Twelve wells of a 96
well dish were used for each media treatment. On day two, the wells received a
half media change of the appropriate media type. Finally on day five, the cells
fixed before staining for H2AX, Caspase 3, DARP32, CTIP2 and nestin. These

plates were then imaged using the Opera Phenix HCI platform (section 2.10).

2.8 GeRP-mediated HT T-lowering
B-1,3-D-glucan-encapsulated siRNA particles (GeRPs) were synthesised

according to a previously published method (Soto et al., 2012). Macrophages
were transfected with GeRP particles on day three of the differentiation protocol.
GeRPs containing the appropriate siRNA (either targeting HTT, or a scrambled
siRNA sequence as a control, see table 2.1 for sequences) were added to the
cells at a 10:1 particle to cell ratio, then incubated for 24 h before being removed

by a complete media change.

Table 2.1: siRNA sequences used in HTT knock-down experiments

Primer Sequence

anti-HTT siRNA | Guide strand 5’- pUUCAUCAGCUUUUCCAGGGUC-3’

Passenger strand | 5’ -CCCUGGAAAAGCUGAUGACGG -3

scrambled Guide strand 5’-pUUUCGAAGUACUCAGCGUGAG-3’
siRNA

Passenger strand | 5-CACGCUGAGUACUUCGAACUU-3’
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2.9 Gene expression analysis

2.9.1 RNA extraction

RNA for all experiments was isolated using either the RNeasy Mini Kit or RNeasy
Mini Kit Plus (Qiagen). Cells were either lysed in Buffer RLT or Buffer RLT plus
(350 pl for < 5x10° cells, 600 pl for < 1x107 cells). If harvested in RLT Plus, the
samples were then added to gDNA Eliminator spin columns and centrifuged at
8,000 xg for 30 sec. The column was then discarded and the flow through diluted
in an equal volume of 70% ethanol (diluted in ddH20) to precipitate the RNA. If
harvested in Buffer RLT, the samples were just diluted with an equal volume of
70% ethanol. Samples were then added to RNeasy spin columns and centrifuged
at 8,000 xg for 15 sec to bind the RNA to the column membrane. Samples in
Buffer RLT were washed once with 350 pl Buffer RW1 by centrifuging at 8,000
xg for 15 sec, before RNase-free DNase solution (Qiagen) was made up by
adding 70 ul Buffer RDD to 10 yl DNase stock solution (reconstituted in ddH20).
Eighty microlitres of this solution was added directly to the column membrane
and the samples were incubated for 15 min at room temperature to digest
genomic DNA. The columns were then washed again with 350 pl Buffer RW1.
Samples in Buffer RLT Plus did not require this DNase step due to the use of
gDNA elimination spin columns earlier in the protocol. As such, they were washed
with 700 ul Buffer RW1 at once.

The columns were then washed twice with 500 pl Buffer RPE by centrifuging at
8,000 xg for 15 sec and 2 min, respectively. The columns were then dried by
centrifuging at 8,000 xg for 1 min in a fresh collection tube, before the RNA was
eluted by adding 15-50 ul RNase-free water, depending on the concentration
required, directly to the column membrane and centrifuging at 8,000 xg for 1
min. If higher concentrations of RNA were required, the RNA elution was re-
added to the column membrane and centrifuged again. The RNA concentration
in each sample was measured using an ND-1000 Spectrophotometer
(NanoDrop). RNA was stored at -20 °C.

2.9.2 cDNA conversion
Superscript Il reverse transcriptase (Thermo fisher Scientific) was used to
reverse transcribe RNA to cDNA. RNA (100-200 ng) was diluted in 10 ul RNase-
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free water before 1 pl random primers (3 pug/pl) and 1 ul dNTPs (10 mM of each)
were added. The mix was heated to 65 °C for 5 min and briefly incubated on ice
before adding 4 ul 5X first-strand buffer, 2 ul 0.1 M DTT and 1 yl RNaseOUT
recombinant ribonuclease inhibitor (40 units/pl) and incubating at room
temperature for 2 min. One microlitre (200 units) SuperScript Il reverse
transcriptase was then added. Reverse transcription was carried out by
incubating the reaction mix at 50 °C for 60 min. The reaction was terminated by
incubating at 70 °C for 15 min. cDNA was stored at -20 °C.

2.9.3 Quantitative PCR

SYBR® Green PCR Master Mix (Thermo Fisher Scientific) was used for
quantitative PCR (qPCR) analysis of mRNA expression. First, 12.5 yl SYBR®
Green PCR Master Mix, 10.75 ul H20, 0.75 ul of 10 yM primers solution (final
concentration 300 nM; supplied by Sigma; see Table 2.2) and 1 pl (5 ng) cDNA
were mixed in MicroAmp Fast Optical 96-Well Reaction Plates (Thermo Fisher
Scientific) to give a final reaction volume of 25 ul. The plates were covered with
MicroAmp optical adhesive film (Thermo Fisher Scientific) and centrifuged at 300
xg for 10 sec to collect the reaction mix at the bottom of each well, before being
run on a 7500 Fast Real-Time PCR System (Thermo Fisher Scientific) using 7500
Software or on a QuantStudio5 machine (Applied Biosystems by Thermo Fisher
Scientific) using QuantStudio™ Design & Analysis Software v1.4.3. The following
PCR cycling conditions were used: 95 °C for 10 min, followed by forty cycles of
95 °C for 15 sec and 60 °C for 1 min. A melting curve of 60-95 °C was also run
when new primers were tested to exclude the possibility of primer-dimer
formation. All reactions were run in either duplicate or triplicate. Endogenous
reference genes (ACTB and GAPDH) were also run in order to normalise the

cycle threshold (Ct) values of genes of interest between samples.

Quantitative PCR data was analysed using Applied Biosystems 7500 Software
or QuantStudio™ Design & Analysis Software v1.4.3. These software packages
were both used to determine the baseline and Ct values of each sample, before
the Ct value of each gene of interest was normalised by subtracting the mean Ct
value of the reference genes for the same sample. Relative gene expression was
then calculated by setting one condition as standard and using the following

formula: relative gene expression = 2delta Ct (sample 1 — sample 2). Delta Ct is
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defined as the expression of the gene of interest, normalised to that of the mean

of the reference genes. Delta delta Ct is defined as the difference between the

delta Ct values of the experimental sample and the control sample.

Table 2.2: Primers used for gPCR

Primer Forward Primer Reverse Primer
target
c1Qa | CTOACACATECTCTAAGAA 1 GACTCTTAAGCACTGGATTG
GAse | COACAMCTCAAGAAGCA | AGACCTTGATCTCCATTAGG
GPR34 GAAGACAA;SQGAAGTCAT TGTTGCTGAGAAGTTTTGTG
PROS1 | AMGATCTGRATGAATECT | roacaTTCAMMATCTCCTGE
MERTK AGGACTTCCXSACTTTACTA TGAACCCAGAAAATGTTGAC
P2RY12 | AAGAGCACTCAAGACTTTAC GGGTTTGAATSTATCCAGTAA
TMEM11 | AGTCCTGTACGCCAAGBAA | GpGGAACAGAAGGATGAGG
TREM2 TCTGAGAGCETCGAGGATG GGGGATTTCTCCTTCAAGA
Cpg3 | CACAATECGBCAGACAGTT | r1caccaGTCTGTCCCAGGT
Cx3CR1 | CCCAGACTTEGATITCACE | ggeaacTGATCCATGGTGAA
cp14 | ATTTECTCCCAGGAGATCA |- gaeTTecasaeTTCACACT
17 | AGTGATTGTTGCTATGGAG | GCTGCTGGTTGGACAGAAACT
CGG C
GAPDH | AACAGCGACACCCACTCCT | CATACCAGGAAMTGAGCTIGA
acT | AMGCCCAACLETCAMAGA | GTGGTACGACCAGAGGCATAC
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Lg | TACCCOCAGRAGAAGATTC | agTaCcTCTTTRCTGETTTC

L-g | CAGACACCABAGCACACAAL tacaccTTCACACAGAGCT
Ltp | CTOACTOTETGAABCACE | eacTTeaTeTaTTTAGGGCE
TNFo | CCTCAGCCTCTTCTCCTTCC | AGATGATCTGACTGCCTGGG

2.10 High content immunofluorescence imaging

Microglia-like cell cultures were seeded at 25,000 cells/well in CellCarrier-96
plates (Perkin Elmer) and cultured for 14 days. MSN cultures were seeded at
30,000 cells/ well in CellCarrier-96 plates (Perkin Elmer) and matured until day
36 of the differentiation protocol. Following experimental procedures, cells were
fixed gently with 10% formalin solution (containing 4% paraformaldehyde) for 15
min at room temperature and then washed sequentially into PBS while
maintaining a sufficient level of liquid in the wells to cover the fixed cells at all
times. Cells were then permeabilised with 0.2% Triton X-100 for 15 min at room
temperature. Blocking solution containing 10% donkey or goat serum and 10%
BSA in PBS was then applied for 1 h at room temperature. Primary antibodies
were added in PBS with 1% BSA and incubated overnight at 4 °C. After four
washes, secondary antibodies were added at a dilution of 1:1000 and incubated
for 1 h in the dark at room temperature. After two further PBS wash steps,
Hoechstt diluted to 1 ug/ml in PBS was added for 5 min at room temperature,
protected from light. Cells were washed twice more in PBS then finally changed
into PBS containing 0.02% sodium azide. The plates sealed and stored at 4 °C
in the dark until imaged. Prior to imaging the volumes of liquid inside each well
was reduced to 100 ul. The primary antibodies used for experiments are listed in

Appendix 3.

All plates were imaged within fourteen days of staining, using the Perkin Elmer
Opera Phenix HCS system, with twenty pre-set fields of view captured per well.
A minimum of six replicate wells were imaged and analysed per experiment. A
40x air NA 0.6 objective was used and binning was set at two. Channels for

Hoecshtt, 488, 568 and 647 were selected, the power set to 100% and separated

82



where appropriate to prevent cross-talk. Heights and gain settings for imaging
were kept constant for each channel and each antibody combination. Images
were then analysed using Perkin ElImer’'s Columbus image analysis software.
Assessment of MSN cultures was conducted as follows: nuclei were identified
and categorised by the intensity and area of Hoechstt staining and the software’s
Find Nuclei function (Figure 2.4, B); BllI-tubulin+ cells and Caspase 3+ cells were
detected using the Find Cytoplasm function (Figure 2.4, C and F, respectively);
DARPP32+ and nestin+ cells were identified using the Find Cells function (Figure
2.4, D and H, respectively); CTIP2+ cells were determined by thresholding of
staining in the nucleus (Figure 2.4, E); and H2AX puncta were identified using
the Find Spots function (Figure 2.4, G).

Assessment of microglia-like cell cultures was conducted as follows: nuclei were
identified and categorised by the intensity and area of Hoechstt staining and the
software’s Find Nuclei function, (Figure 2.5, B). PU1+ and TMEM119+ cells were
identified by thresholding of staining in the nucleus (Figure 2.5, C and E,
respectively). IBA1+ cells and TREM2+ cells were identified using the Find
Cytoplasm function (Figure 2.5, D and F). Caspase 3+ cells were identified using
the Find Cytoplasm function, method shown in MSNs (Figure 2.4, F). It is notable
that additional TMEM119 staining is visible outside of the nucleus as would be
expected, however given the co-existence of high intensity of nuclear staining,
and the relative ease of quantification of nuclear stains, cells were assessed

based on their nuclear TMEM119 staining only.

Appropriate population outputs and formula outputs were selected for Define
Results, see Appendix 1 for details, to allow the calculation of the culture
composition. This was then downloaded and exported to Microsoft Excel before
statistical analysis using GraphPad Prism 6.07. Graphs were produced using
GraphPad Prism 6.07 and then exported to Adobe lllustrator for the production of

figures.
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Figure 2.4: Example images of high content imaging analysis conducted

using Columbus software for neurons. Columbus software was used to
analyse all immunofluorescent images of MSNs. All MSNs cultures were
assessed after day 36 of differentiation, when cultures are considered mature. A)
An example image of an MSN culture, with DARP32 (green), CTIP2 (red), BllI-
tubulin (white) and Hoechstt staining (blue). B) Nuclei were identified and
categorised as viable (highlighted in green) or non-viable (highlighted in red) by
means of the intensity and area of Hoeschtt staining and the software’s Find
Nuclei function. C) Blll-tubulin+ cells were identified using the Find Cytoplasm
function on the viable nuclei population, and selected according to staining
intensity. Selected cells are shown with a green border, discarded cells are shown
with a red border. D) DARP32+ cells were identified using the Find Cells function
on the Viable nuclei population, and selected according to staining intensity.
Selected cells are shown in green, discarded cells are shown in red. E) CTIP2+

cells were identified by thresholding of staining in the nucleus of the viable nuclei
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population. Selected cells are shown with a green border around the cell. F)
Caspase 3+ cells were identified using the Find Cytoplasm function on the viable
nuclei population and selected according to staining intensity. Selected cells are
shown in green, discarded cells are shaded in red. G) Cell nuclei containing
greater than ten H2ax spots were identified using the Find Spots function on the
viable nuclei population, and a threshold of greater than ten spots set. Selected
cells are shown with a green border, discarded cells are shown in red. H) Nestin+
cells were identified using the Find Cells function on the viable nuclei population
and selected according to staining intensity. Selected cells are shown with a
green border. Details of the antibodies used are provided in Appendix 3. The
exact detection and analysis parameters for each metric are provided in Appendix
1.
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Figure 2.5: Example images of high content imaging analysis conducted

using Columbus software for microglia-like cells. Columbus software was
used to analyse all immunofluorescent images of microglia-like cells. All
microglia-like cell cultures were cultured in vitro for 14 days and assessed for
markers of microglial identity as follows. A) An example image of a microglia-like
cell culture, with IBA1 (green), PU1 (red) and Hoechstt staining. B) Nuclei were
identified and categorised as viable (highlighted in green) or non-viable
(highlighted in red) by means of the intensity and area of Hoeschtt staining and
the software’s Find Nuclei function. C) PU1 staining was identified by
thresholding of staining in the nucleus of the previously identified Viable nuclei
population, cells expressing PU1 over the expected threshold have a green
border around the nucleus. D) IBA1+ cells were identified using the Find
Cytoplasm function on the Viable nuclei population, and selected according to
staining intensity. Selected cells are shown with a turquoise border. E) TMEM119
staining was identified by thresholding of staining in the nucleus of the Viable
nuclei population. Selected cells are shown with a green border around the
nucleus, those not meeting the selection criteria are shown with a red border
around the nucleus. F) TREM2 staining was identified using the Find Cytoplasm

function on the Viable nuclei population and selected according to staining
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intensity, selected cells are shown with a turquoise border. Details of the
antibodies used are provided in Appendix 3. The exact detection and analysis

parameters for each metric are provided in Appendix 1.

2.11 Imaging flow cytometry

Cell were scraped from their culture plate in ice cold PBS and pelleted by
centrifugation at 350 xg for 5 min. Pelleted cells were then fixed for 15 min at 4
°C with shaking, before permeabilisation for 10 min at 4 °C with shaking. This
was completed using the eBioscience intracellular Fix/Perm solutions
(Invitrogen). The cells were then incubated in permeabilisation buffer with anti-
NFkB p65 XP ® antibody at 1:200 (Cell Signaling Technology) for 60 min at 4 °C
with shaking. Following this, cells were washed twice in FACS buffer (PBS with
1% BSA, 0.02% sodium azide) by centrifugation at 350 xg for 5 min followed by
removal of the supernatant and resuspension in fresh FACS buffer. This was
done very gently to avoid excess sample loss. Cells were then incubated in FACS
buffer with F(ab')2-Donkey anti-rabbit 1gG (H+L) PE-conjugated secondary
antibody (eBioscience) at 1:100 for 30 min at 4 °C with shaking. After this, cells
were washed twice in FACS buffer, then incubated in 1 ug/ml Hoechstt 33342 for
5 min and then washed once before being resuspended in approximately 50 pl
for analysis. Single-stained samples were also generated to assess the need for

compensation between fluorescent channels.

Samples were run on the ImageStreamX analyser (Amnis) and analysed using
IDEAS software version 6.2. Gating was done to isolate in-focus, single cells,
double-stained for p65 and Hoechstt, and the nuclear localisation wizard in the
software allowed gating for translocation events where the p65 stain significantly
co-localised with Hoechstt. This allowed calculation of the percentage of total

cells with p65 translocated to the nucleus.

2.12 Cell viability assays

2.12.1 LDH assay

Cellular LDH (lactate dehydrogenase) levels were analysed using the CytoTox
96® non-radioactive cytotoxicity assay (Promega) kit. Prior to use assay buffer
was thawed and warmed to room temperature, kept protected from light. Twelve

millilitres of assay buffer was then added to a bottle of substrate mix and gently
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shaken to mix and dissolve to form the CytoTox 96® Reagent. Cell populations
to be analysed were seeded at 100,000 cells/well in a 96-well plate (Thermo) and
cultured for the appropriate amount of time as per the specific protocol.
Experimental wells were treated with 20 ng/ml bafilomycin A1 for 9 h or 2.5 mM
hydrogen peroxide for 1 h prior to assessment, while control wells containing
untreated cells were prepared to assess baseline viability, and control wells with
media only were also prepared to obtain a measurement for background
chemiluminescence. Maximum LDH release controls were also performed for
each well, to allow interpretation of the level of LDH in experimental and control
conditions as a percentage of maximum LDH for that well, in order to control for
cell number variability. After the treatment period, 50 pl aliquots from all test and
control wells were transferred to a fresh 96-well flat clear bottom plate. To obtain
maximum LDH release values for each well, all wells were then treated with 10
gl of 10x lysis solution (per 100 pl original volume) for 45 min. Fifty microliter
aliquots from the maximum release wells were then also transferred to the fresh
96-well flat clear bottom plate. To each sample aliquot, 50 pl of the CytoTox 96®
Reagent was added, and the plate incubated at room temperature for 30 min,
protected from light. Fifty microlitres of stop solution was then added to each well,
any large bubbles popped, and the absorbance read at 490 nm within 1 h of

adding the stop solution.

The results were analysed using the following formula, with values corrected for

background absorbance levels:

Percent cytotoxicity = 100 x (Experimental LDH Release (OD490)/Maximum LDH
Release (OD490))

For every experiment there were untreated control wells included, to assess

baseline levels of viability in each cell population.

2.12.2 ATP assay

Cellular ATP levels were analysed using the CellTiter-Glo® Luminescent Cell
Viability Assay (Promega). Prior to use the CellTiter-Glo® Buffer was thawed and
equilibrated to room temperature along with the CellTiter-Glo® Substrate. After
the Cell-Titer-Glo® Buffer had thawed, 12 ml was transferred into the CellTiter-
Glo® Substrate bottle to reconstitute the lyophilised enzyme/substrate mixture;

this mixture is the CellTiter-Glo® Reagent, and was mixed to ensure a
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homogenous solution. Cell populations to be analysed were cultured in 96-well
plates; with experimental cultures treated with 20 ng/ml bafilomycin A1 in 100 pl
media for 20 h prior to assessment, while control wells containing untreated cells
were prepared to assess baseline viability, and control wells with media only were
also prepared to obtain a measurement for background luminescence. After the
treatment period, the plate and its contents were equilibrated at room
temperature for 30 min, before CellTiter-Glo® Reagent equal to the volume of
media (100 ul) was added to each well. The plate was placed on a shaker for 2
min to induce cell lysis, and then incubated at room temperature for 10 min to
stabilise the luminescent signal. The contents of the plate were then transferred
to a fresh opaque-walled white 96-well plate (Greiner Bio-One), before
luminescence was measured using an Infinite® 200 PRO microplate reader
(Tecan). The results were analysed by setting one condition as standard and

converting the experimental sample readings to a percentage of its ATP levels.

2.12.3 Annexin assay

Apoptosis and necrosis were assessed using the RealTime-Glo™ annexin V
apoptosis and necrosis assay (Promega) according to the manufacturer’s
instructions. Briefly, microglia precursors were seeded at 10,000 cells/well in
white flat bottom 96-well plates (Corning) and cultured for 14 days to become
microglia-like cells. The cells were then treated with 50 pl of either bafilomycin A1
or hydrogen peroxide at 2x the desired final concentration, bafilomycin A1 at 80
ng/ml for a final concentration of 40 ng/ml, and hydrogen peroxide at 16 mM for
a final concentration of 8 mM. To this, 50 ul of 2x detection reagent (containing
2x Annexin Nanobit substrate, 2x calcium chloride, 2x necrosis detection agent
and 2x annexin V-SmBIT and 2x annexin V-LgBiT, supplied by the manufacturer
and combined immediately prior to use) was added. The final concentrations of
the toxins and detection reagent were therefore at 1x. The plate was then mixed
for 30 sec at 500-700 rpm on a plate shaker, before incubation at 37 °C in 5%
CO2. Luminescence and fluorescence measures (485 excitation/525 emission)
were then recorded recorded at 0 h (baseline), 2 h, 5 h, 7 h, 9 h and 24 h using
the Infinite® 200 PRO microplate reader (Tecan).
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2.13 Phagocytosis assay

Cells were seeded at 100,000 cells/well of a Cell Carrier-96 plate (Perkin Elmer) and
cultured in vitro according to each specific protocol. Cultured cells were transferred into
serum-free media overnight to stimulate phagocytosis. Before the assay, cells were
washed three times with PBS and then incubated with HBSS containing calcium and
magnesium and 20 mM HEPES for 1 h. Control wells were prepared to allow
determination of background fluorescence in a no-cell context. pHrodo™ Zymosan A
green or E. coli red fluorescent BioParticles® were thawed and the lyophilised product
suspended in HBSS before brief vortexing. The suspension was then sonicated for a
total of 5 min, in 30 sec bursts, with 30 sec rest periods between. After 1 h, the HBSS
buffer was replaced with 100 uyl of pHrodo™ BioParticles® fluorescent particles
suspension. Cells were incubated at 37 °C for 2-3 h to allow phagocytosis and
acidification to reach its maximum. All experimental, control and no-cell control wells
were then scanned using an Infinite® 200 PRO microplate reader (Tecan) at the
appropriate settings according to the excitation and emission maxima given (509/533 nm

or 560/585 nm for Zymosan A green and E. coli red respectively.)

To assess the phagocytosis response to HTT knockdown, the percentage effect can be

calculated as a fraction of the net positive control phagocytosis as follows:

% Effect = Net experimental phagocytosis x 100% Net positive control phagocytosis.

2.14 BCA assay

The Pierce BCA protein assay kit (Thermo Fisher Scientific) was according to
manufacturer’s instructions. Briefly, cell lysates were diluted appropriately with
RIPA buffer and protease inhibitors (cOmplete™ Mini EDTA-free tablets, Sigma)
depending on total cell number, while BSA standards were diluted in RIPA buffer
according to the manufacturer’s instructions. Standards and lysates were added
to separate wells of a clear 96-well plate (Greiner), before working solution (made
up of a 50:1 ratio of BCA Reagent A and BCA Reagent B) was added to each
well. Each sample was analysed in duplicate. The plate was then incubated at 37
°C for 30 min, after which Infinite® 200 PRO microplate reader (Tecan) was used
to measure the absorbance signal intensity at 562 nm. Analysis was carried out

by using the BSA standards to create a standard curve for comparison.
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2.15 Multiplex ELISA

Cytokine profiling was carried out using V-PLEX Assay Kits from MesoScale
Discovery (MSD).

Cells were treated with either 2 ug/ml LPS and 10 ng/ml IFNy or placed in fresh
media only for 24 h. The supernatants were collected, and the cells washed once
with sterile PBS and lysed in 60 ul radioimmunoprecipitation assay (RIPA) buffer
supplemented with a protease inhibitor cocktail (cOmplete™ Mini EDTA-free
tablets, Sigma) to provide protein values for cytokine normalisation using
bicinchoninic acid (BCA) assays. The supernatants were analysed for cytokine
production using the V-PLEX Proinflammatory Panel 1 (Human) Kit (IL-10, IL-1(,
IL-6, IL-8, and TNFa. for all experiments and IL-12p70 for experiments on primary
macrophages only). The MSD plate was washed three times in PBS containing
0.05 % Tween (PBS-T) before the addition of any samples. Depending on the
cell type and experimental condition, 50 pl of undiluted, 1:2, 1:5, 1:50 or 1:300
diluted samples were added to the MSD plate and incubated with vigorous
shaking for 2 h at room temperature, or at 4 °C overnight. MSD Diluent 2 was
used to dilute samples for the multiplex assays. Eight standards of known
concentration were also added to the plates by carrying out serial fourfold
dilutions of the Calibrator Blend included in each kit, according to the
manufacturer’s instructions. After incubation, the plate was washed three times
with PBS-T. The detection antibody solution was made up by combining 60 ul of
each detection antibody and adding MSD Diluent 3 to a final volume of 3 ml.
Twenty-five ul of this antibody solution was then added to each well before
incubating with vigorous shaking for 2 h at room temperature. The plate was
washed three times with PBS-T before 150 pyl 2X Read Buffer T was added to
each well. After the Read Buffer was added the plate was analysed immediately
using a Sector Imager 6000 with Discovery Workbench 4.0 software (MSD).
Cytokine concentrations were calculated by comparing the samples to a standard
curve made from the eight calibrators, before normalising to the total protein
measured by BCA assays or the total cell number as measured by HCI on the

Opera Phenix and analysis using Columbus software.

For assessment of intracellular cytokine levels, primary macrophages isolated

from whole blood samples were seeded at 4x10° cells/dish in 10 cm Primaria
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dishes (Corning), with two dishes per donor, and differentiated to macrophages.
For each individual donor, one dish was treated with anti-HTT siRNA and one
with scrambled siRNA as described in section 2.8. These plates were then
treated with either 2 ug/ml LPS and 10 ng/ml IFNy or placed in fresh media only
for 24 h. The supernatants were then discarded, and the cells washed once in
PBS and harvested in lysis buffer (150 mM NaCl, 20 mM Tris ph7.5, 1 mM EDTA,
1 mM EGTA, 1% triton-X-100, supplemented with Phosphatase inhibitor 1 and
Phosphatase inhibitor 2 (Phosphatase Inhibitor Cocktail 3, Phosphatase Inhibitor
II, respectively, Sigma Aldrich) as well as Protease inhibitor solution (Product
Halt™ Protease Inhibitor Cocktail, EDTA-Free, Pierce Biotechnology) before
snap freezing on dry ice and storage at -80 °C until use. Cell lysate samples were
thawed immediately before use and assessed for the production of the cytokines
IL-6, IL-1B8, TNFa, IL-10, and IL-8 using a V-plex Proinflammatory Panel 1
(Human) Kit ELISA by MSD, with the intracellular cytokine samples diluted 1:2.

2.16 Reactive Oxygen Species Assay

Reactive oxygen species (ROS) were assayed using the DCFDA/H2DCFDA
assay kit (Abcam), used according to the manufacturer’s instructions. Microglial
precursors were seeded in CellCarrier-96 well plates (Perkin Elmer) at 25,000
cells/well and cultured for fourteen days as previously described. After this point,
the media on the cells was removed and the wells washed once with 1x buffer at
100 pl/well. Negative control wells would remain in 1x buffer for the duration of
the experiment. Test and positive control wells were then incubated with 100
pl/well of diluted DCFDA Solution for 45 min at 37 °C protected from light. After
this, the wells were changed into 100 uL 1x buffer to assess baseline ROS
production, or treated with 110 uM tert-butyl hydrogen peroxide (TBHP) solution
diluted in FBS-supplemented 1x buffer (10% FBS) for 4 h. Fluorescence was
assessed at 485/535nm (Ex/Em) at specific time points according to the

experimental design of each experiment.

2.17 Nitric oxide assays
2.17.1 Griess method

To assess nitrite production in supernatants, first a standard curve was produced.

This was done by creating a 100 mM nitrite stock solution from nitrite powder
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(Sigma Aldrich) and then adding 0, 0.5, 1, 1.5 and 2 ul respectively, to 2 ml of
purified water to create 0, 25, 50, 75 and 100 uM standards. Following thorough
vortexing, these standards were then added in triplicate or quadruplicate to a 96-
well plate (200 pl/well) along with each microglia-like cell supernatant sample in
duplicate or triplicate (200 pl/well), and the plate plan recorded. One hundred
microlitres Griess reagent was then added to each well and the plate incubated
at room temperature for 15 min protected from light, before reading the plate at

540 nm on an Infinite® 200 PRO microplate reader (Tecan).

2.17.2 Abcam nitric oxide assay kit

To assess both nitrite and nitrate production in lysate and supernatant of
samples, the Abcam fluorometric nitric oxide assay kit (Fluorometric) was used
according to the manufacturer’s instructions. Briefly, standard curves for both
nitrite and nitrate were prepared in both assay buffer and cell media using the
standards provided by the manufacturer. Supernatant and cell lysate collected in
assay buffer, from stimulated and unstimulated cells was collected after the
appropriate time period and stored on ice until use. To a 96-well plate, 75 pl of
each standard and sample was added in duplicate or triplicate. For the nitrate
assay, 5 ul of Nitrate reductase was added to test wells and standards. For nitrite
assessment wells and standards, 5 ul of assay buffer was added. All wells were
then incubated at room temperature for 3 h. After this point, 5 ul of enhancer was
added to each well and incubated at room temperature for 30 min to quench
interfering compounds. Then, 5 yl DAN (2,3 diaminonaphthalene) fluorescent
probe was added to each well and incubated at room temperature for 10 min.
Finally, 5 pl of sodium hydroxide was added to all wells and incubated at room
temperature for 10 min before reading on an Infinite® 200 PRO microplate reader
(Tecan) 360/450 Ex/Em.

2.18 Statistical analysis

All statistical analysis was conducted using GraphPad Prism 6.07, using the
appropriate tests for the type of data being analysed, such as one-way and two-
way ANOVAs, with the associated multiple comparisons tests (Dunnett’s), as well
as Student’s t-tests both paired and unpaired as required. All analyses were

conducted as recommended by the software, with the necessary multi-
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comparison corrections undertaken. Detailed statistical analyses per experiment

are summarised in the relevant results sections of Chapters 3, 4 and 5.

All graphs were produced using GraphPad Prism 6.07 and Adobe lllustrator
2019.
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3. Chapter 3: Characterisation of human PSC-derived

Huntington’s disease microglia-like cells
3.1.  Background

3.1.1 Existing models of Huntington’s disease

A large variety of models of Huntington’s disease have been developed in order
to study various aspects of the disease. From genetic animal models in species
such as mice, rats, Drosophila, sheep, pigs and non-human primates (Baxa et
al., 2013; Handley et al., 2016; Lewis and Smith, 2016; von Horsten et al., 2003),
to in vitro models, including cell lines and primary human cells (Aiken et al., 2004;
Wang et al., 2005).

A large portion of basic research into HD has been conducted in rodent models,
and such models continue to be a key part of investigating HD. However, there
are a number of caveats to using rodent models in HD. For example, typically
rodent models contain much longer polyQ repeat lengths than would be found in
the average human HD patient (Mangiarini et al., 1996), and the level at which
the HTT protein is expressed can also be much higher, see Table 1.1 for details
(D.E. Ehrnhoefer et al., 2009). This can lead to much faster progression of
disease pathology (Carter et al., 1999; Hickey et al., 2005; Lione et al., 1999;
Murphy et al., 2000) which is useful for in vivo experiments, and the severe
phenotypes rodents develop make for clear read outs when testing therapeutic
interventions. However, to date, there has been a very low success rate when
translating effective therapies in mouse and other animal models to the clinic.
This highlights the need for testing in multiple models, in combination with human
cell-based approaches, and ideally, working back from phenotypes found initially
in human patient cohorts to better understand the disease and find effective

therapeutic targets.

A number of in vitro models of HD have also been commonly used. For example,
immortalised cell lines with polyQ repeat knock-ins or over-expressing transgenic
lines have been produced (Aiken et al., 2004; Wang et al., 2005). However, it is
worth noting that the process of immortalising cells can produce artefacts
(Grimm, 2004), and as such, results found initially in cell lines must typically be

validated extensively in other models.
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3.1.2 PSC-derived models of HD

It is on this background that pluripotent stem cells (PSCs) have been developed
and their use adopted in labs around the world. The gold standard for PSCs has
been embryonic stem cells (ESCs), with the more recent addition of induced

pluripotent stem cells (iPSCs) to the field.

iPSCs are particularly useful for producing cell-based models of disease, as
somatic cells from patients can be reprogrammed to a pluripotent state, while
maintaining their genetic identity. This has been applied in HD, with iPSC lines
produced from HD patients and related controls. The benefit of these lines is the
theoretically infinite source of patient material that they can produce, with the
same polyQ length and expression level as the donor. ESCs are derived from
donated blastocysts, either carrying specific disease mutations, or controls that

can be edited using genome editing techniques to produce disease models.

In this work, we had access to an allelic series of ESCs generated by the Pouladi
group (Ooi et al., 2019), called IsoHD cells, carrying polyQ lengths of 30, 45 and
81 units, respectively. As well as this, a cohort of iPSC lines generated from a
family, consisting of one unaffected mother (22Q) and three affected offspring
(58, 69, 75Q), referred to as the “HD family lines”, and a number of unrelated
control and HD PSC lines were also used. An important weakness to note is that
the HTT expression level at the protein level was not quantitatively assessed in
the differentiated neurons or microglia-like cells due to limitations of HTT
antibodies available and lack of positive and negative controls available.
Additionally, the lines were CAG-sized as iPSCs and ESCs, however routine
sizing was not conducted in differentiated iPSCs and ESCs, so there is a chance
that these lines may have developed increased CAG sizes during the course of
experiments. Although based on the data produced by other members in the lab
in MSNs, expansion is unlikely to have occurred in any of the lines except the
125Q (unpublished observations), which were used in a limited capacity in this

work.

3.1.3 Modelling the innate immune system using PSCs
In terms of the innate immune system, the CNS component has been chronically
under studied in vitro in humans. This is due to restricted access to the brain.

Most studies have been conducted in microglia from animal models of HD or

96



using indirect assessments in HD patients, either via imaging, ex vivo analysis of
the peripheral counterparts of microglia, or post mortem analysis of patient brain
tissue (Bjorkqvist et al., 2008; Kwan et al., 2012; Silvestroni et al., 2009). While
all of these modalities are useful, they are indirect, or proxy measures, and it

would be beneficial to be able to study human microglia directly.

This is where the differentiation of microglia from human iPSCs or ESCs is vital,
in order to provide a resource that is extremely limited ordinarily, expressing
mHTT at a physiological level and with a range of polyQ lengths that are similar
to that seen in patients. Also, if isogenic lines can be used, this reduces the
number of different PSC lines that need to be differentiated and tested, and gives
greater confidence that results seen are due to the presence of the expanded
polyQ in those lines, rather than any other genetic factors. The immune system
is highly variable due to its reactive nature, both between individuals but also
within the same individual, as a result of environmental and systemic signals, so

any method of reducing noise in the system for study in vitro is essential.

In order to study the immune system in HD using PSC-derived cell types, it was
necessary to review the available protocols and assess which to test further in
our lab. Part of the original design of this thesis involved differentiating both the
peripheral and CNS-based components of the innate immune system, bone-
marrow derived blood macrophages, and tissue resident macrophages in the
CNS, microglia, respectively. This would have allowed for comparison of
phenotypes between the two counterpart cell types, and the assessment of how
applicable the results from the great body of research, conducted historically in

primary human blood monocytes and macrophages, was to the CNS.

Several directed differentiation protocols that aimed to recapitulate the steps of
development of blood monocytes, from the early embryonic yolk sac, to the bone
marrow, to mature blood monocytes had been published close to the inception of
this PhD thesis (Van Wilgenburg et al., 2013; Yanagimachi et al., 2013). Of these,
Yanagimachi et al., 2013 was chosen for immediate testing on the HD family
lines, as it is serum free and does not require feeder cells, thus increasing the

consistency and reproducibility of the differentiation procedure.

However, both of these methods, originally published for the production of blood

monocytes, underestimated the degree to which the steps of blood monocyte

97



development overlap with the developmental steps of tissue-resident
macrophages, such as microglia, alveolar and kidney macrophages, Kupffer
cells, and Langerhans cells. In fact, the only differentiating factor between the two
is the particular wave of production from the yolk sac that the initial cells come
from (Ginhoux et al., 2013, 2010; Hoeffel et al., 2015). This was realised by
Buchreiser et al., 2017, who assessed the dependency of their protocol (Van
Wilgenburg et al. 2013) on transcription factors that differentiate the two waves
of yolk sac production. This showed that the cells (which were originally claimed
to be blood monocytes) were MYB-independent and RUNX1- and SPI1-
dependent, which is indicative of a tissue resident macrophage identity. Further
evidence of the tissue-resident macrophage identity of these cells has been
shown through experiments which recapitulate a neuronal environment to
facilitate maturation into microglia, by means of co-culture with cortical cells or
exposure to cortical media (Haenseler et al., 2017). Principal component analysis
of gene expression data collected in this study showed clustering of the gene
expression signature of these cells with that of foetal microglia, distinct from blood
monocytes. On this basis, and following comparison with the other available
protocols for microglial differentiation at the time, assessed on a number of
criteria; cost, time, average yield and requirement of specialist facilities, see
Appendix 2 for comparison of protocols (Abud et al., 2017; Muffat et al., 2016;
Pandya et al., 2017), the Van Wilgenburg protocol and the Muffat protocol were
chosen to be tested for their efficacy of microglia-like cell production from HD
PSCs. However, when the Muffat et al., 2016 protocol was first tested in one HD
(75Q) and one control line (22Q), there were great technical difficulties with
implementing the protocol at the early stages, and so it was dropped from further

testing.

Also affected by the revelations regarding tissue resident macrophage
development versus blood monocyte development was the Yanagimachi et al.,
2013 protocol. Following a year of testing in our lab, for use as PSC-derived
monocytes, Douvaras et al., 2017, published an updated version of the
Yanagimachi protocol, with an additional growth factor in the “macrophage
production” step of the original paper. This new paper referred to the “monocytes”
of the Yanagimachi paper as “microglial precursors”, and with the addition of IL-

34 to the macrophage production step of the Yanagimachi protocol, it produced
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what they refer to as “mature microglia”. While this paper did not assess the
dependency of the cells on MYB, RUNX1 and SPI1, they performed extensive
gene expression analysis for microglial-specific genes (Butovsky et al., 2013;
Haenseler et al., 2017) and found the cells produced were enriched for these
markers. Based on this paper, our assessment of Yanagimachi-derived cells was
extended to include testing for these microglial markers, and the expression of
key microglial genetic markers confirmed. This altered the scope of this work, so
the efficacy of these two microglial protocols was assessed and compared before
the selection of one for all further testing, rather than assessing one tissue
resident macrophage (microglial) protocol and one bone marrow-derived blood
monocyte protocol extensively. Any investigations that required blood monocytes
were therefore conducted in primary human monocytes isolated from whole blood

samples.

3.1.4 Innate immune system dysfunction

Much work already exists investigating the immune system in HD. A large portion
of this has been done in mouse models, specifically the R6/2, YAC128 and
BACHD models, which are well established to faithfully recapitulate many of the
pathological and behavioural phenotypes of HD (Gray et al., 2008; Mangiarini et
al., 1996; Slow et al., 2003).

Interestingly, a hyper-reactive phenotype has been consistently found across
human and mouse models, with elevated responses to immune stimuli such as
LPS or CSE (Bjorkqvist et al., 2008; Connolly et al., 2016; Trager et al., 2014).

Investigations also uncovered a migration deficit in microglia isolated from both
mouse models compared to their WT littermates, when assessed ex vivo using a
Boyden chamber assay (Kwan et al., 2012). This deficit was additionally found in
patient monocytes and macrophages assessed ex vivo. As well as this, a more
general deficit in motility was shown, with deficits in extension and retraction of

processes, as well as actin remodelling.

This work in mouse models is complemented by a number of studies conducted
using human HD patients either post mortem or via non-invasive imaging, or
using whole blood samples. This research has generally shown upregulated

cytokine production at the mRNA level in brain tissue, as well as elevated

99



cytokines in the periphery in HD samples (Bjorkqvist et al., 2008; Silvestroni et
al., 2009). Post mortem studies have also found marked astrogliosis and
microgliosis in multiple brain areas in HD samples, but not in controls (Sapp et
al., 2001; Singhrao et al., 1999). Imaging studies have also shown significant
increases in activated microglia that correlate with disease severity (Pavese et
al., 2006), motor dysfunction, measures of daily living, and perhaps most
interestingly, in the case of premanifest HD gene carriers, a correlation with the
predicted probability of HD onset in the next 5 years (Politis et al., 2011; Tai et
al., 2007). This increased microglial activation was also correlated with elevated
plasma levels of pro-inflammatory cytokines in pre-symptomatic gene carriers,

who were predicted to be more than 10 years from onset (Politis et al., 2015).

3.1.5 Potential mechanistic basis for the observed dysfunction in the innate
immune system

A number of theories exist as to the mechanism underlying the immune

dysfunction that is seen in HD. One theory is that aberrant NF-xB pathway

activation occurs due to the presence of mHTT (Crotti et al., 2014; Trager et al.,

2014).

In addition to this, there is significant evidence suggesting that the presence of
mHTT alters ROS production (Wyttenbach et al., 2002), and that ROS have a
significant impact on the activation of the NF-«xB pathway (Schoonbroodt et al.,
2000; Takada et al., 2003). Also, oxidative stress levels affect mHTT aggregation
levels (Goswami et al., 2006). In this way, it may be possible that mHTT interacts
with the NF-xB pathway directly, and also through affecting ROS production, to

cause dysfunction in the immune system.

3.1.6 Exploring the link between innate immune system dysfunction and
neurotoxicity

It is possible that mHT T-expressing microglia contribute to the toxic environment

of the HD brain through the release of a variety of cytokines and other neurotoxic

factors (Nakanishi, 2003). However, it is important to also note the role of non-

cell autonomous dysfunction. As previously mentioned, microglia are highly

reactive cells, extremely sensitive to their environment, and even non-HD
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microglia can become dystrophic through continued exposure to cell debris,
aggregates and stress or death signals from neurons. For example, Gibbons et
al., 2006, found that treatment with LPS reduced the viability of BV2 microglial
cells, but had no effect on neuronal cultures. However, in co-cultures, the addition
of LPS resulted in reduced viability of both the microglia and neuronal cell types.
In this way, it is clear that even microglia without mHTT expression, when
exposed to the appropriate stimulus, can cause neurotoxicity (Gibbons and
Dragunow, 2006).

This chapter details the development and characterisation of a human PSC-
derived model of HD microglia. In this thesis | have used the updated Van
Wilgenburg protocol (as published by Haenseler et al.,) for the bulk of the
experiments. Initial work focused on characterising the cells produced by this
protocol, and a second protocol by Yanagimachi et al., for microglial-like
characteristics. For the purposes of this thesis, differentiated microglial like cells
were defined as microglia-like cells if, following 14 days of in vitro culturing post-
harvest, they met the following criteria: expressed a panel of genes enriched in
microglia (P2RY12, TREM2, TMEM119, IBA1, C1QA, GAS6, GPR34, MERTK
and PROST) at mRNA level, and proteins (TREM2, PU1, IBA1 and TMEM119)
as assessed by immunofluorescence, as well as meeting functional criteria, with
cells being capable of phagocytosis, cytokine production and ROS production.
These criteria are in keeping with the standard measures in other published
protocols of microglial differentiation (Abud et al., 2017; Douvaras et al., 2017,
Muffat et al., 2016; Pandya et al., 2017).

At this point, it should be clear that the development of an in vitro model and
characterisation of HD microglia in this context, is a necessary step towards a
better understanding of human HD microglia, providing access to a previously

under studied cell type in HD.

3.2. Aims

To set up an in vitro model of human HD microglia

1. Assess two protocols for the differentiation of microglia-like cells, and
select one for in-depth characterisation
2. Assess cells produced using the chosen microglial protocol for any effect

of mHTT on microglial function
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3.3. Methods

Microglia-like cells were differentiated from PSCs of varying polyQ lengths either
according to Yanagimachi et al., 2013 (section 2.5.1) or Van Wilgenburg et al.,
2013 with some minor modifications (detailed in section 2.5.2). They were then
assessed for microglial identity both at the mRNA level, using RT-gPCR (section
2.9), and the protein level, using high content imaging (HCI) on the Opera Phenix
followed by analysis using Columbus software (section 2.10). Control and HD
microglia-like cells were then assessed using a battery of functional tests. First,
the cytokine expression of HD and control microglia-like cells at the protein level
was assessed using MSD cytokine assays (section 2.15). In parallel, the mRNA
expression of key pro-inflammatory cytokines was assessed by RT-qgPCR
(section 2.9). The reactive oxygen species (ROS) production of HD and control
microglia-like cells was quantified under baseline and various stimulated
conditions (section 2.16). The nitric oxide production was also assessed under
baseline and stimulated conditions (section 2.17). The viability of HD and control
microglia-like cells was assessed under baseline and stressed conditions using
LDH assays (section 2.12.1) and Annexin-V viability assays (section 2.12.3).
Finally, the phagocytic activity of both HD and control microglia-like cells was
assessed (section 2.13). Statistical analyses were conducted and graphs
produced using GraphPad Prism 6.07 and Adobe lllustrator 2019 as described in

section 2.19.

3.4. Results

3.4.1. Assessment of two microglial differentiation protocols

Two methods were tested to determine their respective quality, as assessed by
the yield of microglial-like cells produced, the expression of key microglial
markers, and the purity of cultures produced. A brief investigation into the
functional capacity of the microglia produced by both protocols was also
undertaken, before one protocol was chosen, and a more in depth

characterisation undertaken.
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3.4.2. The Yanagimachi et al., 2013 protocol produces microglial-like cells
The first method of microglial differentiation assessed was published in 2013 by

Yanagimachi et al.

Cells derived using the Yanagimachi et al., 2013, method were harvested from
day 17 onwards, with a harvest every four days, as stipulated by the published
protocol. There was a high degree of variability between yields of clones from the
same original donor (Figure 3.1). Importantly, these yields were far below what
was stated in the published protocol, where each yield produced approximately
1.3x10% cells.
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Figure 3.1: Yields from the Yanagimachi protocol were variable from the
HD family of iPSC lines and did not meet predictions from the published
work. Two lines of the HD family series, differentiated as described in section
2.5.1, carrying 22 and 75Q, were used in this experiment, n= 3 clones per line.
Three harvests taken consecutively every four days, revealed variation in the
yields both between lines and clones, and suggested lower harvests in the HD
line (75Q). These yields are considerably lower than the yields reported in the

published protocol. Data shown are the mean + SD.

Cells differentiated using the Yanagimachi et al., 2013 protocol were also
assessed for their expression of a cluster of microglial identity genes that are

recognised in the literature as distinctive markers of microglial identity (Butovsky
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et al., 2013; Haenseler et al., 2017). C1QA, GAS6, GPR34, MERTK, P2RY12,
PROS1, TMEM119 and TREM?Z2 were all enriched in the microglial cells derived

using the Yanagimachi et al., 2013 protocol relative to primary monocytes, and
there was no polyQ-dependent effect (Figure 3.2).
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Figure 3.2: qPCR assessment reveals elevated expression of key microglial

genes in cells produced by the Yanagimachi et al., 2013, protocol. C71QA,
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GAS6, GPR34, MERTK, P2RY12, PROS1, TMEM119 and TREM2 show
significantly increased expression in the Yanagimachi differentiated cells relative
to primary human monocytes. Data shown are a log transform of the raw data,
with all points plotted as a fold change relative to primary monocyte expression
which was calculated as the average expression of 4 primary monocyte samples
and set as 1. The error bars shown represent the standard deviation (SD). N=2
clones of the 22Q HD family line, n=3 of the 75Q family line, n=2 independent
biological samples of primary macrophages for all graphs except CX3CR1 where
n=1, n=4 independent biological samples of primary monocytes for all graphs
except CX3CR1 where n=3, n=4 undifferentiated iPSC lines for all graphs except
TREM?2 where n=2. All samples were run in triplicate, and each data point shown
is an average of those three values. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001.
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Genes that were not enriched relative to primary monocytes are shown in Figure
3.3. These are genes that would be expected to be highly expressed in
monocytes, such as CD714 and CD93, but also include CX3CR1, which is known
to be expressed by human microglia in vivo but is not enriched in the

differentiated microglia from this protocol.
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Figure 3.3: qPCR assessment reveals reduced expression of a number of
genes in cells produced by the Yanagimachi et al., 2013, protocol relative
to primary monocytes. CD714 expression is significantly reduced in the
Yanagimachi cells, relative to primary human monocytes, which express CD174
strongly. CD93 is not significantly differently expressed in the Yanagimachi cells
relative to the primary human monocytes, but is significantly reduced in the
primary macrophage and undifferentiated iPSC samples assessed. CX3CR1 is
not significantly differently expressed between primary human monocytes and
the Yanagimachi cells. This marker should be enriched in microglial populations,
but does not seem to be expressed in vitro. Data shown are a log transform of

the raw data, with all points plotted as a fold change relative to primary monocyte
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expression which was calculated as the average expression of 4 primary
monocyte samples and set as 1. The error bars shown represent the standard
deviation (SD). N=2 clones of the 22Q HD family line, n=3 of the 75Q family line,
n=2 independent biological samples of primary macrophages for all graphs
except CX3CR1 where n=1, n=4 independent biological samples of primary
monocytes for all graphs except CX3CR1 where n=3, n=4 undifferentiated iPSC
lines. All samples were run in triplicate, and each data point shown is an average
of those three values. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

To follow up these findings, a brief investigation into the expression of these
genes at the protein level was conducted in one clone of the 75Q line, by
immunocytochemistry. In this way, expression of CD14 and TREM2 was

qualitatively confirmed at the protein level (Figure 3.4).
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Hoechstt

Figure 3.4: qPCR and IF assessment reveal microglial identity of cells
produced by the Yanagimachi et al., protocol. Qualitative assessment of
expression of CD14 and TREM2 at the protein level in once clone of the 75Q HD
family line. N=1 clone. Secondary only controls were conducted as part of the
original testing of the antibodies used, however was not repeated in each
subsequent experiment. Additionally, this analysis is lacking a positive control,

due to the difficulty in obtaining primary human microglia.

3.4.3. Microglia-like cells differentiated using the Yanagimachi et al., 2013
protocol, produced cytokines when stimulated that may be polyQ
dependent

Initial functional assessments focused on the capacity of the differentiated cells

to produce cytokines, as this is an area known to be dysfunctional in microglia

from HD animal models and in innate immune cells from the periphery;
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macrophages and monocytes. Three clones from the 22Q control line were
differentiated to microglia-like cells, and then treated with LPS and IFNy, and their
cytokine production at baseline and under stimulated conditions assessed using
the MSD assay (section 2.15). It was found that these differentiated microglia-like
cells could produce a significant increase in cytokine expression in response to
stimulation, with IL-6 and IL-8 expression significantly elevated (*P<0.05), as well

as IL-1B and TNFa which were even more significantly increased (**P<0.01).
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Figure 3.5: iPSC-derived microglia-like cells were responsive in their
cytokine production to LPS stimulation. 24 h of stimulation with LPS and IFNy
resulted in increased expression of key pro-inflammatory cytokines IL-6, IL-1(,
TNFa and IL-8, in cells differentiated from three clones of a HTT 22Q iPSC line,
using Yanagimachi et al., 2013, protocol. Data shown are mean + SEM. N=3
clones. Each clone’s samples were run in triplicate, and the average of those
three values taken as the value for that clone. *P<0.05, **P<0.01. Positive and
negative controls were provided by the manufacturer for this assessment, and

were used to build a standard curve to inform analysis of the test samples results.
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Following this assessment, microglial-like cells differentiated from three clones of
a HD line (75Q) and three clones of the control line (22Q) from the HD family
lines, using the Yanagimachi et al., 2013, protocol were assessed for cytokine
release upon stimulation (section 2.15). This experiment suggested higher
cytokine release in the HD line (75Q) compared to the control line (22Q) (Figure

3.6). This was not statistically significant, however.
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Figure 3.6: iPSC derived microglia-like cells carrying a 75Q expansion may
have shown elevated cytokine release compared to control lines. Cells
derived using the Yanagimachi et al., 2013, differentiation protocol were
stimulated with LPS and IFNy for 24 h resulting in the release of key pro-
inflammatory cytokines IL-6, IL-1B8, TNFa and IL-8. There was no significant
difference between the 22Q and 75Q lines. Data shown are mean + SD. N=3

clones per line. Sample from each clone was run in triplicate, and the average
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used as the value for that clone. Positive and negative controls were provided by
the manufacturer for this assessment, and were used to build a standard curve

to inform analysis of the test samples results.

3.4.4. Cells differentiated using the Yanagimachi et al., 2013, protocol show
phagocytic activity

Another key feature of microglia function is the ability to phagocytose material.

The capacity of cells differentiated to microglia-like cells from both 22Q and 75Q

iPSC lines, using the Yanagimachi et al., 2013 protocol was assessed using

pHrodo fluorescent beads (section 2.13).

Three clones from each line were differentiated and assessed, and it was found
that both lines show phagocytic activity, as they both show internalisation of the
pHrodo beads and subsequent fluorescence suggesting the beads were present
in the lysosome, with the 22Q line clones appearing to be slightly more

phagocytic, (Figure 3.7).
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Figure 3.7: iPSC-derived microglia-like cells show phagocytic activity. Cells

differentiated using the Yanagimachi et al., 2013, protocol were assessed for
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phagocytic activity using the pHrodo bead assay. There was no significant
difference in phagocytic activity between the lines tested, p=0.5448. Data shown
are mean = SD. N=3 clones per line, three technical replicates per clone. A
negative control of media only wells was included to provide a baseline value,

and the fluorescence values subtracted from all test samples.
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3.4.5. Microglial-like cells of varying polyQ length, differentiated using the
Yanagimachi et al., 2013, protocol, appear to have similar baseline
viability

Lastly, cells differentiated from both HD (75Q) and control (22Q) iPSC lines using

the Yanagimachi et al., 2013, protocol were assessed for their viability at baseline

using an LDH assay, and the 75Q line clones appeared to have higher
percentage cell death compared to control line clones, but this was not

statistically significant.
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Figure 3.8: Viability of iPSC-derived microglia-like cells appears similar

between HD and control Q lengths. Microglia-like cells were assessed for the
production of LDH over 9 h. Data shown are the mean + SD. N=3 clones per line,
with three technical replicates per clone, and the average taken from these three
and used for that clone. LDH assays include a potent toxin to allow the calculation
of 100% cell death in the test wells, this allowed calculation of the percentage cell

death in each test well as a proportion of the 100% cell death value.
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3.4.6. The Van Wilgenburg et al., 2013 protocol produces microglia-like cells
The second method of differentiating microglia-like cells that was assessed was
published by Van Wilgenburg et al., 2013, and an updated version used in
Haenseler et al., 2017, that contains a method for differentiating the tissue
resident macrophages harvest weekly further into microglia-like cells (Figure 2.2;
section 2.5.2).

3.4.7. The Van Wilgenburg et al., 2013 protocol produces a consistently high

yield

The first step to assess the robustness of the protocol was to assess a large
cohort of lines for their capacity to produce microglia-like cells. To quantify the
quality of the cultures produced, the yields of cells at each harvest point were

recorded.

This cohort comprised four lines of the HD family series, three lines of the IsoHD
isogenic ESC series, as well as additional iPSC and ESC control lines, and one
additional HD line, of 125Q.

Embryoid bodies produced microglial precursors at sufficient quantities for a
minimum of six harvests to be taken for experiments. There was considerable
variation between harvests in the yield for the same cell line, with the first and
final yield often being lower. There was also some variation between lines from
different backgrounds, with the IsoHD lines producing higher yields, however
there was not a polyQ dependent effect on the yield, as within the IsoHD lines,
the yields were not significantly different between the control line (30Q) and either
of the HD lines (45Q, 81Q). This suggests that Q length does not impact yield
significantly, but the cumulated genetic differences between groups of lines may

affect yield.

115



2
O
(&)
©
0 47 e
c
2
E 27 e § o
0 1 1 1
0 50 100 150

PolyQ length

Figure 3.9: A similar spread of variability in yield and overall yield numbers
is found across a large cohort of iPSC and ESC lines differentiated to
microglia-like cells using the Van Wilgenburg et al., protocol. Lines
differentiated using the same protocol show similar variability and total numbers
of cells produced per harvest across all polyQ lengths tested. A number of lines
show lower production, 58Q, 69Q and 125Q, however these lines were only
differentiated once, compared to the other lines differentiated a minimum of twice,
which may bias these data. There was no significant correlation between polyQ
length and vyield, p=0.2179. Data shown are mean, and where N=3
differentiations or clones + SD. Isogenic lines were differentiated a minimum of
three times, and for the HD family lines three clones per line were differentiated,
these make up the individual data points used to calculate the mean and SD.
Each individual data point was calculated as follows: six harvests were taken from
all differentiated clones and lines, and the average yield calculated across those

six harvests.

3.4.8. The Van Wilgenburg protocol produces cells that are enriched for a
panel of microglial markers as assessed by quantitative PCR

A large panel of microglial-enriched genes were tested across the cohort of PSC

lines. In all the lines, key markers of microglial identity including P2RY12, TREM2,

TMEM119, IBA1, C1QA, GAS6, GPR34, MERTK and PROS1 were enriched
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compared to primary monocytes and undifferentiated iPSCs (Figure 3.10, 3.11).
The groups of lines also tended to cluster together, with the IsoHD lines showing
similar levels of enrichment, and the HD family lines showing similar levels of
enrichment to each other, although all significantly elevated relative to the primary
monocytes and undifferentiated iPSCs. Additionally, no overt polyQ effect was
shown. The HD family lines also showed lower expression of CD714 and CD93,
relative to primary monocytes that typically express these genes strongly (Figure
3.12).
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Figure 3.10: qPCR assessment reveals elevated expression of microglial
genes in cells produced by the Van Wilgenburg et al., protocol. P2RY12,
TMEM119 and TREMZ2 show significantly increased expression in Van
Wilgenburg differentiated microglia-like cells relative to primary monocytes. IBA1
shows increased expressed in Van Wilgenburg differentiated microglia relative to
undifferentiated iPSCs. Data shown are a log transform of the raw data, with all

points plotted as a fold change relative to primary monocyte expression where
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the average expression of at least three primary monocytes samples was set as
1. The error bars shown represent the standard deviation (SD). N=1
differentiation of 15Q control iPSC line, n=3 clones of 22Q control iPSC line, n=4
differentiations of control 30Q ESC lines, n=3 differentiations of 45Q ESCs for
panel A, n=2 clones of 58Q iPSC lines, n=2 69Q iPSC lines, n=3 clones 75Q
iPSC line, n=4 differentiations of 81Q, n=1 125Q iPSC lines, n=3 or 4
independent biological samples of primary monocytes, each sample was run in
triplicate and the average of those values used as the value for that sample.
Statistical testing was done on any line that had more than one data point. One-
way ANOVA, followed by Dunnett’'s multiple comparison testing for significant
change relative to primary monocytes for all genes except IBA1, where
differentiated microglia-like cells were compared to undifferentiated
iPSCs.*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 3.11: gPCR assessment reveals microglia-like identity of cells
produced by the Van Wilgenburg et al., protocol. C1QA, GAS6, GPR34,
MERTK, PROS1 show increased expression in differentiated microglia-like cells
relative to primary monocytes. Data shown are a log transform of the raw data,
with all points plotted as a fold change relative to primary monocyte expression
where the average expression of at least three primary monocytes samples was
set as 1. The error bars shown represent the standard deviation (SD). N=1
differentiation of 15Q control iPSC line, n=3 clones of 22Q control iPSC line, n=1
differentiations of control 30Q ESC lines, n=3 differentiations of 45Q ESCs for
panel A, n=2 clones of 58Q iPSC lines, n=2 69Q iPSC lines, n=3 clones 75Q
iPSC line, n=1 differentiation of 81Q, n=1 125Q iPSC lines, n=3 or 4 independent
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biological samples of primary monocytes. Each sample was run in triplicate, and
the average taken and used as the result for that sample. Statistical testing was
done on any line that had more than one data point, one-way ANOVA, followed
by Dunnett’s multiple comparison testing for significant change relative to primary
monocytes for all genes.*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 3.12: qPCR assessment reveals microglia-like identity of cells
produced by the Van Wilgenburg et al., protocol. CD74 and CD93 expression
was reduced relative to primary monocytes. Data shown are a log transform of
the raw data, with all points plotted as a fold change relative to primary monocyte
expression which was set as 1. The error bars shown represent the standard
deviation (SD). N=1 differentiation of 15Q control iPSC line, n=3 clones of 22Q
control iPSC line, n=2 clones of 58Q iPSC lines, n=2 69Q iPSC lines, n=3 clones
75Q iPSC line, n=4 independent biological samples of primary monocytes. Each
sample was run in triplicate, and the average taken and used as the result for that
sample. Statistical testing was done on any line that had more than one data
point, One-way ANOVA, followed by Dunnett's multiple comparison testing for
significant change relative to primary monocytes for all genes.*P<0.05, **P<0.01,
***P<0.001, ****P<0.0001.

3.4.9. Cells produced using the Van Wilgenburg protocol express key
microglial proteins
To follow up this mRNA level assessment of microglial identity, three

differentiations of the IsoHD lines were assessed for the expression of key
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microglial proteins by high content imaging (section 2.10). This analysis revealed
that cells in the cultures expressed TREM2, PU1, IBA1 and TMEM119 (Figure
3.13, A). Additionally, the composition of the cultures was found to be very pure,

with close to 100% of viable cells imaged expressing these key markers (Figure

3.14, B).
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Figure 3.13: IF assessment reveals expression of key microglial genes in
cells differentiated using the Van Wilgenburg et al., protocol. A) The top row
shows example images from 30Q, 45Q and 81Q IsoHD lines differentiated to

microglia-like cells and stained for TREM2 (green) and PU1 (red). The second
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row shows example images from 30Q, 45Q and 81Q IsoHD lines differentiated
to microglia-like cells and stained for IBA1 (green) and TMEM119 (red). B)
Quantification of microglia-like cell culture composition reveals extremely purity,
with close to 100% of viable cells expressing these key markers, as assessed
using Columbus software as described (Appendix 1). Data shown are the mean
+ SD. N=3 differentiations per line, with a minimum of six technical replicates per
line per stain. Initial assessments of all antibodies used involved testing
secondary only wells and were shown to have minimal signal; however these
were not carried through for all subsequent experiments and therefore are not

shown here.

3.4.10. The production of pro-inflammatory cytokines appears to increase with
increasing polyQ length

In order to assess the functional impact of mHTT on microglia-like cells, the first

experiment tested was the ability of the microglia-like cells to produce and release

pro-inflammatory cytokines. This is an area where dysfunction has consistently

been found in HD animal model microglia, and in the peripheral counterparts of

microglia in humans.

This work focused on the large cohort of lines assessed in previous sections.
These were differentiated and stimulated, and the supernatant collected and
frozen before assessment using an MSD assay (section 2.15). All experiments
contained a paired unstimulated control for each sample, to allow baseline levels
to be accounted for. In these experiments, discrepancies in the density of the

cells in wells were controlled for by assessing the protein level in each well tested.

The results in Figure 3.14 show a percentage increase from baseline, with the
stimulated value divided by the baseline value and multiplied by 100 to give a
percentage. This method showed similar patterns of results to the previous
method used to assess cytokine production in cells produced by the Yanagimachi
et al., 2013 protocol, where all samples could be run within a single plate. This
analysis method was used because with the larger number of samples being
tested, samples had to be tested across multiple MSD plates, which were not run
simultaneously. A significant batch effect was observed between plates and runs

as assessed by running duplicate samples across plates (data not shown), and
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so to account for this and allow for comparison between samples run on different
plates, the analysis method was altered to produce a percentage increase from
baseline, rather than an absolute value, with the unstimulated and stimulated

samples from each line run on the same plate.

In this way, a general trend towards increased cytokine response in HD lines was
found. However, as is clear from Figure 3.14, the 22Q line from the HD family
lines showed very high levels of cytokine response, far beyond that of the other
control lines tested, and even the HD lines of the same background, highlighting
the need to conduct experiments in multiple lines of cells from varying

backgrounds.

Furthermore, this result informed the decision to prioritise use of the isogenic
ESC series, the IsoHD series, in all future work, to ensure results found were due

to the change in polyQ length, or HD status, rather than any other genetic factor.
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Figure 3.14: The production of key cytokines appears to increase with
polyQ length. IL-6, TNFa, IL-8, IL-1B and IL-10 expression levels relative to
baseline for each line appear to increase with increasing polyQ length. A notable
exception are two clones of the 22Q HD family lines, which show considerably
higher expression relative to the other lines of the HD family cohort, and relative
to the other control lines assessed. This may be due to specific genetic
differences in this line, unrelated to the polyQ length, highlighting the need to
replicate results in multiple cohorts and with as many lines as possible. In this
case, the correlation between increasing polyQ length and the percentage
increase in cytokine expression from baseline is not statistically significant, at
least in part due to the 22Q clones high variability, and elevated expression level.
N=1 15Q iPSC line, n=1 20Q ESC line, n=2 clones 22Q iPSC line, n=1
differentiation 30Q ESC line, n=3 clones 75Q iPSC line, n=1 differentiation 81Q
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ESC line, n=1 125Q iPSC line. Data shown are mean (+ SD where applicable).
Each sample was run in triplicate, and the average taken as the result for that
sample. Positive and negative controls were provided by the manufacturer for
this assessment, and were used to build a standard curve to inform analysis of

the test samples results.

Further assessment of the pro-inflammatory response to an immune challenge
was confined to the IsoHD series of lines in the following assessment. This was
done to allow comparisons to be made in an identical genetic background,
lowering the noise in the system. This assessment was conducted as described
(section 2.15) and found that there was a significant increase in reactivity in the
microglia-like cell lines carrying HD mutations, statistically significant in the case
of the IL-6 and TNFa response. However, the changes in the levels of IL-8, IL-1B

and IL-10 were not statistically significant (Figure 3.15).

It is notable that some variation between the differentiations of each line,
conducted in parallel, still exists. This highlights the impact of environmental
factors on cytokine production and release, and the inherent variability in the

immune response.

Importantly, data shown below are controlled for cell number, as assessed by
HCI (section 2.10), rather than using protein concentration, as in Figure 3.14.
Additionally, in both figures, the data points shown are a percentage increase
from baseline, thus each data point incorporate two separate pieces of
information, the baseline and stimulated production of each cytokine per cell. An
important control for these experiments would have been to directly assess
mHTT expression levels in these microglia-like cell populations at the protein and
MRNA level. However, this was not completed as part of these assessments, and

so is a weakness of this approach.

125



15004 L6 . 8001 TNF-a
600
1000 -
o 400 -

500
200 A

259 IL-8 404 IL-1B

20 o

154
20+

104 o = T

% increase in cytokine expression per cell
[
’ [
w
o
1
o
)
o

5{ —=p=— oo 7 o
0 0 —
2001 1L10 . 30Q 45Q 81Q
150
[
100 - S ®

of 1 4

30Q 45Q 81Q

Figure 3.15: The increase from baseline in the production of IL-6 and TNFa
is significantly affected by polyQ length. The percentage increase of IL-6 and
TNFa are significantly different across the polyQ lengths tested, p=0.0291 and
p=0.0422, respectively, tested using one-way ANOVA. IL-8, IL-1p and IL-10 also
appear to be increasing with increasing polyQ length, but this is not statistically
significant. Data shown are the mean + SD. N=3 differentiations per line, with
three technical replicates per sample. *P<0.05. Positive and negative controls
were provided by the manufacturer for this assessment, and were used to build

a standard curve to inform analysis of the test samples results.

126



3.4.11. The expression of key pro-inflammatory cytokines at the mRNA level
increases upon stimulation, but shows no HTT polyQ-dependent effect.
To assess the possibility that the increased cytokine release was due to elevated
transcription of the corresponding cytokine mRNA, samples were stimulated, and
assessed by gPCR for the expression of these key pro-inflammatory cytokines’
MRNA, (section 2.9). The results showed no obvious differences between the

lines of varying HTT polyQ length.
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Figure 3.16: Transcripts of key pro-inflammatory cytokines increases
following stimulation, but is not significantly different across varying polyQ
lengths. A) IL-6, TNF«, and IL-13mRNA expression was assessed in microglia-
like cells differentiated from a large cohort of PSC lines, as well as primary
macrophages and monocytes, using qPCR and revealed no clear differences in
baseline of stimulated expression of mMRNA across the polyQ lengths tested. B)
IL-8 mRNA expression at baseline and following 4 h stimulation was also
assessed, in the HD family lines and primary human monocytes and
macrophages, and again not significant. N=1 15Q iPSC line, n=1 20Q ESC line,
n=3 clones 22Q iPSC line, n=1 differentiation 30Q ESC line, n=2 clones 58Q
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iPSC line, n=2 clones 69Q iPSC line, n=3 clones 75Q iPSC lines, n=1
differentiation 81Q ESC line, n=1 125Q iPSC line, n=1 primary macrophage line,
n=2 primary monocyte lines, except for IL-8 where n=1. Each sample was run in
triplicate, and the average taken as the result for that sample. Baseline or
unstimulated samples were not available for a number of lines of PSC derived
microglia-like cells, and LPS-simulated data was not available for the primary
monocyte samples. Data shown are the mean (+ SEM, where applicable). mRNA
expression for each gene tested was controlled back to expression of two
housekeeping genes GAPDH and ACTB
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3.4.12. Microglia-like cells cells show elevated production of Reactive Oxygen
Species (ROS) in a polyQ dependent manner

Microglia-like cells were then tested for the production of ROS, which has been
shown to be induced by the presence of mHTT in other models, and can cause
oxidative stress and damage in cells. In this experiment, microglia-like cells
differentiated from the cohort of PSC lines were assessed for their production of
ROS after four hours under baseline conditions and upon stimulation with a ROS
production-inducing toxin, TBHP (section 2.16). Analysis revealed a polyQ-

dependency in ROS production upon stimulation with TBHP (Figure 3.17).

To follow, three lines of the IsoHD series (30Q, 45Q and 81Q) were differentiated
three times in parallel, and ROS activity assessed under baseline conditions, or
with TBHP treatment or stimulated with LPS and IFNy, and readings taken at a
series of earlier time points, as well as at four hours. This allows for comparison
of the production of each IsoHD line in greater detail, to include assessment of
earlier waves of ROS production. This assessment of production over time
revealed significantly higher ROS production across four hours under baseline
conditions, with the 45Q and 81Q lines significantly different to the 30Q control
line, across three differentiations. When treated with TBHP and LPS, this

difference appeared to remain, but was no longer significant (Figure 3.18).
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Figure 3.17: Production of ROS appears to increase in a polyQ-dependent

manner in a cohort of PSC-derived microglia-like cells. Microglia-like cells
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differentiated using the Van Wilgenburg protocol were assessed for ROS
production using DCFDA/H2DCFDA - Cellular ROS Detection Assay Kit
(Abcam), both untreated to give a baseline measure, and when treated with ROS-
inducing toxin, TBHP for 4 h. At baseline, after 4 h, linear regression analysis
found that the slope of DCFDA staining against polyQ length was not significantly
non-zero. Following 4 h TBHP treatment, linear regression analysis found that
the slope of DCFDA staining against Q length was significantly non-zero,
p=0.0040. Data shown are the mean + SD, where multiple differentiations (IsoHD
lines) or clones (HD family lines) were assessed. N=1 differentiation 15Q iPSC,
n=3 clones 22Q iPSC with an average calculated for each clone from a minimum
of three experiments, n=4 differentiations 30Q ESC, n=3 differentiations 45Q
ESC, n=2 clones 58Q iPSC with an average calculated for each clone from a
minimum of three experiments, n=2 clones 69Q iPSC, with an average
calculated for each clone from a minimum of three experiments, n=3 clones 75Q
iPSC with an average calculated for each clone from a minimum of three
experiments, n= 4 differentiations 81Q ESC, n=1 differentiation 125Q iPSC. For
each sample six technical replicates were included, and the average taken as the
result for that sample. Negative controls of unstained cells from each sample in
baseline buffer and treated with TBHP were included in all ROS experiments, and
the value for each line taken as a baseline for that line and subtracted from the
value of the experimental wells for that line. In this way, the negative control data

was included in the data shown here, and has not been plotted separately.
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Figure 3.18: Significant differences in ROS production exist over 4h in the
untreated condition in IsoHD microglia-like cells of varying Q lengths. A)
Readings taken at 15, 25, 55 and 240 min from 30Q, 45Q and 81Q microglia-like

cells in baseline buffer, reveal a significant difference in the slope in the 45Q and
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81Q lines compared to the 30Q line, p=0.000. B) Parallel wells were treated with
TBHP, however the difference between the lines was no longer significant. This
may be partially driven by the high variation in readings at 4 h between the three
differentiations of each line, p=0.982 C) Parallel wells were treated with LPS and
IFNy and the changes in ROS production in the 45Q and 81Q were not statistically
significant, p=0.399. N=3 differentiations per line, with six technical replicates per
test condition in each line in each differentiation. Data shown are the mean + SD.
Negative controls of unstained cells from each sample in baseline buffer and
treated with TBHP were included in all ROS experiments, and the value for each
line taken as a baseline for that line and subtracted from the value of the
experimental wells for that line. In this way, the negative control data was included

in the data shown here, and has not been plotted separately.
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3.4.13. Production of Nitric Oxide species is similar across an isogenic series
carrying varying polyQ lengths

Following the assessment of ROS production, the next logical step was to assess
Nitric Oxide (NO) production in the microglia-like cell cultures, as the balance
between nitrosative and oxidative stress is key to determining whether NO and
ROS production result in cellular damage, with low levels of both ROS and NO
species used for intracellular signalling. Crucially, the production of NO has been
shown to be altered in the HD brain in models of HD. This was achieved through
the use of two methods to assess NO production, first looking at intracellular
production using a fluorometric method, and then looking at released levels of

NO species in the supernatant (section 2.17).

The production of NO species, specifically nitrate and nitrite, under baseline
conditions and following stimulation was assessed after 24 h using a fluorometric
method (section 2.17.2). Under these conditions, it was found that intracellular
levels of both nitrate and nitrite were not significantly different between the control
polyQ length cells (30Q) and the HD lines (45Q and 81Q), and these HD lines
were also not significantly different from each other. This suggests that there is
no significant difference in NO species production with increasing polyQ length.
Interestingly, treatment with LPS and IFNy did not appear to induce elevated NO
species production, as might be expected, with the stimulated cells actually
showing slightly lower levels of nitrate. The supernatants from these treatment
groups was also assessed, but levels of nitrate and nitrite were undetectable

using this particular method.
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Figure 3.19: The production of nitrate and nitrite in microglia-like cells is
not significantly affected by polyQ length. A) Under baseline conditions, after
24 h there is no significant production between lines of varying polyQ length in
either nitrate or nitrite levels intracellularly. B) When stimulated with LPS and IFNy
for 24h, there is also no significant difference between lines carrying varying
polyQ lengths. Interestingly it appears this stimulation does not appear to have
increased nitrate or nitrite production intracellularly, as might be expected based
on the literature. Data shown are the mean + SD. N=3 differentiations per line,
with three technical replicates per sample tested. The manufacturer of this test
kit provides nitrate and nitrite standards which were used to create a standard
curve for each, allowing quantification of the levels in the experimental samples.

In this way, positive control data was incorporated in these data shown above.

The production of nitrite in the supernatant of microglia-like cells was then
assessed using the Griess method of nitrate detection as described in (section
2.17.1). This method allowed detection in the supernatant that was not possible

using the previous method. At 24 h and 48 h, there was not a significant difference
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between the control (30Q) and HD members of the isogenic series (45Q, 81Q).
Additionally, as seen previously, there did not appear to be an elevated
production of nitrite following LPS and IFNy treatment at either the 24 h or 48 h

time points.

A 3 30Q
6 Bl 45Q
Bl 381Q

Nitrite (um)

w

Nitrite (um)

LPS No LPS

Figure 3.20: Nitrite production at 24 h and 48 h under stimulated and
baseline conditions is similar across three polyQ lengths. A) Following 24 h
of incubation, microglia-like cells treated with LPS and IFNy, or untreated, show
similar levels of nitrite released into the supernatant across 30Q, 45Q and 81Q
carrying lines, with no significant impact of treatment type or polyQ length. B)
Parallel wells were incubated for 48 h and a similar pattern seen, with no
significant impact of treatment group or polyQ length on nitrite release into the
supernatant. Data shown are the mean + SD. N=3 differentiations per line, with
three technical replicates per sample. Nitrite standards were generated and used

to create a standard curve, allowing quantification of the levels in the
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experimental samples. In this way, positive control data was incorporated in these

data shown above.

3.4.14. PSC-derived microglia-like cells show decreased viability at baseline

It was then important to assess the impact of mHTT on the viability of microglia-
like cells at baseline and under stressed conditions. In the HD brain, the
environment becomes increasingly toxic, and it may be the case that mHTT-
carrying microglia-like cells not only contribute to the production of a toxic
environment through the production of pro-inflammatory cytokines and ROS
species, but that they themselves are more sensitive to this toxic environment,
and become less viable, releasing apoptotic and cell damage signals into the
brain milieu, feeding the cycle of hyper-reactive microglia-like cells, and damage
to the CNS tissues.

Assessment of viability at baseline, 9 h following a media change, using an LDH
assay, revealed that there was an increase in percentage cell death with
increasing polyQ length, with ~25% increase in cell death in the 125Q compared
to the 15Q line. Analysis using linear regression revealed this slope to be

significantly non-zero, p=0.0268.
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Figure 3.21: PSC-derived microglia-like cells show reduced viability at
baseline in a polyQ-dependent manner. A) Linear regression analysis of the
relationship between polyQ length and percentage cell death shows the slope is
significantly non-zero, p=0.0268. B) The percentage of cell death found following
9 h in fresh media across a large cohort of PSC and ESC lines. N=1 differentiation
15Q iPSC, n=3 clones 22Q iPSC with an average calculated for each clone from
a minimum of three experiments, n=4 differentiations 30Q ESC, n=3
differentiations 45Q ESC, n=2 clones 58Q iPSC with an average calculated for
each clone from a minimum of three experiments, n=2 clones 69Q iPSC, with an
average calculated for each clone from a minimum of three experiments, n=3
clones 75Q iPSC with an average calculated for each clone from a minimum of
three experiments, n=4 differentiations 81Q ESC, n=1 differentiation 125Q iPSC.
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All samples were run in triplicate and the average taken as the value for that
sample. Data shown in panel A are all individual data points, as well as the line
calculated through linear regression analysis. Data shown in panel B are all
individual data points as well as the mean of each line £ SD where applicable.
LDH assays include a potent toxin to allow the calculation of 100% cell death in
the test wells, this allowed calculation of the percentage cell death in each test

well as a proportion of the 100% cell death value.

3.4.15. PSC-derived microglia-like cells show decreased viability following
exposure to an autophagy inhibitor
The first stressor to be assessed for its impact on microglia-like cell viability was
the autophagy inhibitor, Bafilomycin A1. Microglia-like cells differentiated from the
HD family lines iPSCs, the IsoHD series as well as additional control lines (20Q
ESC, and 15Q iPSC) and an additional HD line (125Q iPSC), were treated with
20ng of Bafilomycin A1 for 9 h, and the levels of cell death assessed using an
LDH assay (section 2.12.1). This assay revealed a polyQ-dependent increase in
cell death that was statistically significant (Figure 3.22). This assay was internally

controlled through production of a 100% cell death reading for each well.
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Figure 3.22: PSC-derived microglia-like cells show increasing sensitivity to
Bafilomycin A1 exposure in a polyQ-dependent manner. A) Linear regression
analysis of the relationship between polyQ length and percentage cell death
shows the slope is significantly non-zero, p=0.0001. B) The percentage of cell
death found following 9 h of Bafilomycin A1 treatment across a large cohort of
PSC and ESC lines, relative to the 100% cell death reading for each well of each
condition. N=1 differentiation 15Q iPSC, n=3 clones 22Q iPSC with an average
calculated for each clone from a minimum of three experiments, n=4
differentiations 30Q ESC, n=3 differentiations 45Q ESC, n=2 clones 58Q iPSC
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with an average calculated for each clone from a minimum three experiments,,
n=2 clones 69Q iPSC, with an average calculated for each clone from a minimum
of three experiments, n=3 clones 75Q iPSC with an average calculated for each
clone from a minimum of three experiments, n= 4 differentiations 81Q ESC, n=1
differentiation 125Q iPSC. Each sample was tested in triplicate and the average
used as the result for that sample. Data shown in panel A are all individual data
points, as well as the line calculated through linear regression analysis. Data
shown in panel B are all individual data points as well as the mean of each line +
SD, where applicable. LDH assays include a potent toxin to allow the calculation
of 100% cell death in the test wells, this allowed calculation of the percentage cell

death in each test well as a proportion of the 100% cell death value.

3.4.16. PSC-derived microglia-like cells show decreased viability in the
presence of an inducer of oxidative stress, hydrogen peroxide

The next toxin to be assessed for its impact on microglia-like cells viability was
the oxidative stress inducer, hydrogen peroxide. Microglia-like cells differentiated
from the HD family lines iPSCs, the IsoHD series as well as additional control
lines (20Q ESC, and 15Q iPSC) and an additional HD line (125Q iPSC), were
treated with 12.5mM of Hydrogen Peroxide for 1 h, and the levels of cell death
assessed using an LDH assay (section 2.12.1). This assay revealed a polyQ-
dependent increase in cell death that was statistically significant (Figure 3.23).
This assay was internally controlled through production of a 100% cell death

reading for each well.
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Figure 3.23: PSC-derived microglia-like cells show increasing sensitivity to
Hydrogen Peroxide exposure in a polyQ-dependent manner. A) Linear
regression analysis of the relationship between polyQ length and percentage cell
death shows the slope is significantly non-zero, p=0.0013. B) The percentage of
cell death found following 1 h of Hydrogen Peroxide treatment across a large
cohort of PSC and ESC lines, relative to the 100% cell death value calculated for
each well of each condition. N=1 differentiation 15Q iPSC, n=1 differentiation 20Q
ESC, n=3 clones 22Q iPSC, n=3 differentiations 30Q ESC, n=3 differentiations
45Q ESC, n=3 clones 75Q iPSC, n=3 differentiations 81Q ESC. Each sample
was tested in triplicate and the average used as the result for that sample. Data

shown in panel A are all individual data points, as well as the line calculated
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through linear regression analysis. Data shown in panel B are all individual data
points as well as the mean of each line, + SD where applicable. LDH assays
include a potent toxin to allow the calculation of 100% cell death in the test wells,
this allowed calculation of the percentage cell death in each test well as a

proportion of the 100% cell death value.

3.4.17. PSC-derived microglia-like cells show a polyQ dependent increase in
apoptosis in the presence of stressors

To follow this blunt assessment of microglia-like cell viability in response to

various stressors using the LDH assay, a more sensitive assessment of the

induction of apoptotic activity using these stressors was conducted. Differentiated

microglia-like cells from the IsoHD isogenic series containing control (30Q) or HD

(45Q and 81Q) polyQ lengths were treated with two toxins and the level of

apoptosis assessed using a Promega assay kit (section 2.12.3).

Treatment with 40ng of Bafilomycin A1 over 24 h revealed elevated levels of
apoptosis in both the 45Q and 81Q lines, that was statistically significant as

assessed by linear regression analysis (Figure 3.24, A).

Treatment with Hydrogen Peroxide (8mM) for 24 h also showed elevated levels
of apoptosis in the HD microglia-like cells (45Q and 81Q) over the treatment
period compared to the control microglia-like cells (30Q). This was statistically

significant as assessed by linear regression analysis (Figure 3.24, B).
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Figure 3.24: Exposure to toxins results in higher levels of apoptosis in a
HTT polyQ-dependent manner. A) Data plotted from periodic readings over a
24 h treatment with Bafilomycin A1, show an increase in apoptotic activity over
time. Linear regression analysis found that the slope of the 45Q and 81Q
microglia-like cells was significantly non-zero, p=0.0299 and p=0.0013
respectively. The slope of the 30Q line was not significantly non-zero, p=0.1645.
B) Data plotted from periodic readings over a 24 h treatment with Hydrogen
Peroxide, show an increase in apoptotic activity over time. Linear regression
analysis found that the slope of the 45Q and 81Q microglia-like cells was
significantly non-zero, p=0.0298 and p=0.0034 respectively. The slope of the 30Q
line was not significantly non-zero, p=0.1645. Data shown are the mean + SD.
N=3 differentiations per line, with three technical replicates per sample. Negative
control well of cells untreated by toxins, and cell-free wells were included and the
values used to establish baseline values for each line, which were subtracted

from experimental values to give the results shown above.
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3.4.18. PSC-derived microglia-like cells show phagocytic activity that is
unaffected by polyQ length

Finally, the last area of microglial functionality assessed was phagocytic activity.

A number of studies have previously found phagocytic activity to be elevated in

microglia from the R6/2 mouse model of HD and in peripheral macrophages from

HD patients.

Levels of phagocytic activity were assessed. Microglia-like cells carrying a range
of polyQ lengths differentiated from two lines from the HD family lines (22Q, 75Q)
as well as a control and HD line from the IsoHD series (30Q and 81Q,
respectively) and additional controls (20Q ESC, 15Q iPSC) and an additional HD
line (125Q iPSC), were assessed for phagocytic activity using pHrodo Zymosan
A beads (section 2.13). Data shown is from one differentiation of each line, with
two clones of 20Q HD family line and three clones of the 75Q HD family line. This
analysis revealed no significant difference in phagocytic activity across the polyQ
lengths tested and the different cohorts of lines tested. The phagocytic activity
was controlled for the protein concentration in each sample, to account for any

small discrepancies in total cell number.
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Figure 3.25: PSC-derived microglia-like cells show phagocytic activity
which is not affected by polyQ length. Microglia-like cells of varying polyQ
length show similar phagocytic activity as measured by pHrodo Zymosan A
beads. N=1 differentiation of 15Q iPSC, n=1 differentiation of 20Q ESC, n=2
clones of 22Q iPSC, n=1 differentiation of 30Q ESC, n=3 clones of 75Q iPSC,
n=1 clone of 81Q ESC, n=1 clone of 125Q iPSC. Data shown are the mean (t
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SD where applicable). Six technical replicates per sample tested were run.
Negative control wells of cells without phagocytic beads and cell-free wells with
beads were also run, and the values used to establish a baseline for each line
tested, and that baseline value subtracted from the experimental value found to

give the data shown above.
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The same cohort of lines was differentiated, and the microglia-like cells assessed
for phagocytic activity using pHrodo E.coli beads (section 2.13). This analysis
showed a similar pattern to the previous experiment, with no significant

differences between HD lines and controls.
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Figure 3.26: PSC-derived microglia-like cells show phagocytic activity
which is unaffected by polyQ length. Microglia-like cells of varying polyQ
length show similar phagocytic activity as measured by pHrodo E.colibeads. N=1
differentiation of 15Q iPSC, n=1 differentiation of 20Q ESC, n=2 clones of 22Q
iPSC, n=1 differentiation of 30Q ESC, n=3 clones of 75Q iPSC, n=1 clone of 81Q
ESC, n=1 clone of 125Q iPSC. Data shown are the mean (x SD where SD can
be calculated). Six technical replicates per sample tested were run. Negative
control wells of cells without phagocytic beads and cell-free wells with beads were
also run, and the values used to establish a baseline for each line tested, and
that baseline value subtracted from the experimental value found to give the data

shown above.
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3.5. Discussion

Two microglial differentiation protocols were initially assessed for their ability to
produce microglia-like cells, as assessed by their expression of key microglial
genes (P2RY12, TREM2, TMEM119, IBA1, C1QA, GAS6, GPR34, MERTK and
PROS1) at mRNA level, and proteins (TREM2, PU1, IBA1 and TMEM119) as
assessed by immunofluorescence, as well as meeting functional criteria, with
cells being capable of phagocytosis, cytokine production and ROS production.
These criteria are in keeping with the standard measures in other published
protocols of microglial differentiation (Abud et al., 2017; Douvaras et al., 2017,
Muffat et al., 2016; Pandya et al., 2017). One was then selected for use in an in-
depth investigation into the effect of mMHTT on microglia-like cell functionality. The
first protocol tested was that published by Yanagimachi et al. 2013, which was
initially tested under the remit of finding a high quality blood monocyte
differentiation protocol, but following revelations in the field, was re-classified as
a microglia-like or tissue resident macrophage differentiation protocol (Douvaras
et al., 2017). Here, the yield of cells from this protocol was low relative to that
achieved by the protocol’s authors. Nevertheless, assessment using qPCR found
that the harvested cells were enriched for a panel of key microglial genes, with
subsequent experiments confirming the expression of two key genes at the
protein level. The cells displayed phagocytic activity and their viability was
consistent at baseline. Unfortunately, the low yield of this protocol, the limited
time period over which harvesting could take place and the cost of supplying
growth factors for the protocol meant that it was not an ideal choice for further
use. The protocol also presented some technical difficulties, with the initial
seeding density determining its later success. The challenging nature of this was
highlighted by difficulties that other members of the lab had in adopting the
protocol. If this method had actually produced blood monocytes, it is likely that its
use would have continued, providing a peripheral counterpart to the microglia-
like cells produced by other protocols being tested. However, given that the cells
produced were actually microglia-like in identity, this protocol’s limitations meant

that it was dropped from use in this project.

The second protocol to be tested was that designed by Van Wilgenburg et al.

2013, which was also originally published as a blood monocyte differentiation
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protocol, but was corrected prior to testing beginning in this project (Buchrieser
et al., 2017). The initial assessment of this protocol found that the total yields
were considerably higher than that achieved with the Yanagimachi et al., 2013
protocol, and the method less technically challenging. Therefore, given that
assessments by qPCR confirmed the microglia-like identity of these cells and that
cells could be harvested for at least six weeks after the initial harvest, if not longer,
and in their publication the authors had shown the cells produced also showed
key aspects of microglia functionality; phagocytic capacity and cytokine release,
it was decided use this method. These aspects of function were particularly of
interest for experiments assessing the effects of mHTT expression on microglial
function, as previous research had shown microglia from HD rodent models to be
hyper-reactive in their cytokine production, and the peripheral counterparts of
microglia, macrophages, had been reported to have differential phagocytic

activity compared to controls (Connolly et al., 2016; Kwan et al., 2012).

To test this, a large cohort of HD and control PSC lines were differentiated by this
method to test for any impact of mHTT, containing a range of polyQ lengths, on
the differentiation process. Thorough assessment found that while there were
some differences between groups of lines, i.e. the HD family iPSC and IsoHD
ESC series, there was no significant HTT polyQ effect in the enrichment of key
microglia genes or total yield. The microglial identity of the cells produced from
every line was confirmed through the assessment of key microglial gene
expression. The IsoHD series was also assessed for culture composition, finding
that that the purity of these cultures was extremely high, with close to 100% of
viable cells expressing the key microglial markers tested for and no clear HTT
polyQ length-dependent differences in the differentiation of PSCs to microglia-

like cells.

With this confirmed, the next step was to look at the function of the cells produced,
to assess whether these differentiated cells show the capacity of human microglia
for cytokine production, ROS and NO production and phagocytosis. An additional
layer of interest was to assess the capacity of HD versus control microglia-like
cells, to ascertain whether human HD cells show dysfunction as has been seen
in rodent microglia. The first area of function assessed was the inflammatory

response. In order to assess the inflammatory capacity of HD versus control
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microglia-like cells, the production of key pro-inflammatory cytokines in response

to an immune challenge was assessed.

This was done using LPS and IFNy treatment for 24 h for assessments at the
protein level with each stimulated sample matched to an untreated control sample
from the same cell population. Gene expression levels of these cytokines was

also assessed, after 4 h of stimulation.

It is important to note that LPS is a commonly used stimulant of immune cells,
and it was used in this thesis to allow comparison to the existing body of work in
rodent models and in peripheral immune cells. However, it should be noted that
it is not the ideal stimulant, and a more physiologically relevant stimulant such as

MMP9 would have been interesting to use.

Interestingly, mRNA levels of IL-6, TNFe«, IL-14 and IL-8, while significantly
elevated upon stimulation, did not show any HTT polyQ-dependent changes. This
is different to what has been found in human post mortem studies, where elevated
MRNA expression of pro-inflammatory cytokines has been found in a number of
brain areas (Bjorkqvist et al., 2008; Silvestroni et al., 2009). However, primary
mouse YAC128 cultures show the same pattern as found here, with no
differences at the mRNA level, despite changes at the protein level (Connolly et
al., 2016). This may be due to a lack of sensitivity in the gqPCR method to detect
smaller changes in expression level, which result in meaningful differences in
protein levels produced, or perhaps the protein expression levels are modulated
in a different way, downstream of the transcription of mRNA. It may also be the
case that the mRNA differences found in human post mortem studies do not

originate from the microglia in these brain areas.

As for the cytokine response at the protein level, there was a general trend
towards an increased response compared to baseline, in the HD lines. However,
the control line from the HD family series showed an increased response
compared to the other control lines tested, and even the other lines from the HD
family series, with expanded HTT polyQ-lengths. This was the case even when
controlled for cell number using the proxy of protein concentration. This
suggested that this particular facet of the immune response in microglia-like cells
carrying HTT 22Q from the HD family series was altered, perhaps through the

presence of different genetic factors in that line relative to the related remaining
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HD family lines. The impact of these other genetic factors, and possibly
epigenetic differences caused by biases during the reprogramming process to
produce iPSCs, was very evident, leading to the decision to confine future work
to the isogenic, IsoHD lines, where any results found could be attributed to solely
to HTT polyQ-length.

Three parallel differentiations for each IsoHD line were conducted, so that any
differences introduced as a result of being a temporally separate differentiation,
likely due to slightly altered application of the protocol by the user each time,

could be controlled for.

These parallel differentiated microglia-like cells were assessed, and their
cytokine profiles showed some variability, even when cell number per well was
controlled for directly through the use of HCI, and the implementation of
synchronised or parallel differentiations. Results shown were controlled for
baseline levels of cytokine production, as became necessary due to samples
being compared from different MSD plates, run across a number of days. It is
important to note that the graphs shown are in fact conveying two distinct, if
related, pieces of information at once - both the baseline cytokine level and the
stimulated cytokine level. This became necessary in order to control for batch
effects between different plates and the general variability in total immune
responses that are found. In this way, it was found that HD microglia-like cells
showed larger reaction to LPS and IFNy treatment than control lines, with the
largest polyQ length (81Q) showing the greatest response. The level of variability
encountered may suggest a weakness in this model for assessing this function,
however it should be noted that in vivo the human immune system is also highly
variable, so any model will have a certain element of this variability if it is to

recapitulate the human immune system.

In mouse models, such as the YAC128 and R6/2 models, microglia isolated ex
vivo show elevated levels of cytokines released, and these results were
controlled for protein level, but not baseline levels of production (Bjorkqvist et al.,
2008; Connolly et al., 2016). The effect size may be larger in these mouse models
due to the larger polyQ length, as in the results shown in this chapter, with the
highest polyQ lengths tested, 125Q and 81Q, showing the largest response

compared to baseline. It may also be the case that the microglia-like cells
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differentiated in this thesis are more foetal in their identity and function, and as
such the aging of cultures may result in greater effect sizes. There is evidence
that microglia become increasingly primed for activation during ageing through
upregulation of MHCII proteins and TLRs (Norden and Godbout, 2013).

It is beneficial to establish this difference in inflammatory responsiveness in the
HD lines in vitro in this model, as it has been seen before in primary mouse
cultures ex vivo, but it has not been shown directly in human microglia. It is also
meaningful that this phenotype is found in vitro, outside the influence of other cell
types as would be the case in the brain. This suggests a cell autonomous effect
of the HD mutation, albeit at a lower effect size than previously found with rodent

models.

In the CNS in HD, microglia are unlikely to be reacting to immune challenges
such as bacterial infections often, more likely is that microglia would be activated
by damage or stress signals from degenerating neurons. Additionally, the
presence of other cell types modulates microglia responses, for example
Haenseler et al., 2017 showed that differentiated microglia were less pro-
inflammatory when co-cultured with cortical neurons. In that particular study, the
cortical neurons were healthy however, so it would be interesting to assess the
cytokine profile of microglia in the presence of unhealthy neurons, to see if this
dampening down of pro-inflammatory cytokine production in a neuronal
environment remains in the presence of damage signals, as would be present in
a HD brain. Given the level of damage in the HD brain at symptom onset, one
imagines that the microglial response would be pro-inflammatory, however this

remains to be tested directly.

As such, it would be interesting to co-culture HD and control microglia-like cells
with both HD and control neurons of various sub types, and assess the
responsiveness of microglia-like cells when stimulated under co-culture
conditions. This would allow assessment the impact of mHTT on microglia-like
cell responsiveness in a neuronal environment. It would also be possible to
investigate the impact of mHTT-containing microglia-like cells on the health and
signalling of neurons in such a paradigm and how that in turn the neuronal

population would impact the microglia-like cells co-cultured with them.
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Additionally, it would be of interest to age both the MSN cultures and the
microglia-like cell cultures and assess their interactions under these more
senescent conditions, which might be closer to the environment where we begin

to see dysfunction in adult onset patients.

Thinking more broadly, this model could be used to assess microglia-like cells
differentiated from IiPSCs or ESCs generated from patients of many
neurodegenerative diseases. Of particular interest would be Alzheimer’s disease,
where genetic studies have heavily implicated microglia and inflammation in the
disease (Jones et al., 2010). Of course, as AD is not a monogenic disease
(beyond the familial forms of the disease), this would require assessing a much

larger numbers of lines, to try and capture an AD-specific effect.

Another area that was assessed, and where a consistent HD and HTT polyQ-
dependent effect was found in this work, was ROS production. ROS production
is required for normal redox signalling, but large increases in production, and
imbalances between ROS and reactive nitrogen species (RNS) production, are

associated with oxidative stress and damage to the cell.

Comparing across a large cohort of PSC lines differentiated to microglia-like cells
when treated with TBHP, an inducer of oxidative stress, a significant correlation
between increased ROS production and increasing HTT polyQ-length was found.
These data are largely in keeping with that found in animal models of HD, where
the R6/1 model shows elevated ROS production before the onset of symptoms,
with lipid peroxidation appearing later. This suggests that there is an elevated
ROS production phenotype in the HD brain, that begins to cause significant
damage to the tissue with age, as anti-oxidant mechanisms become less able to
counteract the higher production (Kovtun et al., 2007; Pérez-Severiano et al.,
2004, 2000). It may be that microglia contribute in part to HD pathogenesis in this

way.

More generally, there is significant evidence of mitochondrial dysfunction in HD,
not just in microglia, with elevated ROS production driven by mHTT expression
and correlated with increasing polyQ sizes (Hands et al., 2011) and an
accumulation of oxidative damage found post mortem in HD patients (Browne et
al., 1997). Mitochondria are not just a producer of ROS, they are also a target of

ROS-mediated damage, and oxidative damage has been shown to accumulate
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in mitochondrial DNA in a murine model of HD and in patient fibroblasts (Wang
et al., 2013). It would be of interest to assess the possible mitochondrial
dysfunction in the microglia-like cells produced by this protocol, and investigate

the presence of oxidative damage in the mitochondrial DNA.

To follow up these initial experiments, earlier time points were assessed using
only the IsoHD lines. Interestingly, in this experimental paradigm, there were
statistically significantly higher levels of ROS production in the HD lines under
baseline conditions. This result was not with TBHP or LPS and IFNy exposure so
the effect must be assumed not to be real in this set up, as the changes were not
statistically significant. Notably, there appeared to be quite high variability
between the differentiations of each line in the TBHP-treated condition. This may
be due to differences between the differentiations in terms of sensitivity to TBHP,
or due to slight differences in seeding density, resulting in increased noise in the
data. Additionally, it may be worth extending the period of assessment of ROS
production in response to LPS and IFNy to 24 h, as this is generally the time point
at which cytokine production has peaked. This was not possible in this work, as
the manufacturer of the DCFDA kit used could not guarantee the stability of the
DCFDA stain beyond the time points tested. It may be possible to pre-treat with
LPS, before spiking the cultures with DCFDA stain for the last 4 h and assess
ROS production, but this would require optimisation to preserve the viability of
the cell culture, given that the readings must be done in either phenol-red-free

media or buffer.

Crucially, this assessment did not isolate which ROS specifically were altered,
instead taking a broad look at ROS generally. In the future, it would be useful to
isolate which specific species are driving the increases seen here, and where
they are produced in the cell, from the mitochondria or if it is NAPDH oxidase-
derived. The detail of the timescale over which these increases occur would also
be interesting to look at with a more sensitive assessment method. It would also
be interesting to assess a more physiologically relevant stressor, such as MMP3
or MMP9, to see if these resulted in increased ROS production. The stimulant
used in these works, TBHP is a very strong stimulant, and while useful for an
initial assessment in a maxed-out system, it may not reflect the sort of stressors

that microglia would naturally experience. As such, the results shown using TBHP
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should be considered preliminary, and may not reflect the response of microglia
to endogenous stressors. Finally, an extension of this work would be to assess
the expression levels and activity of anti-oxidising agents in HD and control
microglia-like cells, to assess whether the elevated levels seen relate to a deficit

in anti-oxidant activity.

These results fit with evidence from other research in this area, which suggests
that elevated levels of lipid peroxidation, DNA strand breaks, cytoplasmic
lipofuscin, and the accumulation of oxidative markers in DNA, caused by
oxidative stress, occur in the HD brain (Stack et al., 2008), and that levels of the
antioxidants, SOD and ascorbate, are reduced in the brains of transgenic mouse
models of HD. In addition to this, in vitro studies have found decreased levels of
anti-oxidant proteins in culture, and interventions upregulating these antioxidants
attenuate mHTT-induced toxicity of neurons (Lee et al., 2011; Pitts et al., 2012;
Rebec et al., 2002; Santamaria et al., 2001). A large number of antioxidant
therapeutics have been assessed for use in HD, and while some preclinical
studies were very promising, evidence of efficacy in clinical trials has been mixed
thus far (Gil-Mohapel et al., 2014). In fact, all major trials for antioxidants in HD
have been negative to date (Hersch et al., 2017, 2006; Peyser et al., 1995; Ranen
et al., 1996).

A related area that was assessed was NO production. The balance between
nitrosative and oxidative stress is key to determining whether NO and ROS
production result in cellular damage, with low levels of both ROS and NO species

used for intracellular signalling.

Two methods for assessing NO levels were used; the first using a DAN
fluorescent probe, and the production of nitrate and nitrite standard curves,
combined with paired lysate samples with and without nitrate conversion,
allowing for the assessment of both nitrate and nitrite levels in the cell lysate.
Unfortunately, the assay was not sensitive enough to pick up either NO product
in the supernatant and there was no significant difference in either nitrate or nitrite
production in the lysate across the three IsoHD lines tested, either under baseline

conditions or following LPS and IFNy stimulation.

Crucially, it appears that the stimulation treatment was ineffective, with nitrate

and nitrite production on a par, if not lower than the unstimulated samples. This
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could be due to limitations of the method, perhaps there was a lack of sensitivity
in the measurements, or as the NO product levels was close to the lower limit of

detection, it may be that there was too much noise in the data to see an effect.

This was followed by an assessment of NO production using the Griess method.
This was conducted only in the supernatant from stimulated or unstimulated
microglia-like cells at 24 and 48 h. Again, there was no difference across the three
IsoHD lines tested and no significant induction of NO production in response to
stimulation. The Griess method involves the production of nitrite standards, so in
this way there was a positive and negative control included, and the lack of NO
production seen in the samples must be assumed to be an issue with the samples
rather than the assessment method. However, it has been previously found that
human microglia produce much lower amounts of NO, and must be more harshly
stimulated to do so, than rodent microglia (Smith and Dragunow, 2014). As such,
a more sensitive testing method may find there is NO production, just at very low
levels. Corresponding RNA samples were collected for each supernatant sample,
converted to cDNA and assessed for iINOS expression by gPCR, however two
different sets of primers were unable to pick up any iINOS gene expression. This
may be due to issues with the primers, as there was also no positive control for
this assessment, although the design of the primers was from published papers
(Guo et al., 2003; Lara-Marquez et al., 2002; McAdam et al., 2012; Skorokhod et
al., 2007). Alternatively, it may have been the case that there simply was
insufficient INOS expression for it to be picked up by gPCR, or that a low amount
in the starting cell lysate was quickly degraded prior to the production of the
cDNA. To follow up this work, it would be important to successfully assess iINOS

production.

In summary, both methods to assess NO production suggest that no differences
exist due to the presence of mHTT. The results also suggest that in this model
LPS and IFNy stimulation are insufficient to induce higher NO production. This
may be alleviated by pre-treatment with IFNy before LPS stimulation, rather than
simultaneous exposure as was done here. Additionally, the use of more

physiologically relevant NO inducers such as MMP3 or MMP9 may be of interest.

Finally, it may be the case that altered NO production occurs only in an aged

microglial culture, which was not assessed in this work. This may be in keeping
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with what has been found in the assessment of NO activity in the R6/1 mouse
model of HD, where significant differences from controls only appear at 19 weeks,
with 11 week old animals unchanged from controls (Pérez-Severiano et al.,
2002). Another study which looked specifically at nNOS, found that there were
reduced neuronal levels in the R6/1 mouse model at later stages of the disease,
which correlated with disease phenotypes such as body weight and clasping.
However, administration of an iNOS inhibitor appeared to have no effect on
behavioural symptom progression. Interestingly, mice lacking nNOS showed
accelerated disease progression, whereas mice with one copy of the nNOS gene
showed delayed onset of symptoms compared to mice carrying both copies of
the gene. This suggest a complex phenotype surrounding nNOS and iINOS
expression in HD (Deckel et al., 2002). A similar study looked at iINOS and
nitrotyrosine levels in the R6/2 model of HD, and found elevated levels of both
compared to controls (Tabrizi et al., 2000). This was combined with assessments
of mitochondrial function, which revealed significant reductions in both aconitase
and mitochondrial complex IV activities in the striatum, as well as a decrease in

complex IV activity in the cerebral cortex.

In conclusion, it appears that in this in vitro model of HD, microglia-like cells do
not show elevated levels of NO production, and although assessment at the
MRNA level was not possible, the protein level of nitrate was assessed using two
different techniques and confirmed to be unchanged. These results may be
unexpected given the changes in ROS production found in this model; however,

it is clear that changes in NO production are complex in HD.

An important area of microglial cell function to assess in HD lines compared to
controls was the ability to respond to cellular stressors and toxins. The bulk of
this work was done using the LDH assay. Using this method, it was found that at
baseline in the absence of any additional stressors, there was a minor but
significant difference in viability across the lines tested. With this established, the
viability of HD and control microglia-like cell cultures was assessed in the
presence of two stressors, either Bafilomycin A1, an autophagy inhibitor, or
Hydrogen Peroxide, which causes oxidative stress. These stressors were chosen

as autophagy is known to be impaired with age, as well as in HD specifically, and
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hydrogen peroxide treatment results in oxidative damage, which as has been

previously mentioned, is known to occur in HD (Browne et al., 1999).

In the presence of these toxins, a clearer relationship between HTT polyQ-length
and viability emerged, with the longer Q lengths being less viable, with greater
cell death. Some variability was found between the differentiations, although this
cannot be due to differences in composition, as the cultures produced were
shown to consistently be of very high purity of microglia-like cells across multiple
differentiations. Additionally, small variations in cell numbers in the tested wells
were controlled for using a 100% cell death measurement for each well. It is
therefore likely that the small differences between differentiations were due to
slight variation in how the cells were treated up until the point of the assay, and
the execution of the assay itself; user-error induced variability. Nonetheless, the
effect found was significant, and was found consistently across the IsoHD ESC
lines, the HD iPSC family lines and additional control and HD lines. This suggests
an increasing inability to cope with stress in the cell in the presence of increasing
HTT polyQ lengths, and is significant if one considers the toxic environment of
the HD brain, particularly as neurons begin to degenerate and damage signals
and debris. However, studies of HD patients have shown an accumulation of
microglia (Khoshnan et al., 2017b; Tai et al., 2007). As such, it would be useful
to devise an in vivo version of these experiments to test if this effect is real and

physiologically relevant.

Finally, the phagocytic ability of HD and control microglia-like cells was assessed
in a cohort of iPSC and ESC-derived microglia-like cells, carrying a variety of

polyQ sizes.

This assessment found that all lines show phagocytic activity indicating that they
show this functional capacity of microglia, However, there was no significant

difference across varying polyQ sizes.

This is at odds with what has been found in primary R6/2 mouse microglia and in
primary patient macrophages, where increased levels were found (Trager et al.,
2015). This may be due to the foetal nature of the microglia-like cells tested here,
compared to those tested in the R6/2 and compared to the patient macrophages,
as microglia from young mice have been shown to be more phagocytically active

than aged microglia (Bliederhaeuser et al., 2016; Floden and Combs, 2011; Njie
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et al., 2012). In this way, it could be that the HD and control microglia-like cells
show similar high levels of phagocytosis, at this early developmental stage, and
that differences appear related to the aging process. Interestingly, a study in
rhesus monkeys showed the opposite effect, with increased phagocytic activity
exhibited by microglia with increasing age. This was postulated to be due to
increased myelin damage in certain brain areas and was assessed using
stereology, as opposed to ex vivo culturing, which may impact the results (Shobin
et al., 2017).

It is also important to reiterate that microglia are heavily influenced by their
environment. For example, research has found that RNA sequencing of microglia
immediately upon isolation from a human donor, versus ex vivo cultured microglia
from the same donor, show a significantly altered RNA expression signature.
Specifically, culturing harvested microglia ex vivo results in the downregulation of
specific microglial signatures (for example, CX3CR1), and when comparing
between two individuals, ex vivo culturing makes microglia from two donors more
similar to each other (Gosselin et al., 2017). This suggests that microglia may
lose some of their environment-specific gene expression signature, and therefore
phenotype, rapidly in culture. These findings have relevance for this work also,
suggesting that studying microglia-like cells in very pure cultures, as is described
in this chapter, without the guiding signals of other cell types, may result in a loss
of disease phenotypes that might be found in HD microglia in vivo. For these
reasons, the characterisation of HD microglia-like cells in isolation in the chapter,

is followed by co-culture type assessments in the subsequent chapter.

As touched upon in this introduction, another caveat to this work is that there is
evidence for different types of microglia in the human CNS, with region-specific
identities and functional capacities. This may be due in part to innate differences
in the cells in those areas, but also the impact of the environmental signals in
each area, resulting in epigenetic changes, which is no doubt a large contributing
factor. This in vitro model represents microglia-like cells in the absence of these
environmental cues, and so these results may not be applicable to microglia in
all parts of the human CNS.

Finally, it should be noted that one cannot rule out that the differences seen in

cytokine and ROS production, and viability, may in part be due to differences in
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differentiation capacity of HD vs control iPSCs and ESCs. While all lines were
assessed for their expression of key microglial genes and proteins, and these
were satisfactorily expressed, it may be the case that the HD or control lines were
more or less differentiated than each other, which may have been revealed in the
testing of functional capacities. This is challenging to untangle, and further
research using this model could consider testing for a broader range of markers
of adult microglia, or try to isolate the impact of mHTT expression but using a
model with conditional expression that could be induced following the

differentiation period.

3.6. Summary

Both methods used produced cells that express key microglial genes at the
MRNA and protein level, and showed the necessary functionalities of the resident
immune cells of the CNS; with phagocytic capacity, cytokine production in
response to stimuli and ROS production. Given the larger yields available using
the Van Wilgenburg protocol, however, it was chosen to take forward for an in
depth characterisation of the impact of mHTT of increasing polyQ-length on

microglial function.

In comparing HD and control microglia-like cells, it was found that the presence
of mHTT has an impact on the viability of microglia-like cell cultures, results in
increased ROS production, and results in increased pro-inflammatory responses
to immune challenges, with a statistically significant, or non-significant trend
towards polyQ dependency in the strength of the effect in all modalities tested.
Unchanged by the presence of mHTT in the cells was their phagocytic ability, and

nitric oxide production, in the specific conditions tested here.

Going forward, it will be necessary to assess the interaction of microglia-like cells
with other cell types, as this is far more physiologically relevant. The subsequent

chapter begins the process of assessing the impact of cell-cell interactions.
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4 Chapter 4. PSC-derived microglia and medium spiny

neurons- Co-cultures

4.1 Background

Studies of microglia in culture have yielded significant understanding of many
aspects of their function, including of course how they are affected by mHTT and
what they might contribute to HD pathology. However, they do not exist in
isolation in the brain. Instead, they function in the context of astrocytes,
endothelial cells, vascular components and other CNS cell types. At rest,
microglia consistently survey their environment and are capable of responding to
not only foreign antigens, but also damage or stress signals from the cells around
them (Davalos et al., 2005; Nimmerjahn et al., 2005; Wake et al., 2009). As such,
studies of cultured primary human microglia ex vivo have shown that they quickly
lose some key gene expression patterns, and differences between donors that
are present when tested immediately after isolation were lost after in vitro
culturing. This suggests the CNS environment is important, at least in part, for
the maintenance of an individual’s microglial phenotypes, and is likely essential
in the induction and maintenance of certain disease phenotypes (Gosselin et al.,
2017). Alternatively, the CNS environment may result in a dampening down of
phenotypes seen in microglia cultured in vitro. For example, Haenseler et al.,
2017, found that microglia in co-culture with neurons were less inflammatory, and
produced elevated VEGF and other factors required for remodelling the
extracellular space, as well as elevated IL-10, an anti-inflammatory cytokine. This

points to altered microglial function according to their environmental context.

In HD, it has been shown that dopaminergic neurons expressing a mutant HTT
exon 1 fragment produce elevated IL-34 in response to increasing aggregation
levels. IL-34 is a neuronal interleukin that causes proliferation of microglia.
Exposure to DNA damage-inducing toxins or NMDA resulted in similar IL-34
production, suggesting this is a more generalised response to cell stress, and
may partially explain the expanded numbers of microglia seen in the HD brain
(Khoshnan et al., 2017). Again, this highlights how the cellular environment in

which microglia find themselves can determine how they function.
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Here, | sought to study the function of HD microglia-like cells in the context of an
environment provided by disease-associated neurons. HD is characterised by a
pattern of neurodegeneration in which the striatum is heavily affected and its
medium spiny neurons (MSNs) are preferentially lost. This striatal degeneration
is thought to underlie the motor and cognitive phenotypes seen in the disease
(Rikani et al., 2014). For this reason, neuronal cultures enriched for MSNs were
chosen for this next stage of assessment, investigating the impact of such

cultures on microglial health, and vice versa.

Several microglia-neuron co-culture paradigms exist already, outside of the
context of HD. Most originate from rodent models, which have been used to study
the impact of microglia on cerebellar cortex neurons (Adams et al., 2015), cortical
neurons (Gresa-Arribas et al.,, 2012) and hippocampal neurons (Park et al.,
2001). In addition, a number of co-culture models using human PSC-derived
microglia and neurons have been described. For example, Haenseler et al., 2017,
found that co-culturing microglia with cortical neurons or merely culturing them in
isolation in neuronal-type media, resulted in microglia adopting similar gene

expression profiles in both conditions, specific to a neuronal environment.

Most recently, researchers have started to define protocols to culture microglia in
3D with neurons. For example, Schwartz et al., 2015, developed a 3D culture with
neurons, microglia, endothelial cells and mesynchymal cells, all differentiated
from ESCs, on PEG hydrogel. Brownjohn et al., 2018, took this one step further
and added microglia to cerebral organoids, and found that microglia integrated
into such organoids and survived without supplementation of colony-stimulating
factors in the media. These 3D culture protocols, using either PEG hydrogel or
organoids, are in their infancy and have not yet been fully characterised
(Brownjohn et al., 2018; Schwartz et al., 2015).

Here, therefore, it was decided to begin characterising the impact of a neuronal
environment on microglial health and function in the context of HD by means of
using conditioned media. This approach allows easier maintenance of consistent
levels of the individual culture components than may be achieved using cerebral
organoids or mixed cultures, as well as allowing the assessment of microglia-like
cell and neuronal responses without complicated isolation procedures. It also

allows the direction of influence to be determined, separating cause and effect
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for the influence of one cell type on another. Finally, it specifically addresses
whether any such effects are caused by the secretion of factors into the
extracellular space. Conversely, there are a number of clear caveats to this
approach. Firstly, the unidirectional nature of this approach cannot fully reflect
signalling between these cell types that would be continuous and bidirectional in
vivo. Secondly, there are undoubtedly effects exerted by microglia that require

physical contact with neurons, which are lost in this paradigm.

That being said, this conditioned media approach is a simple system by which
the impact of secreted factors of both microglia and neurons on each other can
be assessed. It also provides a strong basis on which to inform future shared-

media paradigms or physical co-culture to follow up findings.

4.2 Aims
1. To assess the effects of HD neurons on microglia-like cell health and
function.

2. To assess effects of HD microglia-like cells on striatal MSN health.

4.3 Methods

Microglia-like cells were differentiated using the Van Wilgenburg et al., 2013
protocol (section 2.5.2); striatal MSNs were differentiated using the Arber et al.,
2015 protocol (section 2.6). PSC-derived microglia-like cells expressing HTT with
30, 45 or 81Q repeats were treated with media from MSN cultures of the same
genotypes with and without heat-stress. In parallel, the microglia-like cells were

treated with CSF from HD patients and controls as described in section 2.7.

Microglia-like cells were assessed for viability by LDH assay (section 2.12.1) for
ROS production (section 2.16), and activation using Caspase 3

immunofluorescence on a high content imaging platform (section 2.10).

PSC-derived MSNs were treated with conditioned media from microglia-like cells,
as described in section 2.9.3. They were assessed for markers of MSN health
and culture composition by high contentimmunofluorescence for H2AX, Caspase
3, DARP32, CTIP2, Nestin and Hoechst (sections 2.10). Statistical analyses were

conducted as described in section 2.18.
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44 Results

4.4.1 Investigating the effects of HD MSN-conditioned media on microglia-like

cells

4.4.1.1 HTT polyQ expansion and heat-induced cellular stress combine to cause
striatal MSNs-to release factors that induce loss of microglial viability
PSC-derived microglia-like cells differentiated from lines expressing 30, 45 and
81Q HTT were treated with conditioned media from MSN cultures differentiated
from the same starting ESCs. These lines were not re-sized during the
experimental process, so it is possible that expansions in CAG size occurred,
although based on observations of these lines by other members of the lab, is
unlikely (unpublished observations). The MSNs had been either heat shock-
treated or not. Following five days of conditioned media treatment of the
microglia-like cell populations, the media was harvested and an LDH assay was
performed. This showed that LDH release was significantly higher in the
microglia-like cells treated with heat shock-treated HTT 81Q MSN-conditioned
media, compared to all the baseline media treatments regardless of the microglia-
like cell's HTT status (Figure 4.1, A). Microglia-like cell populations treated with
heat shock-treated HTT 30Q MSN media released higher levels of LDH than
those treated with baseline HTT 30Q MSN media. This suggests a more
generalised heat-shock effect, which is then exacerbated by the presence of the
expanded polyQ. Indeed, statistical analysis showed a significant general effect
of heat shock treatment, with a significant decrease in the viability of microglia-
like cells treated with heat shock treated MSN media, compared to baseline MSN

media. p=0.0085, paired two-tailed t-test.

There was also a significant difference between the HTT 30Q and 81Q microglia-

like cell lines across all media conditions (Figure 4.1, B).

164



A 056- = 30Q microglia
Bl 45Q microglia
g Bl 81Q microglia
o 0.4-
(")
©
()
[
T i
o 0.2
-
0.0-
30Q 45Q 81Q 30Q 45Q 81Q
MSN media HS MSN media
B 0.6 -
. EE 30Q MSN media
S Bl 45Q MSN media
é’ 0.4 Bl 81Q MSN media
8 B 30Q MSN media HS
g Bl 45Q MSN media HS
5 0.2- Bl 51Q MSN media HS
-
0.0-
30Q 45Q 81Q
microglia microglia microglia

Figure 4.1: Microglia-like cells showed elevated LDH release when treated
with heat shocked 81Q MSN-conditioned media. A) Microglia-like cells
differentiated from ESCs expressing HTT 30, 45 or 81Q were treated with
conditioned MSN media from MSNs differentiated from the same cohort, either
at baseline or following a heat-shock treatment. This revealed elevated LDH
release in all microglia-like cells treated with heat shock treated 81Q MSN media,
regardless of HTT polyQ length. B) Arranging the same data according to HTT
polyQ length of the microglia-like cells treated revealed a significant difference in
LDH release by microglial genotype between the 30Q and 81Q microglia-like
cells. N= 3 differentiations of each microglia-like cell line, with three technical
replicates per stain per line. Parallel wells of microglia-like cells in unconditioned
MSN media and unconditioned microglia were intended for use as controls, but

these cells became infected and could not be used. Future experiments should
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include these key controls. LDH assays include a potent toxin to allow the
calculation of 100% cell death in the test wells as an internal control, this allowed
calculation of the percentage cell death in each test well as a proportion of the

100% cell death value.

Table 4.1 Summary of statistical differences in Figure 4.1

Two-way ANOVA

Source of Variation % of total | P value Significant? | Summary
variation
Interaction 4772 | P = No ns
0.8712
Conditioned media treatment 55.35| P < Yes e
0.0001
Microglial HD status 6.239 | P= Yes *
0.0468
Tukey's multiple comparisons test
Conditions compared Mean Diff. | 95% CI of | Significant? | Summary
diff.
30Q MSN media vs. 30Q HS -0.08134 | -0.1539 Yes *
MSN media to -
0.008761
30Q MSN media vs.81Q HS -0.1475 | -0.2201 Yes f
MSN media to -
0.07492
45Q MSN media vs. 30Q HS -0.07366 | -0.1462 Yes *
MSN media to -
0.001081
45Q MSN media vs. 81Q HS -0.1398 | -0.2124 Yes f
MSN media to -
0.06724
81Q MSN media vs. 81Q HS -0.1215 | -0.1941 Yes i
MSN media to -
0.04891
30Q HS MSN media vs. 45Q 0.07672 | 0.004136 | Yes *
HS MSN media to 0.1493
45Q HS MSN media vs. 81Q -0.1429 | -0.2155 Yes f
HS MSN media to -
0.07029
30Q microglia vs. 81Q 0.04401 | 0.002315 | Yes *
microglia to
0.08571
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4.4.1.2 HTT polyQ expansion caused striatal MSNs to release factors that induce
microglial activation

To further investigate the health of microglia-like cell cultures in a neuronal type
environment, microglia-like cells expressing HTT with 30, 45 and 81Q were
differentiated and treated with MSN-conditioned media, as above. Following five
days of treatment, the cells were fixed and stained for Caspase 3, a marker of
microglial activation, as well as IBA1, a marker of microglial identity.

This showed that microglia treated with HTT 81Q MSN media showed increased
levels of Caspase 3 staining, across all the microglial HTT polyQ lengths tested
(Figure 4.2, A). Plotting by microglia-like cell polyQ length showed no significant
differences (Figure 4.2, B).
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Figure 4.2: Microglia-like cells showed elevated Caspase 3 when treated
with 81Q MSN-conditioned media. A) Microglia-like cells differentiated from
ESCs expressing HTT 30, 45 or 81Q were treated with conditioned media from
MSNs differentiated from the same cohort, either at baseline or following a heat-
shock treatment. This revealed elevated Caspase 3 staining in microglia of all
HTT polyQ lengths when treated with HTT 81Q MSN. B) The same data was then
plotted according to the HTT polyQ length of the microglia-like cells tested
showed no significant differences. N= 3 differentiations of each microglia-like cell
line with a minimum of 6 technical replicates per stain per line, with 20 fields of

view per replicate. *P<0.05. Parallel wells of microglia-like cells in unconditioned

168



MSN media and unconditioned microglia were intended for use as controls, but
these cells became infected and could not be used. Future experiments should

include these key controls.

4.4.2 Investigating the effects of HD patient CSF on microglia-like cells

The previous experiments using MSN-conditioned media were extended to
investigate whether CSF from HD patients and controls might have a similar
effect on microglia-like cells. CSF was chosen as a sort of proxy for a “neuronal
environment,” and following numerous publications showing differences between
HD and control CSF in stimulants such as markers of neuronal damage (Lauren
M Byrne et al., 2018b; Lauren M. Byrne et al., 2018), it was thought that these

differences might cause differences in microglia responses.

Microglia-like cells differentiated from control (HTT 30Q) and HD (HTT 81Q)
ESCs, were treated with CSF from controls or manifest HD patients, and
assessed for Caspase 3 staining and LDH release to ascertain the state of the
microglia-like cell cultures. As well as this, their ROS activity was assessed in
order to investigate whether exposure to disease CSF would provide the stimulus
required for elevated ROS production by hyper-reactive HD microglia-like cells,
as are described in Chapter 3. Details of the CSF samples used can be found in

Appendix 5.

4.4.2.1 HD CSF did not elevate microglial activation, but HD microglia have a
diminished response to human CSF irrespective of whether it is HD or
not

Control or HD PSC-derived microglia-like cells were treated with control or HD

CSF, and immunostained for Caspase 3, as described (section 2.10). In this

paradigm, it was found that treatment with HD CSF resulted in elevated Caspase

3 staining in the HTT 30Q microglia-like cells compared to the HTT 81Q microglia-

like cells treated with the same CSF samples or control samples (Figure 4.3).

This suggests that HD CSF has a similar effect on control microglia-like cells to

MSN conditioned media, causing microglia activation.

Interestingly, this elevated Caspase staining was not replicated in the 81Q
microglia-like cells, which showed low levels of Caspase 3 staining in both CSF

treatment groups, that was not significantly different. This suggests that the HD
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microglia-like cells are less activated by the CSF than the control microglia-like
cells generally. However staining levels overall were very low, and variable, as
such it may be that these results are not physiologically relevant. This experiment

should be repeated to assess the validity of these findings.
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Figure 4.3: Microglia-like cells did not show elevated Caspase 3 when
treated with HD patient CSF. Microglia-like cells differentiated from 30Q and
81Q ESCs were treated with CSF from HD patients (42-47Q) or controls (>35Q)
for 24 h, then fixed and immunostained for Caspase 3. This revealed elevated
Caspase 3 levels in HTT 30Q microglia-like cells treated with HD CSF compared
to HTT 81Q microglia-like cells. HTT 30Q microglia-like cells treated with control
CSF, and 81Q microglia-like cells treated with either control or HD CSF were not
significantly different from each other. Data shown are mean + SD. N=10
biologically independent CSF samples for both HD and control CSF samples,
with six technical replicates per line, with 20 fields of view per replicate. **P<0.01.
Parallel wells of cells in microglia media were not included as negative controls
in this assessment as significant previous work had established the standard
caspase 3 levels in untreated microglia-like cells. However this may be

considered a weakness of this assessment.

4.4.2.2 HD CSF did not diminish microglia-like cell viability

Control or HD microglia-like cells were treated with control or HD CSF, and their
LDH release assessed (section 2.12.1). This revealed no significant difference in
viability between control or HD microglia-like cells, or between those treated with
control or HD CSF (Figure 4.4).
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Figure 4.4: HD and control microglia-like cells treated with CSF from HD
patients and controls show similar levels of LDH release. Microglia-like cells
treated with HD or control CSF were assessed for LDH release following 24 h
exposure. This revealed no significant differences between control (30Q), or HD
(81Q), microglia-like cells, and no significant differences between control and HD
CSF treated cells. Data shown are mean + SD. N=10 biologically independent
CSF samples for both HD and control CSF samples, with three technical
replicates per sample. Parallel wells of cells in microglia media were not included
as negative controls in this assessment as significant previous work had
established the standard LDH release levels in untreated microglia-like cells.
However this may be considered a weakness of this assessment. However, LDH
assays include a potent toxin to allow the calculation of 100% cell death in the
test wells as an internal control; this allowed calculation of the percentage cell

death in each test well as a proportion of the 100% cell death value.

4.4.2.3 HD CSF did not elevate microglial ROS production

To assess the impact of CSF on microglia-like cell function, HD and control
microglia-like cells were treated with HD or control CSF to assess whether ROS
production would be affected (section 2.16). This showed no significant different
in ROS production between microglia-like cells expressing either HTT 30Q or
81Q when treated with HD or control CSF (Figure 4.5, A). There was not a
statistically significant difference between the control and HD microglia-like cells
in their ROS response either (Figure 4.5, B). Assessment in baseline buffer

showed no significant difference in ROS production in the 81Q microglia-like cells
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(Figure 4.5, C). However, treatment with a ROS inducing agent, TBHP, revealed
a marginal but statistically significant increase in ROS production in the 81Q

microglia-like cells (Figure 4.5, D), in keeping with the data described in Chapter
3.
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Figure 4.5: HD and control microglia-like cells treated with CSF from HD
patients and controls show similar ROS production. A) Treatment with both
control and HD CSF resulted in ROS production in HTT 30Q and 81Q microglia-
like cells. B) The same data arranged according to polyQ length of the microglia-
like cells revealed no significant difference between the 30Q and 81Q microglia,
although the 81Q in both CSF conditions had a greater range of values, and was
slightly higher. C) Control measures conducted in baseline assay buffer show no
significant differences between 30Q and 81Q wells used for each repeat. D)
Control measures conducted using a known stimulant of ROS, TBHP, and
revealed elevated ROS production in the 81Q microglia-like cells. Data shown
are mean + SD. N=10 biologically independent CSF samples for both HD and
control CSF samples, with two technical replicates per condition. *P<0.05.
Negative controls of unstained cells from each sample in baseline buffer and
treated with TBHP were included in all ROS experiments, and the value for each
line taken as a baseline for that line and subtracted from the value of the
experimental wells for that line. In this way, the negative control data was included

in the data shown here, and has not been plotted separately.
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4.4.3 Investigating the effects of HD microglia-like cell-conditioned media on

neurons

4.4.3.1 Differentiation of ESCs to striatal MSNs was unaffected by HTT polyQ
length
Differentiation of ESC cultures resulted in the production of neuronal cultures
enriched with DARP32, CTIP2, Blll-tubulin positive cell populations, as shown
using high content immunofluorescence imaging. The overall health of the
cultures at baseline was assessed by Caspase 3 staining, which remained low.
Additionally, the levels of Nestin positive neural stem cells remained consistent.
Across three differentiations, the composition of the cultures was relatively
consistent, and across the three HTT polyQ lengths tested, there were no

significant differences, (Figure 4.6).
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Figure 4.6: PSC-derived MSN cultures of different HTT polyQ-lengths did
not differ in their overall composition. A) Example images of MSN cultures
differentiated from HTT 30Q, 45Q and 81Q ESCs. First row, BllI-tubulin shown in
white, DARP32 shown in green, CTIP2 shown in red. Second row fllI-tubulin
shown in white, Caspase 3 shown in green, Nestin shown in red. B) Quantification
of MSN culture composition across three differentiations for each ESC line. There
were no significant differences between the three lines differentiated for each of
the markers assessed. N= 3 differentiations of each line, with six technical
replicate wells, containing 20 fields of view were assessed for each condition for

each stain. Data shown are mean + SD. Initial testing for the antibodies used
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included secondary only staining and showed minimal signal. However, later
experiments did not include these controls, hence they are not shown here. This

may be considered a weakness of this assessment.
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4.4.3.2 HD microglia-like cell-conditioned media did not affect MSN H2AX
expression
In order to assess the impact of microglia-like cell-conditioned media on MSN
health, a number of markers of reduced health or damage were assessed
following a conditioned media treatment paradigm. The findings of the previous
chapter, that HD microglia-like cells express higher levels of ROS and cytokines
when stimulated, suggested that these higher levels of toxins in HD microglia-
conditioned media might affect MSN health. The first marker of MSN health
assessed was H2AX, a marker of double strand DNA breaks, which is particularly
interesting in the context of HD, where the polyQ expansion is linked with
impaired DNA damage repair, and mutations in DNA damage repair pathways
are linked with altered age at onset (Massey and Jones, 2018). Somatic instability
was not assessed in this experimental paradigm, however, which can impact the
level of H2AX staining, which is a weakness of this assessment. The conditioned

media treatment plan was as follows.

MSNs differentiated from HTT 30, 45 and 81Q ESCs were treated with microglia-
like cell-conditioned media from microglia-like cells differentiated from the same
lines, with and without treatment with LPS and IFNy. Unconditioned microglia and
MSN media were used as controls, either un-supplemented or with LPS and IFNy
added.

Upon treatment with microglia-like cell-conditioned media from either HTT 30, 45
or 81Q microglia, or with control unconditioned microglia or MSN media, there
was no significant difference in H2AX staining in any of the MSN populations
according to media treatment group, (Figure 4.7, A, C). However, a significant
difference between the HTT 30Q and the 45 and 81Q MSNs was revealed, with
the HTT 30Q MSNs showing a significantly higher percentage of nuclei with
greater than ten spots across all the media treatments tested (Figure 4.7, B).
Interestingly, in the stimulated conditioned media cohort, this difference become

more prominent (Figure 4.7, D).

An alternative analysis of the H2AX staining was also undertaken, with a
threshold of greater than four H2AX spots per nucleus, revealing much the same

pattern (Figure 4.8).
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Figure 4.7: HD and control MSN cultures show significant differences in
numbers of cells with 10+ H2AX spots regardless of media treatment. PSC-
derived MSNs were treated for five days with conditioned media from microglia-
like cells expressing various HTT polyQ lengths either at baseline (A, B) or
following stimulation with LPS and IFNy for 24 h (C, D). These MSNs were then
fixed and stained for H2AX, a marker of DNA damage. Shown here are the
percentage of nuclei in each condition that contain greater than 10 H2AX spots,
first presented according to the media treatment received, and second split by
the HTT polyQ length of the MSN cultures tested. This revealed a significant
difference between the control (30Q) and HD (45Q and 81Q) MSNs, with the HTT
30Q MSNs showing the highest percentage of nuclei with greater than 10 H2AX
spots (B). There was no significant effect of which media treatment was received
(A, C), although the difference between MSNs of differing polyQ lengths became
more significant in the stimulated samples (D). N= 2 differentiations of each ESC
line to MSNs, with a minimum of 6 wells, containing 20 fields of view assessed
for each condition. Data shown are the mean = SEM. *P<0.05, **P<0.01,
analysed using Two-way ANOVA, followed by Tukey’s multiple comparisons
tests. Initial testing for the antibodies used included secondary only staining and
showed minimal signal. However, later experiments did not include these
controls, hence they are not shown here. This may be considered a weakness of

this assessment.
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Figure 4.8: HD and control MSN cultures show significant differences in
numbers of cells with 4+ H2AX spots regardless of media treatment. Mature
MSNs were treated for 5 days with conditioned media from microglia-like cells of
varying Q lengths either at baseline (A, B) or following stimulation with LPS and
IFNy for 24 h (C, D). These MSNs were then fixed and stained for H2AX, a marker
of DNA damage. Shown here are the percentage of nuclei in each condition that
contain greater than 4 H2AX spots, either presented according to the media
treatment received (A, C), or by the HTT polyQ length of the MSN cultures tested
(B, D). This revealed a significant difference between the control (30Q) and HD
(45Q and 81Q) MSNs, with the 30Q MSNs showing the highest percentage of
nuclei with greater than 4 H2AX spots (B, D). There was no significant effect of
which media treatment was received (A, C). N= 2 differentiations of each ESC
line to MSNs, with a minimum of 6 wells, containing 20 fields of view assessed
for each condition. Data shown are the mean + SEM. **P<0.01, analysed using
Two-way ANOVA, followed by Tukey’s multiple comparisons tests. Initial testing
for the antibodies used included secondary only staining and showed minimal
signal. However, later experiments did not include these controls, hence they are

not shown here. This may be considered a weakness of this assessment.
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4.4.3.3 HD microglia-like cell-conditioned media did not affect MSN Caspase 3
expression

Microglia-like cell-conditioned media treated MSNs were also assessed for
Caspase 3 expression, a marker of apoptosis in neurons. The conditioned media

treatment plan was conducted in the manner described (section 2.7.3).

Upon treatment with microglia-like cell-conditioned media from either HTT 30, 45
or 81Q microglia-like cells, or with control unconditioned microglia or MSN media,
there were no significant differences in Caspase 3 staining in any of the MSN
populations according to media treatment group (Figure 4.9, A, C). There was
also no significant difference between the HTT 30Q MSNs and the 45 and 81Q
MSNs across the baseline media treatments tested (Figure 4.9, B). Interestingly,
following treatment with the stimulated conditioned media cohort, a significant
difference between the HTT 30Q and the HTT 45Q and 81Q MSNs emerged
(Figure 4.9, D).
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Figure 4.9: HD and control MSN cultures show significant differences in
Caspase 3 staining under stimulated conditions. Mature MSNs were treated
for 5 days with conditioned media from microglia-like cells of varying Q lengths
either at baseline (A, B) or following stimulation with LPS and IFNy for 24 h (C,
D). These MSNs were then fixed and stained for Caspase 3, a marker of

apoptosis. Shown here are the percentage of Caspase 3 positive cells in each
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condition either presented according to the media treatment received (A, C), or
by the HTT polyQ length of the MSN cultures tested (B, D). This revealed a
significant difference between the control (30Q) and HD (45Q and 81Q) MSNs,
with the 30Q MSNs showing the highest percentage of Caspase 3 positive cells
in LPS-stimulated media (D). There was no significant effect of which media
treatment was received (A, C). N= 2 differentiations of each ESC line to MSNs,
with a minimum of 6 wells, containing 20 fields of view assessed for each
condition. Data shown are the mean + SEM. **P<0.01, ***P<0.001 analysed
using Two-way ANOVA, followed by Tukey’s multiple comparisons tests. Initial
testing for the antibodies used included secondary only staining and showed
minimal signal. However, later experiments did not include these controls, hence

they are not shown here. This may be considered a weakness of this assessment.
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4.4.3.4 HD microglia-like cell-conditioned media did not affect MSN culture
composition

In combination with the above measure of MSN culture health and damage, a

combination of markers were used to assess the overall culture composition, to

see if any cell type was lost due to exposure to microglia-like cell conditioned

media.

The markers assessed were: DARP32, a marker of MSN identity; Blll-tubulin, a
marker of neuronal identity; CTIP2, expressed in early MSNs; and Nestin, a

marker of neural stem cells.

There were no statistically significant differences in any of these markers across
any of the MSN populations or media treatments, (Figures 4.10-4.13), suggesting
unchanged culture composition in the HD cultures compared to controls, and a

lack of effect on composition by any media condition.
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Figure 4.10: HD and control MSNs show no significant differences in
DARP32 staining, regardless of media treatment or Q length. Mature MSNs
were treated for 5 days with conditioned media from microglia-like cells of varying
Q lengths either at baseline (A, B) or following stimulation with LPS and IFNy for
24 h (C, D). These MSNs were then fixed and stained for DARP32, a marker of
mature MSNs. Shown here are the percentage of DARP32 positive cells in each
condition either presented according to the media treatment received (A, C), or
by the HTT polyQ length of the MSN cultures tested (B, D). This revealed no
significant difference between the different media treatments, and no significant
differences between the different Q length MSN cultures. N= 2 differentiations of
each ESC line to MSNs, with a minimum of 6 wells, containing 20 fields of view
assessed for each condition. Data shown are the mean + SEM. Initial testing for
the antibodies used included secondary only staining and showed minimal signal.
However, later experiments did not include these controls, hence they are not

shown here. This may be considered a weakness of this assessment.
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Figure 4.11: HD and control MSNs show no significant differences in BllI-
tubulin staining, regardless of media treatment or Q length. Mature MSNs
were treated for 5 days with conditioned media from microglia-like cells of varying
Q lengths either at baseline (A, B) or following stimulation with LPS and IFNy for
24 h (C, D). These MSNs were then fixed and stained for Blll-tubulin, a
microtubule protein in neurons, used as a marker of neuronal identity. Shown
here are the percentage of BllI-tubulin positive cells in each condition either
presented according to the media treatment received (A, C), or by the HTT polyQ
length of the MSN cultures tested (B, D). This revealed no significant difference
between the different media treatments, and no significant differences between
the different Q length MSN cultures. N= 2 differentiations of each ESC line to
MSNs, with a minimum of 6 wells, containing 20 fields of view assessed for each
condition .Data shown are the mean + SEM. Initial testing for the antibodies used
included secondary only staining and showed minimal signal. However, later
experiments did not include these controls, hence they are not shown here. This

may be considered a weakness of this assessment.
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Figure 4.12: HD and control MSNs show no significant differences in Nestin
staining, regardless of media treatment or Q length. Mature MSNs were
treated for 5 days with conditioned media from microglia-like cells of varying Q
lengths either at baseline (A, B) or following stimulation with LPS and IFNy for 24
h (C, D). These MSNs were then fixed and stained for Nestin, a marker of neural
stem cells. Shown here are the percentage of Nestin positive cells in each
condition either presented according to the media treatment received (A, C), or
by the HTT polyQ length of the MSN cultures tested (B, D). This revealed no
significant difference between the different media treatments, and no significant
differences between the different Q length MSN cultures. N= 2 differentiations of
each ESC line to MSNs, with a minimum of 6 wells, containing 20 fields of view
assessed for each condition. Data shown are the mean + SEM. Initial testing for
the antibodies used included secondary only staining and showed minimal signal.
However, later experiments did not include these controls, hence they are not

shown here. This may be considered a weakness of this assessment.
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Figure 4.13: HD and control MSNs show no significant differences in CTIP2
staining, regardless of media treatment or Q length. Mature MSNs were
treated for 5 days with conditioned media from microglia-like cells of varying Q
lengths either at baseline (A, B) or following stimulation with LPS and IFNy for 24
h (C, D). These MSNs were then fixed and stained for CTIP2, expressed in early
MSNs and layer 5 cortical neurons. Shown here are the percentage of CTIP2
positive cells in each condition either presented according to the media treatment
received (A, C), or by the HTT polyQ length of the MSN cultures tested (B, D).
This revealed no significant difference between the different media treatments,
and no significant differences between the different Q length MSN cultures. N= 2
differentiations of each ESC line to MSNs, with a minimum of 6 wells, containing
20 fields of view assessed for each condition. Data shown are the mean + SEM.
Initial testing for the antibodies used included secondary only staining and
showed minimal signal. However, later experiments did not include these
controls, hence they are not shown here. This may be considered a weakness of

this assessment.
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4.2 Discussion

This research had the dual aims of looking at the impact of an HD neuronal
environment on microglia-like cell health and function, as well as the impact of
HD microglia-like cells on potentially vulnerable striatal MSNs. In order to achieve
this, conditioned-media experiments were conducted, and showed that MSN
conditioned media from heat-shocked 30Q and 81Q MSNs caused elevated LDH
release in both control and HD microglia-like cells. Additionally, increased
Caspase 3 staining was seen in the microglia-like cells following exposure to 81Q
MSN-conditioned media, however due to the low levels of Caspase 3 staining
overall and the variability in the system, this result may not be real, and should
be repeated. Conditioned media from microglia-like cells of HD and control polyQ
lengths showed no impact on MSN culture composition or health as assessed by
IF. However, this assessment did reveal reduced H2AX staining in the HD lines

compared to the control line, in all media conditions tested.

The first aim, of investigating the impact of a neuronal environment on microglia-
like cell health and function, was assessed initially using a conditioned media
paradigm, taking conditioned media from MSN cultures of both HD and control

HTT polyQ lengths to treat HD and control microglia-like cells.

This showed elevated LDH release from microglia-like cells, irrespective of HTT
polyQ-length, when treated with MSN conditioned media from 81Q MSNs
following a heat shock treatment. This suggested the presence of additional toxic
substrates, or simply higher levels of certain toxic substrates in the heat shock
treated 81Q MSN media, compared to all other conditions tested. This is
interesting because heat shock treatment was required to reveal this HTT 81Q
specific toxicity. This suggests that at baseline, there may be sufficient
compensation mechanisms in place intracellularly to prevent the production and
release of toxic substrates into the supernatant. This is relevant for HD patients,
as it suggests that cells can cope with an expanded CAG to an extent, but in the
presence of additional stressors, these coping mechanisms can be overwhelmed.
While in HD patients the additional stressor is very unlikely to be heat shock, it
may occur to a lesser extent due to endogenous stressors. It is also notable that

the microglia-like cell populations assessed here showed the same pattern of
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results in response to the heat shock-treated HTT 81Q MSN media, suggesting

that the control and HD microglia-like cells have similar vulnerability in this case.

Additionally, there was a significant increase in LDH release in all microglia-like
cell populations treated with heat shock treated HTT 30Q MSN media, compared
to baseline HTT 30Q MSN media, and this elevated response was not
significantly different to what was found in the microglia-like cells in heat shock
treated HTT 81Q MSN media. This suggests a generalised increase in toxicity of
MSN media following heat shock treatment, even in control HTT polyQ lengths.
Interestingly, only heat shock treated 45Q MSN media did not result in
significantly elevated LDH release compared to baseline. Given that the majority
of adult onset HD patients carry polyQ expansions closer to 45Q in length, this is
significant for translating these results to patients. However, in this case, it may
be due to experimental variability in the HTT 45Q MSN cultures, where the
absolute number of neurons in the HTT 45Q MSN cultures was lower compared
to the 30 and 81Q MSN cultures, although the percentage of viable cells and the
overall composition was comparable, resulting in reduced concentrations of
toxins. This is an unfortunate complication of minor differences in seeding
densities at key passages. It may also be the case that there was a lack of toxicity
caused by the 45Q MSNs simply due to the fact that the 45Q MSNs cultured in
vitro didn’t surpass the pathological threshold of CAG expansion due to a lack of
somatic instability, unlike what has been shown to occur in patient in vivo (Gonitel
et al., 2008; Massey and Jones, 2018).

In parallel to this LDH measure of cell viability, cells were stained for Caspase 3
following MSN media exposure. Caspase 3 staining in microglia relates to their
activation and does not precede cell death, as is seen in other cell types such as
neurons (Burguillos et al., 2011). Indeed, a number of publications have shown
that Caspase 3 signalling in the immune system appears to be necessary for
normal function, such as proliferation of T cells, and activation the NF-kB pathway
for an effective immune response following stimulation (Burguillos et al., 2011;
Kennedy et al., 1999). In this conditioned media paradigm, HTT 81Q MSN media
resulted in significantly elevated Caspase 3 staining in all microglia-like cell
populations tested. This suggests media from MSNs expressing HTT with an

especially long polyQ length causes elevated microglia-like cell activation, which
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would contribute towards pro-inflammatory cytokine production. Again, there is
an absence of this phenotype in the HTT 45Q MSN media treated cells, which
may be due to the lower numbers of cells in the HTT 45Q MSN cultures. The
overall level of Caspase 3 staining remained very low, however, and as such,
these experiments should be repeated at a larger scale to provide confidence
that the effect shown is real. It may be the case that this small change in Caspase
3 levels is real in this in vitro set up, but with such a small effect size is unlikely
to be physiologically relevant in vivo, where the system might cope well with this

small change.

A better measure might have been to test for microglial proliferation in response
to MSN media exporsure as neuronal production of IL-34 caused by mHTT
accumulation has previously been shown to cause proliferation of microglia
(Khoshnan et al., 2017b). As such, IL-34 may be a candidate substrate to assess
in the HD MSN media. However, to date, mHTT accumulation has not been
shown in these MSN cultures in our lab (unpublished observations). It may be the
case that soluble mHTT also causes sufficient stress to the neuronal cells to
stimulate 1L-34 production. It would be interesting, therefore, to investigate
whether there IL-34 is elevated in the HD MSN media, and whether there is any

proliferation of the microglia-like cell cultures following HD MSN media exposure.

There are a number of caveats with the experimental set-up that should be noted.
Specifically, the time frame of the experiment may be too contracted to fully reveal
the impact of MSN-conditioned media on microglia-like cell health and activation.
Also, as previously mentioned, there is variability in the differentiation protocol for

MSNs that creates noise in the data.

Additionally, the areas of microglia-like cell health and function which could be
assessed in this set-up were limited by practicalities such as the prohibitive cost
of growth factors associated with the differentiation protocol resulting in a limited
number of differentiations, as well as the cost of multiplex ELISA plates (MSD).
Therefore, a more significant effect may have been missed. For example, it would
be interesting to assess the impact of these various media treatments on the
inflammatory response of the cells, specifically the cytokine profile and the activity
in the NF-xB pathway. As well as this, it may be the case that MSN-conditioned

media primes the microglia-like cells for altered responses or patterns of activity,
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but these would only be revealed following the application of an additional
stressors. Additionally, it would be interesting to conduct an RNAseq at baseline
and following MSN media exposure to take a broader look at the impact of the
conditioned media treatments. For example, in this experiment there was no
impact on IBA1 expression at the protein level, but it may be the case that other

markers of microglial identity or function were changed.

To follow up the work using conditioned media from neuronal cultures, CSF from
HD patients and controls was obtained. Microglia-like cells of various HTT polyQ
lengths were then treated with this CSF from controls or HD patients to assess
its impact on microglia-like cell health and function. This revealed elevated
Caspase 3 staining in HTT 30Q microglia-like cells when treated with HD CSF,
suggesting higher levels of microglia-like cell activation. Interestingly, 81Q
microglia-like cells treated with the same patient CSF did not show elevated
Caspase 3 staining. This may be due to the presence of some noise in the system
and the relatively low levels of Caspase 3 staining overall, suggesting these

findings may not be physiologically relevant.

Next, the impact of CSF treatment on microglia-like cell function was assessed,
specifically on their ability to produce ROS. This revealed no significant difference
in the CSF-treated microglia-like cells, either between the HTT 30Q and 81Q
microglia-like cells, or between HD and control CSF treated, populations.
Interestingly, the absolute values of ROS production from microglia in CSF
appeared lowered than microglia-like cells incubated in baseline buffer,
suggesting that substrates in the CSF may prevent ROS production to some
extent. Treatment with TBHP revealed a significant difference between the 30Q
and 81Q microglia in ROS production, which is a replication of results reported in

the previous chapter.

LDH release was also assessed following 24 h of CSF treatment. This revealed
no significant differences in LDH release by HTT 30Q and 81Q microglia in either
HD patient or control CSF. This suggests that while it has been shown that HD
CSF contains increased levels of stimulants such as Trem2, neurofilament and
tau (Lauren M Byrne et al., 2018b; Lauren M. Byrne et al., 2018), and in other
neurodegenerative diseases such as PD and ALS, CSF from patients has been
toxic (Ding et al., 2015; Hao et al., 1995; Schiess et al., 2010) there is no
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significant effect of HD CSF on viability of microglia-like cells as assessed by LDH
release, and this result is unchanged with control CSF. Interestingly, the HTT
30Q and 81Q microglia-like cells show the same level of vulnerability in this
context. Previous work in this thesis found a significant difference in vulnerability
in the presence of an autophagy inhibitor, Bafilomycin A1 and a ROS-inducing
toxin, Hydrogen Peroxide. This experimental set up, by comparison, reveals no
significant difference. It may be the case that the level of toxicity is generally lower
in CSF than that induced by the specific toxins tested previously. Additionally,
this experiment ran over 24 h, where the half-life of LDH is only 9 h, and previous

work was done under this time frame or less.

There are a number of caveats for this experimental paradigm. Specifically, this
experiment was conducted under the premise that CSF is a proxy for the CNS
environment. This is partially true, but circulating CSF reflects the average
environment across the whole brain. This is significant, as regional differences in
the levels of certain toxins and damage signals may be diluted out by the rest of
the CNS environment. Not only that, while HD CSF has been shown to have
some differential levels of key proteins that might activate microglia, such as
neurofilament light and tau (markers of neurodegeneration), this was shown at a
population level and it might be the case at the level of the individual level. As
such, it would be of great value to take parallel samples of the CSF samples used
and assess them individually for level of mHTT aggregates, neurofilament light,
tau, Trem2 and any others previously shown to be elevated at a population level
in HD (Lauren M Byrne et al., 2018a, 2018b; Rodrigues et al., 2016), and in this
way correlate the effects on the microglia-like cells with the level of these key
factors in the CSF.

Additionally, these experiments were conducted over 24 h, as an early
assessment of the impact of CSF on microglia-like cells. This was in part due to
the scarcity of CSF as a resource, and as such multiple media changes could not
form part of the experimental plan. However, future studies should extend CSF
treatment over a longer time period, as studies using ALS and PD patient CSF
have only seen changes in microglia function and morphology after at least 4
days exposure, with the longest experimental exposure of 28 days revealing the

greatest changes in the microglia exposed to ALS CSF (Ding et al., 2015; Schiess
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et al.,, 2010). Future studies should also extend the assessment to include

assessments of proliferation and structured morphological assessments.

The second aim of this research was to assess the impact of HD microglia-like
cells on MSN health. In the previous chapter, the results pointed to altered
microglia-like cell function in the HD context, with a hyper-reactive phenotype
seen in their cytokine profile following stimulation, elevated ROS production both
at baseline and in the presence of an oxidative stressor, and reduced viability in
response to stress. On this basis, it was hypothesised that conditioned media
from HD microglia-like cells under baseline and stimulated conditions may
contain substrates that could impact MSN health, such as ROS and inflammatory
cytokines, or others. This would be of particular interest if the phenotypes of HD
microglia-like cells impacted the selective vulnerability of MSNs seen in HD

generally.

The results from treating MSNs with microglia-like conditioned cell media showed
no significant patterns of differences caused by the different media treatments.
However, the experimental set up did reveal differences between MSN cultures
of different HTT polyQ lengths that were most significant in the LPS-treated media

conditions.

The first area assessed was H2AX staining, quantified by the percentage of
nuclei with greater than ten spots, as well as the percentage of nuclei with greater
than four spots. This method found the percentage to be lowered in both the HTT
45Q and 81Q MSN cultures compared to the control 30Q MSN cultures. The
difference between the control and HD MSN cultures became more significant
under LPS-stimulated conditions, suggesting that this inflammatory environment

may exacerbate the difference between the control and HD cultures.

This reduction in H2AX staining is in keeping with what is known in the field. For
example, HD fibroblasts have been shown to carry abnormally reduced numbers
of recognised double strand breaks (DSBs), as assessed by H2AX and 53BP1
staining, following irradiation treatment. This study also found a significant
number of unrepaired DSBs 24 h after irradiation in HD fibroblasts compared to
controls (Ferlazzo et al., 2014). This suggests that in HD, the machinery for

identifying DSBs may be impaired.
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This is possibly due to a loss of function of the mHTT, as HTT has a known role
as a sensor for DNA damage (Anne et al., 2007), and has been shown to act as
a scaffold for proteins of the DNA damage response pathway following oxidative
stress, which has been found to be impaired in the presence of mHTT (Maiuri et
al., 2016). HTT has also been shown to act as a sensor of ROS production
(DiGiovanni et al., 2016). In this way, it appears that this reduction of H2AX
staining is a real HD phenotype in these MSN cultures. The increased
significance of the reduction of staining in the LPS-treated media groups
suggests that there is some impact of inflammation on the level of DNA damage

that occurs, or perhaps the ability of HD MSN cultures to respond to that damage.

The next area assessed was Caspase 3 staining, which was found to be
significantly lowered in both the 45 and 81Q MSN cultures in the LPS treated
media conditions only. This suggests a reduced incidence of apoptotic cells in
the HD MSN cultures compared to controls. This is not in keeping with previously
published works, which generally have found mHTT-expressing lines show
elevated levels of Caspase 3/7 (Chae et al., 2012), although such studies have
not been conducted in cultures of human MSNs. For example, elevated Caspase
3/7 activity was found at baseline in iPSCs and in response to stressors, such as
growth factor withdrawal at the neural stem cell stage of neuronal differentiation
(Chae et al., 2012; Zhang et al., 2010). Crucially, on-going research in this lab
has found that HD and control PSC-derived MSNs do not show clear differences
in Caspase 3 staining in baseline media (Unpublished observations, Dr. Ralph
Andre). This suggests that the LPS stimulated conditioned media plays some part
in revealing this difference. However, it is important to note that the absolute
percentages remain very low in all MSN cultures, with the highest value still under
5% of total cells, so while the differences are statistically significant, they may not

be meaningful in a physiological setting.

The other proteins assessed by HCI were related to the composition of the MSN
cultures; DARP32, CTIP2, BllI-tubulin and Nestin. While there was variability,
there was no significant difference in any of the markers, either due to the media

treatments employed or due to polyQ lengths of the MSN cultures.

Unfortunately, the impact of the microglia-like cell-conditioned media from

cultures of varying HTT polyQ length did not reach significance in this
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experimental set up in any of the stains measured. This may be due to the time
frame of the experiment, where microglia-like cell-conditioned media was
introduced at day zero, and the experiment terminated at day five. It may be the
case that a longer period of exposure is required to reveal differential effects
between the HD microglia-like cell-conditioned media and controls. Additionally,
it may simply be the case that while HD microglia-like cells produce elevated
levels of certain inflammatory factors and toxins compared to control microglia-
like cells, these may be present in the media at concentrations too low to affect
MSN health and function. It might also be the case that the impact of microglial
substrates on MSN health is indirect, requiring astrocytes and other glial
populations to amplify the effects, upon activation by microglia. For example, it
has been recently shown in mice that activated microglia cause a shift in astrocyte
populations to a so-called A1 phenotype, where astrocytes lose the ability to
promote neuronal survival, outgrowth, synaptogenesis and phagocytosis, and
instead induce death of neurons and oligodendrocytes (Liddelow et al., 2017). It
would be interesting, therefore, to assess the impact of HD microglia-like cells on
control and HD astrocytes, and eventually assess these cell types all together in

a mixed neuronal-microglia-like cell-astrocyte co-culture.

Another caveat of this work is that the MSN-enriched cultures assessed are
mixed neuronal cultures, with low percentages of actual MSNs. In this way, the
differences seen between HD and control neuronal cultures cannot be attributed
to differences in the MSN population alone, but rather relate to an effect in
neurons more generally. For example, it is known that MSNs are not the only
vulnerable neuronal population in HD. Specifically, cortical projection neurons
which project to, and provide trophic support to the striatum are found to be lost
in HD, and the specific cortical regions that are lost dictate the symptoms patients
present with, highlighting the critical importance of those populations (Mehrabi et
al., 2016). Finally, another element of the CNS environment that hasn’t been
assessed here are the oligodendrocytes, and the impact of HD microglia-like cells
on oligodendrocyte health and function. It has been previously shown that
elevated levels of TNFa released by stimulated microglia are toxic to developing
oligodendrocytes, when in the presence of astrocytes (J. Li et al., 2008), and in
HD major white matter abnormalities have been documented even in premanifest

gene carriers, as well as manifest patients (Phillips et al., 2016). With this in mind,
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future work investigating the impact of HD microglia on oligodendrocyte

populations, as well as cortical neurons would be of great interest.

4.3 Summary

Microglia-like cells show altered phenotypes of increased LDH release and
Caspase 3 staining following exposure to MSN-conditioned media, particularly
following heat shock treatment. Specifically, microglia-like cells treated with heat
shock treated 81Q MSN conditioned media show elevated levels of LDH release,
suggesting decreased microglial viability. Caspase 3 staining is also elevated in
microglia-like cells when treated with 81Q MSN media, suggesting elevated

microglia-like cell activation.

Microglia-like cells show mild phenotypic changes when treated with CSF from
HD patients or controls, with elevated Caspase 3 staining in 30Q microglia-like

cells when treated with HD patient CSF.

MSN cultures exposed to microglia-like cell-conditioned media, however, did not
show differences in composition, or caspase 3 staining. This experimental
paradigm did, however, reveal significant differences between HD and control
MSN cultures in DNA damage response and apoptosis. Intriguingly, this
appeared to be more significant in the LPS-treated media conditions, but there
was no significant impact of each different media condition. This may be due to
contracted time frame of the experiment, or due to microglial conditioned media
being too dilute. Further experiments should be conducted over a longer time
period, and conditioned media harvested from larger numbers of microglia in

lower volumes of media.

Additionally, it may be that bidirectional signalling is necessary to reveal greater
microglia-like cell toxicity on MSNs, for example we and others have shown that
MSNs can alter microglial population (Khoshnan et al., 2017), this may in turn
result in increased activation and proliferation of microglia-like cells, increased

production of toxic substrates and thus impact MSN health more significantly .
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5 Chapter 5: Wild-type HTT function in human

macrophages

5.1 Background

The role of wild-type HTT (wtHTT) at a molecular and physiological level has not
been fully elucidated, both within the context of HD and more generally. There
are a number of areas, however, where it seems clear HTT has a role, and these
are discussed below. The structure of wtHTT was reviewed in chapter 1 and so

here | will focus on its known biological functions.

WIHTT has been shown to have a number of functions at the molecular level.
Firstly, wtHTT appears to have a role in trafficking between the ER, the Golgi
and extracellular space (Strehlow et al., 2007). It has also been shown to have
a role in transport via endocytic and secretory pathways, with wtHTT required
for secretory vesicle fusion at the membrane (Brandstaetter et al., 2014; Velier
et al., 1998). It has also been shown that wtHTT plays a role in receptor
mediated endocytosis via HIP1 and HIP14 (Rao et al., 2002; Singaraja et al.,
2002; Waelter et al., 2001). As well as this, a body of work has shown that
wtHTT interacts with dynein and dynactin, leading to the suggestion of models
where wtHTT plays a global role in vesicle and organelle transport in the cell
(Caviston et al., 2007; Caviston and Holzbaur, 2009). Similarly, wtHTT has
been implicated in the correct positioning of both endosomes and lysosomes in
the cell, with depletion in a cell line of either wtHTT or dynein resulting in
dispersed endosomes and lysosomes. Interestingly, intracellular trafficking in

these cells was only slightly impaired (Caviston et al., 2011).

A large body of work suggests that wtHTT interacts with RAB GTPase proteins,
which regulate vesicle formation, actin- and tubulin-dependent vesicle
movement, and membrane fusion (Stenmark and Olkkonen, 2001). WtHTT is
believed to activate RAB11 as well as play a role in trafficking RAB11 vesicles
(X. Li et al., 2008; McClory et al., 2014; Power et al., 2012). Other RABs have
also been shown to be affected by a reduction in wtHTT including RAB2, RAB3,
RAB7, and RAB8 and RAB19 vesicles (White et al., 2015). These interactions
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with RABs may be a mechanism through which wtHTT can have a large impact

on cellular vesicle trafficking.

As well as this, a number of studies have implicated wtHTT in the process of
selective macroautophagy. Specifically, wtHTT has been shown to interact with
p62, and a number of autophagy related proteins, suggesting a “scaffold” function
of wtHTT in the autophagy process. Interestingly, in HD, a deficit in autophagy
appears to be present, which may be related to a reduced ability of the mHTT
form of the protein to perform this scaffold function (Ochaba et al., 2014; Rui et
al., 2015; Wong and Holzbaur, 2014).

wtHTT is also known to be involved in the process of intracellular protein
trafficking. Firstly, it has been shown to be involved in bidirectional transport of
vesicles in neurons, in both the dendrites and axons (Colin et al., 2008;
Engelender et al., 1997; Gauthier et al., 2004; Gunawardena et al., 2003; Li et
al., 2002; McGuire et al., 2006; Strehlow et al., 2007; Twelvetrees et al., 2010;
Waterman-Storer et al., 2002). In terms of retrograde transport, this has been
found to occur either via direct interaction with the dynein motor complex or via
an interaction with HAP1 (HTT associated protein 1) and the p150Glued subunit
of dynactin (Block-Galarza et al., 1997; Engelender et al., 1997; S.-H. Li et al.,
2018; Lietal., 1995). WtHTT is also involved in anterograde transport, with HAP1
interacting with a subunit of the kinesin anterograde motor complex, kinesin light
chain-1 (McGuire et al., 2006). Interestingly, wtHTT appears to be involved in the
switch between anterograde and retrograde transport, as phosphorylation of
wtHTT at S421 results in preferential recruitment of kinesin-1 heavy chain to
microtubules, vesicles and organelles for anterograde transport. De-
phosphorylation results in release of the kinesin-1 motor and the remaining motor

complex containing wtHTT then favours retrograde transport (Colin et al., 2008).

WIHTT has also been shown to have a role in transcription and chromatin
modification. Specifically, wtHTT has been found to interact with REST/NRSF to
modulate the transcription of NRSF-controlled neuronal genes, including BDNF
(Zuccato et al., 2001). WtHTT has also been shown to interact with CBP (CREB
binding protein), which itself regulates acetylation and deacetylation of histones,
controlling access to genes for transcription, as well as p53 which is also involved

in transcription regulation (Steffan et al., 2000). Additionally, wtHTT has been
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shown to regulate the transcription of a number of nuclear receptors (Futter et al.,
2009). Investigations in mouse embryonic fibroblasts have also shown that loss
of WtHTT expression results in altered gene expression associated with several
areas of cell function, including lipid metabolism, cell division, protein
degradation, development and the extracellular matrix composition (Zhang et al.,
2008), although it is not clear at what level wtHTT-lowering causes these gene

expression changes.

As well as this, wtHTT appears to interact with mRNA post-transcriptionally, to
alter protein expression. This has been shown with wtHTT interacting with its own
MRNA (Culver et al., 2016). Additionally, reduced expression of wtHTT results in
reduced transport of mMRNAs in the cell, and in rats it has been found that wtHTT
co-localises with BDNF, ACTB, DHC and KIF56A mRNA (Culver et al., 2012; Ma
et al., 2011).

Fundamentally, the HEAT repeats of the wtHTT protein are also found in
transcription factors and proteins associated with the chromosome, such as
condesin- and cohesion-associated proteins. It is possible, therefore, that these
HEAT repeats might function as flexible scaffolds binding specific substrates in a
manner similar to that found with transcription factors (Neuwald and Hirano,
2000).

WIHTT also has a clear role in development, as knock out is lethal prior to CNS
development in the embryo (Duyao et al., 1995; Nasir et al., 1995). However, this
phenotype is rescued by extra embryonic tissue expression of wtHTT, as far as
E12.5 (Dragatsis et al., 1998). Interestingly, lowered expression of Hdh (the
mouse homologue of wtHTT) results in perinatal lethality and aberrant brain
development. However, normal levels of expression of the mutant version of the
gene alleviate these phenotypes, suggesting that mHTT retains these key
developmental functions (White et al., 1997). In vitro, researchers were able to
differentiate null Hdh embryonic stem cells to neurons for up to 20 days in culture
with no overt differences. However, this may be due to a lack of strong
phenotypes in this particular experimental set up (Metzler et al., 1999). In
perinatal animals, conditional knock out of WtHTT results in premature death, due

to acute pancreatitis (Wang et al., 2016).
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Looking at wtHTT’s role in embryonic development in more detail, it has been
found to be important for proper neurogenesis. Specifically, wtHTT has been
found to associate with centrosomes of neural progenitors as they undergo cell
division. WtHTT interacts with p150(Glued) subunit of dynactin, dynein, and the
large nuclear mitotic apparatus NuMA protein at the centrosome in this context,
and in this way regulates the mitotic spindle orientation. WtHTT lowering or
ablation has been shown to cause misorientation and the altered cell fate of
cortical progenitors of the ventricular zone (Godin et al., 2010; Godin and
Humbert, 2011). In the developing cortex of mice, it has been shown that wtHTT
is enriched in the projection neurons. Depleting wtHTT in these cells has shown
that wtHTT is necessary for the multipolar-bipolar transition of these projection
neurons and for the maintenance of their bipolar shape during radial migration.
wtHTT appears to mediate these effects in vivo through the regulation of RAB11-
dependent N-Cadherin trafficking, which as mentioned before is a known
interacting partner of wtHTT, an interaction that is disrupted in HD (Barnat et al.,
2017).

WIHTT has also been found to play a role in ciliogenesis, which is crucial in
normal development, in the CNS as well as the periphery. Specifically, it has been
shown to regulate the formation of cilia by interacting with pericentriolar material
1 protein (PCM1) via HAP1. In mouse cells, a reduction in wtHTT results in
impaired retrograde trafficking of PCM1, and a resultant reduction in primary cilia.
In vivo, this results in alteration of the cilia layer and hydrocephalus, a condition
where CSF accumulates in the brain (Keryer et al., 2011). Research in the model
organism, Xenopus, has confirmed this finding, with knockdown of wtHTT
resulting in a reduced number of cilia, altered lengths of cilia in the epidermal
cells, as well as altered polarity and function of cilia, resulting in whole body

paralysis (Haremaki et al., 2015).

WIHTT has also been shown to have a role in excitatory synapse development
in the cortex and striatum. Indeed, in the absence of wtHTT accelerated synapse
formation is found in these regions, compared to controls. This elevated synapse
formation is then gradually lost over time in the cortex, accompanied by reactive
gliosis without cell loss. The presence of mHTT had a similar effect to wtHTT

loss, suggesting that this function of WtHTT is lost in the mutant form of the protein
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(McKinstry et al., 2014). In addition to this, in the mature brain, wtHTT has been
implicated in the formation and maintenance of the post synaptic density (PSD).
Firstly, wtHTT has been shown to interact with PSD95, an essential scaffolding
protein for the organisation of the PSD (Parsons et al., 2014). As well as this,
HAP1 has been found to regulate the expression of TrkA and the related neurite
outgrowth (Rong et al., 2006). WtHTT is also found to interact with TrkB,
regulating retrograde transport following BDNF signalling (Liot et al., 2013).
Lastly, wtHTT appears to interact with BDNF trafficking, an essential neurotrophic
factor essential for the growth, differentiation and maintenance of neurons. As
described previously, wtHTT has a role in trafficking via HAP1 and p150Glued, a
subunit of dynactin, and in this way wtHTT aids in trafficking of BDNF in the CNS

and therefore has a role in neuronal survival (Gauthier et al., 2004).

WIHTT has also been shown to have a role in the cell stress response, generally
serving as a protective factor against toxicity. There are a number of ways wtHTT
functions to bolster the cell stress response. Firstly, wtHTT acts as an anti-
apoptotic protein, by preventing Caspase 3 activity and inhibiting procaspase 9
processing (Rigamonti et al., 2001, 2000). WtHTT has also been shown to
modulate the interaction between HIP1 and HIPPI, which can form a pro-
apoptotic heterodimer that recruits Caspase 8 (Cheng et al., 2003; Gervais et al.,
2002). In addition to this, wtHTT appears to act as a sensor for both ROS
production, and DNA damage (Anne et al.,, 2007; DiGiovanni et al., 2016).
Additionally, wtHTT has been shown to aid in a fast stress response that is
impaired in HD (Nath et al., 2015). WtHTT has also been shown to play a role in
the Heat Shock Response (HSR) pathway, which is impaired in HD, possibly via
altered chromatin architecture (Chafekar and Duennwald, 2012; Labbadia et al.,
2011; Wyttenbach et al., 2002). In this way, it is clear that wtHTT functions in a
number of different cell stress response pathways, and as such, its loss can
impact cell viability under stressed conditions, resulting in less viable cell

populations in the wtHTT-lowered condition.

In the adult system, brain-specific conditional knock out of WtHTT causes
neurodegeneration, motor phenotypes and early mortality, although not to the
extent seen in HD, suggesting a toxic gain of function of the mHTT as the primary

driver of disease (Dragatsis et al., 2000). Nonetheless, the presence of wtHTT in
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the HD system appears to be protective. For example, wtHTT knockout mice
exhibit increased apoptosis (Zeitlin et al., 1995). Conversely, overexpression of
wtHTT in HD mice leads to a reduction in striatal cell loss (Leavitt et al., 2006,
2001; Rigamonti et al., 2000).

WIHTT is protective during traumatic events in the CNS. For example, in a model
of ischaemia, mice expressing higher levels of wtHTT show a reduction in lesion
size of 17%, compared to their littermates. Additionally, wtHTT levels were found
to be reduced in mouse models of traumatic brain injury and spinal cord injury,
which was blocked by administration of a broad caspase inhibitor, suggesting this

depletion is due to wtHTT’s role as a caspase substrate (Zhang et al., 2003).

Interestingly, research in amoeba has shown that those lacking the homologue
for wtHTT have deficits in cell shape, cell fate, cell-cell adhesion, the formation of

multicellular structures and a deficit in sensitivity (Myre et al., 2011).

WLIHTT also appears to have a protective effect in models of HD, in keeping with
what is found during traumatic events in the CNS generally. Specifically, the loss
of wtHTT can contribute to the HD phenotype in animal and cell models of the
disease. For example, research has shown worsened motor phenotypes, survival
rates and cell vulnerability in the absence of wtHTT in a number of models of HD
(Van Raamsdonk et al., 2005; Zhang et al., 2003; Zuccato et al., 2003, 2001).

Interestingly, HD patients homozygous for mHTT, and therefore lacking wtHTT
entirely, do not appear to have a more severe progression or age at onset (Cubo
et al., 2019). However, homozygous patients are very rare, and as such if there
are differences with a small effect size, this may not be clear in this patient group.
In HD mice, overexpression of wtHTT resulted in reduced striatal loss, but not all
measures are improved, pointing again to the toxic gain of function of the mutant
form as the disease driver (Leavitt et al., 2006, 2001; Rigamonti et al., 2000).
Additionally, as previously mentioned, lowered wWtHTT results in increased
apoptosis. This is the case generally, but applies in HD also, where all patients

are at least heterozygous, and as such have significantly lowered wtHTT levels.

The DNA damage response has recently been implicated in disease onset and
progression in HD, with gene variants impacting DNA damage repair pathways
being implicated (Flower et al., 2019; Goold et al., 2019; J.-M. Lee et al., 2015;

200



Long et al., 2018). WtHTT has been shown to be a sensor for DNA damage and
this function may be altered in HD (Anne et al., 2007).

The innate immune system has been shown to be dysfunctional in HD. As part of
investigations into this disease phenotype, Trager et al., 2014 found that siRNA-
mediated HTT-lowering resulted in reduced cytokine release in control
individual's blood monocytes and macrophages. As well as this, Beganovic et al.,
2015, found that an NF-xB binding site in the HTT promoter resulted in lowered
expression of the cis allele, and if it was present in the promoter upstream of
wtHTT, HTT levels were lowered, and the age at onset reduced. The NF-«B
pathway is a key stimulant response pathway in the immune system, and as such,
the presence of a feedback loop whereby NF-«B can lower wtHTT levels

suggests a key role of wtHTT in the immune response.

Based on these observations; the large number of roles wtHTT plays at both a
molecular and physiological level, particularly via interactions with the
cytoskeleton and trafficking, it seems plausible that an, as yet, undescribed novel
function for wtHTT exists in the function of macrophages. The present work aims
to investigate this further, by first confirming the results found by Trager et al.,
2014, before performing a battery of assays to assess the overall function of

human myeloid cells when wtHTT expression levels are reduced.

Further investigation into the role of wtHTT is particularly relevant to the HD
community at this time, as a large number of HT T-lowering treatments are in pre-
clinical and clinical testing, some of which are not allele-specific and will result in
lowering both mHTT and wtHTT (Kaemmerer and Grondin, 2019). Thus far, HTT-
lowering in adults in non-human primates, and now in humans via ASO treatment,
appears to be safe and well-tolerated (Tabrizi et al., 2019). However, possible
implications for the immune system might be relevant when individuals receive
long-term treatment and/or if treatments such as small molecules are delivered

systemically where effects in the periphery are possible too.

5.1 Aims
To investigate the role of wild-type HTT (wtHTT) in the function of macrophages

of the innate immune system.
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5.2 Methods

Primary human monocytes were isolated from whole blood samples (section 2.2),
differentiated to macrophages (section 2.3) and treated with (-1,3-D-glucan-
encapsulated siRNA particles (GeRPs) containing anti-HTT siRNA or scrambled
siRNA (section 2.8). Anti-HTT and SCR-treated primary human macrophages
were assessed for HTT knockdown using RT-qPCR (section 2.9). With efficient
and prolonged HTT-lowering confirmed, macrophages were then assessed for
functional differences between the HT T-lowered and controlled groups. Cytokine
profiles in the supernatant and intracellularly were quantified using MSD cytokine
assays (section 2.15) at baseline and following stimulation. In parallel, expression
of pro-inflammatory cytokines at the mRNA level was assessed using RT-gPCR
(section 2.9). This was followed by an assessment of NF-kB pathway activity
using imaging flow cytometry (section 2.11). Phagocytic activity was also
assessed in the HTT-lowered and control macrophages, using pHrodo bead
assays (section 2.13). Finally, viability was assessed using both LDH and ATP

assays (section 2.12).

5.3 Results

5.3.1  Wild-type HTT was efficiently lowered in primary human macrophages
HTT-lowering was achieved by treatment with siRNA-containing GeRPs, as
described in section 2.8. To confirm HTT knockdown, parallel wells for each
sample were seeded and treated with GeRPs carrying scrambled siRNA (control)
or anti-HTT siRNA, which were then harvested. RT-gPCR showed that cells
treated with anti-HTT siRNA GeRPs contained significantly lowered HTT levels
(Figure 5.1).
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Figure 5.1: Treatment of human primary macrophages with anti-HTT siRNA
resulted in a significant lowering of HTT mRNA expression. Data shown are
mean HTT expression levels in macrophages treated with anti-HTT siRNA
GeRPs + SEM, relative to expression levels in macrophages treated with
scrambled siRNA GeRPs. N=23, three technical replicates per sample, paired
two-tailed Student’s t-test, ****p<0.0001. Values were normalised to ACTB and

GAPDH housekeeping genes results for each sample, also run in triplicate.

5.3.2 HTT-lowering was stable over a prolonged period of time

To ensure HTT levels remained lowered throughout the time course of the
experiments described, the lowering effects of anti-HTT GeRPs over time were
investigated. Samples were collected at 48, 72 and 96 h post-treatmentand HTT
levels assessed by RT-qPCR. HTT levels remained significantly reduced from 48
h onwards, and there was no significant difference in HT T-lowering between time
points (Figure 5.2). All experiments were consequently conducted between 72
and 96 h post GeRP treatment.
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Figure 5.2: HTT knockdown in human primary macrophages using GeRP-
mediated anti-HTT siRNA remained stable over time. HTT levels remained
significantly lowered from 48 h, with no significant difference between time points.
All experiments were conducted 72-96 h post-GeRP treatment. Data shown are
mean HTT expression levels in macrophages treated with anti-HTT siRNA
carrying GeRPs x SEM, relative to expression levels in macrophages treated with
scrambled siRNA carrying GeRPs. N=5, three technical replicates per sample,
paired two-tailed t-test, **P<0.01. Values were normalised to ACTB and GAPDH

housekeeping genes results for each sample.

5.3.3 Cytokine production and release by activated primary human
macrophages was reduced upon HTT-lowering
The effects of HTT-lowering on cytokine expression by primary human
macrophages was assessed. After HTT-lowering using GeRPs, macrophages
were stimulated with LPS and IFNy for 24 h (section 2.15). Controls for each
sample included parallel unstimulated wells and scrambled siRNA GeRP-treated
wells. This provided data for basal cytokine production, as well as normal cytokine
production in response to stimuli in the presence of normal HTT expression. This
allowed for comparison within an individual biological replicate, controlling for the
high levels of variability in both baseline and peak cytokine production levels
between individual samples. The supernatant from each experimental condition
for each sample was then collected and assessed for the levels of a panel of six

cytokines by multiplex ELISA. Of the six cytokines assessed, four pro-
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inflammatory cytokines, IL-6, IL-8, TNFq and IL-1B were found to be significantly

reduced following HTT-lowering (Figure 5.3).

0.8 4

0.6

0.4

0.2 1

Cytokine expression
(pg/ug)

0.0 4

IL-6

-0.001

-0.2

08+ TNF-a
c
5 O
@ 06 -
e — *%k
oD ™
55 o04q = °
P-4 i
£~
x -
° 02 040
S o
o o %
0.0
0025 - IL-12p70
c [ |
.0
®» 0020 -
]
-~ o
o D 4
2 2 oors
o 5
Py
£ = 0010 ®e
4
o
S 0005 - o®
o ®
0.000 ®
Scrambled Anti-HTT

0.003

0.002 A

0.001 A

0.000 -

2.5 A

2.0 A

IL-8

0.0

0.008 A

0.006

0.004 A

0.002 A

0.000

IL-10
|
T °
- .E E
|
[]
Scrambled Anti-HTT

Figure 5.3: HTT-lowering decreased pro-inflammatory cytokine production

by primary human macrophages. Regulators of the innate immune system,

such as IL-6, IL-8, TNFa and IL-1B3, were significantly decreased following

lowering of HTT levels in primary human macrophages. The pro-inflammatory

cytokine, IL-12p70, and anti-inflammatory cytokine, IL-10, were not statistically

significantly changed. Data show are mean concentrations per ug protein £ SEM,

n=7-10 individual biological repeats, three technical replicates per sample, paired

two-tailed Student’s t-test, *P<0.05; **P<0.01. Positive and negative controls

were provided by the manufacturer for this assessment, and were used to build

a standard curve to inform analysis of the test samples results.
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5.3.4 Cytokine gene transcription in activated primary human macrophages
was reduced upon HTT-lowering

Following the confirmation of the results published by Trager et al., 2014, showing
reduced cytokine release following HTT-lowering, it was decided to try and
assess the underlying cause of the altered cytokine release. The first step of this
investigation was to assess whether the pro-inflammatory cytokines that showed
reduced release in a HTT-lowered setting, were also reduced at the mRNA level.
In this way, it would be possible to test whether HTT-lowering interacted with
cytokine expression at the level of transcription or above. Primary macrophages
treated with anti-HTT or scrambled siRNA containing- GeRPs were stimulated
with LPS and IFNy for 4 h. The cell lysate from each sample was harvested and
assessed by RT-gPCR for the expression of the following key cytokine genes; IL-
6, IL-8, TNFa and IL-1( (section 2.9).

Of the four cytokines assessed in this way, IL-6, TNFa and IL-18 showed
significant reductions compared to the scrambled siRNA-treated cells (Figure
5.4).
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Figure 5.4: Knockdown of HTT decreased pro-inflammatory cytokine gene
expression in human macrophages. Regulators of the innate immune system

such as IL-6, IL-8, TNF« and IL-18, were significantly decreased at the mRNA
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level following lowering of HTT levels in primary human macrophages. Data show
are the mean percentage expression relative to the paired scrambled treated
sample + SD, n= 5 individual biological repeats, three technical replicates per
sample, paired two-tailed t-test, *P< 0.05; **P< 0.01.

5.3.5 Intracellular cytokine levels in activated primary human macrophages
were not altered by HTT-lowering
Following the confirmation of reduced pro-inflammatory cytokine expression at
the mRNA level following HT T-lowering, it was decided to assess the possibility
that the reduced cytokine release seen following HT T-lowering might also be due
to a reduction in transport and release. HTT has a well-established role in
trafficking and secretion, so it was plausible that HTT-lowering might reduce
cytokine release in this way also. In order to assess the effects of HTT-lowering
on intracellular cytokine levels, the following experimental program was used.
After HTT-lowering using GeRPs, macrophages were stimulated with LPS and
IFNy for 24 h. The cell lysate from each experimental condition for each sample
was collected and assessed for the levels of a panel of five cytokines by MSD
cytokine assay (section 2.15). This method revealed no significant differences in
intracellular cytokine levels at 24 h (Figure 5.5), the time point at which there are
significantly reduced levels of released pro-inflammatory cytokine in the

supernatant in the HTT-lowered condition.
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Figure 5.5: Knockdown of HTT resulted in unchanged intracellular levels of
pro-inflammatory in human macrophages at 24 h. Regulators of the innate
immune system such as IL-6, IL-8, TNFa, and IL-1B and IL-10 were not
significantly decreased intracellularly following lowering of HTT levels in primary
human macrophages. Data shown are mean concentrations per ug protein + SD,
n= 4 individual biological repeats for all cytokine except IL-10 where n=3, all
samples were run in triplicate. Paired two-tailed t-tests were conducted. IL-6,
p=0.4036, IL-1B, p=0.4279, TNFa, p=0.0654, IL-8, p=0.4982, IL-10=0.2396.
Positive and negative controls were provided by the manufacturer for this
assessment, and were used to build a standard curve to inform analysis of the
test samples results. A method for blocking cytokine release was tested as a

positive control (monensin), however it was ineffective.
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5.3.6 HTT-lowering does not affect RELA (p65) translocation in primary human
macrophages

Previous work by Trager et al.,, 2014, found that an increase in cytokine

expression in HD patient monocytes cultured ex vivo was partially explained by

an interaction of mHTT with the NF-xB pathway, with elevated levels of RELA

translocation to the nucleus following LPS stimulation, that remained translocated

for longer in HD samples than controls.

In order to assess if the changes seen upon HTT-lowering were also related to
this pathway, a similar experiment was conducted. Primary human macrophages
from control individuals were treated with GeRPs containing anti-HTT or
scrambled siRNA as described in section 2.8. These samples were then treated
with LPS for 45 min, the time point at which translocation had peak in control and
HD samples in previous studies (Trager et al.,, 2014), and the level of RELA
translocation assessed using imaging flow cytometry (ImageStreamX) as
described in section 2.11. This revealed no differences between HTT-lowered
and SCR-treated samples for each individual biological replicate, and there were

no group differences (Figure 5.6).
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Figure 5.6: Knockdown of HTT resulted in no significant difference in
translocation of the NF-xB transcription factor RELA to the nucleus. Primary
human macrophages treated with LPS for 45 min and assessed for translocation
of RELA (p65) using imaging flow cytometry, see A) for example images of un-

translocated RELA, where the yellow RELA stain is found in the cytoplasm, and
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B) for example images of cells with RELA translocated to the nucleus, with
overlapping yellow RELA staining and purple Hoechstt staining. C) There was no
significant difference in the percentage of total cells showing RELA translocation
into the nucleus, n=4 individual biological samples, a minimum of 5000 cells
imaged. Data shown as percentage of translocated cells of total + SD, paired two-
tailed t-test, p=0.2866.

5.3.7 HTT-lowering increased phagocytic activity in primary human
macrophages

Another key area of macrophage function in the immune system is phagocytosis,
with macrophages known to phagocytose foreign material and cell debris
(Geissmann et al., 2010). In order to investigate if phagocytic activity was affected
by HTT-lowering, the following experimental plan was undertaken. Each
biological replicate was seeded at 100,000 cells/well and placed in serum free
media overnight to stimulate phagocytosis. To assess levels of phagocytosis,
Zymosan A or E.coli pHrodo™ beads were added. Assessment of phagocytic
activity in this way suggests there is a significant increase in phagocytic activity

in HTT-lowered macrophages compared to control macrophages (Figure 5.7).
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Figure 5.7: Knockdown of HTT resulted elevated phagocytic activity in
human macrophages. Phagocytic activity as assessed using A) Zymosan A
pHrodo beads) and B) E.coli pHrodo beads was significantly increased in primary
human macrophages treated with anti-HTT siRNA compared to those from the
same donors treated with scrambled siRNA. Data mean + SD, n=4 individual
biological repeats for Zymosan A n=5 individual biological repeats for E.coli,
paired two-tailed Student’s t-test, Zymosan A, p=0.0153, E.coli, p=0.0040. Six
technical replicates were included for each sample, and the average taken as the
result for that sample. Negative control wells of cells without phagocytic beads
and cell-free wells with beads were also run, and the values used to establish a
baseline for each line tested, and that baseline value subtracted from the

experimental value found to give the data shown above.

212



213



5.3.8 HTT-lowering in primary human macrophages resulted in a reduction in
their viability in the presence of an autophagy inhibitor
Finally, given the wealth of literature which suggests protective effects of HTT in
a HD context and more generally, viability under HT T-lowered conditions were
assessed. Initially, baseline viability was investigated, which HTT-lowering did
not appear to alter (Figure 5.8, A). However, following introduction of a cell
stressor, the autophagy inhibitor bafilomycin A1, a significant difference between
the control and HTT-lowered groups emerged (Figure 5.8, B). Assessment using
a potentially more sensitive assay, testing intracellular ATP levels, suggested
reduced viability in the HT T-lowered group, but this was not statistically significant
(Figure 5.8, C). This may be due to the experimental set up for the ATP assay,
which lacks a method for controlling for variations in cell number, which are

internally controlled for in the LDH assay using maximum LDH release values.
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Figure 5.8: In the presence of an inhibitor of autophagy, Bafilomycin A1,
HTT-lowering resulted in a significant reduction in human macrophage
survival. A) HTT-lowering does not appear to affect basal viability. Data shown
are mean fluorescence intensity £+ SEM. N= 6. B) Survival of macrophages,
assessed by experimental LDH release relative to maximum LDH release per
well, is reduced upon HTT-lowering. Data shown are mean + SEM, with the
scrambled condition set to 100%, N= 3, paired two-tailed t-test, **P< 0.01. C).
Assessment of macrophage survival following Bafilomycin A1 treatment using an
ATP release assay shows a reduction in survival relative to the control group.
This reduction was not statistically significant. Data shown are mean £ SEM, with
the scrambled condition set to 100%, N= 3, with three technical replicates per
sample. LDH assays include a potent toxin to allow the calculation of 100% cell
death in the test wells, this allowed calculation of the percentage cell death in

each test well as a proportion of the 100% cell death value.

5.4 Discussion

In this research, primary human macrophages from healthy individuals were
assessed using a battery of functional assessments, looking at cytokine
production at the protein level in the supernatant and intracellularly and at the
MRNA level, phagocytosis and viability, under baseline and stimulated conditions
following siRNA treatment against HTT or SCR siRNA. RELA translocation was
also assessed following stimulation, to test the interaction of wtHTT with the NF-
kB pathway. In this way, it was possible to assess the impact of wtHT T-lowering

on primary human macrophages ex vivo.

The first assessments focused on the efficiency and longevity of wtHTT-lowering,
and found that GeRP-delivered anti-HTT siRNA significantly and consistently
reduced HTT levels by over 50%, as assessed by RT-gPCR. Prior work in the lab
has shown this correlates with a 50% reduction in HTT protein levels (Miller et
al., 2017). However, knockdown at the protein level was not directly assessed in
this work, which is a definite weakness of this assessment and should be

assessed in future experiments.

The next assessment focused on following up the published work by Trager et
al., 2014, which showed dampened pro-infammatory cytokine expression in

response to an immune challenge under HTT-lowered conditions. The cytokine
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profiles of paired samples from control donors treated with either SCR siRNA or
anti-HTT siRNA, and then treated with LPS and IFNy or not, were assessed. In
this way, it was found that the levels of proinflammatory cytokines released into
the supernatant following 24 h of stimulation were significantly reduced in the
HTT-lowered samples, compared to the SCR-treated samples. This is clear
evidence for a novel role for HTT in macrophage cytokine expression. There may
be a number of mechanisms through which HTT interacts with cytokine
expression and secretion. Given the documented roles of HTT in trafficking and
secretion (Brandstaetter et al., 2014; Strehlow et al., 2007; Velier et al., 1998), it
is plausible that HTT-lowering impairs that function, and so less proinflammatory

cytokines are trafficked and released as a result.

It may also be the case the HTT lowering causes reduced cytokine expression
by interacting with the process further upstream. For example, there is ample
evidence showing HTT has the capacity to affect transcription, either through
interacting with transcription factors (Zuccato et al., 2001), or through interactions
with chromatin modifying proteins (Steffan et al., 2000). In this way, it is possible

that HTT alters cytokine expression at the transcriptional level.

There was no apparent difference in the unstimulated samples. This may be due
to the very low levels of cytokines secreted under baseline conditions, resulting
in a poor signal to noise ratio in the MSD system, masking possible effects.
Alternatively, it may be that there is no difference in cytokine release at baseline,
and that lowered levels of HTT only begin to exert an effect on cytokine
expression following stimulation and the cascade of intracellular signalling

associated with it.

These results were followed up with an investigation into the mRNA expression
levels of each of the significantly reduced pro-inflammatory cytokines, to assess
whether the changes in supernatant levels seen were related to a difference in
gene expression. This revealed that HTT-lowering resulted in a significant
reduction of gene expression of the pro-inflammatory cytokines assessed, but no
significant changes in the housekeeping genes. The unstimulated samples
showed no differences between SCR and anti-HTT treated groups. This suggests
that HTT-lowering alters the response of macrophages to an immune challenge

at least at the level of gene expression. As previously mentioned, HTT has been
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shown to have a role in transcription. Specifically, it has been shown in neurons
that HTT interacts with the transcription factor REST/NRSF to sequester it away
from binding NRSE-containing genes. This interaction is reduced with mHTT, and
results in reduced expression of these neuronal genes, including BDNF (Zuccato
et al., 2001). Therefore, it may be the case that in healthy controls HTT interacts
with a transcription factor that affects the transcription of these proinflammatory
cytokines. One candidate for such a transcription factor is NF-xB, which HTT is
known to bind to (Trager et al., 2014), and plays a role in cytokine expression (Liu
et al., 2017).

It has also been shown that HTT interacts with CBP, which controls access to
genes for transcription through regulating acetylation and deacetylation of
histones (Steffan et al., 2000). It may be the case in the immune system that this
interaction allows access to pro-inflammatory genes, which is lost when HTT is
lowered and there is reduced interaction with CBP. However, this finding does
not preclude the possibility that HTT-lowering alters cytokine expression via
interactions further downstream of transcription also, and that the lowered

expression is a result of a combination of mechanisms.

In order to investigate the pathway through which HTT-lowering could result in
reduced expression of proinflammatory cytokines, at the mRNA and protein level,
the activity of the NF-xB pathway was assessed, which has long been implicated

in inflammatory responses, and is known to be altered in HD.

Specifically, the translocation of RELA into the nucleus following stimulation was
assessed. In HD, it has been previously established that an elevated percentage
of cells showed RELA translocation following LPS stimulation and that this
translocation event persists over a longer period (Trager et al., 2014). This was
proposed to be the pathway through which elevated cytokine responses in HD
were caused. As such, it was decided to investigate whether HTT-lowering
altered the activity in this pathway, and specifically the translocation of RELA in
response to an immune stimulus. It was hypothesised that the percentage of cells
with translocated RELA would be lowered in the HTT-lowered populations, and
that this reduced activation signal could explain the reduced proinflammatory
MRNA and protein expression found under these conditions. However, this

investigation revealed no significant differences between the HTT-lowered and
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control populations for each individual, and no group differences. This suggests
that the mechanism through which HTT participates in the expression of
cytokines may be distinct to the pathological gain of function activation of the NF-

kB pathway that occurs in HD via mutant HTT expression.

The lowered HTT levels may also affect interactions further downstream than
this, perhaps reducing translation of these mRNA transcripts into protein. As
previously mentioned, given the role of HTT in trafficking and secretion, it is
possible that a reduction in HTT may contribute to reduced supernatant levels via

reduced trafficking and release of each cytokine.

This possibility was assessed next, with intracellular levels of each cytokine
assessed under stimulated conditions, following anti-HTT siRNA treatment. This

found no significant differences in intracellular cytokine levels at 24 h.

This time point was chosen to mirror the supernatant assessments that were
conducted. However, this may be a limitation of this experiment, as it is possible
that differences may occur at an earlier timepoint following stimulation.
Additionally, a clear positive control sample would be useful, to allow for
assessment of the experimental set up itself, however this was not possible in
this work. As well as this, a great body of work implicates HTT in trafficking and
secretion, and while this method was unable to identify changes, a more sensitive
technique to assess each element, both trafficking, and secretion, would be

important to test, in order to fully rule out a cytokine trafficking deficit.

Given the results as they are, however, it seems that the underlying cause of
reduced supernatant levels of proinflammatory cytokines in the HTT-lowered

group are lowered mRNA levels of these cytokines.

Following on from this work, the phagocytic ability of primary human
macrophages was assessed. Phagocytic activity is a key element of macrophage
function in the immune response, and as such it was important to investigate if
this element was changed also. Macrophages treated with SCR or Anti-HTT
siRNAs were assessed for phagocytic activity following a period of starvation

using pHrodo beads. In this way, phagocytosis was assessed.

Interestingly, cells with lowered levels of HTT showed elevated phagocytosis as

assessed by both Zymosan A and E.coli pHrodo beads. This suggests that a
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function of HTT is to regulate phagocytosis. In HD, phagocytosis levels are found
to be elevated in primary macrophages (Kwan et al., 2012). These results
suggests that this HD phenotype may be in part caused by lowered levels of
wtHTT. This effect may orchestrated through an interaction with actin, and the
cytoskeleton more generally, which wtHTT is known to interact with. For example,
existing research has found that wtHTT has a role in nuclear actin reorganisation

that is impaired upon HTT-lowering (Munsie et al., 2011).

Typically, potent phagocytic ability is associated with so-called “M2”
macrophages, or anti-inflammatory macrophages (Shapouri-Moghaddam et al.,
2018; Tarique et al., 2015), which exhibit phagocytic activity but do not produce
pro-inflammatory cytokines. In this way, the phenotypes observed upon wtHTT-
lowering are similar to known phenotypes of M2 macrophages. However M2
macrophages retain their secretory capacity, secreting high levels of the anti-
inflammatory cytokine IL-10; the secretion of which was reduced following

wtHTT-lowering in this study.

Another possibility is that wtHT T-lowering results in altered interactions with the
extra cellular matrix (ECM) as it has been previously shown that macrophages
show upregulated phagocytosis following interaction with ECM proteins (Kirkham

et al., 2004), however this is less likely.

WtHTT-lowering in primary macrophages appears to reduce their viability under
stressed conditions. In the absence of a stress, there is no discernible difference
between wtHTT-lowered and control macrophages, this suggests that under
baseline conditions, in healthy individuals wtHTT-lowering could be well
tolerated. Following treatment with Bafilomycin A1, an autophagy inhibitor
however, assessment by LDH assay revealed a significant difference in survival
between the wtHTT-lowered and control macrophages. A parallel experiment
was conducted, where Bafilomycin A1 treatment was extended to 20 h, and
viability assessed by a more sensitive assay of ATP. A reduction in viability of the
wtHTT-lowered group did not reach statistical significance. This may be due to
small variations in cell number, which cannot be controlled for within the ATP

assay, introducing an added degree of variability in the data.

This reduced ability to cope with cellular stressors under wtHTT-lowered

conditions fits with wtHTT’s known roles in the cell stress response. Specifically,
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wtHTT has been shown to be anti-apoptotic, preventing Caspase 3 activity as
well as recruitment of Caspase 8 (Cheng et al., 2003; Gervais et al., 2002;
Rigamonti et al., 2001, 2000).

WIHTT has also been found to play a role in the HSR pathway, via interactions
with chromatin architecture (Chafekar and Duennwald, 2012; Labbadia et al.,
2011; Wyttenbach et al., 2002).

In a HD context, the presence of mMHTT acts a significant stressor, and has been

specifically shown to affect autophagy (Martin et al., 2015).

Interestingly, it has been previously shown that overexpression of wtHTT leads
to a reduction in striatal cell loss in a mouse model of HD (Leavitt et al., 2006;
Rigamonti et al., 2000). In addition to this, a number of HD phenotypes were
found to be worsened in the absence of the wtHTT protein (Leavitt et al., 2006;
Zhang et al., 2003; Zuccato et al., 2003, 2001). In this way, the impact of wtHTT-
lowering on viability under stressed conditions may be mediated through one or

a number of these known interactions with stress response pathways.

This investigation has established a novel role of wtHTT as a regulator of
macrophage function. Specifically, we have uncovered evidence for a role of
wtHTT in pro-inflammatory cytokine expression, phagocytosis and viability. This
is particularly interesting in the context of HD, but it is also relevant to the immune
system more generally, where wtHTT could be a novel target for immune

suppression in inflammatory disorders.

In light of these results, it would be useful to assess gene expression in my
wtHTT-lowered condition more generally, with a follow up RNA sequencing
investigation. This would be a significant endeavour, but would allow the
identification of altered pathways in the HTT-lowered condition, and guide the

next round of mechanistic investigations.

Additionally, it would be informative to run a parallel set of experiments in control
microglia, in wtHT T-lowered conditions. In this way, it would be possible to assess
the impact of wtHTT-lowering on the immune system in the CNS, which is where

a number of wtHT T-lowering therapeutics are focused.

It would also be useful to assess whether this role is recapitulated in vivo using

a rodent model, to test whether there are any compensatory effects of the
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immune system as a whole when wtHTT is lowered, and if the impact of wtHTT-

lowering is as significant.

In the context of HD, these results shed some light on the immune dysfunction
found in the disease. For example, in HD elevated levels of pro-inflammatory
cytokines are found in the periphery up to 16 years before symptom onset, with
primary monocytes and macrophages the source (Bjorkqvist et al., 2008; Trager
et al., 2014). This hyper-reactive phenotype is caused by a gain of function for
the mHTT, rather than a 50% reduction in wtHTT levels, which heterozygous HD
gene carriers would have. We have shown here that this level of wtHTT reduction
would result in reduced pro-inflammatory cytokine production, and therefore does
not contribute to elevated plasma levels found in pre-symptomatic HD gene

carriers.

RNAseq of patient monocytes has shown elevated expression of inflammatory
genes, such as IL-6, prior to any stimulation (Miller et al., 2016), whereas wtHTT-
lowering resulted in reduced expression of pro-inflammatory cytokines under
stimulated conditions. On a similar note, activity in the NF-xB pathway was found
to be upregulated in HD (Trager et al., 2014), but was unchanged upon wWtHTT-
lowering, under the experimental conditions described. Collectively, these results
point to a gain of function of mHTT rather than a loss of wtHTT function in HD,
resulting in elevated cytokine expression mediated at least in part through the

NF-kB pathway, and priming of pro-inflammatory pathways at rest.

In terms of phagocytosis, in HD we see elevated activity. This is mirrored by the
phenotype observed in this research upon wtHTT-lowering. This suggests that

the disease phenotype is at least in part caused by a loss of function of mHTT.

Finally, upon wtHTT-lowering the capacity of primary macrophages to cope with
a cellular stressor, such as Bafilomycin A1, was reduced, although the underlying
cause for this reduced resistance to stress was not assessed. In HD, it has been
found that mHTT causes defective actin remodelling during stress, caused by a
loss of function in the mutant protein (Munsie et al., 2011). In this way wtHTT-
lowering could similarly reduce the cell’'s capacity for actin remodelling during

stress and result in reduced viability.
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It is also of note that the effects observed here upon wtHTT-lowering in primary
human macrophages, are likely to be replicated in primary human microglia. In
this way, the impact of non-allele-specific HTT-lowering is highly relevant in the

context of HD and HT T-lowering trials targeting the CNS, for the treatment of HD.

There are a number of therapies that target only the mHTT allele are in testing
for use in HD, leveraging the fact that a single nucleotide polymorphism in the
target mMRNA compared to the complementary siRNA can significantly alter the
siRNA'’s activity (Bilsen et al., 2008; Carroll et al., 2011; Zhang et al., 2009).
However, there are a number of caveats to this approach. Firstly, it would be
essential to be able to efficiently identify which allele specific SNPs were on, to
ensure only the mHTT allele was targeted. This can be achieved through SNP
linkage by circularization (Liu et al., 2008), however this is a challenging method

and scaling up to treat patients clinically would require significant optimisation.

Secondly, there is not one single SNP associated with the mHTT allele. A number
of studies have investigated the number of SNPs and corresponding siRNAs that
would be required to treat the majority of the HD population in the EU and USA.
The first of these found that a repertoire of seven allele specific sSiRNAs could
treat 85.6% of patients in Europe shown to be treatable by at least one siRNA
(Lombardi et al., 2009). A similar study found that five siRNAs targeting just three
SNPs could provide therapy for 75% of the US and EU HD populations (Pfister
et al., 2009). It is likely that these allele-specific therapies will move forward in
development, but it may be the case that this is slowed by the task of testing
multiple siRNAs in clinical trials, which at present would require a separate trial
for each siRNA.

Given the challenges of allele-specific HTT-lowering, development and
assessment of siRNAs and anti-sense oligonucleotides (ASOs) that are not
mHTT specific, has progressed significantly, with the most advanced, IONIS-
HTTRx, now moving to Phase 3 clinical trials. The rationale for these non-allele-
specific therapeutics is that the benefits of lowering mHTT will outweigh the
negatives of HTT lowering. Additionally, significant pre-clinical work has
established that HTT-lowering is well tolerated in non-human primates over
several months (Grondin et al., 2012; McBride et al., 2011; Stiles et al., 2012).

Additionally, in oncology chemotherapeutic agents have been used to treat
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cancers which have devastating effects on the immune system, far beyond what
was shown in this thesis, and are still used. Therefore, a potential impact on the
immune system does not preclude the extensive use of HTT-lowering
therapeutics, but the immune system should be monitored for reduced reactivity

as part of routine care.

The delivery of these HT T-lowering drugs is focused on delivery to the CNS in
HD, for obvious reasons. As such, the impact on the peripheral immune system
may be minimal. However, the innate immune cells of the CNS, microglia, are
likely to be affected. This would likely result in reduced pro-inflammatory cytokine
production, both due to reduced mHTT load and reduced HTT load, and in the
context of the CNS, this is most likely to have a net beneficial effect. The impact
on viability may have a similar net effect, with a reduction in mHTT being
protective, while a reduction in HTT would result in a corresponding reduction in
viability under stressed conditions. Crucially, this effect of reduced viability in
wtHTT-lowered conditions is only found under stressed conditions, so it is
possible that reducing the presence of the toxic mHTT, and therefore reducing
the stress on the cell, would mean the protective effects of wtHTT would be less
required. This loss of protection would become more meaningful with increasing
age of the patients, as systems become less capable of dealing with stress, and

so should be monitored in long term trials.

It would also be possible to focus on increasing wtHTT levels in the future, as this
has been shown to have beneficial effects in YAC128 mice, although it would be
required to be in combination with mHTT-lowering therapeutics to fully alleviate
HD phenotypes (Van Raamsdonk et al., 2006).

Future HTT-lowering therapeutics that are administered systemically to the
periphery should monitor the immune system output in patients, particularly in the
cases of infections etc., to ensure sufficient preservation of innate immune

system function in the wtHT T-lowered condition.

Collectively, these data point to novel roles for HTT in human monocyte-derived
macrophages, including in pro-inflammatory cytokine expression, phagocytosis

and maintaining viability in the presence of a stressor.

224



5.5 Summary

In summary, wtHTT regulates the expression of pro-inflammatory cytokines and
the genes encoding them following an immune challenge. A follow-up
assessment of intracellular levels of these cytokines was unable to identify any

changes in the wtHTT-lowered condition.

As well as this, in the wtHTT-lowered condition, viability in the presence of a
stressor was lowered, and phagocytosis as assessed by Zymosan A and E.coli

pHrodo beads was increased.

Finally, investigations into the intracellular signalling pathway that underlie these
phenotypes showed that the NF-xB pathway was unchanged in the wtHTT-
lowered condition. Future work should focus on investigating other possible

mechanisms through which wtHTT-lowering causes the phenotypes described.
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6 Chapter 6: Discussion & future works

This thesis demonstrates the dysfunction of CNS cells of the innate immune
system in HD, and begins to investigate the impact of this dysfunction on other
cell types of the CNS. This thesis also highlights a novel role for wtHTT in the
peripheral innate immune system, which is likely to be applicable to the CNS

immune system and is of key interest in the context of HT T-lowering trials.

6.1 A novel HD microglia model

The first aim of this thesis was to investigate the CNS component of the innate
immune system, microglia, in HD. To do this, a novel human PSC-derived
microglia-like cell model of HD was established. Microglia-like cells were
differentiated from iPSC and ESC cohorts carrying control and HD-causing HTT
polyQ lengths, using a modified version of the Van Wilgenburg et al., 2013,
protocol, as described by Haenseler et al., 2017. Once expression of key
microglia genes and proteins by these cells, and the purity of the cultures
produced was confirmed, they were subject to a battery of functional tests, to
investigate the possible differences in function between HD and control microglia-
like cells. This found that HD microglia-like cells show elevated pro-inflammatory
cytokine responses to an immune challenge, as well as elevated ROS production
at baseline and under stimulation. A general defect in viability was also shown,
with a small but significant increase in cell death with increasing HTT polyQ length
under baseline conditions that became more prominent in the presence of
additional cellular stressors. Unchanged by the presence of mHTT were both the

phagocytic ability and the nitric oxide production of the differentiated microglia.

Previous work conducted in primary human peripheral monocytes and
macrophages found that HD patients’ cells ex vivo are hyper-reactive (Bjorkqvist
et al.,, 2008), with elevated cytokine production that is reduced upon HTT-
lowering (Trager et al., 2014). This phenotype was mirrored in rodent models of
HD, where microglia displayed elevated cytokine production (Connolly et al.,
2016; Kwan et al., 2012). Additionally, evidence of microgliosis has been found
in human brain samples post mortem, and imaging studies have suggested that

microglial accumulation and proliferation may be early disease events in HD, and
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correlate with the elevated levels of cytokines found in the periphery (Pavese et
al., 2006; Politis et al., 2011, 2015; Sapp et al., 2001; Singhrao et al., 1999; Tai
et al., 2007).

The work presented herein confirmed that a similar elevated cytokine response
exists in PSC-derived HD microglia-like cells, but the effect size was smaller than
that seen in primary human cells or in rodent models. This may be a limitation of
the experimental set up, but it does suggest that while this phenotype is present,
it is less prominent in this PSC-derived microglia model. This may also be due to
the relative immaturity of the microglia-like cells, which display a transcriptomic
signature closer to foetal human microglia than adult microglia. As such, it may
be the case that should these cells be aged considerably, a greater effect could

be found.

There was a clear HD-related effect on ROS production that was replicated
across both iPSC and ESC cohorts, under baseline and stimulated conditions,
which is in keeping with previous work on the effect of mHTT expression in cell
lines (Wyttenbach et al., 2002) and suggests this is part of a HD phenotype in the
immune system. It would be interesting to follow up this result with an in vivo
investigation in microglia from a HD rodent model, or in primary human
macrophages. One might have expected elevated NO species production or
phagocytosis following LPS stimulation in this model which was not found, and
there was no HD effect in either function. In this way, this model does not

recapitulate all aspects of HD pathology.

In the future, there are a number of areas that would be of significant interest to
investigate using this model. Firstly, it would be interesting to assess the impact
of immune system stimulants that might be more (patho)physiologically relevant
than LPS, such as MMP3 and MMP9. MMP3 and MMP9 have been shown to be
elevated in HD CSF, and HD rodent microglia have been found to be hyper-
reactive in response to MMP3 (Connolly et al., 2016). Another avenue for
stimulation would be to prime the microglia with IFNy, or a low dose of LPS, ahead
of high dose LPS stimulation, rather than simultaneous addition of IFNy and LPS,
as was done in this thesis. These priming methods do not activate the cells in the
classical sense, but prepare them for later stimulation through transcriptional

changes, resulting in larger responses to future stimulation (Da Silva et al., 2015).
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This would allow examination of the effects of priming, and whether those
pathways affected, are altered in HD. Another area of interest would be to assess
the migratory capacity of the HD microglia-like cells in this model, as this has
been assessed previously in primary HD macrophages and HD rodent microglia
(Kwan et al., 2012). This was initially attempted in the characterisation of this HD
microglia-like cell model, but the Boyden chamber assay preferred by previous
work was found to be unreliable, with a lack of reproducibility between

experiments.

Beyond these observational assessments, it would be of interest to assess the
underlying mechanism through which mHTT has these effects on microglial
function. Specifically, it would be interesting to conduct RNAseq on HD and
control microglia under baseline and stimulated conditions. Those data could be
assessed using the gene set enrichment analysis (GSEA) method to isolate
areas of enriched differential expression among functional gene sets
corresponding to biological pathways (Subramanian et al., 2005). This could be
accompanied by upstream regulator analysis to identify any upstream regulators
of the transcriptional changes seen in the data set. A candidate pathway is the
NF-xB pathway, which has been shown to be altered in HD in a number of
different models (Crotti et al., 2014; Trager et al., 2014). This could be assessed
in follow up studies as described here, through assessment of RELA
translocation. Additionally, a series of directed experiments on the NF-«B
pathway could be done, using inhibitors or targeted knock out of specific
intermediates in the pathway to identify how mHTT may be interacting with the

pathway.

This novel model allows in vitro assessment of human HD microglia-like cells, at
a large scale, for the first time. The benefits of using this human PSC-derived
model are numerous. In theory, PSCs can provide a limitless supply of starting
material, allowing continued production of a large number of microglia-like cells,
as and when they are needed for experiments. Compare this to primary human
HD microglia, which generally can only be collected post-mortem and in small
numbers, significantly compromising the range of experiments that can be
conducted into microglial function in HD. As well as this, the expression level and

HTT polyQ lengths tested are similar those found in human disease, both juvenile
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and adult onset, rather than the very large expansions and elevated expression
levels which can be found in rodent models. Additionally, the rodent immune
system, while similar in many ways to the human immune system, has some
crucial differences, such that investigations in human models are much needed
(Smith and Dragunow, 2014). This work showcases the benefit, and indeed
requirement of, using isogenic series over a related series of HD lines, to assess
HD in particular, given the variability of results in some experiments using the HD
family lines. It has been previously shown that results using non-isogenic lines
may be confounded by other genetic variables (Germain and Testa, 2017), and
as such, large numbers of lines should be used to determine if an effect is real.
Isogenic lines allow for the more confident conclusion that results found are due
to the HTT polyQ length alone, although ideally at least two isogenic series would
be used, rather than one as is used in this thesis. However, a large study has
recently shown that when two iPSC lines were differentiated to neurons in
multiple labs, the greatest source of variability found was attributed to which host
lab the cells were differentiated in (Volpato et al., 2018). This is important to

consider and control for if this model is to be used more widely.

There are some broader caveats to the use of this model. Firstly, the assessment
of these microglia-like cells in isolation, in very pure cultures, as described in
Chapter 3, is not truly representative of microglia in the brain. In vivo, microglia
are highly reactive cells, consistently surveying their environment, and interacting
with neighbouring cells (Nimmerjahn et al., 2005). In this way, it is necessary to
assess the impact of other cell types on microglial function in HD. Future studies
in HD should focus on co-culture paradigms, using isogenic PSC lines, with
sufficient replication to account for variability between differentiations.
Nevertheless, this microglial-like cell monoculture model will remain useful for
testing for intrinsic effects of mHTT in microglia, as the purity of the cultures

makes for simpler experimental design and read-outs.

6.2 The influence of HD microglia-like cells and MSNs on each

other
In order to assess the impact of microglia-like cells on neuronal cultures, and vice
versa, a series of conditioned media experimental paradigms were established.

To begin, the impact of a control or HD neuronal environment on control or HD
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microglia was assessed. Firstly, using conditioned media from untreated and
heat-shock treated human PSC-derived MSN cultures, following by an
assessment using control and HD CSF as a proxy for a neuronal environment. In
this way, it was found that MSN conditioned media collected from heat-shock
treated cultures was significantly more toxic for microglia-like cells than baseline
MSN conditioned media. This was most apparent in the heat shock treated HTT
81Q MSN conditioned media, where it seemed that the expanded HTT polyQ
length, combined with heat treatment, resulted in the most toxic effects on
microglia of all genotypes. Future work could involve an unbiased assessment of
these MSN-conditioned media to identify active compounds that could contribute
to changes in microglial viability. There are a number of candidates specific to
HD, based on previous studies. For example MMP3 and MMP9 have both been
shown to be elevated in HD patient CSF, and are capable of activating microglia
(Connolly et al., 2016). IL-34 release from HD neurons has also been shown to
be elevated compared to controls (Khoshnan et al., 2017), which would
encourage proliferation of microglia. Microglia also express a wide variety of
receptors for neurotransmitters, which alter microglial activation in a variety of
ways, although generally resulting in dampening down of inflammatory responses
(Biber et al., 2007; Pocock et al., 2016). However, there are a few notable
exceptions. Glutamate, for example, has been shown to increase TNF release
from microglia (Noda et al., 2000; Taylor and Feng, 1991), and serotonin has
been shown to result in elevated IL-6 release (Mahé et al., 2005). MSNs do not
produce either glutamate or serotonin themselves, however the striatum does
receive glutamatergic inputs from the cortex (Paraskevopoulou et al., 2019). It is
also worth noting that the MSN cultures that media was collected from were
mixed cultures with approximately 15% MSNs, with the remainder other neuronal
cell types, so may be better referred to as neuronal cultures enriched for MSNs,
but were referred to as MSN cultures for brevity in this thesis. It may be that the
effects seen are not due to MSNs particularly, but rather the general neuronal
environment. It might also be the case that microglia become activated in the
presence of HTT aggregates in the HD brain, as is the case in AD and PD
(Bertram et al., 2008; Butovsky et al., 2005; Guerreiro et al., 2012; Hollingworth
et al., 2011; Jonsson et al., 2013; Lambert et al., 2013, 2009; Naj et al., 2011;
Zhang et al., 2005) although there has been very little direct evidence of this
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occurring in HD (Kraft et al., 2012). In this work there has been no consistent
evidence of HTT aggregate formation in HD neuronal cultures, so this is unlikely
to be causing microglial activation in this context. However, future studies should

look to investigate whether soluble HTT is present in these cultures.

This work was followed by an assessment of the impact of HD CSF on microglial
health and function, as a proxy for a neuronal environment, in the context of
actual patient samples. Interestingly, there was no significant difference in
viability or ROS production between HTT 30Q and 81Q microglia in the presence
of either control or HD CSF. There was however, a significant difference in ROS
production between HTT 30Q and 81Q microglia when treated with TBHP, an
oxidative stress inducer. This suggests that a difference in ROS production
between control and HD lines does exist, but that CSF insufficiently induces ROS
production to reveal this. The only significant difference that was found following
CSF treatment was in Caspase 3 staining, which was found to be highest in HTT
30Q microglia treated with HD CSF, compared to 81Q microglia in either HD or
control CSF treatment groups. This suggests reduced microglial activation in the
81Q microglia, which is surprising. However, given the percentages of activated
microglia remain low in all conditions, this difference may not be physiologically

relevant.

The lack of differences seen between samples treated with control or HD CSF
may be due to the fact that the CSF used in this study was collected from the
spinal cord, and as such contains substrates from all areas of the brain, mixed
together. In this way, regional differences in particular toxins, growth factors and
cellular debris may be diluted out. For example, in HD brains one might expect to
find higher concentrations of toxic substrates around the striatum, than in a less
affected region, such as the cerebellum. However, that being said, it was
previously shown that a number of possible activating signals are significantly
elevated in CSF samples from HD patients collected in this way, such as MMP3
and MMP9, as well as neurofilament light, a marker of axonal damage (Lauren M
Byrne et al., 2018b; Connolly et al., 2016). In future experiments it would be
prudent to assess the levels of these molecules in the CSF samples to be used,
and correlate the results in the microglial-like cells back to these levels. In these

experiments however, it is likely that the time frame was insufficient to cause
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changes in the microglial populations, rather than a lack of significant levels of
toxins and activating substrates or significant differences in levels between

control and HD CSF samples.

It would also be interesting to look at the baseline and stimulated cytokine profile
of microglia-like cells following treatment with MSN-conditioned media, or CSF,
to assess whether a neuronal environment has a dampening effect on pro-
inflammatory cytokine expression, as has been previously reported (Haenseler
et al., 2017), and if this effect is maintained in HD neuronal environments. In this
way, it would possible to assess the contribution of microglia to the cytotoxic

environment of the brain in HD, in a physiologically relevant context.

To complete this work, the effect of HD microglia-like cell-conditioned media on
PSC-derived MSN-enriched cultures was assessed. This was done by treating
MSN-enriched cultures of varying HTT polyQ lengths with conditioned media
from PSC-derived microglia of varying HTT polyQ lengths, collected under
baseline conditions and following immune stimulation to induce cytokine release.
This investigation revealed no significant differences caused by the different
conditioned media treatments used. This lack of effect may be due to the limited
time course of the experiments. Alternatively, it may be that substrates in the
conditioned media that might impact MSN health were present at concentrations
too low to cause an effect. Given the impact of MSN conditioned-media on
microglia-like cell cultures seen in this work, it is also plausible that microglia in
the CNS require activating signals from neurons to become toxic to surrounding
cells. It may also be the case that microglia require the presence of additional cell

types, such as astrocytes, to amplify their effects and cause neuronal toxicity.

This work did reveal, however, a significant effect of MSN genotype, particularly
on the prevalence of H2AX staining, a marker of double strand DNA breaks,
which was found to be reduced in the HD PSC-derived MSN cultures relative to
the control line. This is in keeping with previous studies in HD fibroblasts , which
also showed a significant increase in unrepaired DSBs 24 h after irradiation
treatment (Ferlazzo et al., 2014). This is interesting in the context of HD, where
genetic variation in DNA repair genes have been shown to significantly affect age

at onset (Hensman Moss et al., 2017) and it has been suggested that the HTT
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polyQ expansion itself exacerbates DNA repair defects (Massey and Jones,
2018).

Future work should focus on interrogating which neuronal subtypes show
reduced H2AX staining, and whether prolonged exposure to HD microglia-like
cell-conditioned media affects H2AX staining and DNA damage levels more
generally, looking at single strand breaks and levels of PARYylation (PolyADP-
ribosylation). Additionally, it would be of interest to look at whether microglia-
conditioned media influences BDNF release, which is known to be reduced in HD
(Gauthier et al., 2004), or IL-34 release, a stimulant of microglial proliferation that
is known to be released at elevated levels when neurons are under stress
(Khoshnan et al., 2017).

Longer term, it would be of interest to improve this model of microglial and
neuronal interactions in HD. For example, conducting shared-media, or direct-
contact experiments with microglia and MSNs from control and HD backgrounds.
This would be particularly physiologically relevant, as it would allow for
bidirectional signalling, and the greater effects of any released substrates through
closer proximity between the cell types. This has been achieved in other diseases
using rodent models (Adams et al., 2015; Gresa-Arribas et al., 2012; Park et al.,
2001) and PSC-derived cells (Haenseler et al.,, 2017), but has not yet been
applied to HD. Such models would be more physiologically relevant, but it would
be more difficult to tease out cause and effect in that context. For example, the
read-outs of cellular health would be more complicated, with supernatant-based
assays less useful and immunofluorescence required to establish cellular identity

in each measurement.

The impact of other glial cells, such as astrocytes, would also be interesting to
explore but would require the establishment of a robust astrocyte and/or
oligodendrocyte differentiation protocols in an HD context and appropriate
methods to isolate the contributions of each cell type to phenotypes found. A
number of protocols exist for the co-culture of neurons with astrocytes, but are
exclusively in rodent models (Park et al., 2001; Roqué and Costa, 2017; Wei et
al., 2019).

Another avenue to explore would be the emerging possibility of three-dimensional

cultures, using scaffolds or organoids (Brownjohn et al., 2018; Krencik et al.,
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2017; Schwartz et al., 2015), to bring together multiple cell types, which could be
used, once more established, to confirm results found in the present more
tractable two-dimensional culture system. Three-dimensional cultures are more
physiologically relevant, however, as the system is more complex, naturally there
is increased variability between experiments. As well as this, it would be difficult
to assess cause and effect between different cell types, and observations would
be confined to imaging and whole systems level molecular analyses. Therefore,
the conditioned media co-culture paradigms described here could be used for
initial assessments of pharmacological interventions targeting mHTT, the innate
immune system and mechanisms of DNA damage, ahead of follow up studies in

direct co-culture systems and then in vivo.

In this way, these iPSC and ESC-derived models may begin to be used to answer
the key question of whether the immune system is important in HD pathogenesis,

which has not been achieved in this thesis.

6.3 A novel function of wild type HTT in the innate immune system
The second aim of this thesis was to assess the role of wtHTT in the human
peripheral innate immune system. This was achieved through the use of control
primary human monocytes, isolated from whole blood samples, and differentiated
into macrophages ex vivo. These macrophages were treated with anti-HTT
siRNA to lower HTT levels or SCR siRNA as a control. Once HTT-lowering had
been established, these macrophages were assessed using a battery of
functional tests to establish which aspects of macrophage function wtHTT might
have a role in. Initial work confirmed results seen by Trager et al., 2014, with
cytokine release following stimulation reduced in the wtHTT-lowered condition.
This was followed by an investigation into the source of the reduced cytokines,
first looking at the mRNA level and finding a similar level of reduction there, and
secondly looking at intracellular levels of cytokines at 24 h, to see if a deficit in
trafficking and release was also a partial cause. While the experimental set up in
this work failed to find a deficit in release, a more focused assessment on
members of the intracellular trafficking machinery and secretory vesicles would
clarify wtHTT’s role in that regard. Finally, to assess a possible mechanism

through with wtHTT-lowering exerted these effects on mRNA transcription and

234



cytokine release, the activity of the NF-xB pathway under wtHTT-lowered
conditions was assessed. Interestingly, it was found to be unchanged. This is
particularly surprising given the altered NF-«xB pathway activity seen in HD, and
the established interaction between HTT and IKKy and IKKaf (Trager et al.,
2014). However, it may be the case that wtHTT’s function in cytokine expression

is partially via other pathways than those aberrantly activated by mHTT.

This work is particularly interesting in the context of HTT-lowering trials for the
treatment of HD. Currently, the most advanced clinical trials for HT T-lowering are
of non-allele-specific lowering methods, so that wtHTT is lowered along with
mHTT. The theory behind this is that the benefits of lowering the toxic mHTT
species levels outweigh the negatives of lowering wtHTT. Current literature would
support this theory, as numerous animal models have shown no adverse effects
due to wtHTT-lowering, though some have lowered levels less than 50%
(Boudreau et al., 2009; Grondin et al., 2012; McBride et al., 2011).

It is clear from my work, that wtHT T-lowering might affect the function of innate
immune cells, for example lowering cytokine production and release. However,
given the elevated cytokine levels in the presence of mHTT in HD, a reduction in
cytokine expression is most likely to be beneficial to patients and is unlikely to
drop to levels below what is found in non-HD individuals. Indeed, 7 months of
HTT-lowering in HD patients has not resulted in any adverse immune reactions
to date (Tabrizi et al., 2019). In the future, methods to artificially increase wtHTT
levels in these patients could be investigated to mitigate any possible negative

effects of reduced wtHTT, should that be deemed necessary.

Allele-specific HTT-lowering is also being investigated pre-clinically, but a
number of technical difficulties will need to be overcome to scale up treatment to
the clinic. For example, a method known as SNP linkage by circularization (W.
Liu et al., 2008), can be used to effectively identify which allele specific SNPs are
on, to ensure that the disease allele is selectively lowered. However, this method
is very technically challenging and labour intensive, and as such would require
optimisation for use at a clinical scale. Additionally, there is not a single SNP
associated with the mHTT allele that can be targeted in all patients. In fact, a
number of studies have investigated the number of SNPs and corresponding

siRNAs that would be required to treat the majority of the HD population in the
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EU and USA and found that a repertoire of five to seven allele specific SIRNAs
could treat 75-85.6% of patients in the US and Europe, respectively (Lombardi et
al., 2009; Pfister et al., 2009). In this way, changes to the drug approval
landscape might be required to allow testing of multiple siRNAs, targeting
different SNPs, at once, to make the endeavour financially viable for

pharmaceutical companies.

More generally, beyond HD, it seems that wtHTT has a previously undescribed
role in cytokine production by monocytes and macrophages, whereby the relative
level of WtHTT expression correlates with the levels cytokine expression in these
cells. This fits with what has been found in control subjects as part of HD-focused
studies, where wtHT T-lowering results in reduced cytokine expression (Trager et
al., 2014). From the literature it appears that HTT's many interactions with
components of the intracellular trafficking pathways may underlie this effect, as
cytokine release relies on a number of different mechanisms of trafficking and
release (Lacy and Stow, 2011). As well as this, this thesis has shown that wtHTT-
lowering also reduces expression of cytokines at the mRNA level, suggesting a
role of wtHTT in the induction of cytokine transcription, perhaps through

interactions with important transcription factors.

It would be of interest to study in the population generally whether levels of wtHTT
expression in PBMCs correlate to the levels of cytokine expression in those cells.
In both measures, previous studies have found huge variability between control
individuals and even within an individual when multiple samples are taken (Weiss
et al., 2012). Interestingly, HD patients show increasing accumulation of mHTT
in their immune cells as the disease progresses, and an increase in pro-
inflammatory cytokines is also found with increasing disease stage (Bjorkqvist et
al., 2008; Weiss et al., 2012). This may not be directly correlated, and in fact in
HD, it may be that separate disease processes result in the elevated levels of
inflammatory cytokines. However, it would be interesting to look at this correlation
directly, and in healthy individuals, to assess if there is a general link between
wtHTT expression levels and inflammatory cytokine production. If a link is
established, causation can be investigated and the possibility of targeting wtHTT

for the treatment of immune disorders can be assessed.
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In theory, wtHTT-lowering could be a potential method of immunosuppression in
diseases such as rheumatoid arthritis. This would be an attractive prospect, as
long term use of current treatments are associated effects such as increased risk
of infection, malignant cancers, cardiovascular disease and bone marrow
suppression resulting in osteoporosis (Hsu and Katelaris, 2009). ASO-mediated
wtHTT-lowering for example, is unlikely to have as large an effect as
corticosteroids, given that only the innate immune system has been shown to be

affected thus far and therefore may be a good alternative.

Future works should focus on uncovering which pathways are affected by wtHTT-
lowering. This might be achieved by conducting a thorough RNAseq
investigation, looking at baseline and under stimulated conditions in wtHTT-
lowered macrophages to identify altered pathways. Altered pathways could be
identified using bioinformatic tools such as pathway analyses. RNAseq
candidates could then be confirmed with follow up assessments at the protein
level, for example, using co-precipitation to assess protein-protein interactions or
chromatin immunoprecipitation to assess DNA-protein interactions. Several
candidate signalling pathways exist based on what is known of the intracellular
signalling pathways following immune stimulation. For example, p38-MAPK or

ERK pathways are known to be important for immune cell activation.

Longer term, it would be interesting to conduct in vivo experiments in rodent
models, where the expression of wWtHTT in the immune system could be easily
manipulated. For example, via conditional knockout of wtHTT in the immune
system specifically to varying degrees, followed by immune stimulation. The
cytokine expression levels in the plasma and CSF could then be assessed,
coupled with ex vivo assessment of myeloid cells, to assess the impact of wtHTT-
lowering in this context, and see if there is a replication of the results found in this

thesis.

6.4  The innate immune system as a modifier of HD

Taken together, the evidence from this thesis suggests that while the innate
immune system is dysfunctional in HD in certain aspects, in the co-culture model
presented here this was insufficient to effect neuronal health. While there are
caveats to the experimental set up in the model, these results in isolation suggest

that the innate immune system is unlikely to be a major modifier of HD onset and
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progression. This fits with what has been seen in clinical trials, with the failure of
immune system focussed therapeutics for HD, such as minocycline and
laguinomod (Cudkowicz, 2010; Kieburtz et al., 2018). However, this may be part
of a more generalised failure to translate therapeutics that are effective in HD

animal models to the clinic.

As well as this, a recent GWAS failed to highlight any genetic modifiers in HD that
relate to the immune system, where similar studies in AD identified a plethora of
immune system related genes (Jones et al., 2010; Lambert et al., 2010; Liu et al.,
2018). Instead, genes related to DNA repair pathways were highlighted
(Hensman Moss et al., 2017; J. M. Lee et al., 2015; Lee et al., 2019). Related to
this, it may be the case that chronic inflammation impacts the levels of DNA
damage seen in HD, through elevated levels oxidative stress. This is plausible

given the results seen in H2AX staining in LPS-stimulated media in this work.

Despite the previous failures of immune focused therapeutics, there remain
several promising immune system targets that have been shown to be effective
in rodent models. For example, CB2 cannabinoid receptors are expressed in
microglia and their peripheral counterparts and their activation is anti-
inflammatory. A CB2 agonist caused suppression of motor deficits and CNS
inflammation in transgenic mice, whilst extending their life span (Bouchard et al.,
2012). A pilot trial has also been completed in HD patients using Sativex, a
botanical extract with an equimolecular combination of delta-9-
tetrahydrocannabinol and cannabidiol, which was found to be tolerated and safe,
but not effective against disease phenotypes at the dose given (Lopez-Sendon
Moreno et al., 2016). Future studies will look at increased dosage and extended
treatment periods, in an attempt to match the results seen in HD mice
(Valdeolivas et al., 2017). Additionally, manipulating the KMO pathway of
tryptophan degradation in peripheral immune cells results in extended lifespan of
HD mice, with prevention of synaptic loss and a reduction in microglial activation
(Zwilling et al., 2011). More recent studies have also highlighted the
neuroprotective effects of KMO pathway inhibitors in HD Drosophila (Zhang et
al., 2019).

Finally, it could be the case that while the chronic elevation of cytokine levels in

patient plasma may not affect disease onset or progression, it may still impact
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patients’ quality of life. For example, there is extensive evidence supporting the
emergence of sickness behaviour in individuals with elevated cytokine levels
(Dantzer et al., 2008). It may be the case that some of the symptoms that HD
patients present with, such as depression and irritability, are linked to this
underlying immune phenotype. Therefore, it remains of interest to assess the
impact of immunosuppression on phenotypes related to sickness behaviour, with

the possibility of having a profound impact on patients’ quality of life.

239



Appendices

Appendix 1

Table A1.1 Perkin Elmer Columbus software parameters used for the unbiased

analysis of each immunofluorescence imaging metric in the study.

Cell feature Columbus building Specifics Method Output
block name
Method: M
Diameter: 15
Channel: pm. .
Splitting .
Find Nuclei HOECHST coefficient: | | opulation:
33342 04 Nuclei
Region: None Common
threshold:
0.1
Channel:
HOECHST Properties:
Calculate Intensity 33342 . Method: Intensity
Properties Popul_atlon. Standard, nuclear
Nuclei mean HOECHST
Region: 33342
Nucleus
Nuclei Calculate Popul_ation: Method: Properties:
Nuclei Standard,
Morphology . Nucleus
Properties Region: area, morphology
Nucleus roundness
Method:
Filter by
property
Nucleus area
[um?]: >= 40
Intensity
. Population: nucleus Population:
Select Population |\ e HOECHST | Viable nuclei
33342 mean:
<=18512
Nucleus area
[um?]: <= 200
Boolean
operations:
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F1 and F2

and F3
Method: B
Common
Channel: threshold:
Find Cytoplasm Alexa 488 0.45
Nuclei: Nuclei | Individual
threshold:
0.15
Channel: .
Alexa 488 Properties:
. ) Method: Caspase 3
Calculate Intensity | Population: i
Caspase 3 . . Standard, cytoplasmic
Properties Nuclei . o
+ve . mean intensity in all
Region:
neurons cells
Cytoplasm
Method:
F:I(t)eret;ty Population:
property Cells with
Population: Intensity cytoplasmic
Select Population P . ' cytoplasmic ytop
Nuclei ) caspase 3
caspase 3 in
all cells overa
’ threshold
mean: >=
1000
Method: B
Common
Channel: threshold:
Find Cytoplasm Alexa 488 0.45
Nuclei: Nuclei | Individual
Caspase 3 th:eshold:
+ve 0.15
microglia Channel:
Alexa 568 Properties:
. ) Method: Caspase 3
Calculate Intensity | Population: i
. . Standard, cytoplasmic
Properties Nuclei . o
. mean intensity in all
Region: cells
Cytoplasm
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Method:
Filter by
Property Population:
. Caspase 3 Cells with
Select Population Popul_atlon. cytoplasmic Caspase 3
Nuclei . o
intensity in all | over a
cells threshold
Mean: >=
335
Method: B
Common
threshold:
Channel: 0.4
Alexa 568 Area: > 70
. ROI: Viable pm? Population:
Find Cells nuclei Split factor: 7 | Nestin+ cells
ROI Region : Individual
Cell threshold:
0.5
Contrast: >
0.3
Method: B
Channel: Common
threshold:
) Alexa 568
_ Find Cytoplasm Nuclei: Viable 0.45
Nestin+ - Individual
cells nuclei threshold:
0.15
Channel:
_ Alexa 5§8 Method: Prope_rties:
Calculate Intensity | Population: Intensity
. ) . Standard,
Properties Viable nuclei mean cytoplasm
Region: Alexa 568
Cytoplasm
Method:
Filter by Population:
Property Viable nuclei
Select Population Pppulation : . Intensity with .
Viable nuclei cytoplasm cytoplasmic
Alexa 568, Nestin over a
mean: >= threshold
1500
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Channel: Method: B
Find Cytoplasm Alexa 647 Common
Nuclei: Viable | threshold:
nuclei 0.45
Individual
threshold:
0.15
BllI-
tubulin+ Channel: Method: Properties:
Calculate Intensity | Alexa 647 Standard, Intensity
Properties mean cytoplasm
Population: Alexa 647
Viable nuclei
Region:
Cytoplasm
Population: Method: Population:
Viable nuclei Filter by Viable nuclei
Select Population Property with
Intensity cytoplasmic
cytoplasm B3tubulin
Alexa 647, overa
mean: >= threshold
1200
Calculate Intensity | Channel: Method: Properties :
Properties Alexa 568 Standard, Intensity
Population: mean nucleus
Viable nuclei Alexa 568
Region:
CTIP2+ Nucleus
Select Population | Population: Method: Population:
Viable nuclei Filter by CTIP+ cells
property
Intensity
nucleus
Alexa 568
mean: >=
500
Find Cells Channel: Method: B Population:
Alexa 488 Common DARPP32+
Region: None | threshold: 0.4 | cells (Find
Area: > 70 Cells)
Hm?
Split Factor:
7
DARPP-32+ Individual
neurons threshold: 0.5

243



Contrast: >
0.3

Calculate Intensity | Channel: Method: Properties:
Properties Alexa 488 Standard, Intensity of
Population: mean DARPP32+
DARPP32+ cells
cells (Find
Cells)
Region: Cell
Find Image Region | Channel: Method : Population:
Alexa 488 Common DARPP32+
Region: None | threshold area
Threshold: Region:
0.5 DARPP32+
Area: > 10 total staining
Hm?
Calculate Population: Method: Properties:
Morphology DARPP32+ Standard, DARPP32+
Properties area area, total staining
Region: roundness
DARPP32+
total staining
Calculate Intensity | Channel: Method: Properties:
Properties Alexa 488 Standard, Intensity
Population: sum DARPP32+
DARPP32+ total staining
area
Region:
DARPP32+
total staining
Find Cytoplasm Channel: Method: B
Alexa 488 Common
Nuclei: Viable | threshold:
nuclei 0.45
Individual
threshold:
0.15
Calculate Intensity | Channel: Method: Properties:
Properties Alexa 488 Standard, Intensity Cell
Population: mean Alexa 488
Viable nuclei
Region: Cell
(2)
Select Population | Population: Method: Population:
Viable nuclei Filter by Viable nuclei
Property with
cytoplasmic
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Intensity Cell | DARPP32+
Alexa 488 overa
Mean: >= threshold
1200
Find Spots Channel: Method: C Population:
Alexa 488 Radius: < H2AX+ spots
Region: Viable | 5px in viable
nuclei Contrast: > nuclei
0.1
Uncorrected
Spot to
Region
Intensity: > 1
Distance: >
H2AX+ 3px
spots Spot Peak
Radius: 0 px
Calculate
Spot
Properties
Select Population | Population: Method: Population:
Viable nuclei Filter by Viable nuclei
property with >4
Number of H2AX+ spots
spots: > 4
Select Population | Population: Method: Population:
Viable nuclei Filter by Viable nuclei
property with >10
Number of H2AX+ spots
Spots: > 10
Calculate Intensity | Channel: Method: Properties:
Properties Alexa 568 Standard, Intensity
Population: mean Nucleus
Viable nuclei Alexa 568
Region:
Tmem119+ Nucleus
ve Select Population | Population: Method: Population:
cells Viable Filter by Tmem119+v
nuclei property e viable cells
Intensity (nuclear
Nucleus stain)
Alexa 568
Mean: >=
380
Find Cytoplasm Channel: Method: B
Alexa 488 Common
Nuclei: Viable | Threshold:
Nuclei 0.45
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Individual

Threshold:
IBA1+ve 0.15
cells Calculate Intensity | Channel: Method: Properties:
Properties Alexa 488 Standard, Intensity
Population: mean Cytoplasm
Viable Nuclei Alexa 488
Region:
Cytoplasm
Select Population | Population: Method: Population:
Viable Nuclei Filter by Viable nuclei
Property with
Intensity cytoplasmic
Cytoplasmic | IBA1 overa
Alexa 488 threshold
Mean: >=
300
PU1+ cells | Calculate Intensity | Channel: Method: Properties:
Properties Alexa 568 Standard, Intensity
Population: mean Nucleus
Viable Nuclei Alexa 568
Region:
Nucleus
Select Population | Population: Method: Population:
Viable Nuclei Filter by PU1+ viable
Property nuclei
Intensity
Nucleus
Alexa 568
Mean: >=
380
Trem2+ Find Cytoplasm Channel: Method: B
cells Alexa 488 Common
Nuclei: Viable | Threshold:
nuclei 0.45
Individual
Threshold:
0.15
Calculate Intensity | Channel: Method: Properties:
Properties Alexa 488, Standard, Intensity
Population: mean Cytoplasm
Viable Nuclei Alexa 488
Region:
Cytoplasm
Select Population | Population: Method: Population:
Viable Nuclei Filter by Viable nuclei
Property with
cytoplasmic
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Intensity Trem2+ over
Cytoplasm a threshold
Alexa 488

Mean: >=

200
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Appendix 2

Table A2.1 Comparison of available Microglia Protocols in 2017

Pandy | Muffat Abud (Blurton- | Van Douvaras
a Jones) Wilgenbu | (new
Protocol rg Yanagimachi
(Haensel |)
er)
2-3 0.5-4 per | 30-40 per 10-43 per | 2.24 per
per starting starting iPSC starting starting iPSC
startin | iPSC iPSC,
Yield g and can
iPSC continue
for 1 year
Low / Low 02 Growth High cost of
02 incubator factor list | extensive
incuba prohibitive, average | growth factor
tor FACS sorting cost list, as well
prohibi additional cost as FACS
tively (main campus) sorting
expen Extensive additional
sive to growth factor cost (main
Cost purcha list- increased campus)
se, cost
rest of
protoc
ol
averag
e cost
Time until 29 2 months | 39 days 21 days, |45 days
harvest days to one
month
Cd39 | Briefly- With rat With No
sorted | transwell | hippocampal iPSC
Monoc | s neurons, and cortical
ulture | exposing | 3D ipsc brain neurons-
post pMGLs organoids adopt a
astro- | to (astrocytes, very
cocult | neuron/a | oligos, different
ure strocyte | neurons) phenotyp
step media, e
plus In
Co-culture adding corning
tested? GFP- 96, 6 well
pMGLs and ibidi
to 3D 8 well
neuron/a slide (csc
strocyte has)-
culture in macs
transwell sort
cd11b
beads
Stemd | Neuro- TeSR-E8 mTeSR mTeSR
iff Glial then X- Custom
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APEL | Differenti IMDM VIVO15 | medium
mediu | ation (50%), with (STEMCELL
Media m, media F12 2mM Technologies
IMDM | - formula (50%), glutamax | )
disclose insulin , 100 1.Containing
d (0.02 mg/ | U/mL 80 ng/mL
-B27, ml), holo- | penicillin | BMP4.
N2, lactic transferrin | and 100 | 2.25 ng/mL
acid (0.011 mg | ug/mL bFGF,
(85% /ml), streptom | 100 ng/mL
syrup sodium ycin, and | SCF and
stock) selenite 0.055 80 ng/mL
200uL (13.4 pg/ | mM B- VEGF in
Sodium ml), mercapto | StemPro-34
Pyruvate ethanola | ethanol. | SFM (with
(100mM mine 2mM
stock) (4 pg/ml) | ADMEM/ | GutaMAX,
10mL (canuse | F12+ N2 | Life
glutamax ITSG-X, supp +IL- | Technologies
(100x 2% vlv, 34 and )
stock) Thermo GM-CSF | 3. 50 ng/mL
10mL Fisher for co- SCF,
Biotin Scientific) | pmg 50 ng/mL IL-
3.5ug , L- 3,
lipidated ascorbic 5 ng/mL thro
BSA acid 2- mbopoietin,
(Albuma Phosphat 50 ng/mL
x1)2g e macrophage
Ascorbic magnesiu CSF (M-
Acid m CSF)
2.5mg (64 pg/mil; and 50 ng/m
Pen/Stre Sigma), L FIt3I, and
p 10mL monothio from day 14
NaCl 5M glycerol with
10mL (400 pMm), 50 ng/mL M-
Neuroba PVA CSF,
sal (10 pg/mil; 50 ng/mL
Sigma), FIt3I, and
Glutamax 25 ng/mL
(1X), GM-CSF.
chemicall 4. Microglial
y-defined Medium
lipid (RPMI-1640
concentra [Life
te (1X), Technologies
non- ] with 2 mM
essential GlutaMAX-I,
amino 10 ng/mL
acids GM-CSF,
(NEAA; and 100
1X), ng/mL IL-34)
Penicillin/
Streptom
ycin (P/S;
1% VIV).
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Use
0.22 um
filter.

2. Phenol-
free
DMEM/F1
2 (1:1),
insulin
(0.02 mg/
ml), holo-
transferrin
(0.011 mg
/ml),
sodium
selenite
(13.4 ug/
ml) (can
use ITS-
G, 2%vlv,
Thermo
Fisher
Scientific)
, B27 (2%
v/v),

N2 (0.5%,
v/v),
monothio
glycerol
(200 pM),
Glutamax
(1X),
NEAA
(1X), and
additional
insulin

(5 pg/ml;
Sigma)
and
filtered
through a
0.22 um
filter.

Growth factors

VEGEF,
BMP4,
SCF,
Activin
A,
FIt3L,
IL3,
IL6, G-
CSF,
GM-
CSF

IL-34, M-
CSF
(CSF1)

FGF2, BMP4,
Activin A, LiCl,
VEGF, TPO,
SCF, IL3, IL6
to make iHPCS
(5% and then
20% 02) then
facs sort and
use MCSF,
IL34, TGFB1,
insulin, ¢d200,

BMP4,
SCF,
VEGEF,
M-CSF,
IL-3
Rock-
inhibitor

BMP4,
bFGF, SCF,
VEGFA, IL-3,
TPO, M-
CSF, FLT-3,
GM-CSF, IL-
34

250



cx3cl1 to make
microglia

2lines | 20 lines | 10 lines (iPSC) | 28 lines 16 iPSC lines
Reproducible? | (iPSC) | (iPSC (ES and
and ES) iPSC)
5%02 | / 5% 02 then / /
for first 20% o2 for
02 changes? 15 HPC
days differentiation
P2RY | Gene P2RY12, C1QA, Gene: C1QA,
12, level: GPR34, C1Q, | GASES, GASS6,
GPR3 | TMEM11 | CABLES1, GPR34, | GPR34,
4, 9, BHLHE41, PROS1, | MERTK,
MERT | MERTK, | TREM2, ITAM | MERTK, | P2RY12,
K, PROS1, | PROS1, P2RY12, | PROS1.
C1QA, | C1QA, APOE, TMEM11 | Protein:
PROS | LAIR1, SLCO2B1, 9, IBA1,
1, GPR34, | SLC7AS, TREM2, | CD11c,
GAS6 | P2RY12, | PPARD, cbD11B, | TMEM119,
TGFB1, | CRYBB1, CD14, and P2RY12.
ENTPD1 | RUNX1, PU.1, | CD45,
, and CSF1R CD11C,
TGFBR1 CD33,
. . , HLA-DR
Key microglial SELPLG
gene CST3
expression? :I'XNIP,’
OLFML3
SERINC
3, CTSD,
ITM2B,
CD164,
RGS10,
ITGB5
Protein
level:
tmem11
9, ibat,
p2ry12,
cd45
ROS Yes / / / /
production?
Migration/motilit | / Yes Yes Yes Yes
y/chemotaxis?
Yes Yes Yes (LPS) Yes Yes (LPS)
Cytokine (LPS) | (LPS) (LPS,
production? and LPS,
IFNy)
Phagocytosis? | Yes Yes Yes Yes Yes
NO production? |/ / / / /
Morphological |/ Yes Yes Yes /

characteristics?
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Appendix 3

Table A3.1 Primary antibodies used in IF

Antibody Species | Dilution | Catalogue Supplier
Number
IBA1 (isoforms 1 and 3) Goat 1:500 NB100-1028 Novus
Biologicals
PU1 Rabbit 1:100 #2266 Cell Signalling
Technology
TREM2 Goat IgG | 1:50 AF1828 R&D Systems
TMEM119 Rabbit 1:200 HPA052650 Atlas
CTIP2 Rat 1:300 Ab18465 Abcam
Caspase 3 Rabbit 1:400 #9664 Cell
Signalling
Technology
Darp32 Rabbit 1:200 sc11365 Santa Cruz
TUJ1/B3 Tubulin Chicken 1:500 Ab18207 Abcam
Nestin Mouse 1:600 MAB5326- Millipore
10C2
Gamma H2AX Rabbit 1:200 Ab11174 Abcam
(phosphoS139)
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Table A3.2 Secondary antibodies used in IF

Antibody

Supplier

Goat anti rat 488

Life Technologies

Goat anti rabbit 488

Life Technologies

Goat anti mouse 568

Life Technologies

Goat anti chicken 647

Life Technologies

Donkey anti goat 488

Life Technologies

Donkey anti rabbit 568

Life Technologies
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Appendix 4
Media compositions

Table A4.1 Composition of RPMI 1640, no glutamine Catalogue Number(s)

31870025, 31870074

Components Molecular Concentration mM

Weight (mg/L)
Amino Acids
Glycine 75.0 10.0 0.13333334
L-Arginine 174.0 200.0 1.1494253
L-Asparagine 132.0 50.0 0.37878788
L-Aspartic acid 133.0 20.0 0.15037593
L-Cystine 240.0 50.0 0.20833333
L-Glutamic Acid 147.0 20.0 0.13605443
L-Histidine 155.0 15.0 0.09677419
L-Hydroxyproline 131.0 20.0 0.15267175
L-Isoleucine 131.0 50.0 0.3816794
L-Leucine 131.0 50.0 0.3816794
L-Lysine hydrochloride 146.0 40.0 0.2739726
L-Methionine 149.0 15.0 0.10067114
L-Phenylalanine 165.0 15.0 0.09090909
L-Proline 115.0 20.0 0.17391305
L-Serine 105.0 30.0 0.2857143
L-Threonine 119.0 20.0 0.16806723
L-Tryptophan 204.0 5.0 0.024509804
L-Tyrosine 181.0 20.0 0.110497236
L-Valine 117.0 20.0 0.17094018
Vitamins
Biotin 244.0 0.2 8.1967213E-4
Choline chloride 140.0 3.0 0.021428572
D-Calcium pantothenate 477.0 0.25 5.24109E-4
Folic Acid 441.0 1.0 0.0022675737
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Niacinamide 122.0 1.0 0.008196721
Para-Aminobenzoic Acid 137.0 1.0 0.00729927
Pyridoxine hydrochloride 206.0 1.0 0.004854369
Riboflavin 376.0 0.2 5.319149E4
Thiamine hydrochloride 337.0 1.0 0.002967359
Vitamin B12 1355.0 0.005 3.690037E-6
i-Inositol 180.0 35.0 0.19444445
Inorganic Salts

Calcium nitrate (Ca(NO3)2 236.0 100.0 0.42372882
4H20)

Magnesium Sulfate (MgSO4- | 246.0 100.0 0.40650406
7H20)

Potassium Chloride (KCI) 75.0 400.0 5.3333335
Sodium Bicarbonate 84.0 2000.0 23.809525
(NaHCO3)

Sodium Chloride (NaCl) 58.0 6000.0 103.44827
Sodium Phosphate dibasic 142.0 800.0 5.633803
(Na2HPO4) anhydrous

Other Components

D-Glucose (Dextrose) 180.0 2000.0 11.111111
Glutathione (reduced) 307.0 1.0 0.0032573289
Phenol Red 376.4 5.0 0.013283741
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Table A4.2 Composition of DMEM/F-12, no glutamine, no HEPES. Catalogue
Number(s) 21331020

Components Molecular Concentration mM

Weight (mg/L)
Amino Acids
Glycine 75.0 18.75 0.25
L-Alanine 89.0 4.45 0.049999997
L-Arginine hydrochloride 211.0 147.5 0.69905216
L-Asparagine-H20 150.0 7.5 0.05
L-Aspartic acid 133.0 6.65 0.05
L-Cysteine hydrochloride-H20 | 176.0 17.56 0.09977272
L-Cystine 2HCI 313.0 31.29 0.09996805
L-Glutamic Acid 147.0 7.35 0.05
L-Histidine hydrochloride-H20 | 210.0 31.48 0.14990476
L-Isoleucine 131.0 54 .47 0.41580153
L-Leucine 131.0 59.05 0.45076334
L-Lysine hydrochloride 183.0 91.25 0.4986339
L-Methionine 149.0 17.24 0.11570469
L-Phenylalanine 165.0 35.48 0.2150303
L-Proline 115.0 17.25 0.15
L-Serine 105.0 26.25 0.25
L-Threonine 119.0 53.45 0.44915968
L-Tryptophan 204.0 9.02 0.04421569
L-Tyrosine disodium salt 261.0 55.79 0.21375479
dihydrate
L-Valine 117.0 25.85 0.22094017
Vitamins
Biotin 244.0 0.0035 1.4344263E-5
Choline chloride 140.0 8.98 0.06414285
D-Calcium pantothenate 477.0 2.24 0.0046960167
Folic Acid 441.0 2.65 0.0060090707
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Niacinamide 122.0 2.02 0.016557377
Pyridoxine hydrochloride 206.0 2.0 0.009708738
Riboflavin 376.0 0.219 5.824468E-4
Thiamine hydrochloride 337.0 217 0.0064391694
Vitamin B12 1355.0 0.68 5.0184503E-4
i-Inositol 180.0 12.6 0.07
Inorganic Salts

Calcium Chloride (CaCl2) 111.0 116.6 1.0504504
(anhyd.)

Cupric sulfate (CuS04-5H20) | 250.0 0.0013 5.2E-6

Ferric Nitrate 404.0 0.05 1.2376238E-4
(Fe(NO3)3"9H20)

Ferric sulfate (FeSO4-7H20) 278.0 0.417 0.0015
Magnesium Chloride 95.0 28.64 0.30147368
(anhydrous)

Magnesium Sulfate (MgS0O4) 120.0 48.84 0.407
(anhyd.)

Potassium Chloride (KCI) 75.0 311.8 4.1573334
Sodium Bicarbonate 84.0 1200.0 14.285714
(NaHCO3)

Sodium Chloride (NaCl) 58.0 6995.5 120.61207
Sodium Phosphate dibasic 142.0 71.02 0.50014085
(Na2HPO4) anhydrous

Sodium Phosphate monobasic | 138.0 62.5 0.45289856
(NaH2P04-H20)

Zinc sulfate (ZnS04-7H20) 288.0 0.432 0.0015

Other Components

D-Glucose (Dextrose) 180.0 3151.0 17.505556
Hypoxanthine Na 159.0 2.39 0.015031448
Linoleic Acid 280.0 0.042 1.4999999E-4
Lipoic Acid 206.0 0.105 5.097087E-4
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Phenol Red 376.4 8.1 0.021519661
Putrescine 2HCI 161.0 0.081 5.031056E-4
Sodium Pyruvate 110.0 55.0 0.5

Thymidine 242.0 0.365 0.0015082645
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Table A4.3 Composition of NEUROBASAL™ Medium (1X) liquid. Catalogue

Number(s) 21103049

Components Molecular Concentration | mM

Weight (mg/L)
Amino Acids
Glycine 75.0 30.0 0.4
L-Alanine 89.0 2.0 0.02247191
L-Arginine hydrochloride 211.0 84.0 0.39810428
L-Asparagine-H20 150.0 0.83 0.0055333334
L-Cysteine 121.0 315 0.2603306
L-Histidine hydrochloride-H20 210.0 42.0 0.2
L-Isoleucine 131.0 105.0 0.8015267
L-Leucine 131.0 105.0 0.8015267
L-Lysine hydrochloride 183.0 146.0 0.7978142
L-Methionine 149.0 30.0 0.20134228
L-Phenylalanine 165.0 66.0 0.4
L-Proline 115.0 7.76 0.06747826
L-Serine 105.0 42.0 0.4
L-Threonine 119.0 95.0 0.79831934
L-Tryptophan 204.0 16.0 0.078431375
L-Tyrosine 181.0 72.0 0.39779004
L-Valine 117.0 94.0 0.8034188
Vitamins
Choline chloride 140.0 4.0 0.028571429
D-Calcium pantothenate 477.0 4.0 0.008385744
Folic Acid 441.0 4.0 0.009070295
Niacinamide 122.0 4.0 0.032786883
Pyridoxal hydrochloride 204.0 4.0 0.019607844
Riboflavin 376.0 0.4 0.0010638298
Thiamine hydrochloride 337.0 4.0 0.011869436
Vitamin B12 1355.0 0.0068 5.0184503E-6

259



i-Inositol 180.0 7.2 0.04
Inorganic Salts

Calcium Chloride (CaCl2) (anhyd.) | 111.0 200.0 1.8018018
Ferric Nitrate (Fe(NO3)3"9H20) 404.0 0.1 2.4752476E-4
Magnesium Chloride (anhydrous) | 95.0 77.3 0.8136842
Potassium Chloride (KCI) 75.0 400.0 5.3333335
Sodium Bicarbonate (NaHCQO3) 84.0 2200.0 26.190475
Sodium Chloride (NaCl) 58.0 3000.0 51.724136
Sodium Phosphate monobasic 138.0 125.0 0.9057971
(NaH2P04-H20)

Zinc sulfate (ZnS04-7H20) 288.0 0.194 6.736111E-4
Other Components

D-Glucose (Dextrose) 180.0 4500.0 25.0

HEPES 238.0 2600.0 10.92437
Phenol Red 376.4 8.1 0.021519661
Sodium Pyruvate 110.0 25.0 0.22727273

Composition proprietary and therefore not available:

Media:
Essential 8
StemPro 34

Supplements:
N2
B27
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Appendix 5

Table A5.1 Details of CSF samples used

CSF experiment

Subject N Age CAG Sex
Group (mean +/- SD) (mean +/- SD)
Control 1 54777 +/- 12.85466 n/a 3 female, 7
0 male
HD 1 56.4840522 +/- 42.7 +/- 5 female, 5
0 5.541302 1.888562 male
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