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ABSTRACT

Neuroinflammation is a pathological hallmark of Alzheimer's disease (AD) and it
is well established that microglia, the brain's resident phagocytes, are pivotal for
the immune response observed in AD. In the healthy brain, microglia attack and
remove pathogens and cell debris, but have been shown to become reactive in
AD. An apparent link between microglia and AD is Amyloid B (AB), which
accumulates in the plaques observed in the brains of AD patients and has been

reported as a microglia activator.

Genome Wide Association Studies (GWAS) have allowed the identification of
more than 20 genetic risk associations to AD. Many of these associations
highlight the importance of immune pathways (and others) in AD. More recently,
the identification of mutations in TREM2 (Triggering Receptor Expressed on
Myeloid Cells 2), a gene exclusively expressed by microglia in the brain, has
brought microglial activation and dysfunction back to the attention of the AD

community.

The main focus of this study is to understand microglial activation elicited by
different stimuli -including AB1-42 monomers, oligomers and fibrils- with regards
to their inflammatory activation status (M1, M2 or other) and whole-genome
expression profile. To this end, the mouse-derived BV2 cell line was used to
assess gene expression changes during microglial activation. Data shows that
M1 and M2 activators alter gene expression of AD-associated genes in a manner

that is potentially detrimental for AD progression.

A second objective of this thesis was to use the CRISPR/Cas9 gene editing
technology for the generation of Trem2-deficient BV2 cell lines. As a
result, Trem2 +/- (haploinsufficient) and Trem2 -/- (knockout) BV2 cell lines were
generated. Subsequently, these cell lines were characterised in terms of their
phagocytic, proliferation, migration, cytokine release capacities and whole
genome expression. In consequence, this study provides new and well-

characterised in vitro models for the study of Trem2 function.
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1.1 Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder and is the most common
cause of dementia, accounting for 60-80% of all cases (Alzheimer's Association, 2014).
It is estimated to affect 35 million people worldwide and this number is expected to
double in the next 20 years (Wimo et al., 2013). The total number of people with AD (or
other dementias) in Western countries is expected to increase dramatically as the
population aged 65 and over continues to grow (Alzheimer's Association, 2018). By
2050, it is estimated that one in every five people will be over 65 (United Nations, 2015).
Demographic aging and improved healthcare over the last decades are the main reasons
behind this dramatic increase (Brookmeyer et al., 2007). The largest rise in dementia
prevalence is projected to take place in low and middle income countries, where cases
of cardiovascular disease, hypertension and diabetes are increasing (Prince, 2014).

Dementia is an umbrella term used to describe diseases and conditions which show
decline in memory and/or other cognitive abilities, compromising the patient’s ability to
carry out everyday activities (Alzheimer's Association, 2014). In this sense, AD is
characterised by progressive neuronal degeneration and synaptic loss leading to
memory and motor impairment, difficulties with language and an overall decline in
cognitive function. It eventually leads to mental and functional incapacity followed by
death (Mayeux, 2010). Currently, there is no treatment to slow or stop AD (Alzheimer's
Association, 2014).

1.1.1 Clinical features of AD

Many clinical features are associated with AD, the most essential being, the decline in
cognitive abilities. This feature has an insidious onset with a subsequent gradual
progression throughout the different stages of disease development. AD’s progression
averages from 7 to 10 years since diagnosis and concludes with the patient’s death.
Loss of recent memory is the most well-known feature of AD, but other cognitive deficits
are also apparent; executive dysfunction, language dysfunction, visuospatial difficulties,
and loss of insight and personality changes. More advanced stages of the disease are
characterised by obvious difficulties with memory (including long term memory),
withdrawal from social activities and basic daily activities (e.g. bathing, dressing) and the
need for supervision or assistance. In the final stages of the disease, patients are
completely dependent on caregivers, become bedbound and unable to swallow or

control bodily functions (Reviewed by Holtzman et al., 2011).
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1.1.2 Pathological features of AD

At the macroscopic level, patients’ brains present extensive atrophy. The most affected
regions are those first affected by tau pathology (discussed in the next paragraphs), such
as the entorhinal cortex, the hippocampus and the amygdala. The basal ganglia and
cerebellum show no visible atrophy, although they may present some AB deposition
(discussed in the next paragraphs). Both tau and AR pathologies are strongly associated
with synapse loss, while neuronal loss is typically seen in the most affected areas.
Cholinergic synapses are patrticularly affected by AR early neurotoxicity with cholinergic
neurons located at the nucleus basalis of Meynert, which are the main neurons affected
in AD (Wong et al., 1999, Bell et al., 2006, Whitehouse et al., 1981). Cholinergic synaptic
loss has been shown to highly correlate with the cognitive impairment seen in AD
patients (Selkoe, 2002). Said patients also show a consistent depigmentation of the
locus coeruleus in the brainstem of AD brains (Calderon-Garciduenas and Duyckaerts,
2017). It is worth keeping in mind that since the original description by Alois Alzheimer
(Moller and Graeber, 1998), and in the absence of fully validated biomarkers for the
disease, AD definitive diagnosis continues to be dependent on the autopsy of the
patients’ brains (Perl, 2010).

At the microscopic level, there is accumulation of extracellular amyloid plaques,
intracellular neurofibrillary tangles (NTF) and significant neuronal loss (Mayeux, 2010).
Amyloid plaques are mainly composed of amyloid B (AB) peptides, which are 38-43
amino acid peptides derived from the amyloid precursor protein (APP) (Golde et al.,
2000). AB peptides are produced mainly in neurons through sequential cleavage of APP
by two proteases; B- and y-secretases (O'Brien and Wong, 2011). AR 1-42 (AB42), is
generally present in tissues and body fluids at levels 5-10% of those of AB40, yet it
appears to be central to initiating AB aggregation as it is more hydrophobic and prone to
aggregate (Holtzman et al., 2011). Within plaques, A is found in insoluble conformations
(both fibrillar and oligomeric). Accumulation of AB in the brain, due to imbalance between
production and clearance of this peptide, is thought to be the driving force behind AD’s
neurodegenerative mechanisms. This postulate is known as the amyloid hypothesis
(Hardy and Allsop, 1991, Hardy and Higgins, 1992, Selkoe, 1991). The exact
mechanisms by which AB may drive neurodegeneration remain largely unknown, but
accumulating evidence points to AB as the cause for overstimulation of the glutamatergic
neurotransmission system, leading to considerable synaptic loss and cell death
(Anggono et al., 2016, Wang and Reddy, 2017). Other mechanisms may also contribute

to AD’s neurodegeneration.
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Figure 1.1 AB plaques and Neurofibrillary tangles (NTF). A) AB plaque in a brain section stained with
6F3D Dako antibody. The centre of the plaque is occupied by a dense focal deposit (asterisk). The
surrounding clear area is occupied by macrophages (arrows). The outer halo is composed of less dense AB.
B) Neurofibrillary tangle filling the cell body (thick arrow) and the apical dendrite (small arrow) of a neuron.
Brain section stained with anti-tau AT8 antibody. Modified from Calderon-Garciduenas and Duyckaerts
(2017).

In addition to AB plaque deposition in the extracellular space, intracellular neurofibrillary
tangles (NTFs) are present in specific brain regions. NTFs are composed mainly of
hyperphosphorylated tau protein. The latter is synthesised by neuronal and glial cells
and its normal function is to bind to tubulin and stabilize microtubules, but becomes
prone to self-aggregation following hyperphosphorylation (Holtzman et al.,, 2011).
Another pathological hallmark of AD is the loss of synapses and selective neuronal death
ocurring mainly in the hippocampus and the temporal, parietal and frontal neocortex
(Holtzman et al., 2011), representing some of the most vulnerable brain areas in AD.

Inflammation in the brain is another pathological hallmark of AD (Rohn, 2013) and it is
established that microglia, the brain’s resident phagocytes, are pivotal for the
inflammation/immune response in AD and other neurological diseases. Microglia act
normally as sentinel cells, attacking and removing pathogens and cell debris (Wyss-
Coray, 2006), but become reactive in AD (Pocock et al., 2002).

1.1.3 AD diagnosis

Patients are usually diagnosed by the primary care physician. In the US, there is no
single test for the diagnosis of AD, and physicians (often with the help of specialists such
as neurologists and geriatricians) use a myriad of approaches for diagnosis (Alzheimer's
Association, 2018). In the UK, the National Institute for Health and Care Excellence
(NICE) provides guidelines for the diagnosis of dementia. The diagnosis takes into
account the patient’s medical, family and psychiatric histories, as well as changes in
cognition and behaviour (Cordell et al., 2013). Clinical assessment depends on the use

of cognitive tests, such as the Mini-cog, the General Practitioner Assessment of
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Cognition, the Memory Impairment Screen and the Informant Questionnaire on Cognitive
Decline in the Elderly (Schaffer et al., 2015). The Mini-Cog asks the patient to remember
a list of unrelated words, draw a clock and then recall the list of words. This test has a
99% sensitivity for AD diagnosis and it is not affected by confounding factors such as
education level or language of the patient8. In the UK, the NICE guidelines recommend
the use of any of the following standardised cognitive tests: the Mini Mental State
Examination, the 6-item Cognitive Impairment test, the General Practitioner Assessment
of Cognition or the 7-minute screen (NICE, 2018).

Changes in the brain of AD patients start almost 20 years before symptoms arise and
can be used for clinical diagnosis. Therapeutic intervention during this asymptomatic
phase could potentially slow or even prevent the progression of AD. Taking this early
asymptomatic phase into account, in 2011, the Alzheimer’s association (United States)
proposed a new set of criteria for AD diagnosis which included two main additions. The
first addition recognised three different stages in AD progression; preclinical AD
(asymptomatic phase), mild cognitive impairment (MCI) due to AD, and dementia due to
AD. The MCI stage of the disease starts when noticeable symptoms appear and precede
the onset of dementia by 3-4 years. Lastly, the dementia stage starts when daily function
is considerably compromised (Alzheimer's Association, 2013). The second addition to
the criteria was the inclusion of biomarker tests for diagnosis, treatment monitoring and
for research purposes. Nevertheless, more research will have to be carried out in order
to validate the use of biomarkers in AD diagnosis (Bloudek et al., 2011).

1.2 ADrrisk
AD is a complex multifactorial disease influenced by several genetic and environmental
(non-genetic) factors (Reitz and Mayeux, 2014). As such, this section will discuss the

impact of many of the most important risk factors for AD.

1.2.1 Genetic ADrisk

Classically, AD is classified into two groups according to the age of onset of the disease;
Early Onset AD (EOAD, onset <65 years) which accounts for 2-10% of cases, and Late-
Onset AD (LOAD, onset >65 years) which accounts for the majority of cases (Cacace et
al., 2016). Clinical presentation in both groups is similar; nevertheless, EOAD is
associated with a quicker disease progression and a Mendelian pattern of inheritance,

although this is not true for the great majority of EOAD cases.

LOAD is a complex and heterogeneous disorder with an estimated heritability of 70-80%,
while EOAD is almost entirely genetically determined with a heritability of 92-100%.

Remarkably, 35-60% of EOAD patients have at least one first-degree relative who is also
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affected. Interestingly, in 10-15% of those familial EOAD patients the mode of inheritance
is autosomal dominant (reviewed by Cacace et al. (2016)). Autosomal-dominant forms
of AD (also referred as familial AD) are considered rare as they account for less than 1%

of all cases (Van Cauwenberghe et al., 2016).

Genetic linkage analysis of EOAD families has identified the only fully penetrant
mutations to cause AD in three genes: amyloid precursor protein gene (APP, Goate et
al. (1991)), presenilin 1 gene (PSEN1, Sherrington et al. (1995)) and presenilin 2 gene
(PSEN2, Levy-Lahad et al. (1995)). Together, mutations in these three genes account
for 5-10% of EOAD cases (Van Cauwenberghe et al., 2016). Moreover, these 3 genes
have highlighted the relevance of AB production and processing in AD (Guerreiro et al.,
2012).

LOAD is considered a multifactorial disease with a strong genetic predisposition
component (Van Cauwenberghe et al., 2016). Genetic linkage analysis of LOAD families
associated the APOE gene with an increased AD risk (Corder et al., 1993). APOE is a
lipid-binding protein and it occurs in three different isoforms: APOEe2, APOEe3 and
APOE¢4. The latter isoform has been associated with an augmented risk of LOAD
(Figure 1.5), increasing the risk 3-fold for individuals carrying one copy of the allele and

12-fold if carrying two copies (Carmona et al., 2018).

The advent of new genetic screening technologies has allowed the identification of new
genetic risk factors for AD. Genome Wide Association Studies (GWAS) have identified
>20 genetic loci with low risk effects (Figure 1.5). Most of these genes can be broadly
grouped according to their putative biological functions: immune response (CR1, CD33,
MS4A, CLU, ABCA7, EPHAL, INPP5D and HLA-DRB5-HLA-DRB1), endocytosis (BIN1,
PICALM, CD2AP, EPHAL, and SORL1) and lipid biology (CLU, ABCA7 and SORL1)
(Karch and Goate, 2015, Guerreiro et al., 2013a).

More recently, by using whole-exome and whole-genome sequencing strategies, two
groups simultaneously reported a low frequency mutation in the TREM2 (triggering
receptor expressed in myeloid cells 2 protein) able to confer a moderate to high risk of
developing AD (odds ratio ~4-5): p.Arg47His (R47H) (Guerreiro et al., 2013b, Jonsson
et al.,, 2013). TREMZ2 is almost exclusively expressed by microglial cells in the brain
(Zhang et al., 2014, Colonna, 2003) and has been shown to regulate phagocytic activity
and pro-inflammatory responses (Takahashi et al., 2005a, Colonna, 2003). The
identification of rare coding variants in TREM2 has provided further support for the
involvement of immune response mechanisms and neuroinflammation in AD, and has

pointed to microglia as main players in AD pathogenesis.
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Similarly to TREM2, a recent study of LOAD families using a whole-exome sequencing
approach identified genetic variants associated with AD risk in the phospholipase D3
(PLD3) gene. In this study, the PLD3 variant V232M (rs145999145) increased the risk
of AD by 2-fold (Cruchaga et al., 2014). In a recent communication report, Fazzari et al.
(2017) showed that PLD3 is highly expressed in the pyramidal neurons of the cortex and
hippocampus of mice using western blot analysis, while gene expression analysis carried
out by Zhang et al. (2014) showed that this gene is expressed mainly in microglial cells.
PLD3 is a non-classical phospholipase and is believed to be associated with pathways
related to target cell innervation, neurotransmission and neuronal survival (Wang et al.,
2015a). Its expression has been shown to inversely correlate with APP levels and AR
secretion (Cruchaga et al., 2014). Nonetheless, further studies will be needed to validate
this association as many studies have shown contradictory results (Carmona et al.,
2018).

Down-syndrome, which is the most common chromosomal abnormality (Bayer et al.,
1999), also confers a higher risk of developing AD. Down-syndrome is caused by the
triplication of the chromosome 21, which carries the APP gene. Increased expression of
this gene, results in increased production of AR, which is considered to be one of the
initiators of neurodegeneration in AD. In the last decades, the lifespan of patients with
down-syndrome has increased to 55-60 years and it is estimated that around 70% of
them will suffer from EOAD (Hartley et al., 2015).

1.2.2 Non-genetic AD risk

Age is the strongest non-genetic risk factor for AD (Hickman et al., 2016). As mentioned
before, the age of 65 is used to arbitrarily classify the disease as EOAD (onset before
65) or LOAD (onset after 65) (Carmona et al., 2018). The most common form of AD is
LOAD (~90% of cases), with fewer cases of EOAD (~10%) being reported (Cacace et
al., 2016). AD prevalence rise exponentially with age, increasing markedly after the age
of 65. Between the ages 60 to 85 there is approximate 15-fold increase in the prevalence
of dementias, mainly AD (Evans et al., 1989). Brookmeyer et al. (1998) estimated the
age-specific incidence rates for AD based on studies carried out in different cities of the
USA (Boston, Framingham, Rochester, and Baltimore). The reported rates doubled
every 5 years after the age of 60, rising from 0.17% per year at age 65 to 0.71, 1.0, and
2.92% per year at 75, 80, and 85 years, respectively (Brookmeyer et al., 1998). Finally,
in its most recent meta-analysis, Alzheimer’s Disease International has reported that the
incidence of dementia doubles with every 6.3 year increase in age, from 3.9 per 1000
person-years at age 60-64 to 104.8 per 1000 person-years at age >90 (Prince et al.,
2015).
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Other non-genetic risk factors include cardiovascular disease, hypertension, Type 2
diabetes and traumatic brain injury, among others. Patients that suffer with clinical or
sub-clinical cardiovascular disease have been shown to have poorer cognitive function
than healthy individuals (Breteler et al., 1994, Kuller et al., 1998). Nevertheless, studying
the role of cardiovascular disease in AD is complicated by the existence of many
confounding factors (Hickman et al., 2016). Regarding hypertension, many observational
studies have shown that increased hypertension is associated with an accelerated
cognitive decline and an increased risk of AD (Kalaria, 2010). Similarly, many
observational studies have shown that type 2 diabetes (diabetes mellitus) can double
the risk of AD (Leibson et al., 1997, Luchsinger et al., 2001, Ott et al., 1999). Another
important non-genetic risk factor is traumatic brain injury, which is known to shorten the
time to AD onset (Plassman et al., 2000). Traumatic brain injury is currently considered
the strongest environmental risk factor for AD (Shively et al., 2012, Fleminger et al.,
2003). Recent studies have proposed that chronic inflammation within the brain
parenchyma may be a possible link between traumatic brain injury and AD (Johnson et
al., 2013, Smith et al., 2013).

On the other hand, protective factors include cognitive stimulation and high educational
achievement, both of which improve the cognitive reserve (Carlson et al., 2008,
Fratiglioni and Wang, 2007). Physical exercise has also been reported to reduce the risk
of developing dementia and to improve cognition in dementia patients (Groot et al., 2016,
Akbaraly et al., 2009, Rovio et al., 2005). The protective effect of diets rich on
antioxidants and polyunsaturated fatty acids has shown inconclusive results, with some
studies showing a positive correlation and others showing no such association (Kalmijn
et al., 1997, Roberts et al., 2010, Engelhart et al., 2002).

1.3 Neuroinflammation in AD

Inflammation, in a general sense, serves a protective role by eliminating pathogens and
tumours as well as promoting tissue repair and clearance of debris. Nevertheless,
inflammation can also be detrimental as a consequence of unintended side effects of the
protective processes (Brown and Neher, 2010). Neuroinflammation, the inflammation of
the CNS (Central Nervous System), is a pathological hallmark of many neurological
conditions, including AD (Glass et al., 2010, Rohn, 2013).

The role of neuroinflammation in AD pathogenesis is supported by recent genetic
findings which associate mutations in immune related genes —including CR1, CD33,
MS4A, CLU and TREM2 among others— with risk of AD (Heneka et al., 2015).
Furthermore, epidemiological studies show that patients without dementia who take non-

steroidal anti-inflammatory drugs (NSAIDs) have a lower risk of AD and PD (Parkinson’s
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disease) (Fernandes et al., 2014). Consequently, understanding the interaction between
the immune and nervous systems may be pivotal for delaying or preventing AD and other

neurodegenerative diseases (Heneka et al., 2015).

1.3.1 Cellular mediators of Neuroinflammation in AD

Neuroinflammation is characterised by microglial activation, changes in the BBB (Blood-
Brain Barrier) permeability, infiltration of peripheral immune cells, secretion of
inflammatory cytokines, neuronal cell damage and cell death. Microglial cells have been
shown to be the major mediators of inflammation/immune response in AD progression;
nonetheless, there is also indication that other cell types are involved, including
astrocytes, neurons, endothelial cells and cells of the adaptive immune system (e.g. T-

cells) (Gonzalez et al., 2014, Lucin and Wyss-Coray, 2009).

1.3.1.1 Microglia

Microglia, the CNS resident phagocytes, are the predominant immune cell type of a
healthy brain (Brown and Neher, 2010). These cells are important for normal brain
development, maturation and homeostasis; they are also the first responders in case of
CNS infection (Labzin et al., 2018). Microglia normally act as sentinel cells attacking and
removing pathogens and clearing cell debris (Wyss-Coray, 2006). For instance,
microglial cells are capable of up-taking and degrading myelin debris (composed of
cholesterol and phospholipids) which can promote their immune activation (Safaiyan et
al., 2016). Microglial cells are distributed throughout the brain and constantly survey their
local brain areas, using their highly motile processes to look for pathogens and cell debris

while simultaneously providing factors that support tissue maintenance.

Microglia also contribute to the protection and remodelling of synapses (Heneka et al.,
2015, Gonzalez et al., 2014). For example, microglial cells are required for the
complement-dependent synaptic pruning (through the recognition of Cl1q and C3
molecules) during development. They are also able to phagocyte apoptotic cells during
neurogenesis (through the recognition of receptors Axl and Mer) and support synapsis
formation by releasing neurotrophic factors (reviewed by Labzin et al. (2018)).

Microglial cells can be activated by several pathological triggers, including apoptotic cells
or proteinaceous aggregates (such as AB plaques). Once the pathological trigger is
detected, cells become activated, migrate to the lesion site and initiate the immune
response. Recognition of pathological triggers by microglial cells is mediated by
stimulation of membrane receptors that recognize Danger-associated molecular patterns
(DAMPS) or Pattern-associated molecular patterns (PAMPS) (Heneka et al., 2015).

TLR’s (Toll-like receptors) are a family of receptors capable of recognizing these

24



CHAPTER 1: Introduction

pathological triggers, such as LPS (lipopolysaccharide), flagellin or double-stranded
RNA (Sica and Mantovani, 2012). Remarkably, it has been shown that these receptors
also recognize endogenous and oxidised proteins (Kim et al., 2013a, Reed-Geaghan et
al., 2009). Activation of TLR’s involves intracellular recruitment of adapter proteins,
MyD88 and TRIF, and the subsequent expression of pro-inflammatory cytokines and

enzymes (Gonzalez et al., 2014).

Upon activation, microglial cells have a similar response to that of peripheral
macrophages. For instance, macrophages stimulated by LPS, TNFa and/or IFNy
become classically activated and acquire an M1 phenotype (discussed later) which
promotes the expression of several pro-inflammatory cytokines and enzymes that
stimulate tissue inflammation. In contrast, exposure of macrophages to IL4, IL3 or IL10
“alternatively” activates them and promotes conversion to an M2 phenotype (anti-

inflammatory) (Gonzalez et al., 2014).

In AD, microglia are able to bind to AR peptide monomers, oligomers and fibrils
(discussed later) via membrane receptors (SCARA1, CD36, CD14, a6B1 integrin, CD47
and TLR’s), which cause microglia to become activated and produce pro-inflammatory
cytokines and chemokines (Heneka et al.,, 2015). Nevertheless, there is evidence
showing that microglial cells surrounding AR plagues have an anti-inflammatory
phenotype characterised by enhanced phagocytosis (Jimenez et al., 2008). Yet, in the
majority of cases, AD patients will show a mixture of activation phenotypes (pro- and
anti-inflammatory) (Gonzalez et al., 2014).

1.3.1.2 Astroglia

Astrocytes are also involved in the regulation of the inflammation/immune responses and
damage/repair mechanism in the CNS. Typically, astrocytes participate in the control
and formation of neuronal synapses, turnover of neurotransmitters, control of neuronal
energy and regulation of the BBB permeability (Gonzalez et al., 2014). Astrocytes also
fulfil neuroprotective functions, including clearance of ROS (Reactive Oxygen Species)

from their local brain area.

Astrocytes become reactive in response to pathological triggers (e.g. CNS injury),
migrate to the damaged site and form the glial scar, a response denominated astrogliosis
(Pekny et al., 2014). Astrogliosis is a neuropathological characteristic surrounding AR
plagues in AD patients and animal models (Medeiros and LaFerla, 2013, Olabarria et
al., 2010). In vitro studies have shown that astrocytes are capable of migrating towards
AB deposists and clearing them (Wyss-Coray et al., 2003). Additionally, astrocytes can

contribute to soluble AB clearance by paravenous drainage (lliff et al., 2012).
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Similarly to microglia, astrocytes release cytokines, interleukins, nitric oxide (NO) and
other cytotoxic molecules in response to AR, thus aggravating the inflammatory
environment (Heneka et al., 2015). Reactive astrocytes are characterised by an
upregulation of GFAP (Glial fibrillary acidic protein) and functional impairment. An
important feature of astrocytic activation is the production of chemokines (e.g. CCL2,
CCL5, CX3CL1, etc.) which are involved in the recruitment of microglia,
monocytes/macrophages, and T-cells into the inflamed site (Gonzalez et al., 2014).
Inflammatory mediators produced by astrocytes could stimulate microglial cells, thus
exacerbating microglial activation and neuronal death. Likewise, microglial inflammatory
mediators could intensify astrocyte activation, generating a positive feedback loop
(Gonzalez et al., 2014).

1.3.1.3 Neuron-microglia interactions

Classically the study of neuroinflammation is centred on glial cells (microglia and
astrocytes); nevertheless, recent evidence has shown an active bi-directional crosstalk
between neurons and microglia. In this sense, it has been shown that after neuronal
injury, hsp60 (heat shock protein 60) is released from necrotic and apoptotic cells
inducing the production of the neurotoxic mediator NO (nitric oxide) in microglial cells
(Lehnardt et al., 2008). Not only are pro-inflammatory signals exchanged, anti-
inflammatory signals have also been shown to be involved in this crosstalk. This is the
case for cell surface protein CD200 (expressed by microglia) and its receptor CD200R
expressed on the surface of neurons. Interaction between these two proteins favours the
downregulation of pro-inflammatory mediators and upregulation of anti-inflammatory

mechanisms in microglia (Lue et al., 2010).

Another example is the interaction between the chemokine CX3CL1 (expressed by
neurons) and its receptor CX3CR1 (expressed by microglia). CX3CL1 (also known as
fractalkine) is expressed as a transmembrane protein that can be cleaved to produce a
soluble isoform. This soluble isoform binds to the CX3CR1 receptor and downregulates
pro-inflammatory mechanisms (Morganti et al., 2012). This wealth of evidence suggests
that microglial activation is a tightly regulated mechanism and that this regulation can be

directly exercised by neurons (Gonzalez et al., 2014).

1.3.1.4 T-cells

Typically, cells of the adaptive immune system are not found in healthy brains. However,
after neuroinflammatory processes have commenced (usually initiated by microglia),
peripheral T-cells can infiltrate the CNS parenchyma, where they play a crucial role in
many neurodegenerative diseases (Lucin and Wyss-Coray, 2009, Gonzalez et al.,

2014). The role of infiltrating T-cells in neurodegeneration depends on the functional
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phenotype they acquire. For example, in the presence of IL12, T-cells differentiate into
T-helper 1 cells (Thl), which are associated with inflammation and neuronal damage in
AD mouse models (Browne et al., 2013). Another example of a T-cell inflammatory
phenotype associated with neuroinflammation is the Th17 phenotype, which is promoted
by the presence of IL23 (Dardalhon et al., 2008).

T-cells can also acquire an anti-inflammatory phenotype known as, T-regulatory (T-reg).
This phenotype is capable of modifying the inflammatory role of other T-cell phenotypes,
and has been shown to attenuate neuroinflammation (Yang et al., 2013, Reynolds et al.,
2010). There is compelling evidence showing that different T-cell phenotypes,
particularly Thl and Thl7, participate in AD neurodegeneration (reviewed by Gonzalez
and Pacheco (2014)). Moreover, infiltrating T-cells can be found in the proximity of AR
plagues in AD patients and mouse models of the disease (Togo et al., 2002, Monsonego
et al.,, 2006). Recent studies have shown that infiltrating T-cells favour increased
microglial activation, ApB deposition and impaired cognitive functions in mice (Browne et
al.,, 2013). In a recent paper, Mrdjen et al. (2018) noted a marked increase in the
frequency of T-cells in the brains of adult mice compared to geriatric mice (from 1.5% to
11.1%), suggesting a profound change in the cellular landscape of the CNS with aging.

1.3.2 Non-cellular mediators and modulators of neuroinflammation

1.3.2.1 Cytokines

Cytokines are proteins produced by many cell types involved in inflammatory and
immune responses; they are the principal mediators of communication among immune
cells. Cytokines are involved in every step of neuroinflammation, including pro- and anti-
inflammatory responses, chemoattraction and response to AR deposits. In AD, both
microglia and astrocytes are considered the major sources of cytokines (Heneka et al.,
2015).

In mouse models of AD, an increased concentration of AB is associated with augmented
levels of pro-inflammatory cytokines including; TNFa, IL6, IL1a and GM-CSF (Patel et
al., 2005). Similarly, microglial cells exposed to pre-aggregated AB1-42 have increased
production of pro-inflammatory cytokines (IL13, IL6, TNFa, MIP-1a and M-CSF) (Lue et
al.,, 2001a). These and other results suggest that production of pro-inflammatory
cytokines is stimulated by exposure of microglial cells to AR peptides and is necessary
for AB clearance (reviewed by Heneka et al., 2015). Conversely, increased expression
of the anti-inflammatory cytokine IL4 resulted in increased AB deposition in a mouse
model of AD (Chakrabarty et al., 2012).
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TNFa and IL1B are of particular interest for AD neurodegeneration. Synthesis and
release of these two cytokines by microglia and astrocytes has been shown to stimulate
expression of APP by glial cells (Rogers et al., 1999, Rogers et al., 2002, Lahiri et al.,
2003a) and the conversion of APP into the pathological forms of AR (Selkoe, 2001,
Avramovich et al., 2002, Lahiri et al., 2003b). Furthermore, microglia and astrocytes can
be activated by amyloid plaques and fibrillary AB, which in turn increases the production
of TNFa and IL1B by microglial cells (Bamberger et al., 2003, Combs et al., 2001). In
consequence, this series of events creates a self-propagating cycle of APP production,
AB deposition and further neuroinflammation, which drives disease progression
(Frankola et al., 2011).

Many studies have shown that TNFa levels are elevated in biological fluids of AD patients
compared to cognitively normal controls (Brosseron et al., 2014, Tarkowski et al., 2003,
Swardfager et al., 2010). Moreover, TNFa and its receptor TNFRI have been shown to
be increased in the post-mortem analysis of brains from patients with early-stage AD
(Zhao et al., 2003). TNFa can contribute to AD’s neurodegeneration by many different
mechanisms, including; excitotoxicity (Olmos and Llado, 2014), synaptic loss (Poon et
al., 2013, OImos and Llado, 2014), stimulation of astrogliosis and microgliosis (Wang et
al., 2015b) and exacerbated amyloidogenesis (Liao et al., 2004, Lahiri et al., 2003a,
Blasko et al., 1999).

IL1B has been shown to be overexpressed by microglia and astrocytes surrounding A
plagues in AD human brains and mouse models, relative to age-matched controls
(Boutajangout and Wisniewski, 2013, Hunter et al., 2012). Overexpression of IL13 has
been demonstrated to exacerbate tau phosphorylation, tangle formation and impair
synaptic plasticity (Pickering and O'Connor, 2007). IL1f has also been shown to affect
BBB permeability, which can promote AR accumulation in the brain (Wang et al., 2014).
However, sustained overexpression of IL1B is also able to modulate microglia-
dependent plaque degradation in vivo and in vitro (Shaftel et al., 2007, Ghosh et al.,
2013, Tachida et al., 2008). The role of IL1B in AD is likely to be more complex that
initially thought.

1.3.2.2 Chemokines

Chemokines are low-molecular-weight cytokines that stimulate leukocyte movement and
tissue infiltration. In the brain, chemokines promote microglial migration to sites of injury
and inflammation. In AD, upregulation of chemokines and their receptors has been
reported in activated microglia (CCL2, CCR3 and CCR5) and activated astrocytes
(CCL4) (Xia et al., 1998, Ishizuka et al., 1997). Similarly, microglial cells cultured from

AD patients’ autopsies showed upregulation of CXCL8 (known as IL8), CCL2 and CCL3
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in response to AB stimulation (Lue et al., 2001b). Mouse models of AD have revealed
that chemokines could also be implicated in modulation of the course of the disease,

neuronal survival, A plaque load and cognition (reviewed by Heneka et al., 2015).

1.3.2.3 Caspases

Caspases are intracellular proteases involved in enzymatic cascades that promote cell
apoptosis; some (such as caspase-1l) can also drive inflammation. Increased
concentration of caspase-1 has been reported in the brains of AD patients and in a
mouse model of AB deposition. Furthermore, deficiency of caspase-1 (or NLRP3) in the
same AD mouse model seemed to promote the conversion of microglial cells from a pro-
inflammatory to an anti-inflammatory phenotype (Heneka et al., 2013). Caspase activity
(caspase-8 and caspase-3/7) has also been reported in activated microglial cells from
AD patients (Burguillos et al., 2011). Additionally, inhibition of caspase activation has
been shown to have neuroprotective effects in AD mouse models (Rohn et al., 2009,
Biscaro et al., 2012).

1.3.2.4 Complement system

The complement system is composed of many serum and cell surface proteins that are
part of the innate immune system and are primarily involved in the protection against
pathogens. Activation of the complement system occurs via one of three pathways
(classical, alternative and lectin pathways) and concludes in the opsonisation and lysis

of the invading microorganism.

In the brain, microglia and astrocytes are the main cell types involved in complement
protein production. In AD, components of the complement system have been shown to
be associated with AR deposits (Strohmeyer et al., 2002). In vitro, AB peptides are able
to activate the complement system via the alternative and classical pathways (Bradt et
al., 1998). Recent genetic studies have associated two complement system components
with increased risk of AD: clusterin (known as CLU or ApoJ) and the complement
receptor 1 (CR1) (Lambert et al., 2009, Harold et al., 2009). These findings highlight the

potential importance of the complement system in AD pathogenesis.

1.3.2.5 Nitric Oxide (NO) and Reactive Oxygen Species (ROS)

Among many other effects, cytokine stimulation of microglia and/or astrocytes can
induce the expression of the inducible nitric oxide synthase (iNOS) protein. This protein
produces large quantities of NO, which can be toxic to neurons (Heneka et al., 2015).
There is evidence of INOS upregulation in brains of AD patients (Vodovotz et al., 1996),
and iINOS gene knockout has been shown to be protective in AD mouse models (Nathan

et al., 2005). Increased expression of iINOS in AD brains produces post-translational
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protein modifications as a result of nitric oxide activity (e.g. nitration, S-nitrosylation and
dityrosine formation) (Butterfield et al., 2007). Nitration of the AR peptide has been shown
to induce aggregation and has been identified in the core of AB plagues (Kummer et al.,
2011).

Phagocytic cells, such as macrophages or microglia, express a specific NADPH oxidase,
called PHOX (known as phagocytic oxidase). Normally, it is highly expressed by
microglia in healthy brains (non-inflamed). However, PHOX does not become activated
unless acutely stimulated by inflammatory stimuli such as LPS or AB. Once stimulated,
this protein produces high levels of extracellular superoxide (a ROS molecule) which can
either dismutate to hydrogen peroxide or react with NO to produce peroxynitrite (Bal-
Price et al., 2002). Both of these oxidants contribute to pathogen Kkilling, but can also

damage neurons (Brown and Neher, 2010).

1.4  Microglia diversity and modulation of activation states: M1 vs M2,
are there any boundaries?

Microglial activation is a tightly regulated and complex process that results in different
cellular phenotypes (Heneka et al., 2015). The notion of microglial activation has been
borrowed from macrophage research. As macrophage-like cells (some even consider
them a sub-type of macrophage) of the brain, microglia are responsible for regulation of
the innate immune response in the CNS (Cherry et al., 2014).

In the periphery, macrophages have been typically categorised into two groups
according to their activation status. The M1 phenotype or pro-inflammatory activation
which is associated with the expression of cytotoxic genes, and the M2 phenotype or
alternative activation which is characterised by expression of anti-inflammatory and
tissue repair genes (Tang and Le, 2016). These two activation states represent the
extremes of inflammatory responses (Figure 1.2). A third phenotype (M0O) could be that
of deactivated cells (associated with corticosteroids or TGF) (Heneka et al., 2015).
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Figure 1.2 M1/M2 paradigm in macrophages. In response to inflammatory signals (e.g. IFNy, LPS, IL4,
etc.) macrophages have classically been regarded as acquiring one of two possible phenotypes: the M1
(pro-inflammatory) or M2 (anti-inflammatory). The M1 phenotype is associated with the release of cytotoxic
and inflammatory mediators that contribute to tissue injury while the M2 phenotype promotes downregulation
of inflammatory mediators and the initiation of tissue repair (Taken from Laskin, 2009).

The classical M1/M2 paradigm has been helpful to understand immune responses during
acute infections, allergies, asthma and obesity (Chinetti-Gbaguidi and Staels, 2011).
However, observations made during chronic inflammation, chronic infection and cancer
progression suggest that macrophage activation has a more extensive repertoire than
initially anticipated (Xue et al., 2014)(Figure 1.3).
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Figure 1.3 Spectrum model of human macrophage activation. Recent studies have suggested that
macrophage activation states (and phenotypes) are more complex than the simplified M1/M2 paradigm and
can be better modelled as a “spectrum” of phenotypes (Taken from Xue et al., 2014).
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Recent studies have focused on the profound transcriptional reprogramming that
macrophages undergo upon activation with different activation stimulus. In a recent
study, Xue et al. (2014) provided evidence that extends the current M1/M2 polarization
paradigm to a much wider spectrum with at least twenty-nine distinct macrophage

activation programs (Xue et al., 2014).

In the same manner, the M1/M2 paradigm of microglial activation (Figure 1.4) has been
increasingly studied in the context of many neurodegenerative diseases, including AD,
in the hope of understanding how the immune response exerted by microglial cells
contributes to neurodegeneration (Tang and Le, 2016). In order to model these activated
phenotypes, microglial cells can be stimulated with LPS or IFNy for M1 activation or IL4,
IL10 or TGFp for M2 activation (Figure 1.4). Accumulation of the AB peptides (and their
different aggregate forms) further complicates this model of activation in microglia as

there is no clear consensus on its effect on microglial activation (see Section 1.4.3).
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Figure 1.4 M1 and M2 microglia. Similar to macrophages, microglial cells are thought to possess two major
activation states: M1 (pro-inflammatory) and M2 (inflammation resolution). M1 microglia are associated with
the upregulation of pro-inflammatory cytokines TNFa, IL18, IL6 and the production of superoxide, ROS and
NO. M1 is also associated with the activation of the INOS and NF-kB pathways. M1 state is induced by LPS
and INFy stimuli. M2 microglia (also known as alternative or acquired activation) are associated with
increased phagocytosis, tissue repair, extracellular matrix (ECM) reconstruction as well as support of neuron
survival. M2 state is induced by IL4/IL3 and IL10/TGFB stimuli. M2 microglia antagonize M1 pro-
inflammatory responses and promote inflammation resolution (Taken from Tang and Le, 2016).
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141 M1 state

M1 microglial cells are stimulated by injury and infection, and are the first line of defence
in promoting the destruction of invading pathogens (Tang and Le, 2016). Classic M1
activation is characterised by upregulation of pro-inflammatory cytokines, such as TNFa,
IL1, IL6, IL12 and IL18 and is accompanied by impaired phagocytosis in macrophages
(Mantovani et al., 2002). There is also an upregulation of MHCII (Major Histocompatibility
Complex Il), CD86 and Fcy receptors to allow for antigen presentation and crosstalk with
other cells of the immune system (Taylor et al., 2005). M1 microglia are also
characterised by increased production of superoxide, NO and ROS (Tang and Le, 2016),
and an upregulation of INOS (Bagasra et al., 1995).

1.4.2 M2 state

The M2 phenotype is associated with resolution of inflammation. As such, M2 microglial
cells have the potential to dampen pro-inflammatory responses and promote tissue
repair (Tang and Le, 2016). The M2 state is characterised by secretion of anti-
inflammatory cytokines IL4, IL10, IL13, TGFB and increased phagocytic activity without
toxic nitric oxide (Butovsky et al., 2005, Zhou et al., 2012). IL4 and IL13 are well-
characterised cytokines which can supress the production of pro-inflammatory cytokines
like IL8, IL6 and TNFa, and reduce NO release (Butovsky et al., 2005, Park et al., 2005,
Zhao et al., 2006, Ledeboer et al., 2000).

The M2 state is also associated with increased secretion of neurotrophic factors such as
IGF-1 (Insulin-Like Growth Factor 1) to dampen inflammation and promote neuronal
survival (Suh et al., 2013). Typical M2 markers such as Arginase 1 (Argl), Mannose
receptor (CD206), Found in inflammatory zone 1 (FIZZ1), and Chitinase-3-Like-3 (Chi3I3
or YM1) are upregulated in response to the presence of apoptotic cells in the local milieu
(Gordon, 2003).

1.4.3 Microglial phenotypes in AD

Activation of microglia can result in many different phenotypes; however, this could be
further complicated by the presence of extracellular AB (in different conformations such
as monomers, oligomers or fibrils) (Tang and Le, 2016). AR plaques (one of the major
pathological hallmarks of AD) can attract and stimulate microglial cells in vivo (Meyer-
Luehmann et al., 2008). Similarly, AR peptides have been shown to induce activation of
primary microglia and to stimulate NO production in vitro (Maezawa et al., 2011, Walker
et al., 2006).

Microglial cells can acquire an M2 phenotype (neuroprotective) as a response to the

accumulation of A peptides into plaques (Takata et al., 2010). Microglia surrounding A3
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plagues generally express markers of M2 activation (i.e. YM1) (Jimenez et al., 2008).
This agrees with the hypothesis stating that AR accumulation is the driving force in AD
progression (known as the amyloid B hypothesis). However, age-dependent increases
in the number and size of AR plagues suggest a decreased phagocytic capacity in

senescent microglia (Mawuenyega et al., 2010, Jimenez et al., 2008).

Microglial phagocytic activity can be reduced by the presence of pro-inflammatory
cytokines such as IFNy, IL1 and TNFa, which shift microglia towards an M1 phenotype
(Koenigsknecht-Talboo and Landreth, 2005). Stimulation with AB oligomers (and fibrils
to a lesser extent) can shift microglial cells towards an M1 phenotype. Furthermore, an
anti-inflammatory environment can diminish microglial reactivity towards oligomeric A
(Michelucci et al., 2009). Similarly, pro-inflammatory factors IL1B and IFNy as well as
LPS can suppress microglial phagocytosis of fibrillar AB. This effect can be antagonised
by anti-inflammatory cytokines including IL4, IL13, TGFB and IL10 both in vitro and in
vivo (reviewed by Tang and Le, 2016).

Interestingly, inflammatory activation (M1) of microglial cells by TLR receptor agonists,
TNFa or AB has been shown to cause slow neuronal loss via phagoptosis in in vitro co-
culture systems (Neher et al., 2011, Neniskyte et al., 2016, Neniskyte et al., 2011).
Phagoptosis refers to the cell death mechanisms by which viable cells dye as a
consequence of being phagocytosed by another cell (Fricker et al., 2018). Once
activated, microglia releases small amounts of ROS and reactive nitrogen species (RNS)
that causes reversible phosphatidylserine (PS) exposure on viable neurons, which
results in their phagocytosis by the activated microglia. Phagoptosis of neurons by
microglia can be blocked by inhibition of PS (Neher et al., 2011, Neniskyte et al., 2016)
and other signaling molecules or cellular receptors both in vivo and in vitro (for a review
Fricker et al. (2018)). It is worth mentioning that to the best of our knowledge, there are
currently no studies investigating the role of M2 activators during phagoptosis.

Using a mouse model of AD, it has been shown that the conversion of microglia from an
M2 to M1 state is age-dependent and coincides with an increase in soluble AB peptide.
Additionally, it was shown that YM1 positive (M2 marker) cells are exclusively located in
close proximity to AB plaques with observed infiltration, and that this association was
seen regardless of age (Jimenez et al., 2008). In a recent microarray study, immune
gene expression correlated tightly with AR plaque load, although a distinction between

M1 or M2 activation states was inconclusive (Matarin et al., 2015).

Colton et al. (2006), using quantitative RT-gPCR, showed that AD patients possess a

mixed array of activated microglial phenotypes (M1 and M2). The same study found
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similar results in two mouse models of AD (Colton et al., 2006). Microarray gene
expression studies of AD brains have shown upregulation of apoptotic and pro-
inflammatory signaling such as MHC-II, INFy, IL1B (Blalock et al., 2004, Colangelo et al.,
2002). The inconsistent results in gene expression patterns in different systems (mouse
models and AD brains from patients) suggest that there is a very complex immune
environment in the AD brain and that it can affect the role of microglia in different stages
of AD neurodegeneration. To fully understand the role of microglia in neurodegeneration,
it is imperative to understand their phenotypes and activation mechanisms (Tang and
Le, 2016).

1.4.4 Aging and microglial phenotypes

AD is a disease that classically presents itself in middle-aged and elderly people. In the
aged brain, microglia undergo a series of morphological and cellular changes that are
indicative of senescence. Aged microglia are characterised by fragmented cytoplasmic
processes, rendering them less efficient in their protective functions, (Streit et al., 2009,
Luo and Chen, 2012) and altered inflammatory profiles (Lucin and Wyss-Coray, 2009).

In aging mouse models of AR accumulation, there is an increased expression of M2
related genes at the expense of M1 genes (Wilcock et al., 2011). Conversely, aging of
the healthy brain is accompanied by upregulation of pro-inflammatory mediators
including IL1B and IL6 and a downregulation of IL10 (Ye and Johnson, 2001, Lee et al.,
2000). Age-associated normal inflammatory responses might favour the conversion of
microglia to an M1 phenotype, which could render aging brains more susceptible to
genetic or environmental inflammatory stimuli and subsequent neurodegenerative

processes (Tang and Le, 2016).

1.5 Microglial genes in AD risk

Most of the AD risk loci identified by GWAS studies (>20 loci) can be broadly grouped
according to their alleged biological functions into three main pathways: Immune
response, endocytosis and lipid biology (Guerreiro et al., 2013a). From these pathways,
immune response has motivated a renewed interest into the role of microglia in
neurodegeneration as many of the associated genes are highly expressed in microglial
cells (TREM2, CR1, CD33, HLA-DRB5-HLA-DRB1, MS4A, CLU, ABCA7, EPHAL and
INPP5D). Furthermore, sequencing studies have identified low frequency mutations in
the gene encoding TREM2, a gene almost exclusively expressed by microglia in the
brain, which confers increased risk of AD with an effect size similar to APOE (Guerreiro

et al., 2013b, Jonsson et al., 2013). Together, these findings have brought
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neuroinflammation, and particularly the role of microglia, back at the centre of AD
pathology. Figure 1.5 shows a list of AD-risk loci ordered according to their odds ratio

(OR) value for AD and their relative expression in microglia compared to other brain cell

types.

Minor allele Cell type expression (RPKM),
SNP Odtsrtio frequency | Closestgene Location mouse”
(OR) [MAF) Meurons | Astrocytes| Microglia
rs429358 (=4} |4.89 (4.45-5.39) |0.12 APOE Monsynonymous |1.17 192 42.8
rs75932628 450 (1.7-11.5) 0.005 TREM2 Nonsynonymous |0 0.747 110
2,90 {2.2- 3.9)
rs11215343 0.77 (0.72 - 0.82) 0.039 SORLT Intronic 5.31 6.36 3.21
rs6733539 1.22 {1.18- 1.25) 0.409 BiN1 Intergenic 15.6 7.24 .7
rs6656401 1.18 (1.14- 1.22) 0.197 Cr1°® Intronic 4.13 4.19 3.46
rs4147929 1.15 (1.11- 1.19) 0.19 ABCA7 Intronic 1.07 0.75 3.97
rs9331896 0.86 (0.84 - 0.89) 0.379 CLU (APOJ) Intronic 2.62 117 2.63
rs17125944 1.14 (1.09- 1.18) 0.092 FERMT2 Intronic 4.11 12.8 0.397
rs10792832 0.87 (0.85 - 0.89) 0.358 PICALM Intergenic 6.74 4.05 22.7
rs7274581 0.88 (0.84 - 0.92) 0.083 CASS4 Intronic 0.115 0.335 1.96
rs9271192 1.11 (1.08 - 1.15) 0.276 HLA-DRB1° Intergenic a 0.077 20.3
rs11771145 0.90 (0.88 - 0.93) 0.338 EPHAI Intergenic 0.48 0.625 1.45
rs983392 0.90 [0.87 - 0.92) 0.403 MS2ABA T Intergenic a a 212
rs10945363 1.10 (1.07- 1.13) 0.266 CO2AP Intronic 4.97 3.36 5.67
rs28834970 1.10 (1.08-1.13) 0.366 PTK2B Intronic 12.8 0.692 12.6
rs10498633 0.91 (0.88 - 0.94) 0.217 sLC24A4 Intronic 6.82 1.7 0.056
rs1476679 0.91 [0.89 - 0.94) 0.287 ZCWPW1 Intronic 0.791 0.627 2.69
rs10838725 1.08 (1.05- 1.11}) 0.316 CELF1 Intronic 8.54 3.37 4.56
rs35349669 1.08 (1.05 - 1.11) 0.488 INPP3D Intronic 0.14 0.341 56.3
rs190952 0.93 (0.50 - 0.95) 0.408 MEF2C Intergenic 11.3 2.03 15.3
rs2718058 0.93 (0.90 - 0.95) 0.373 NMEE Intergenic 0 0.043 0
rs3865444 0.94 (0. 91- 0.96) 0.207 cp33® Intergenic 0.225 0.423 43.7
Key“:

)|=at least 10-fold higher than other cell types
_ =at least 3-fold higher than other cell types

Figure 1.5 AD-associated loci ordered from largest to smallest effect Odds Ratio (OR). Table showing
AD-associated loci, their effect OR and relative gene expression in different brain cell types (modified from
Yeh et al. (2017)). SNP identifier, MAF (Minor Allele Frequency) and OR data for most AD-associated loci
are from the meta-analysis from Lambert et al. (2013). SNP, MAF and OR data for APOE are from Medway
and Morgan (2014). For TREM2, SNP, MAF and OR data are from Jonsson et al. (2013) and Guerreiro et
al. (2013b). Cell type expression data are from Srinivasan et al. (2016). A) Refer to key. B) Mouse lacks
clear orthologous for CR1, HLA-DRB1 and CD33, instead expression data are for the homologous Cr1l, H2-
Ab1 and Cd33 mouse genes respectively. C) Expression data are for the homologous mouse Ms4a6d gene.

1.5.1 TREM2
TREM2 (Triggering receptor expressed on myeloid cells 2) is a transmembrane cell
receptor selectively expressed in myeloid cells, including macrophages. In the brain,

TREM2 is highly and almost exclusively expressed by microglial cells (Klesney-Tait et
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al., 2006). TREM2 is thought to activate an ITAM (Immunoreceptor tyrosine-based
activation motif) signalling pathway via the transmembrane adapter TYROBP (also
known as DAP12). Upon activation, TREM2 activates pathways that promote microglial
cell activation (Wang et al., 2015c, Poliani et al., 2015), phagocytosis (Kleinberger et al.,
2014a, Hsieh et al., 2009, Takahashi et al., 2005a) and microglial cell survival (Wang et
al., 2015c).

Homozygous loss-of-function mutations in the TREM2 gene (and its putative adapter
protein TYROBP) are associated with a rare disease called polycystic lipomembranous
osteodysplasia with sclerosing leukoencephalopathy (PLOSL), also known as Nasu-
Hakola disease. This disease is characterised by development of bone cysts,
pathological bone fractures and cognitive impairment at a young age (Paloneva et al.,
2002). Interestingly, Trem2 deficiency did not alter behaviour or cognitive function in in
vivo mouse models (Kang et al., 2018). Remarkably, TREM2 deficiency in mouse
models leads to accelerated osteoclastogenesis in vitro and osteopenia in vivo (Otero et
al., 2012). However, Trem2 deficient mice, do not develop bone lesions. There are many
differences between the pathologies (bone deficiencies and osteoclast phenotypes)
seen in mouse TREM2 and DAP12 deficiency models and NHD patients that are not
clearly understood at present. Nevertheless, it is thought that these discrepancies are
the result of differences between the human and mouse proteins and/or the presence of
alternative immunoreceptor and adapter proteins (Xing et al., 2015). Homozygous
TREM2 mutations (p.Q33X, p.Y38C and p.T66M) have also been identified in a pure

dementia syndrome without bone involvement (Guerreiro et al., 2013c).

In 2013, two independent groups reported a low frequency mutation in the TREM2 gene
(rs75932628 also known as R47H) which increases the risk of AD. This mutation
increases the risk of AD by 3-4 fold in humans (Guerreiro et al., 2013b, Jonsson et al.,
2013). This increased AD risk is only second to that bestowed by the €4 allele of the
APOE gene, which is the strongest known genetic risk factor for AD (Corder et al., 1993,
Holtzman et al., 2012, Kanekiyo et al., 2014). Since TREM2 is almost exclusively
expressed by microglia in the brain (Zhang et al., 2014b, Colonna, 2003), this finding
sparked a renewed interest in neuroinflammation and the role that microglia play in
Alzheimer’s disease. Furthermore, many reports associate the AD risk variant TREM2
R47H with other neurodegenerative diseases; including Parkinson’s disease,
frontotemporal dementia and amyotrophic lateral sclerosis (Guerreiro et al., 2013c,
Lattante et al., 2013, Rayaprolu et al., 2013). Although the R47H variant has a low
population frequency, the literature reports a very rare case of a patient carrying the

R47H mutation in homozygosity. This patient exhibited features of both AD and NHD,
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namely AB and tau protein deposition (AD hallmarks) and frontal brain atrophy (typical
of NHD) (Slattery et al., 2014).

A second variant of TREM2 (rs143332484 also known as R62H) has been linked with
an increased risk of AD (Guerreiro et al., 2013b, Jin et al., 2014). Other TREM2 variants
may also be linked to AD (including rs142232675 and rs2234253 known as D87N and
T96K respectively), but further studies need to be carried out to confirm these

associations (for a review, see Yeh et al. (2017)).

Gene expression analysis of neuropathologically normal brains demonstrated that
TREM2 behaves as a hub gene in many brain regions, and it is suggested to play a key
role in microglial cytoskeleton remodelling, phagocytosis and cell migration (Forabosco
et al., 2013). Meanwhile, gene expression analysis of brains from APP, PSEN and
APP/PSEN transgenic mice showed upregulation of TREM2 (Matarin et al., 2015).
Similarly, cells surrounding AB plaques in AD transgenic mice express high levels of
TREM2 (Frank et al., 2008).

TREM2 has been suggested to participate in AR clearance. Nevertheless, the role of
TREM2 on AP clearance has proven controversial in many studies (Kleinberger et al.,
2014a, Jay et al., 2015, Wang et al., 2015c¢). TREM2 gene knockout in transgenic AD
mice resulted in accumulation of AR, reduced microglial clustering around plaques and
apoptosis (Wang et al., 2015c). TREM2 has also been shown to sense negatively
charged lipids; however, the R47H mutation (associated with increased risk of AD)
impairs this function (Wang et al., 2015c). TREM2 can also be cleaved and shed from
the cell membrane and secreted into the CSF (Wunderlich et al., 2013, Piccio et al.,
2008). Mutations associated with Nasu-Hakola disease and the R47H variant impair
TREM2 maturation and shedding (Kleinberger et al., 2014a).

Human TREM2 sequence identity to mouse Trem2 is 77.3% at the DNA level and 70.0%
at the protein level. Sequence identity is particularly notorious at the Ig-like V
extracellular domain (Figure 1.6). Similarly, human DAP12 sequence identity to mouse
Dapl2 is 75.6% at the DNA level and 75.0% at the protein Ilevel
(https:/lwww.ncbi.nim.nih.gov/homologene). This relatively high sequence identity
between human and mouse TREM2 proteins allows the use of the mouse TREM2

protein as a model for the study of the human TREM2 protein.
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Figure 1.6. Human protein TREM2 sequence identity to monkey, rat and mouse TREM2 — Ig-like V
domain. Human TREM2 protein has a relatively high sequence identity to the monkey, rat and mouse
TREM2 proteins. The sequence identity is more notorious at the extracellular Ig-like V domain where the
mutations that cause frontotemporal dementia (FTD), Nasu—Hakola disease (NHD) and AD are located.
Mutations that cause FTD and NHD are marked in red while reported AD-related variants are shown in
black, including the R47H and R62H mutations. Taken from Yeh et al. (2017).

1.5.1.1 TREMZ2’s ligands
Early studies looking at possible TREM2 ligands found that the extracellular domain of

the protein could bind to many different anionic molecules which are present in bacteria.
These molecules include; LPS, lipoteichoic acid, peptidoglycans and dextran sulphates
(Daws et al., 2003). Nevertheless, the importance of these interactions in the context of
neurodegeneration remains uncertain (Yeh et al.,, 2017). Recent studies looking at
possible endogenous TREM2 ligands have found that the mouse TREM2 extracellular
domain is capable of binding to many different phospholipids, including;
phosphatidylserine  (PS) phosphatidylethanolamine  (PE), cardiolipin  (CL),
phosphatidylglycerol (PG) and phosphatidic acid (PA) (Cannon et al., 2012). TREM2 can
also bind to glycolipids from cells and myelin, including; sulfatides, cerebrosides and
sphingomyelins (Wang et al., 2015c, Poliani et al., 2015, Bailey et al., 2015).

Interestingly, the extracellular domain of TREM2 has also been found to bind to APOE,
APOAL1 and APOD in CSF from macaques (Bailey et al., 2015). A recent study found
that the extracellular domain of TREM2 is capable of binding to low-density lipoprotein
(LDL), very low density lipoprotein (VLDL), high-density lipoprotein (HDL) and
lipoproteins (including CLU/APOJ and APOE) (Yeh et al., 2016). The same study also
showed that AB binds to lipoproteins and that this complex is recognised and engulfed
by microglia in a TREM2 dependent manner. This last finding links 3 important genetic
risk factors for AD and suggests a possible mechanisms by which TREM2 contributes to
AD pathology (Yeh et al., 2017).
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Remarkably, binding of the human TREM2 receptor and its lipoprotein ligands (LDL,
APOE and CLU) can be impaired by theTREM2 AD-associated mutations R47H, R62H,
D87N. Even further, the interaction can be completely abolished by the NHD/FTD-
associated mutations (Bailey et al., 2015, Yeh et al., 2016, Atagi et al., 2015a). These
findings support the idea that these mutations are loss-of-function mutations and that
they may contribute to neurodegeneration by impairing microglial binding to lipoproteins.
TREM2 mutations have been shown to alter soluble TREM2 (STREM2) levels in the CSF
of carriers. For example, carriers of NHD-associated TREM2 variants (R136Q, D87N,
Q33X or T66M) had significantly lower STREM2 levels in the CSF, supporting the idea
that these mutations lead to reduced protein production and/or function. On the other
hand, carriers of the AD-associated TREM2 variant (R47H) showed significantly higher
expression of STREM2 in the CSF, compared to non-carriers (Piccio et al., 2016).

Although differences between the expression levels of STREM2 in the CSF of patients
carrying different TREM2 mutations is in itself interesting, it still remains a mystery how
this differences may contribute to the different diseases’ pathogenesis or progression.
This is further complicated since the function of STREMZ2 in the CSF (or anywhere else
for that matter) remains unknown. Nevertheless, there is evidence suggesting that
STREM2 acts as a decoy receptor, opposing full-length membrane bound TREM2
function/signalling (Piccio et al., 2008, Kleinberger et al., 2014a). This idea has been
inspired another member of the TREM family of proteins: TREML1. In this case, STREM1
has been shown to compete with its membrane bound counterpart to block TREM1
signalling (Haselmayer et al., 2007). More recently, STREM2 has been postulated to
have its own biological function. Supplementation of BMDM cultures lacking TREM2
expression with exogenous sTREM2 has been shown to promote cell survival (Wu et al.,
2015a). Further studies will be needed to clarify STREMZ2’s function and its role in

neurodegeneration (Jay et al., 2017).

Finally, the extracellular domain of TREM2 has been reported to bind to apoptotic
neurons. This binding is thought to be mediated by TREM2’s ability to detect the
phosphatidylserine exposed in the plasma membrane of apoptotic neurons (Hsieh et al.,
2009, Takahashi et al., 2005a, Takahashi et al., 2007).

1.5.2 CR1 (Complement Receptor 1)

The identification of several CR1 variants (SNPs) as risk-factors for AD further supports
the link between immune dysfunction and AD (Lambert et al., 2009, Harold et al., 2009).
The rs6656401 variant and its tagging SNPs have been shown to be strongly associated
with AD. Likewise, carriers of the APOE &4 allele and the CR1 rs3818361 variant have

a higher LOAD risk (Lambert et al., 2009). CR1 is a multifunctional transmembrane
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glycoprotein that forms part of the complement immune response. CR1 is expressed on
phagocytic cells, including microglia, and its activation results in the ingestion and
removal of complement activated particles (Liu and Niu, 2009). CR1 is a receptor of C3b
(opsonin) and as such it participates in the regulation of both the classical and alternative
complement pathways. C3b has been shown to bind and promote clearance of AR
peptides therefore CR1 variants may contribute to AD by altering AB clearance (Rogers
et al., 2006).

The upregulation of CR1 (and other complement factors) has been reported in affected
regions of AD brains (Shen et al., 1997). CR1 upregulation is also associated with
advanced cognitive decline in AD brains (Karch et al., 2012). Interestingly, material
isolated from neurdfibrillary tangles and AR plaques has been shown to activate the

complement system (McGeer et al., 1989, Shen et al., 2001).

1.5.3 CD33

CD33 is a transmembrane protein of the sialic acid-binding immunoglobulin-like lectins
(SIGLECS) family and is expressed on phagocytic cells including microglia (Zhang et al.,
2014, Griciuc et al., 2013). CD33 regulates innate immunity, AR clearance and other
neuroinflammatory processes (Malik et al., 2013, Jiang et al., 2014). Upregulation of
CD33 was noted in microglia in AD brains and is associated with a lowered AD risk. The
CD33 polymorphisms associated with increased AD risk (e.g. rs3865444) are linked to
increased CD33 expression, increased AR deposition and reduced AB uptake and
degradation by microglia and monocytes (Griciuc et al., 2013, Bradshaw et al., 2013) It
is worth mentioning that in a recent meta-analysis of AD cases and controls (including
74,046 individuals) the association of CD33 polymorphisms to AD did not reach genome
wide significance (Lambert et al., 2013).

1.5.4 MS4A cluster

The MS4A locus associated with AD risk contains at least 5 genes implicated in immune
modulation: MS4A3, MS4A2, MS4A6A, MS4A4A, MS4A4E, and MS4A6E (Karch and
Goate, 2015). In humans, the MS4A gene family comprises more than 16 genes
encoding membrane proteins. MS4A gene expression varies between tissues but is
limited to haematopoietic cells (Zuccolo et al., 2010). Increased expression of MS4A6A
in the parietal lobe is associated with more advanced brain pathology in AD patients
(Karch et al., 2012), and elevated MS4A6A levels in blood and brain tissue are linked
with AD risk (Proitsi et al., 2014). The SNPs rs670139 (near MS4A4) and rs610932 (near
MS4A6E) have been associated with an increased AD risk. In contrast, the SNP
rs983392 (near MS4A6A) was associated with a reduced AD risk (Lambert et al., 2013,

Hollingworth et al., 2011).
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1.5.5 HLA-DRB5/HLA-DRB1 (Major Histocompatibility Complex, Class Il, DR
Beta 1/Major Histocompatibility Complex, Class I, DR Beta 5)

The HLA-DRB5/HLA-DRBL1 locus is a part of the Major Histocompatibility Complex Class
Il (MHCII), a highly polymorphic region involved in the immune response and
histocompatibility (Trowsdale and Knight, 2013). MHCII is expressed mainly in antigen-
presenting cells (APCs) and is an essential regulator of the immune response. Its main
role is the presentation of antigens to CD4 T-cells. HLA-DR, a component of MHCII, is
highly expressed on reactive microglia in AD and PD brains (McGeer et al., 1988). The
role of HLA-DRB5/B1 in microglial activation in the context of AD remains unknown.

1.5.6 APOE (Apolipoprotein E)

To date APOE remains the strongest genetic risk factor for LOAD. APOE is expressed
in many tissues in the body and in the brain, it is expressed mainly by astrocytes and
microglia (Zhang et al., 2014). APOE is the major cholesterol carrier in the brain.
Classically, APOE has mainly been linked to lipid metabolism but recent studies have
shown that in the CNS, APOE patrticipates in lipoprotein metabolism, neuroplasticity and
inflammation (Kim et al., 2009, Liu et al., 2013). Additionally, APOE can bind AB peptides
and influence AB aggregation and clearance of soluble AB (Liu et al., 2013, Castellano
et al., 2011).

APOE has three common alleles: APOE €2 (Cys112, Cys158), APOE &3 (Cys112,
Arg158), and APOE €4 (Argl112, Arg158). Of these three alleles, the APOE €4 allele is
associated increased LOAD risk. The risk is 3-fold higher for individuals carrying one
copy and 12-fold for those carrying two copies of the APOE ¢4 allele (Corder et al., 1993).
Overproduction of APOE, particularly isoform APOE ¢4, can aggravate glial inflammatory
response (Guo et al., 2004). In addition, APOE can modulate innate inflammatory
responses through TLR4 and IL4R receptor pathways, suggesting that it may have a
more general role in inflammation (Tai et al., 2015).

Moreover, a recent study found correlation between reduced TREM2 expression and the
APOE ¢4/4 allele, in activated primary microglia (Li et al., 2015). At the protein level, the
AD risk mutation TREM2 R47H has been shown to reduce TREM2’s binding to cells
(Kober et al., 2016) and the three common APOE isoforms (Bailey et al., 2015). Using a
reporter cell line, Bailey et al. (2015) showed that APOE binding to TREM2 is able to
induce TREM2 signalling in these cells, however the effect of such interaction in vivo
remains to be determined. Interestingly, a recent study of pathologically confirmed cases
of AD ((Murray et al., 2018)), the authors propose that TREM2 R47H carriers are unlikely
to develop AD without having an APOE ¢4 allele, emphasizing the importance of

exploring the function of APOE and its interaction with TREM2 in a microglial context.
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1.5.7 CLU (Clusterin or APQJ)

CLU is a chaperone protein involved in apoptosis, complement regulation, lipid transport
and cell-to-cell interactions (Jones and Jomary, 2002). Similarly to APOE, CLU directly
interacts with AR and modifies fibril formation in vitro (Reviewed by Li et al., 2014). In
vivo, there is evidence that suggests both APOE and CLU may influence AR deposition
and clearance (DeMattos et al, 2004). Additionally, CLU may modulate
neuroinflammation by inhibiting the inflammatory response associated with complement
activation (Nuutinen et al., 2009). In the CNS, CLU is more highly expressed in
astrocytes and oligodendrocytes than in microglia (Zhang et al., 2014), but because of
its similarity to APOE, its role in AR clearance and its association with the complement

system, it could indirectly drive neuroinflammation in AD.

1.5.8 ABCAY7 (ATP-binding cassette transporter A7)

ABCAY is a member of the ATP-binding cassette superfamily; it is involved in the
transport of intracellular lipids to extracellular lipoproteins. In vitro, ABCA7 stimulates
cholesterol efflux and inhibition of APP processing (Chan et al., 2008). It is also involved
in phagocytosis of apoptotic cells through C1g complement pathway in macrophages
(Jehle et al., 2006). Increased ABCA7 expression enhances microglial phagocytosis
and AB uptake. APP transgenic mice that are ABCA7-deficient show increased AR
deposition compared with controls (Kim et al., 2013b). Hence, ABCA7 may influence AD
risk via cholesterol transfer to APOE or AB deposition (Karch and Goate, 2015). Despite
low expression in most human brain cells, microglia and neurons show the highest
expression of ABCA7 (Kim et al., 2006). The SNP rs3764650 (near ABCA7) has been
associated with an increased LOAD risk (Hollingworth et al., 2011). On the other hand,
the ABCA7 SNP rs72973581 has been shown to confer a modest but statically significant
protection against AD (Sassi et al., 2016).

1.5.9 INPP5D, MEF2C and EPHA1

Many more loci, for which there is not much mechanistic evidence, were associated with
elevated AD risk in the largest GWAS study to date (Lambert et al., 2013). Several of
these gene associations fit into pathways that are known to be altered in AD, namely
immune response mechanisms. That is the case for INPP5D, a negative regulator of
myeloid cell proliferation and survival. This association is reinforced by the fact that
INPP5D expression is restricted to myeloid cells. Another example is MEF2C, which is
known to be involved in immune response and synaptic function pathways. Finally,
EPHAL has also been associated with immune response pathways in AD; however, it is
better known for its role in cell and axonal guidance and synaptic plasticity (Reviewed
by Karch et al., 2014, Karch and Goate, 2015).
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As reviewed above, many of the genes associated with AD risk have been shown to
participate or be involved in immune/inflammatory mechanisms. Nonetheless, their exact
function and the role many of them play in microglial activation (M1/M2 or other) remains

unknown.

1.6 Genome editing — CRISPR/Cas9 tools

The capacity to efficiently and precisely modify the genomes of model organisms is
crucial for understanding the effect of specific genetic mutations in the context of normal
and pathological processes. Traditionally, genome engineering of model organisms was
achieved by random mutagenesis or low-efficiency targeting through homologous

recombination (Peng et al., 2014).

During the last decade, programmable sequence-specific endonucleases have arisen as
viable strategies for the precise editing of endogenous genomic DNA, allowing the
systematic interrogation of specific genetic variations (Ding et al., 2013, Kim et al., 2014,
Soldner et al., 2011). Many sequence-specific gene editing techniques have arisen in
recent years, including Zinc-finger nucleases (ZFNs), Transcription activator-like effector
nucleases (TALENS) and the RNA-guided CRISPR/Cas9 nuclease system
(CRISPR/Cas9). Both ZFNs’ and TALENS’ strategies rely on the specific attachment of
endonuclease catalytic domains to modular DNA-binding proteins for inducing DNA
double stranded breaks (DSBs) at specific loci. Meanwhile, the CRISPR/Cas9 system
relies on the specific Watson-Crick base pairing between a guiding RNA molecule and
the target DNA site to produce DSBs. This last approach is distinctly easier to design,
highly specific and efficient (Ran et al., 2013b).

In the present thesis, the CRISPR/Cas9 gene editing technique was used for the
generation of Trem2 and Dapl2 deficient cell models for the study of these genes’
function during microglial activation and normal functioning. Similarly, this thesis
describes the use of the CRISPR/Cas9 for the introduction of the AD-related risk
mutation Trem2 R47H into BV2 cells. Once more, CRISPR/Cas9 was used to generate
cell models for the study of the biological effects that the R47H mutation has on Trem2’s

function.

1.6.1 Genome editing: Hijacking the endogenous DNA repair systems.

The advent of programmable endonucleases such as ZFNs, TALENS and
CRISPR/Cas9 allows the targeted genetic manipulation of model organisms.
Endonucleases achieve genetic disruption by causing DSBs on the gDNA which then

can be repaired by multiple repairing systems. In mammals, there are two major repair
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mechanisms: the predominant and error-prone Non-homologous end-joining (NHEJ)
pathway and the high-fidelity homology-directed repair (HDR) pathway, both of which

can be used to obtain the desired genetic modification (Figure 1.7).
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Figure 1.7 Programmable endonucleases hijack the endogenous DNA repair systems. Programmable
endonucleases generate DSBs in the gDNA which can be repaired by two major repair mechanisms: Non-
homologous end joining (NHEJ) and Homologous Directed repair (HDR). NHEJ directly binds the ends of
the broken DNA in an error-prone process that can introduce small insertions or deletions (Indels) at the
repair site, leading to the loss of gene function if targeted to protein coding regions of a gene. HDR allows
more specific manipulation by using a repair template (i.e. plasmid or single-stranded DNA oligonucleotide)
with homology arms flanking the DSB site (modified from Hsu and Zhang (2012)).

The error-prone nature of the NHEJ pathway leads to the accumulation of small deletions
or insertions (Indels) that can shift the reading frame of the gene, producing premature
stop codons. When NHEJ is combined with programmable endonucleases it is possible
to generate genetic KO (knockouts) by targeting coding exons of a gene of interest (Hsu
and Zhang, 2012).

The counterpart to NHEJ pathway is the HDR mechanism. This mechanism usually
occurs at substantially lower rates than NHEJ and can be exploited to generate precise
DNA modifications at the target locus. To this end, the HDR pathway requires the
presence of a homologous repair template. To use HDR repair together with
programmable endonucleases, co-transfection of a donor template containing homology
arms and our desired mutation is required. This repair template can be a double-
stranded DNA (i.e. plasmid) or a single-stranded DNA oligonucleotide (ssODN). Both
kinds of template must have homology arms flanking the endonuclease target site (Ran

et al., 2013b). HDR is more active in dividing cells and its efficiency depends on many
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factors including cell type, cell cycle phase, target genomic locus and repair template
(Saleh-Gohari and Helleday, 2004).

1.6.2 Programmable genome editing tools: ZFNs, TALENS and CRISPRs
Programmable endonuclease-based gene editing involves the generation of a DSB at
the target region, resulting in the deletion, insertion or replacement of a genomic
sequence using cellular repair pathways. As such, efficient genome editing depends on
tools which can predictably and specifically recognize the target locus. Many naturally
occurring proteins have the ability to bind DNA in a sequence-specific manner and by
exploring how those proteins achieved this specific binding, researchers have been able
to harness that capacity for genome editing. Currently, the major families of
programmable endonucleases used are: ZFNs, TALENS and RNA-guided
endonucleases (mainly CRISPR/Cas9) (Peng et al., 2014).

1.6.3 Zinc-finger nucleases (ZFNs)

Zinc-fingers are protein structural motifs that direct transcription factors to their specific
genomic target sites. Zinc-finger domains are found in tandem arrays of “individual
fingers”, where each finger is capable of recognizing a 3bp DNA sequence. Tandem
repeats of zinc-fingers make up a larger zinc-finger protein wherein each finger (which
can be modularly exchanged) recognizes distinct 3bp DNA sequences allowing the

protein construct to recognize larger DNA sequences.

Proteins constructed with tandem repeats of zinc-fingers were the first custom-designed
genome editing tool to successfully target specific DNA regions (Kim et al., 1996). By
fusing tandem repeats of zinc-fingers with a sequence-independent endonuclease, like
Fokl, researchers were able to create targeted endonucleases to cut DNA in a sequence
specific manner. Due to the dimeric nature of the Fokl endonuclease domain, two

individual ZFNs are required to induce a DBS at a single target site (Figure 1.8).

Despite their modularity and sequence specific targeting, ZFNs have some major
drawbacks that hinder their widespread application. Limited binding selectivity conferred
by the zinc-finger modules as well as altered binding affinity caused by complex context-
dependent interactions among the adjacent fingers of the same ZFN and toxicity are
notable drawbacks (Cornu et al., 2008). Moreover, ZFN design and construction is an
arduous process, often requiring many rounds of test, which makes them less accessible

for non-specialised laboratories (Carroll, 2011).

1.6.3.1 Transcription activator-like effector nucleases (TALENS)
Transcription activator-like effectors (TALE) are a family of transcription factors found in

the plant pathogenic bacteria Xanthomonas, which secrete TALEs to regulate specific
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genes in their hosts (Bogdanove et al.,, 2010). TALEs contain DNA-binding domains
consisting of 33-35 amino-acid modular repeats capable of recognizing a single DNA
base pair. Two amino acids, at positions 12 and 13 on each tandem repeat (collectively
known as repeat variable di-residue or RVD), confer binding specificity to each TALE

(Bogdanove and Voytas, 2011).

By identifying each of the naturally occurring TALEs that bind to each of the four basic
nucleotides, researchers have been able to assemble specific combinations of TALE
monomers, with different RVDs, into synthetic TALE DNA-binding domains that target
specific DNA sequences (Figure 1.8). Similar to zinc-fingers, TALE domains can also be
fused to sequence independent endonucleases. TALENS (Transcription activator-like
effector nucleases) are made by fusing TALE DNA-binding domains to the Fokl catalytic
domain to achieve precise genome editing (Christian et al., 2010, Mahfouz et al., 2011).
TALENS are significantly easier to assemble and customize than zinc-finger proteins
and can easily be implemented in non-specialised laboratories. TALENS have very few
restrictions when it comes to sequence targeting and provide site-specific recognition in
even the most complex genomes (Peng et al., 2014).

1.6.3.2 RNA-guided endonucleases for genome editing — CRISPRs

Clustered regularly interspaced short palindromic repeats (CRISPRs) are a relatively
new gene editing technology that has revolutionised the field of genome engineering
since its introduction. This system has been adapted from the RNA-based adaptive
immune mechanisms that defend bacteria (like Streptococcus pyogenes) and archaea
from bacteriophage attacks (Horvath and Barrangou, 2010, Bhaya et al., 2011). The
CRISPR adaptive immunity system functions by targeting and cutting invading nucleic
acids (including DNA or RNA) using an array of proteins and RNA sequences.

So far, two main classes of CRISPR systems (1 and 2) have been described in bacteria
and archaea based on their mechanisms of action and components, each class divided
into three different sub-types (numbered | to VI). Class 1 systems use a complex of Cas
proteins to degrade genetic materials. Class 2 systems use a single large Cas protein

for the same purpose (Koonin et al., 2017).

Each CRISPR system is composed of three main components: a cluster of CRISPR-
associated (Cas) genes, non-coding RNAs and an array of repeat sequences (known as
direct repeats). Direct repeats are interspaced by short variable regions derived from
exogenous DNA targets, known as protospacers, and together they form the CRISPR

RNA (crRNA) array. Within the target DNA, each protospacer is associated with a

47



CHAPTER 1: Introduction

protospacer adjacent motif (PAM), which can vary its sequence depending on the
CRISPR system (Koonin et al., 2017).

The type Il CRISPR system (part of the Class Il) is one of best characterised systems
and consists of the nuclease Cas9 (capable of inducing a double strand break), the
crRNA array (that encodes the guide RNAs) and the auxiliary trans-activating crRNA
(tracrRNA), which helps the processing of the crRNA array into discrete units. Each
crRNA contains a 20 nucleotide (nt) guide sequence and a partial direct repeat. The 20nt
guide sequence is responsible for directing the Cas9 to the 20bp DNA target via classic

Watson-Crick base pairing (Gasiunas et al., 2012)(Figure 1.8).

In the CRISPR/Cas9 system derived from the bacteria Streptococcus pyogenes (which
was the first CRISPR system to be used as a genetic engineering tool); the target DNA
sequence must lie directly upstream of a NGG nucleotide motif to act as a PAM site. Two
key developments gave rise to the use of the CRISPR/Cas9 system as a genetic tool:
First, the realization that the specificity conferred by the guiding RNA was not limited to
only naturally occurring crRNA targets, but could be engineered to target almost any
exogenous sequence as long as a PAM site was in the immediate vicinity of the target
region. Second, crRNA and tracrRNA were fused to form a chimeric single-guide RNA
(originally known as sgRNA, but commonly referred as gRNA). As a result, the nuclease
Cas9 can be directed to virtually any target site, in the vicinity of a PAM sequence, by
custom modifying the 20nt guide sequence within the gRNA (Panel C, Figure 1.8) (Jinek
et al., 2012).
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Figure 1.8 Programmable genome editing tools; ZNFs, TALENS and CRISPRs. Schematic of the
mechanism of various genome engineering tools including: A) Zinc-finger nucleases (ZFNs) recognize DNA
using three base pair recognition motifs (ZFPs); by fusing several ZFPs in tandem it is possible to specifically
target specific genomic loci. The system uses two ZFNs recognizing adjacent sequences; each ZFN is fused
to one Fokl nuclease, these nucleases work as a dimer to produce a DSB in the target sequence. B)
Transcription activator-like effector nucleases (TALENS) recognize DNA through amino acid modules that
include repeat-variable di-residues (RVDs). Like ZFNs, two TALENSs are needed that cut DNA using the Fokl
nuclease dimer. TALEN backbones have been engineered to include a specific NLS (nuclear localization
signal) for better function. C) CRISPR/Cas9 system recognizes specific DNA using a guide RNA
(gRNA)/DNA/Cas9 protein complex. This complex must be near a tri-nucleotide protospacer adjacent motif
(PAM). Two Cas9 protein domains are responsible for DNA cleavage on each strand of the dsDNA: the HNH
domain cleaves the complementary DNA strand, whereas the RuvC-like domain cleaves the non-
complementary DNA strand. D) Cas9 nickase uses a molecularly modified Cas9 (known as D10A) protein
that can only cut on one strand of the recognised gRNA/DNA complex. Analogous to ZFNs and TALENS,
Cas9 nickases work in pairs to produce a DSB. E) Chimeric Nuclease-deficient Cas9/Fokl fusion system.
This approach utilizes the Cas9/gRNA complex for sequence-specific DNA binding, and the Fokl dimer
nuclease for DSB induction, similarly to the approach used by ZFNs and TALENs. NLS, nuclear localization
sequence; N-term, protein N terminus; C-term, protein C terminus (modified from Peng et al. (2014))

Therefore, the CRISPR/Cas9 system has been widely adopted by many research

laboratories for its simplicity of design (solely limited to the gRNA), efficiency,
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robustness, amenability to multiplexing (targeting of two or more sequences of interest)
and applicability to a wide range of organisms (Eid and Mahfouz, 2016). Nevertheless,
the system still has some important drawbacks, including the off-target activities of the

Cas9 protein (Fu et al., 2013), that hinder its clinical applications.

As such, many attempts and modifications of the system have been made in order to
reduce the off-target effects. These include the generation of paired nickases (Panel D,
Figure 1.8) or chimeras containing a catalytically inactive Cas9 (dCas9) and a catalytic
domain Fokl endonuclease (Panel E, Figure 1.8), similar to the design used for ZFNs
and TALENS.

1.6.4 Harnessing the power of the CRISPR/Cas9 system — More tools in the kit
Several attempts to modify the CRISPR/Cas9 system have been made to date. Some of
them have been oriented towards decreasing the off-target effects, whereas others have
been focused on hacking the tools to send proteins to precise DNA targets to toggle
genes on and off and even for the study of chromosomal dynamics (reviewed by Ledford
(2016)) (Figure 1.9).

Genome editing
- indels (NHEJ)
- precise changes (HDR)

Improving specificity il Genome-wide screening

- paired nickases SO gl = - knockout libranes

- Fokl fusions - loss-of-function screens

- truncated sgRNAS - gain-of-function screens
CRISPR-Cas9 Applications
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Figure 1.9 CRISPR/Cas9 applications. The capacity to specifically target DNA regions using the
programmable RNA-guided Cas9 protein has been exploited in numerous applications. Some of these
applications are oriented to improve the on-target/off-target genome editing efficiency of the system, while
others are focused on harnessing its targeting capacity to control gene expression or even image specific
chromosomal events/regions (taken from Sternberg and Doudna (2015)).

1.6.4.1 CRISPR/Cas9 nickases (CRISPR/Cas9n)

The development of Cas9 protein variants that are capable of cutting one of the strands
rather than both strands of the target DNA sequence (known as nickases) have been
shown to be useful for genome editing. Nickases are capable of inducing DNA repair by
both NHEJ or HDR mechanisms. Introduction of a D10A or H840A mutations into the

RuvC1- or HNH-like nuclease domains in Cas9 protein results in nuclease protein
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variants capable of generating single DNA nicks on either the complementary or non-
complementary DNA target strands, respectively (Panel D, Figure 1.8). Similarly to what
happens with ZFNs and TALENSs systems, the use of two closely located Cas9 nickases
(Cas9n) targeting opposite strands of DNA is able to generate DSBs (Ran et al., 2013a,
Shen et al., 2014). Use of paired nickases show they are able to induce DSB at a
frequency similar to the wild-type Cas9 protein with improved specificity (Shen et al.,
2014), lowering the chances of possible off-target effects without compromising
efficiency.

1.6.4.2 Cas9 and Fokl fusion proteins

Similar to the previous work done on ZFNs and TALENSs, Cas9 can be fused with the
catalytic domain of the Fokl nuclease to generate chimeric proteins. fdCas9, fCas9 and
RFNs are variants of chimeric fusions between the Fokl catalytic domain and catalytically
inactive Cas9 (dCas9) protein. These chimeric proteins have been shown to improve the
precision of the Cas9 system for genome engineering (Guilinger et al., 2014, Aouida et
al., 2015).

1.6.4.3 CRISPR interference (CRISPRI) and CRISPR activation (CRISPRa)

Programmable RNA-guided DNA targeting by Cas9 has been exploited in numerous
diverse applications, some of which are oriented towards gene expression disruption
without gDNA alteration. The catalytically inactive dCas9 protein is still capable of
binding DNA in a sequence based manner, without cutting its target. By co-expressing
a gRNA and the dCas9 protein, Qi et al. (2013) were able to interfere with transcriptional
elongation, RNA polymerase binding, or transcription factor binding of a target gene.
This system is capable of repressing gene expression with no detectable off-target
effects, is amenable for multiplexing and very importantly can be reversible. A step
further using this same system saw the fusion of Cas9 to an activation domain (such as
VP64 or the p65 subunit of nuclear factor kappa B; NF-kB) or a transcriptional repression
domain (such as the Krippel-associated box (KRAB) domain) to regulate the expression

of endogenous human and mouse cells (reviewed by Sander and Joung (2014))

1.6.4.4 EGFP-dCas9 complex for imaging of specific genomic loci

By fusing the dCas9 protein to the fluorescent EGFP (Enhanced green fluorescent
protein) it is possible to visualize DNA loci containing repetitive sequences, such as
telomeres, with a single gRNA or a non-repetitive loci using >26 gRNAs tiled across a
large region of DNA (Chen et al., 2013a). This new use of the CRISPR/Cas9 system
adds an extra tool for the study of chromosomal dynamics and expands the use of the
Cas9 protein beyond gene expression-based applications (reviewed by Sander and

Joung (2014)).
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2.1 Cell lines and culture

The murine microglia cell line BV2 was generated by transfecting the v-rafiv-myc
oncogene into primary mouse microglia (Blasi et al., 1990). The cell line was obtained
from Banca Biologica e Cell factory (Italy) and was checked regularly for mycoplasma
contamination. BV2 cells were grown in T175cm? culture flasks (Appleton Woods, Bucks,
UK) and maintained in Roswell Park Memorial Institute (RPMI) 1640 Medium (Life
Technologies, Cat# 52400-025) supplemented with 10% (v/v) heat-inactivated Foetal
Bovine Serum (FBS; Life Technologies) and 100U/mL penicillin, 200ug/mL streptomycin.
Cells were maintained at 37°C in a humidified atmosphere with 5% CO.. This batch of
cells was used to carry out all experiments, with the exception of the microarray analysis

of microglial activation.

Cells were karyotyped commercially (CELL Guidance Systems Genetics Service,
Cambridge, UK) and were found to have a “Grossly abnormal mouse karyotype”, with
62-66 chromosomes. Mouse normal karyotype (2n) is made of 40 chromosomes
(Nachman and Searle, 1995). Chromosome 17 (Trem2’s location) was found to have 2-
4 copies in BV2 WT (wild type) cells. Trem2 CRISPR/Ca9 clones C8 and G4 were also
karyotyped commercially and found to possess the same “Grossly abnormal mouse
karyotype”, with 62-66 chromosomes. Chromosome 17 had 3-4 copies on C8 clones and
only 3 copies on G4 cells — see Supplementary Fig. 7.1, Supplementary Fig. 7.2 and
Supplementary Fig. 7.3. These differences in the number of chromosomes can account
for some of the variability (in gene or protein expression) seen during the characterization
of the CRISPR/Cas9 models.

For the microarray experiment exclusively, a different batch of BV2 cells was used. This
batch of cells was a kind gift from Dr Claudie Hooper (MRC Centre for
Neurodegenerative Research, Institute of Psychiatry, King’s College London, UK) and
was originally obtained from Dr F.S. Tzeng (Department of Life Sciences, National
Cheng Kung University, Taiwan). This batch of cells was maintained in Dulbecco's
modified Eagle's medium (Gibco, Cat# 41966-029) supplemented with 10% FBS,
100U/mL penicillin and 100mg/mL streptomycin.

BV2 cells were routinely frozen down and cryopreserved to increase longevity of the cell
line. BV2 cells, 1x 108cells/mL, were suspended in freezing medium (RPMI, 50% FBS,
10% DMSO) and frozen down to -80°C, before putting them in long term storage in liquid
nitrogen. To resuscitate the cells, frozen vials were thawed and added to 25mL of pre-

warmed BV2 medium in a T175cm? culture flask (Corning, Cat# 353112, Germany).
52



CHAPTER 2: Materials and Methods

Cells were maintained at 37°C in a humidified atmosphere with 5% CO; for 24h; medium

was then changed to remove the cytotoxic components of the freezing medium.

For experimental procedures and passaging, BV2 cells were harvested from the culture
flask when they reached 60-80% confluency. Firstly, media was removed and the
attached cells were washed once with PBS ([-CaCl;], [-Mg Cl;]) (ThermoFisher, Cat#
14190144). Subsequently, cells were incubated for 10 min at 37°C with 25mL of PBS ([-
CacCly], [-MgCly]). After incubation, most cells were floating in the PBS, but the flask was
also vigorously shaken to completely detach all loosely attached cells. Floating cells
were then pelleted by centrifugation at 2000rpm (460g) for 5 minutes at room
temperature (Eppendorf 5804R) and re-suspended in 5mL of fresh warm medium (serum
containing or serum-free). Cells were subsequently counted using a haemocytometer

(Improved Neubauer Chamber, HawksleyVet).

For experimentation, BV2 cells were routinely seeded on 6-well plates at a density of
80 000 cells/well in 2mL of Serum-free RPMI medium (Life Technologies) supplemented
with 100U/mL penicillin and 100ug/mL streptomycin. Cells were left to grow (deactivate)
for at least 24h hours prior to any stimulation. BV2 cells grown in serum-free medium
appear to be more ramified and respond better to stimuli. It is common practice to serum
starve BV2 cells before and during stimulation as this relaxes and downregulates these
cells (Li et al., 2016, Mairuae and Cheepsunthorn, 2018). There is evidence that points
to autophagy, triggered by different cell stressors such as nutrient starvation, as the
cause for this immune downregulation (Netea-Maier et al., 2016, Bussi et al., 2017).
Serum starvation of BV2 cells is also used to reduce the mitogenic effect of serum (Li et

al., 2016), which could affect the results of the stimulations.

2.2  Generation of Trem2 and Dap12 Knockdown BV2 cell lines using the
CRISPR/Cas9 technology

2.2.1 Plasmid transfection of BV2 cells with Double Nickase plasmids

Trem2 (SC-429903-NIC) and Dapl2 (SC-423568-NIC) double nickases were bought
from Santa Cruz Biotechnologies (Texas, USA). Double Nickase plasmids (Figure 4.1)
consist of a pair of plasmids each encoding a D10A mutated Cas9 nuclease and a target-
specific 20nt (nucleotide) guide RNA (gRNA) designed to knockout gene expression with
greater specificity than the wild-type CRISPR/Cas9 protein. The sgRNAs contained in
each of the nickase pairs used in this experiment were specifically designed to target the

second and third exons of the mouse Trem2 and Dapl12 genes, respectively.
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20 nt non-coding RNA sequence: guides Cas9n
to a specific target location in the genomic DNA

U6 Promoter:
drives expression of sgRNA

20
seque';’;tce gRNA scaffold: helps

Cas9n bind to target DNA

Termination signal

CBh (chicken p-actin
hybrid) promoter:
drives expression of
Cas9n and Puro

Double Nickase
Plasmid

Nuclear localization signal

One plasmid in the pair
contains a puromycin

resistance gene; the other
plasmid in the pair contains GFP

Nuclear localization signal

2A Peptide: allows production of both

Cas9n and Puro from the same CBh promoter Cas9n (D10A nickase mutant)

Figure 2.1 Double Nickase plasmids. Both Trem2 (SC-429903-NIC) and Dap12 (SC-423568-NIC) double
nickase plasmids consist of a pair of plasmids each encoding a D10A mutated Cas9 nuclease and a target-
specific 20nt guide RNA (gRNA) designed to knockout Trem2 or Dap12 mouse genes. One plasmid in the
pair contains a puromycin-resistance gene while the other plasmid in the pair contains a GFP gene, both of
which can be used for selection of positively transfected cells. In our experiment, expression of the
fluorescent GFP protein was used for the selection of positively transfected clones.

BV2 cells were transfected with the 3ug of Double nickase plasmids using the D-
Nucleofector™ System according to the manufacturer’s instructions. Firstly, 0.5x10° BV2
cells per sample were suspended in 100ul of P3 Primary Cell Nucleofector™ Solution
containing 3ug of each Double nickase combination. Three nucleofections were
prepared for the Dapl2 KO (1.5x10° BV2 cells in total); two nucleofections were
prepared for the Trem2 KO (1.0x10° BV2 cells in total) and one control transfection (no
plasmid). Cells were nucleofected with the pre-set programme CM158 (standardization
of the transfection programme and plasmid dose was done in house, data not shown).
After transfection, cells were plated directly to 6-well plates (Corning, Cat# 3506,
Germany) containing 2mL of pre-warmed RPMI 1640 medium (Gibco, Cat# 52400-025)
supplemented with 10% foetal bovine serum (FBS), 100U/mL penicillin and 100mg/mL
streptomycin. Cells were left to expand for 48 hours before single cell sorting. The sgRNA

sequences can be found in Table 2-1.
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Table 2-1 Double Nickase Plasmid’s sgRNA sequences

Sequence
Strand A Strand B

Name of the nickase plasmid

SC-423568-NIC Dap12
Double Nickase Plasmid (m)

s¢-429903-NIC Trem2
Double Nickase Plasmid (m)

TGAGCCCTGGTGTACTGGCT CGGAAGAACAGTCGCATCTT

GAAGCACTGGGGGAGACGCA ATAAGTACATGACACCCTCA

2.2.2 Clone sorting and expansion

Nickase plasmids contained two selection markers for the isolation of positively
transfected cells; 1) Puromycin resistance cassette and 2) Green Fluorescent protein
(GFP). In this study, only the expression of the fluorescent GFP protein was used as a
selection marker. To this end, 48 hours after transfection, plated cells were detached
from the flasks using PBS ([-CaCl;], [-MgCl.]). Briefly, BV2 cells were incubated in 2mL
PBS (Gibco, Cat # 14190-094) for 10 min and harvested from culture by pipetting the
PBS up and down until most cells were detached. Cells were then pooled together and
pelleted by centrifugation at 1600rpm (460g) for 5 minutes at room temperature
(Eppendorf 5804R) and re-suspended in 400ul of PBS supplemented with 2% serum.

Cells were transported on ice to the cell sorting facility.

Cells were FACS (Fluorescence-activated cell sorting) sorted on the FACSAria Il Cell
Sorter (BD Biosciences) to enrich for GFP+ cells. Only those cells with a high GPF
expression (<1.0% of the original population) were sorted as individual cells into 3 96-
well plates (per plasmid combination). Each well of the 96-well plates contained 200ul
RPMI 1640 medium (Gibco, Cat# 52400-025) supplemented with 10% foetal bovine
serum (FBS), 100U/mL penicillin and 100mg/mL streptomycin. Single cell sorting was
carried out by Dr Ayad Eddaoudi at the UCL Great Ormond Street Institute of Child
Health, Flow Cytometry Core Facility.

Cells were left to expand for 1 week and were inspected regularly, to ensure that cells
were present. After the expansion period, 30 clones survived for the Dapl2 Ko and 41
clones survived for the Trem2 KO. Clones were re-seeded into two identical 96-well
plates (two plates for Dap12 and two plates for Trem2) and left to grow until they were
confluent. Once confluent, one duplicate 96-well plate was frozen down in complete
RPMI 1640 medium supplemented with 10% DMSO and 50% FBS.
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2.2.3 Selection of CRISPR/Cas9 mutated cell clones by Next Generation
Sequencing (NGS)

2.2.3.1 Genomic DNA plate extraction

Meanwhile, the clones from the second duplicate plate were re-seeded into a 48-well
plate and left to grow until confluent. Once confluent, supernatants of each cell line were
recover for detection of STREM2 by ELISA (see Section 2.2.4) and the cells were used
for DNA extraction. DNA from all clones was extracted using the ZR-96 Quick-gDNA™
extraction Kit (Zymo Research, Cat# D3011, Germany) according to manufacturer’s
recommendations and finally eluted in 32ul of DNase/RNase free water. DNA
concentration was then measured with Qubit® dsDNA BR Assay Kit (Life Technologies,
Cat# Q32853).

2.2.3.2PCR primer design for NGS (Next Generation Sequencing)
Forward and reverse locus specific PCR primers were designed 60-165bp either side of

the gRNAs’ target site of both Trem2 and Dapl12 double nickase plasmids (Figure 2.2).

A

DAP12
101bp 120bp
64bp 165bp
FW-B  FW-C sgRNA Ry
—— -
— —
sgRNA Fw RV-B RV-C
TREM2
128bp 8bp 80bp
120bp 90bp
FW-A
FW-B sgRNA Rv
—— R - S e
sgRNA Fw Rva
RV-B
—

100bp

Figure 2.2 PCR primer and gRNA localization. Both Trem2 (SC-429903-NIC) and Dap12 (SC-423568-
NIC) double nickase plasmids contain 2 target-specific 20nt guide RNAs (gRNA) that direct Cas9-mediated
double nicking of Trem2 or Dap12 mouse genes. (A, B) PCR locus specific primers were designed 60-165bp
either side of the gRNAs to allow efficient PCR amplification of the CRISPR/Cas9n edited genomic
sequences for later NGS sequencing.

Subsequently, lllumina adapter overhang nucleotide sequences are added to the 5’ end

of the gene specific primers;
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Forward overhang: 5 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG - [locus

specific sequence]

Reverse overhang: 5 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG - [locus

specific sequence]
The full-length primer sequences (including the overhangs) are shown in Table 2-2.

Table 2-2 PCR primers For NGS sequencing

Size gene-specific Size (Hllumina  Amplicon product size
Name Sequence

primer, bp overhang), bp (+lllumina overhang), bp
TREM2-FW-A TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACCCAAGGACCAGAACTTATC 21 54 296 (363)
TREM2-RV-A  GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCCATTCCGCTTCTTCAG 19 53
TREM2-FW-B TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGGACCAGAACTTATCCTAATGAC 24 57 301(369)
TREM2-RV-B  GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATGACTGTGCTCCCATTCC 19 53
TYROBP-FW-B TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTTCTCTCTTCCTCTCAAAGAC 23 56 303(370)
TYROBP-RV-B  GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTCCCAAAGTGTTCCAGAC 19 53
TYROBP-FW-C TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCTCCTTCTAGCCCTCTTITG 20 53
TYROBP-RV-C GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTTTGATATTTGTGACCTTGACG 22 56 311(378)

After standardization of the PCR amplification protocol, the TREM2 FW-A, TREM2 RV-
A, DAP12 FW-B and DAP12 RV-B were selected to amplify the CRISPR/Cas9 edited

genomic regions.

2.2.3.3 First PCR amplification

Prior to PCR amplification all genomic DNA (gDNA) samples were aliquoted and diluted
to a final concentration of 5ng/ul; 2,5ul of gDNA from each clone was added into a 96-
well plate to which was then added 22.5ul of PCR master mix. PCR mix was composed
of the following; 5ul 1uM Forward and Reverse primers, 12.5ul 2x KAPA HiFi HotStart
Ready Mix (KAPA Biosystems, Cat# KK2601) in a final volume of 22.5ul. PCR was
conducted in a Mastercycler benchtop thermocycler (Eppendorf, Hamburg, Germany).
Cycling conditions were as follows: 3 min at 95°C, followed by 35 cycles of amplification
(30 sec at 95°C, 30 sec at 55°C and 30 sec at 72°C) and 5 min at 72°C.

After, amplification, 1ul of the PCR product was run on a Bioanalyzer DNA 1000 chip
(Agilent Technologies, Cat # 5067-1504) to verify the size of the product. Expected size
for both Trem2 and Dap12 amplicons was 363bp and 370bp respectively (Table 2-2).

2.2.3.4First Clean up

PCR products were cleaned using AMPure XP beads (Beckman Coulter Genomics,
Cat# A63881). Briefly, 20ul of AMPure XP beads was added to each well of the PCR
amplicon plate and mixed gently by pipetting up and down. Then, the beads were left to
incubate with the PCR products for 5 min at room temperature before placing the PCR
plates on a magnetic stand for 2 min. Supernatants were discarded and the beads were

washed twice with 200ul of freshly prepared 80% ethanol. After washes, the beads were
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left to air-dry for 10 min on the magnetic stand. Once the beads were dry, the PCR plate
was removed from the magnetic stand and the beads were resuspended in 53l of 10mM
Tris pH 8.5. Beads were left in 20mM Tris solution for 2 min before placing the plate on
the magnetic stand. The plate was left on the magnetic stand until the supernatant was
clear. Finally, using a multichannel pipette, supernatants were transferred from the
amplicon PCR plate to a new 96-well plate, being careful not to carry over any beads to

the new plate.

2.2.3.5 Second PCR amplification: Index PCR

In this step, dual indices (for library identification) and Illumina sequencing adapters are
added to the PCR products using the Nextera XT Index Kit (Illumina, Cat# FC-131-1002).
Barcoded index primers (12 forward and 8 reverse) allow the unique barcoding of 96
PCR samples (or libraries). Briefly, 5ul of each cleaned-up PCR product was transferred
into a new 96-well plate and the following was added: 5ul Nextera XT index Primer 1
(N7xx), 5ul Nextera XT index Primer 2 (S5xx), 25ul 2x KAPA HiFi HotStart Ready Mix
(KAPA Biosystems, Cat# KK2601) and 10ul of PCR grade water, in a final volume of
50ul. Indices were added to each sample according to Figure 4.3. PCR was carried out
in a Mastercycler benchtop thermocycler (Eppendorf, Hamburg, Germany). Cycling
conditions were as follows: 3 min at 95°C, followed by 20 cycles of amplification (30 sec
at 95°C, 30 sec at 55°C and 30 sec at 72°C) and 5 min at 72°C.

A TREM2 clones B DAP12 clones
N702 N704 N706 N708 N710 N712 N702 N704 N706 N708 N710 N712
N701 N703 N705 N707 N709 N711 N701 N703 N705 N707 N709 N711
4343333333333 4343333333333
1 2 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
sso1 Hp | A s501 W °°

ss02 mp | B
ssos mp | ¢ (2s)ao)()(a) () (30)(e)(32)(32)G4)

00,
ss04 WP | D Q@@@@@@‘....

000000000009

F LI LI
IR

$502 W
5503 W

000000000
00000000

G

Figure 2.3 2nd PCR amplification: Index PCR. Dual indexing of PCR products is enabled by adding a
unique Index 1 (i7) and Index 2 (i5) to each sample. The 96-sample Nextera XT Index Kit uses 12 different
Index 1 adapters (N701-712) and 8 Index 2 adapters (S501-S508). (A) PCR products using Trem2 specific
primers were indexed using 43 different index combinations (41 clones + 1 positive (WT) control + 1 negative
control). (B) PCR products using Dap12 specific primers were indexed using 31 different index combinations
(30 clones + 1 control sample).
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2.2.3.6 Second Clean up

Like the first clean up, PCR products were cleaned using AMPure XP beads (Beckman
Coulter Genomics, Cat# A63881). This time, 56ul of AMPure XP beads were added to
each well of the 2nd PCR amplicon plate and mixed gently by pipetting up and down.
Then, the beads were left to incubate with the PCR products for 5 min at room
temperature before placing the PCR plates on a magnetic stand for 2 min. Supernatants
were discarded and the beads were washed twice with 200l of freshly prepared 80%
ethanol. After washes, the beads were left to air-dry for 10 min on the magnetic stand.
Once the beads were dry, the PCR plate was removed from the magnetic stand and the
beads were re-suspended in 28pl of 10mM Tris pH 8.5. Beads were left in 10mM Tris
solution for 2 min before placing the plate on the magnetic stand. The plate was left on
the magnetic stand until the supernatant was clear. Finally, using a multichannel pipette,
supernatants were transferred from the amplicon PCR plate to a new 96-well plate being
careful not to carry over any beads.

Then, 1pl of a 1:50 dilution of the PCR products (libraries) was run on a Bioanalyzer DNA
1000 chip (Agilent Technologies, Cat# 5067-1504) to verify the size of the product.
Expected size for both Trem2 and Dapl12 amplicons was ~450bp.

2.2.3.7 Library guantification, Normalization and pooling

Concentration of PCR products, after the 2nd clean-up, was measured with Qubit®
dsDNA BR Assay Kit (Life Technologies, Cat# Q32853). Concentration of the PCR
products in nM was calculated based on the size of amplicons determined by the

Bioanalyzer DNA 1000 chip and the following formula:

R
(concentration in Eflg)
= concentration in nM

(660 % x PCR product size in bp)

Once molarity was calculated for all PCR products, products were diluted to a final
concentration of 4nM using Tris pH 8.5. Then, 5ul of each diluted product was pooled
together in a single pooled library in a 1,5mL Eppendorf. The pooled library was kept at
-20°C and used within 48h after preparation.

2.2.3.8 Library denaturing and sample preparation for NGS

In preparation for NGS sequencing samples were denatured and mixed with an internal
control for sequencing. Final sample preparation and sample loading was performed by
Dr Deborah Hughes at the Molecular Neuroscience Department sequencing facility.
Pooled libraries were sequenced using paired 300-bp reads on the Illumina MiSeq (San
Diego, CA) and using MiSeq V3 reagents (lllumina, Cat# MS-102-3003). After
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sequencing, trimming of adaptor sequences and indexes as well as alignment was
completed by Dr Alan Pittman using R. Sequencing results were then visualised and
aligned to the reference genome using Integrative Genomics Viewer (IGV) 2.3
(Thorvaldsdottir et al., 2013).

2.2.4 Selection of CRISPR/Cas9 mutated cell clones — detection of STREM2 by
ELISA (enzyme-linked immunosorbent assay)

Conditioned medium from all clones (Trem2 and Dapl2 CRISPR/Cas9 clones) was
collected and tested for presence of soluble TREM2 (sSTREM2) using an ELISA assay.
Conditioned medium from each cell line was collected when cells were confluent (see
Section 2.2.3.1) and 24 hours after the last medium change. Cell medium was used
immediately after recovery. Before performing the ELISA assay using the culture media,

it was centrifuged at 2000 g for 5 min, to remove cells or cell debris.

Briefly, 96-well plates (Nunc MaxiSORP, ThermoFisher, Cat# DIS-971-010P) were
coated overnight at 4°C with capture antibody: 100ul/well [1pg/mL] of anti-mouse Trem2
mAb (R&D Systems; MAB17291) dissolved in PBS. Next day, plates were washed once
with 1X PBS/0.1% Tween-20 and wells were blocked for 45 min with 100l of 1% BSA
dissolved in PBS. Plates were washed 3 times with 1X PBS/0.1% Tween-20.
Subsequently, 50ul of neat supernatants was added in triplicate to the plates. At this
point, 50ul of PBS was added into each well to reach a volume of 100ul. Concentration
standards were prepared using recombinant murine Trem2-Fc (R&D Systems, Cat#
1729-T2-050) dissolved in 1X PBS, and added into the same plates.

Samples and standards were incubated in the plates for 2h at room temperature. Plates
were then washed 3 times with 1X PBS/0.1% Tween before the detection antibody was
added. 100ul [0.2pug/mL] of anti-mouse TREM2 pAb-biotinylated (R&D Systems, Cat#
BAF1729) was added to each well and incubated for 2h. Plates were washed again 3
times with 1X PBS/0.1% Tween. Then, 100pl [0.1pg/mL] of streptavidin-HRP (Invitrogen,
Cat# SNN2004) was added to each well and incubated at room temperature for 45 min.
Plates were washed 3 times with 1X PBS/0.1% Tween. Finally, 100pl/well of substrate
solution TMB (Invitrogen, Cat# 00-2023) was added and left to react. Reaction was
stopped with 50ul [0.5M] H>SO4 in H,O. Absorbance was read at 450nm in a TECAN
Spark 10M plate reader (TECAN, Switzerland). Values of the 3 technical replicates were

averaged for analysis and graphical representation.
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2.2.5 Selection of CRISPR/Cas9 mutated cell clones by Trem2 Western blotting

2.2.5.1 Cell lysis

In order to show that the expression of Trem2 and Dapl12 protein expression had been
abolished in the CRISPR/Cas9 modified BV2 cells, a Western blot analysis was carried
out using whole cell lysates from the gene-edited clones. Firstly, all clones BV2 clones
were seeded into 25cm? flasks until they reached confluency. Confluent cells were
harvested and divided into two 15mL falcons (approximately 1.5million cells/tube): one
for genomic DNA extraction (kept at 4°C for 2-4h) and one for total protein extraction
(processed immediately). For protein extraction, cells were spun down at 1600rpm
(4609) for 5 min. Supernatants were discarded and pellets were dissolved in 200ul RIPA
lysis buffer (150 mM sodium chloride, 1% Triton X-100, 0.5% sodium deoxycholate and
0.1% SDS, supplemented with 1mM of the protease inhibitor benzamidine, 4ug/mL of
the protease inhibitor leupeptin, 1uM of phosphatase inhibitor microcystine LR and 0.1%
of the reducing agent B-mercaptoethanol, pH 7.4) and transferred into 1.5mL Eppendorf
tubes. Cell lysates were left rotating at 4°C for at least 30 min before centrifuging them
at 140009 for 10 min to pellet the insoluble fractions. Supernatants were transferred to
new Eppendorf tubes and all samples were stored at -20°C until they were quantified

and analysed.

2.2.5.2 Bradford assay

Protein concentration of the cell lysates was determined by means of a Bradford protein
assay (Bradford 1976). Briefly, 1ul of each sample was added in triplicate into a 96-well
plate. Then 200ul of Bradford assay reagent (Sigma, Cat# B6919) were added into each
well. Parallel to the samples, a standard curve of BSA (bovine serum albumin) of known
concentrations was constructed on the same plate. Samples were shaken and left at
room temperature for 5 min before the absorbance was measured at 595nm on a Tecan
X Fluor 4 plate reader. The BSA standard curve was used to calculate the protein

concentration of each lysate.

2.2.5.3 Sodium Dodecyl Sulphate  Polyacrylamide  Gel (SDS-PAGE)
Electrophoresis

Proteins contained in the cell lysates were separated using SDS-PAGE gels. To this end,
the Mini-PROTEAN Tetra Cell apparatus (BioRad, Cat# 1658005EDU) and 12% Mini-
PROTEAN TGX Pre-cast gels (BioRad, Cat# 456-1044) were used. Firstly, the pre-cast
gels were placed in their holders and into the tank filled with running buffer (25mM Tris-
base, 192mM glycine and 0.1% SDS).
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A volume equivalent to 45ug of total protein from each lysate was mixed with 4X Laemmli
Sample Buffer (BioRad, Cat# 161-0747, supplemented with 10% [-mercaptoethanol).
Before loading samples into gels, sample mixes were denatured by boiling them for 5
min. Denatured samples were then loaded into the gels together with a molecular weight
marker (BioRad, Cat# 1610373). Gels were run at 160V (constant voltage) until the dye

front was near the end of the gel (approximately 1 hour).

Following the separation of the proteins the gel was carefully removed from the casts
and equilibrated for 20 min in cold transfer buffer (25mM Tris, 192mM glycine, 20%
methanol, 0.01% SDS). Proteins were then transferred from the gel into a nitrocellulose
membrane (BioRad, Cat# 1620112) which was previously equilibrated in transfer buffer.
Transfer cassette (sandwich) was prepared as follows; one fibre pad, one 3MM
chromatography paper, the run gel, a nitrocellulose membrane, one 3MM paper and
another fibre pad, all soaked in ice-cold transfer buffer (25mM Tris-Base, 192mM glycine,
20% methanol, 0.01% SDS). The cassette was inserted into a BioRad mini gel transfer
tank (BioRad, Cat# 1703930) for wet transfer. Proteins were transferred for 1.5 hours at
100V.

Transferred nitrocellulose membranes were subsequently blocked in PBS containing 5%
milk for 1h at room temperature. Membranes were incubated with primary antibody
(according to Table 2-3) in PBS containing 5% milk overnight at 4°C in an orbital shaker.
Blots were developed with secondary antibody according to Table 2-3 (1:60 000 dilution
in PBS) and visualised using an Odyssey Infrared Imaging System (Li-Cor Biosciences).
Blots were re-probed for B-actin (Table 2-3) as a loading control to ensure equal loading
of protein.
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Table 2-3 Western Blot Antibodies

Target protein

(weight kDa) Antibody (Supplier) Host, Isotype Dilution

Primary

Mouse TREM2  AF1729 Polyclonal 1:500

(25-40kDa) (R&D Systems) sheep, IgG

Mouse DAP12 12492 Monoclonal 1:500

(10-12kDa) (Cell Signalling) rabbit, IgG

Mouse B-actin  A5441 Monoclonal 1:10,000

(45kDa) (Sigma) mouse, 1gG

Secondary

Sheep IgG 713-655-147, Alexa Fluor® 790 conjugated  Polyclonal 1:60,000
(Jackson ImmunoResearch) donkey, IgG

Rabbit IgG A-11367, Alexa Fluor® 790 conjugated Polyclonal 1:20,000
(Life Technologies) goat, IgG

Mouse 1gG A-21058, Alexa Fluor® 680 conjugated Polyclonal 1:30,000
(Life Technologies) goat, I1gG

2.2.6 Sanger sequencing of Trem2 and Dap12 CRISPR/Cas9 target regions

A second genomic DNA extraction from each of the selected clones was performed using
approximately 1.5million cells, harvested from the 25cm? flasks, and the DNeasy Blood
& Tissue Kit (Qiagen, Cat# 69504). Once extracted, gDNA was used to amplify the
Trem2 and Dapl2 CRISPR/Cas9 target regions. Each clone was amplified using the
same PCR primers (Table 2-2) and the same PCR conditions used for the NGS sample
preparation (described above). The PCR amplification programme was modified as
follows: 3 min at 95°C, followed by 35 cycles of amplification (30 sec at 95°C, 30 sec at
62°C and 30 sec at 72°C) and 5 min at 72°C.

Once the Trem2 and Dap12 CRISPR/Cas9 target regions were amplified, PCR products
were cleaned using the QIAquick PCR Purification Kit (Qiagen, Cat# 28106). Cleaned
samples were diluted in 30ul and quantified with the NanoDrop 1000 Spectrophotometer
(Thermo Scientific). Finally, samples were diluted to 3.5ng/pl and sent to

SourceBioscience (Cambridge, UK) to be Sanger sequenced.

2.2.7 PCR product cloning and Single colony Sanger sequencing

As an alternative to the NGS, PCR products for the TREM2 CRISPR/Cas9 target region
were cloned into plasmid vectors for sequencing and genotyping (Figure 2.4) — an
approach known as Single colony Sanger sequencing. The same PCR products which
were sent to be Sanger sequenced were cloned into plasmids using the Zero Blunt®

TOPO® PCR Cloning Kit (ThermoFisher, Cat# K2895-20), as per manufacturers
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recommendations. PCR products cloned into plasmids (TOPO® vector) corresponded
to the Trem2 CRISPR/Cas9 clones: A03, A04, A06, A07, A08, A10, B0O3, B04, BO5, B08,
B09, B11, B12, C04, C06, C08, C09, C10, C11, D01 and DO5. These clones were

selected based on the ELISA, Western blot and Sanger sequencing results.

PCR product  TOPO cloning Single colony Sanger sequencing

Y
FEEHEEE LR L

Figure 2.4. Sequencing of cloned PCR products — Colony PCR. Single colony Sanger sequencing was
used as an alternative to NGS (modified from Singh et al. (2015). To this end PCR products from the Trem2
CRISPR/Cas9 target region were cloned into a TOPO® vector and transformed into DH5a-T1R E. coli cells.
Plasmid DNA was extracted from at least 10 bacterial clones, for each initial PCR product, and sent for
Sanger sequencing.

All the TOPO® vectors containing the PCR products were transformed into competent
DH5a-T1R E. coli cells (ThermoFisher, Cat# 12297016) as per manufacturer’s
instructions. Briefly, a vial of competent cells was thawed on ice for each transformation.
Each vial contained 50ul of competent cells. Next, 5ul of the cloned plasmids were added
into each vial of chemically competent cells and tapped gently. The mixture was left to
incubate 30 min on ice before heat-shocking the cells at 42°C for 30 sec. Cells were
immediately returned to ice for 2 min. Subsequently, 250ul of SOC medium was added
to each transformation and incubated at 37°C for 1 hour at 225rpm. After incubation,
only 20pl of the bacterial suspension was streaked onto 10cm plates containing LB agar
medium (Sigma Aldrich, Cat# L2897) supplemented with 100pg/mL ampicillin. Plates

were incubated overnight at 37°C.

After transformation of DH5a-T1R E. coli cells, up to 12 colonies per CRISPR/Cas9 clone
were selected for screening of positive clones. Single cell colonies were grown overnight

in 3mL of LB medium (supplemented with ampicillin) at 37°C. Plasmid DNA was
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extracted from the expanded single cell colonies using the QIAprep Spin Miniprep Kit
(Qiagen, Cat# 27106). Purified plasmids were then digested using EcoRI restriction
enzyme (Promega, Cat# R6011). Enzyme restriction reaction was as follows: 1l of
plasmid DNA, 6.5ul of DNase/RNase free water, 1yl of Buffer H 10X, 1ul of Bovine
Serum Albumin acetylated and 0.5ul (6U) of EcoRI enzyme. Restriction was carried out
at 37°C for 1h.

Restriction products were subsequently run in 1.5% agarose (Sigma, Cat# A9539) gels
at 100v for approximately 45 min. Agarose gels were stained using the SYBR Safe DNA
stain (Life Technologies, Cat# S33102) and DNA bands were visualised on a UV
transilluminator (MiniBIS Pro, DNR Bio-Imaging Systems). Expected band size was
380bp (363bp+17bp) for the insert and 3939bp for the vector. The TOPO® vector
possess 2 EcoRI restriction sites (17bp apart) on both sides of the insertion site.
HypperLadder 100bp and HypperLadder 1kb (Bioline) were used to estimate the size of
the inserted/cloned fragments.

Only those vectors which had an insert band of around 380bp were selected and sent
for Sanger sequencing. Plasmids were sequenced using the standard M13F and M13R
sequencing primers. Sequencing was outsourced and carried out by SourceBioscience
(Cambridge, UK). At least 5 clones were used for alignment and analysis of each PCR
product. Alignment of sequences and analysis was done using BioEdit Sequence
Alignment Editor V7.2.5 (Hall, 1999).

2.2.8 Second round of CRISPR/Cas9 gene editing on BV2 C8 cells

Since the first round of CRISPR/Cas9 gene editing only produced heterozygous Trem2
KO (Trem2 +/-, haploinsufficient cells), a second round of CRISPR/Cas9 editing was
planned to produce homozygous Trem2 KO (Trem2 -/-). Using the BV2 clone C8 as a
starting point a 2nd round of CRISPR/Cas9 editing was performed. The rationale being
that by targeting the WT allele in the clone C8 (Trem2 +/-), the HDR mechanisms will
use the affected allele of the gene (34bp deletion) for repair, producing a homozygous
knockout clone (Trem2 -/-). The same protocol as described in method sections 2.2.1
and 2.2.2 was used. Briefly, for the transfection step 3 simultaneous electroporations
were performed using 0.5x10° BV2 C8 cells each. After transfection cells were pooled
together and seeded in a single well of a 6-well plate and incubated for 48h before cell

sorting.

300 single cell clones were obtained after sorting of GFP positive cells. Following sorting,
cells were left to expand for 1 week and inspected regularly. After the expansion period,

60 clones survived. Clones were re-seeded into two identical 96-well plates and left to
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grow until they were confluent. Once confluent, one duplicate 96-well plate was frozen
down in RPMI 1640 medium supplemented with 10% DMSO and 50% FBS.

2.2.8.1 Selection of homozygous Trem2 KO clones.

The 34bp deletion of the BV2 C8 cells created a new restriction site for the enzyme Acil.
This enzyme specifically cleaves the mutated allele of the C8 clone and spares its
wildtype allele. In order to identify those BV2 cells which carried the 34bp deletion in
homozygosity, the screening of the expanded clones used the Acil enzyme to
unambiguously select clones which carried the 34bp in all alleles of the Trem2 gene. To
do this, the CRISPR/Cas9 target site was PCR amplified and subsequently amplicons
were restricted using the Acil enzyme. Finally, restricted products were run on agarose

gels for detection of cleaved products.

2.2.8.2 Plate genomic DNA extraction

Firstly, DNA from the 60 BV2 C8 clones was extracted using the QuickExtract™ DNA
Extraction Solution (Epicentre, Cat# QE09050) as per manufacturer’'s recommendations.
Briefly, BV2 C8 clones were left to grow until >80% confluent in a 96-well plate. Once
ready, cells were washed once with PBS ([+CaCl;], [+MgCl;]). After washing, 50ul of the
QuickExtract™ DNA extraction solution was added into each well. Cell lysis was carried
out by pipetting the solution up and down several times on each well, followed by
incubation with the cells for 5 min before being transferred into a 96-well PCR plate and
sealed. The sealed plate was vortexed and spun down before incubating it at 65°C for
15 min in a thermal cycler. The plate was vortexed and spun down again before
incubating it at 95°C for 15 min in a thermal cycler. After extraction, an aliquot from each
well (20ul) was diluted with nuclease free water (80pul). The diluted aliquot was used for

downstream analysis.

2.2.8.3 PCR amplification and enzyme restriction selection

Genomic DNA from each clone was subsequently used for the amplification of the
CRISPR/Cas9 target region. 5ul of gDNA from each clone was added into a 96-well
plate, to which was then added 20ul of PCR master mix. PCR mix was composed of the
following; 2.5ul 10X Standard Tag Reaction buffer (New England Biolabs, Cat#
M0273L), 0.5ul 10mM dNTPs (Thermo Fisher, Cat# 18427013), 0.5ul 10uM Forward
and Reverse primers (Fw_Long_Trem2: GAGGTTCTTCAGAGTGATGGTG and
Rv_Long_Trem2: CACCAAAGAACTGAGTCCAGATAG), 0.125ul Tag DNA Polymerase
(New England Biolabs, Cat# M0273L) and 15.875pl of nuclease-free water. PCR was
conducted in a Mastercycler benchtop thermocycler (Eppendorf, Hamburg, Germany).
Cycling conditions were as follows: 3 min at 95°C, followed by 35 cycles of amplification

(30 sec at 95°C, 15 sec at 62°C and 30 sec at 68°C) and 5 min at 68°C.
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10ul of each PCR amplicon was subsequently visualised on a 1.5% agarose gel to verify
the size of the amplicon (539bp). The remaining 15ul of PCR amplicon were enzyme
restricted using the Acil nuclease (New England Biolabs, Cat# R0551L). Restriction
reaction was prepared as follows: 15ul of PCR amplicon, 1.8ul 10X CutSmart® Buffer,
0.5ul Acil (5U) and 0.7ul of nuclease free water. Restriction was carried out at 37°C for

1h and 65°C for 20 min. Restriction fragments were visualised on a 2% agarose.

2.2.8.4 Sanger sequencing of Trem2 KO CRISPR/Cas9 candidates

For Sanger sequencing of Trem2 KO CRISPR/Cas9 candidates, a new PCR
amplification using a high fidelity Tag polymerase was performed. The same gDNA
samples used in the screening process were used to prepare the Sanger sequencing
reactions. Each candidate clone was amplified using the same PCR primers
(Fw_Long_Trem2 and Rv_Long_Trem2) and the following conditions: 5ul of gDNA from
each clone was added into a 96-well plate plus 20ul of PCR master mix. PCR mix was
composed of the following: 1.5ul 1uM Forward and Reverse primers (Fw_Long_Trem?2
and Rv_Long_Trem?2), 12.5ul 2x KAPA HiFi HotStart Ready Mix (KAPA Biosystems,
Cat# KK2601) and 4.5l of nuclease free water. PCR was conducted in a Mastercycler
benchtop thermocycler (Eppendorf, Hamburg, Germany). Cycling conditions were as
follows: 3 min at 95°C, followed by 35 cycles of amplification (20 sec at 98°C, 15 sec at
62°C and 15 sec at 72°C) and 1 min at 72°C.

PCR products were visualised in a 1.5% agarose gel to check the size of amplicons.
Amplicons were then cleaned using the QIAquick PCR Purification Kit (Qiagen, Cat#
28106). Samples were diluted in 30ul of nuclease-free water and quantified with the
NanoDrop Spectrophotometer (Thermo Scientific, NanoDrop 1000). Finally, samples
were diluted to ~6ng/pl and then sent to be sequenced commercially (Source Bioscience,
Nottingham, UK). Alignment of sequences and analysis was carried out using BioEdit
Sequence Alignment Editor V7.2.5 (Hall, 1999).

2.2.9 CRISPR/Cas9 off-target screening
Detection of off-target damage on the CRISPR/Cas9 altered clones is important in the
context of directed genetic manipulation. Using the nucleotide sequences for the 2

gRNAs employed to target Trem2 and an online tool (http:/crispr.mit.edu/), it was

possible to find a list of likely off-target sites for the gRNAs used in our CRISPR/Cas9n
system. In the case of the Strand B sgRNA targeting Trem2, the online tool predicted
219 possible off-target cuts, of these only 16 (7.3% of the total) were located in a gene
coding region. None of these were among the top 5 most probable sites. For the Strand
A sgRNA targeting Trem2, the online tool predicted 301 possible off-target cuts, of these

49 (16.3% of the total) were located in a gene coding region. Two of the top 5 most likely
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off-target cuts were located in TtllI3 (NM_001142732) and Topbpl (NM_176979) genes.
In order to screen for possible off-target effects, PCR primers were designed for the top
5 off-target sites for each Trem2 gRNA (Strand A or B) at least 80pb to each side (Table
2-4).

Table 2-4 PCR primers for amplification and sequencing of CRISPR/Cas9 off-target candidate sites

i Amplicon
Primer Name Sequence Target sequence .
size, bp
TremOff_LEFT_1Fw  CCTGAGCTGCTTCCTGTATT ATGTTTACATGACACCCTCAGAG 31
TremOff_LEFT_1Rv ~ ACCTCCATAGACCAGAGTATCA
TremOff_LEFT_2Fw  AGATCAGCGTAGCTCTGTATTTA ACAATTACATGCCACCCTCACAG 265
TremOff_LEFT_2Rv  TGAAGGGTAGCAGGGTTTG
TremOff_LEFT_3Fw  GTCATATCTCACACTTCTACCCTATC AGAAGTACTTAACACCCTCAGAG 278
TremOff_LEFT_3Rv GGCAGCCTAAGAGTTGTTACT
TremOff_L4new_Fw CAGCGTGACTTGTCCTGTTAAG TCCAGTTCATGACACCCTCAGGG 332
TremOff_L4new_Rv TCACTGAGAGTGTCTCCATCAC
TremOff_LEFT_S5Fw  CCCTACTGTCAGAACAAGCATAG ATACGTGCATGGCACCCTCATGG 295

TremOff_LEFT_5Rv  TGGAGAGAGCCAGCTTCATA
TremOff_RIGHT_1Fw GGGCTCTGCAAGTCATGTAA
TremOff_RIGHT_1Rv GGCTCTCTCTCTCTTTGGAATC
TremOff_RIGHT_2Fw TGAAGTGAGCTTGGTCTTTAGG

GAAGGACTCGGGGAGACGCACAG 245

AAATGACTGGGGGAGACGCACAG 270
TremOff_RIGHT_2Rv CTCATGGTAGTTGGGTGATGTATAG
TremOff_RIGHT_3Fw AAAGGAAAGAAGGGAGGGAAG GAAGCACAGGGGGAGACTCATGG 275
TremOff_RIGHT_3Rv CCCGCCTGGATCATCTATAAC
TremOff_RIGHT_4Fw GGTTGAGAGCCACTGAACTATAA GAAGCACCGGGGGAGACCCACAG 277

TremOff_RIGHT_4Rv GGTAGCATCGTGGGAAGAAA
TremOff_RIGHT_5Fw TGCAGCAGGCTCATCAC

AAACACAGGAGGAGA ACA 267
TremOff_RIGHT_5Rv AGTCTTTAATCAGGCGACAGTAA G CACAGGAGGAGACGCACAG 6

PCR amplification of off-target sites was carried out using gDNA from all CRISPR/Cas9
modified clones. Firstly, 5ul of gDNA from each clone was added into a 96-well plate and
then added 45pl of PCR master mix. PCR mix was composed of the following; 1.5ul
[1uM] Forward and Reverse primers (as per Table 2-4), 25ul 2x KAPA HiFi HotStart
Ready Mix (KAPA Biosystems, Cat# KK2601) and 17pl of nuclease-free water. PCR was
conducted in a Mastercycler benchtop thermocycler (Eppendorf, Hamburg, Germany).
Cycling conditions were as follows: 3 min at 95°C, followed by 35 cycles of amplification
(30 sec at 98°C, 30 sec at 62°C and 30 sec at 72°C) and 1 min at 72°C. The only
exceptions to this programme were primers TremOff_L4new_ FW and RV which had an

annealing temperature of 68°C.

Once the off-target regions were amplified, PCR products were run in a 1.5% agarose
gel to verify the size of the amplicons. PCR products were subsequently cleaned up
using the QIAquick PCR Purification Kit (Qiagen, Cat# 28106). Cleaned samples were
diluted in 30ul DNAse/RNAse free water and quantified with the NanoDrop
spectrophotometer (Thermo Scientific, Nanodrop 1000). Finally, samples were diluted to

~6ng/ul and sent to SourceBioscience (Cambridge, UK) to be Sanger sequenced.
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2.3 Generation of Trem2 R47H BV2 cells using the CRISPR/Cas9
technology

This section describes the strategy and results used to introduce the Trem2 R47H
mutation into BV2 cells. The protocol used for generating Trem2 R47H BV2 cells was
the same as described by Ran et al. (2013b), with minor modifications.

2.3.1 Design of gRNAs and Single-strand DNA oligonucleotides (ssODN)
The design of the gRNAs was carried out using the CRISPR/Cas9 design online tool
(http://tools.genome-engineering.org) and the DNA sequence of the second exon of the

mouse Trem2 gene. Using this web tool 5 different gRNAs (2 for the nickase plasmids
and 3 for the WT nuclease plasmids) were designed. These gRNAs will direct the Cas9n
or Cas9 enzymes to produce nicks or double strand breaks in the proximity of the codon
that codes for the Argine 47 of the gene as shown in Figure 3.8. Sequences for the 5
gRNA are shown in Table 2-5.

Table 2-5 gRNA and ssODN used to introduce the Trem2 R47H mutation on BV2 cells

Strategy/Purpose Name Sequence (5'->3')
Nickase plasmid gRNA Nickase Sense (S) CAAGGCCTGGTGTCGGCAGC
construct (PX461) gRNA Nickase Antisense (AS) ATAAGTACATGACACCCTCA
. 1st gRNA ATGACGCCTTGAAGCACTGG
WT nuclease plasmid
3rd gRNA AAGGCCTGGTGTCGGCAGCT
construct (PX458)
4th gRNA (AS) CTCACCCAGCTGCCGACACC

GCCCTCAACACCACGGTGCTGCAGGGCATGGCCGGCCAGTCCTTGA

Repair Template ssODN GGGTGTCATGTACTTATGACGCCTTGAAGCACTGGGGGAGACACA
P P (Single-Stranded Oligo Donor) AGGCCTGGTGTCGGCAGCTGGGTGAGGAGGGCCCATGCCAGCGTG
TGGTGAGCACACACGG

In order to introduce a mutation in the codon that corresponds to the 47" amino acid of
the Trem2 gene, an ssODN (single-stranded DNA oligonucleotides) carrying the R47H
mutation was designed as a template for HDR. The ssODN was 152bp in length and had
homology arms of 88bp and 63bp to each side of the nucleotide to be mutated (Figure
3.8) as recommended by Ran et al. (2013b).

To clone the sgRNA into the Cas9 expression vectors, two semi-complementary DNA
oligonucleotides (named top and bottom respectively) had to be designed and
synthesised for every sgRNA. As described in the paper by Ran et al. (2013b), these
oligonucleotides had to be flanked by “extra” sequences to facilitate their base pairing
and insertion to the CRISPR/Cas9 plasmids. Table 2-6 shows the sequences for those
oligonucleotides; the “extra” flanking sequences are shown in red for each sgRNA. Since
the sequences for both the sgRNA Nickase AS and the 2" sgRNA were identical, the
same oligonucleotide pairs were used to introduce the sgRNA into both the PX458 and

PX461 CRISPR/Cas9 plasmids. The 5 pairs of oligonucleotides for sgRNA cloning and
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the ssODN were synthesised commercially by Integrated DNA Technologies (IDT,
Belgium).

Table 2-6 Oligonucleotides designed for the introduction of the targeting sgRNA into the CRISPR
plasmids

Sequence 5' ->3'
(bottom sequences are shown 3' ->5')

Nucleotide name

sgRNA Nickase S Top CACCGCAAGGCCTGGTGTCGGCAGC
sgRNA Nickase S Bottom CGTTCCGGACCACAGCCGTCGCAAA
sgRNA Nickase AS Top CACCGATAAGTACATGACACCCTCA
sgRNA Nickase AS Bottom CTATTCATGTACTGTGGGAGTCAAA
1st sgRNA Top CACCGATGACGCCTTGAAGCACTGG
1st sgRNA Bottom CTACTGCGGAACTTCGTGACCCAAA
2nd sgRNA Top CACCGATAAGTACATGACACCCTCA
2nd sgRNA Bottom CTATTCATGTACTGTGGGAGTCAAA
3rd sgRNA Top CACCGAAGGCCTGGTGTCGGCAGCT
3rd sgRNA Bottom CTTCCGGACCACAGCCGTCGACAAA

2.3.2 Preparation of gRNA expression constructs

Each oligonucleotide was first dissolved with nuclease-free water to a final concentration
of 100uM. In their corresponding pairs, the oligonucleotides were subsequently
phosphorylated and annealed as follows: 1l 100uM sgRNA top and bottom, 1ul 10X T4
ligation buffer, 1ul T4 PNK (New England Biolabs, Cat# M0201S) and 6pl nuclease-free
water. The oligonucleotides were phosphorylated and annealed in a thermocycler using
the following programme: 37°C for 30 min, 95°C for 5 min and a ramp down cycle to 25C
at 5°C/min.

The annealed oligonucleotides were then diluted 1:200 using nuclease-free water.
Subsequently, annealed oligonucleotides were ligated into the pSpCas9(BB)-2A-GFP
WT Nuclease plasmid (Addgene, also known as PX458, Cat# 48138) or the
pSpCas9n(BB)-2A-GFP nickase plasmid (Addgene, known also as PX461, Cat# 48140).

70



CHAPTER 2: Materials and Methods

(1. 20) Sequencing primer 1 Bbsl (245)
/' _Bbsl (267)

|chicken B-actin promoter]

brid intron
s

I —_ ™
.~ uepromoter |~
— gRNA S.:ef_,a’;;v

o
o

pSpCas9(BB)-2A-GFP (PX458)
9288 bp

AAVZ TR\
(1..20) Sequencing primer 1 _BbsI (245)
/- Bbsl (267)
|chicken B-actin promoter
(;’:"l‘fﬁ CoP ~ Yo
6 promoter | T
Ve P aRna e (Va0 LS|
v 0%;\'
pSpCas9n(BB)-2A-GFP (PX461)
9289 bp
AAVZ TR\

Figure 2.5 CRISPR/Cas9 plasmid backbones used to clone sgRNA for the introduction of the Trem2
R47H mutation. sgRNAs were cloned into two different plasmids depending on the approach selected for
introduction of the R47H mutation; (A) pSpCas9(BB)-2A-GFP WT Nuclease plasmid (also known as PX458)
or (B) the pSpCas9n(BB)-2A-GFP nickase plasmid (also known as PX461). Both plasmids share the same
architecture and more than 99.99% of their sequence identity, they only differ by 6 SNPs.

One ligation reaction was prepared for each sgRNA plus a negative control containing
only the PX458 or PX461. Ligation reaction was prepared as follows: 2,5ul 100ng PX458

or PX461, 2ul 1:200 dilution annealed oligonucleotides, 2pl 10X tango buffer, 1ul 10mM
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DTT (1,4-Dithiothreitol, Thermo Fischer, Cat# R0862), 1ul 10mM ATP (Adenosine 5'-
triphosphate, New England Biolabs, Cat# P0756S), 1ul FastDigest Bbsl (Bpil) (Thermo
Fischer, Cat# FD1014), 0.5ul T7 ligase (New England Biolabs, Cat# M0318S) and 10ul
nuclease-free water. Ligation was performed in a thermocycler for 1h; 6 cycles at 37°C

for 5 min and 21°C for 5 min.

Ligation products were then treated with an exonuclease to destroy any non-ligated
products. The exonuclease reaction was prepared as follows: 11l of the ligation product,
1.5ul 10X PlasmidSafe buffer, 1ul PlasmidSafe ATP-dependent DNase (Epicentre, Cat#
E3101K) and 1.5ul 10mM ATP (Adenosine 5'-triphosphate, New England Biolabs, Cat#
P0756S). The reaction was incubated at 37°C for 30 min and 70°C for 30 min.

Treated ligation products were then transformed into One Shot Stbl3 chemically
competent E.coli (ThermoFisher, Cat# C7373-03) as per manufacturer’s instructions.
Briefly, 2ul of the exonuclease treated ligation was added into 20ul of chemically
competent Stbl3 cells on ice, the mixture was left to incubate 10 min on ice before heat-
shocking the cells at 42°C for 30 sec. Cells were immediately returned to ice for 2 min.
Subsequently, 100ul of SOC medium was added to each transformation and only 30ul
of the bacterial suspension was streaked onto 10cm plates containing LB agar medium
(Sigma Aldrich, Cat# L2897) supplemented with 100ug/mL ampicillin. Plates were
incubated overnight at 37°C.

After overnight incubation, plates were inspected and colonies picked (5 per sgRNA
plasmid construct) and seeded into a 15mL falcon containing 3mL of LB medium (Sigma
Aldrich, Cat# L3022) supplemented with 100ug/mL ampicillin. Cultures were left

incubating overnight at 37°C with moderate shaking.

The next day, 400ul of each bacterial growth were used to prepare glycerol stocks for
long-term storage. The 400ul of bacterial growth were mixed with 600l of 50% sterile
glycerol (Sigma Aldrich, Cat# G5516) and frozen down to -20°C. The remaining bacterial
culture was used for plasmid isolation using the QIAprep spin miniprep kit (Qiagen, Cat#
27106) as per manufacturer’s instructions. Isolated plasmids were then sent to be
commercially sequenced by SourceBioscience (Cambridge, UK) to verify that the correct
insert had been cloned into the construct. The primer used for sequencing was U6-Fwd
(GAGGGCCTATTTCCCATGATTCC). The sequenced region was then compared with
the pSpCas9(BB)-2A-GFP cloning vector sequence to check that sgRNAs had been

inserted in the correct position of the sgRNA scaffold.
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2.3.3 Production and isolation of sgRNA expression constructs

For this step, glycerol stocks generated in the previous section (Section 2.3.2) were
used. Firstly, starter cultures from each of the verified bacterial clones containing the
correct sgRNA construct and the unmodified pSpCas9(BB)-2A-GFP vector were
prepared. Starter cultures were pre-incubated in a 15mL falcon containing 5mL of LB
medium (plus 100pg/mL ampicillin) with moderate shaking. After 6 hours, each starter
culture was seeded in 1.2L of LB medium (plus 100pg/mL ampicillin) in conical flasks
and left to grow overnight at 37°C with moderate shaking (200rpm). The next day,
bacteria were harvested by centrifuging the LB medium at 6000g for 15 min at 4°C.

Pellets of harvested bacteria (one per each sgRNA construct) weighting between 4.2gr
and 6.5gr were then processed with the EndoFree Plasmid Maxi Kit (Qiagen, Cat#
12362) as per manufacturer’s instructions. The final isolated plasmid was diluted in 250yl

of Endo-free water and stored at -20°C for later use.

2.3.4 Optimization of transfection of plasmids PX458/461 into BV2 cells using the
Cell Line Optimization 4D-Nucleofector™ X Kit

Optimization of BV2 cells transfection was carried out using the Cell Line Optimization
4D-Nucleofector™ X Kit, the Cell Line 4D-nucleofector™ solution SF, the 4D-
Nucleofector™ System (LONZA, Cambridge, UK) according to the manufacturer's
instructions and the unmodified pSpCas9(BB)-2A-GFP (PX458) vector isolated as
described in section 2.3.3. Briefly, BV2 cells were cultured as mentioned above in RPMI
medium containing 10% (v/v) heat inactivated FBS and 100U/mL penicillin, 100pg/mL
streptomycin at 37°C, 5% CO2. Once cells were 60-80% confluent, they were harvested
using Trypsin and stopped trypsinization with 10mL of serum containing RPMI medium.
Cell suspension was transferred to a 50mL falcon and cells were then pelleted at
2000rpm (460g) for 5 minutes at room temperature. Cells were re-suspended in PBS

and counted using a haemocytometer.

In order to prepare the transfection master mix, 3.5 million cells were then pelleted at
2000rpm (460g) for 5 minutes at room temperature and re-suspended in 350l of the
Cell Line 4D-nucleofector™ solution SF (containing the supplement solution).
Additionally, 7ug of the pSpCas9(BB)-2A-GFP vector was added to the master mix (final

concentration was 20ng/ul).

Subsequently, 20ul of the master mix were transferred into each of the 16 wells of the
16-well Nucleocuvette™ Strip (200 000 cells and 400ng of construct per well). Once
loaded with the cells and plasmids, the Nucleocuvette™ Strip was closed and placedinto

the retainer of the 4D-Nucleofector™ X Unit, ensuring the correct orientation of the strip.
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Nucleofection was performed using the Cell Line SF Optl pre-loaded programme. This
programme tests 15 different nucleofection conditions, plus an extra untransfected

control.

After transfection, cells were left to incubate on the Nucleocuvette™ Strip for 10 min at
room temperature. Cells in each well were then resuspended using 100ul of RPMI
complete medium and seeded into 6-well plates containing pre-warmed RPMI complete
medium. Cells were left to grow at 37°C, 5% CO2 for 24h. In addition to the 16 conditions
assayed in this optimization, a positive control transfection using the pmaxGFP plasmid
was carried out at the same time. The positive control transfection was prepared using
1x10° BV2 cells suspended in 100ul of SF solution containing 2ug of pmaxGFP plasmid,

transfection was carried out using the pre-loaded programme CM-158.

2.3.5 Functional validation of gRNA expression constructs: Surveyor assay.
In order to assess the cutting efficiency of each of the gRNAs, BV2 cells had to be first
transfected with the gRNA plasmids, GFP FACS sorted (to evaluate the efficiency of the

gRNA only on transfected cells), DNA extracted and tested with the Surveyor assay.

Briefly, BV2 cells were cultured in complete RPMI medium until they reached 60-80%
confluency. Cells were then harvested using PBS ([-CaCl], [-MgCl;]) and washed once
and re-suspended in PBS. Cells were counted using a haemocytometer and suspended
with SF solution to a final concentration of 10x10°cells/mL. At this point, 4 different
aliquots of the cell suspension were made. Each aliquot was supplemented with a
different gRNA plasmid to a final concentration of 7ug of plasmid per 100ul of cell

suspension (for the nickase constructs, 3.5ug of each plasmid was added).

Transfection was carried out using the 100pl single Nucleocuvettes™ as described in
Section 2.3.4. After transfection, cells were left to grow for 48h before they were FACS
sorted using their GFP signal. Cells were directly sorted (at least 10 000 events per
gRNA) into a single well (per gRNA) of a 6-well plate and left to grow for 5 days before
DNA was extracted. gDNA from each transfected population was extracted using the
DNeasy Blood & Tissue Kit (Qiagen, Cat# 69504) as per manufacturer’s instruction.

gDNA was guantified using a NanoDrop 1000 Spectrophotometer (Thermo Scientific).

The Surveyor assay is an enzymatic cleavage assay used to detect single base
mismatches or small indels. This assay is routinely used to identify mutations and
confirm genome modifications like those introduced by CRISPR/Cas9 technology. For
this experiment, the Surveyor® Mutation Detection kit (IDT, Cat #706020) was chosen
for the identification of mutations in the CRISPR/Cas9 modified clones. The first step in

this assay is the PCR amplification of the target region. PCR amplification was carried
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out wusing the Fw Long Trem2 (GAGGTTCTTCAGAGTGATGGTG) and
Rv_Long Trem2 (CACCAAAGAACTGAGTCCAGATAG) primers and 2ul of gDNA
(~50ng). The PCR master mix was prepared as follows: 25ul 2X KAPA HiFi HotStart
Ready Mix (KAPA Biosystems, Cat# KK2601), 1.5ul 10uM forward and reverse primers
and 20ul of nuclease-free water. PCR was conducted in a Mastercycler benchtop
thermocycler (Eppendorf, Hamburg, Germany). Cycling conditions were as follows: 3
min at 95°C, followed by 35 cycles of amplification (20 sec at 98°C, 15 sec at 62°C and
15 sec at 72°C) and 1 min at 72°C.

5ul of each PCR product was subsequently visualised on a 1.5% agarose gel to verify
the size of the amplicon (539bp). The remaining PCR amplicon was cleaned using the
QIAquick PCR Purification Kit (Qiagen, Cat# 28106). Cleaned samples were diluted in
30ul and quantified with the Nanodrop 1000 spectrophotometer (Thermo Scientific).
Finally, clean PCR products were diluted to 20ng/pl.

The next step was the formation of DNA heteroduplexes with the PCR products. The
heteroduplex formation reaction was performed as follows: 2ul 10X Standard Taq
Reaction buffer (New England Biolabs, Cat# M0273L) and 18ul 20ng/ul PCR product.
The DNA heteroduplex mix was then incubated as per Table 2-7 to facilitate

heteroduplex formation.

Table 2-7 Cycling programme for heteroduplex formation of PCR products

Cycle number prcf;:::tlr:fne
1 95°C, 10min
2 95-85°C, -2°C/s
3 85°C, 1min
4 85-75°C, -0.3°C/s
5 75°C, Imin
6 75-65°C, -0.3°C/s
7 65°C, 1min
8 65-55°C, -0.3°C/s
9 55°C, 1min
10 55-45°C, -0.3°C/s
11 45°C, Imin
12 45-35°C, -0.3°C/s
13 35°C, 10min
14 35-25°C, -0.3°C/s
15 25°C, 1Imin
16 25-4°C, -0.3°C/s
17 4°C, hold
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After heteroduplex formation, annealed products were digested with the SURVEYOR
nuclease. Digestion reaction was prepared as follows: 20ul of heteroduplex product,
2.5ul 0.15M MgCl; (final concentration 15mM), 0.5yl Nuclease free water, 1l
SURVEYOR nuclease S (final concentration), 1yl SURVEYOR enhancer S (final
concentration 1X). Digestion was carried out at 42°C for 30 min. After incubation,
digestion was stopped by adding 2l of the kit's Stop Solution to each well; samples were
then either stored at -20°C for later analysis or run immediately in a 1.5% agarose gel.
Positive (kit's control) and negative (ho SURVEYOR) controls were also run in the same

gels.

Gel was imaged using the MINIBIS gel doc system (DNR Bio-Imaging Systems) and
estimation of the cleavage intensity was done using ImageJ software. Calculation of the
fraction of PCR product cleaved (fci) and Indel occurrence (Indel%) estimation were
performed as described by Ran et al. (2013b). The two formulas used for this estimation
are shown in Equation 1. For the fe: calculation, a represents the integrated intensity of
the undigested PCR product while b and c are the integrated intensities of each cleavage
product.

Equation 1 Formulas used for the estimation of Indel occurrence.

A

(b+c¢)

foe =tarb+ 0

indel (%) = 100 x (1 — (1 _fcut))

2.3.6 Plasmid and ssODN transfection, cell sorting and expansion

Plasmid and ssODN transfection were carried out as described in Methods section 2.2.1.
Transfection conditions (transfection programme EN-150 and plasmid concentration of
7ug per 1076cells) were as per the optimised conditions obtained from Methods section
2.3.4. Co-transfection of the CRISPR/Cas9 plasmids and the ssODN (10pmol per

transfection) used the same optimised conditions from Methods section 2.3.4.

Cell sorting (based on GFP fluorescence) and cell expansion were carried out as

described in Methods section 2.2.2.
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2.3.7 Screening of R47H CRISPR/Cas9 modified clones by RFLP (Restriction
Fragment Length Polymorphism)

Screening of the R47H positive clones was done using RFLP analysis. Firstly, total
gDNA extraction and PCR amplification of the CRISPR/Cas9 targeted region were
carried out as described in methods sections 2.2.8.2 and 2.2.8.3. Once amplified, 10l
of each PCR amplicon was run and visualised on a 1.5% agarose gel to verify their

correct size (539bp).

The remaining 15ul of PCR amplicon was enzyme restricted using the BsmBI nuclease
(New England Biolabs, Cat# R0580L). Restriction reaction was prepared as follows: 15pl
of PCR amplicon, 1.8ul 10X NEBuffer 3.1, 0.5ul BsmBI (5U) and 0.7ul of nuclease free
water. Restriction was carried out at 55°C for 1h and 80°C for 20 min. Restriction
fragments were visualised on a 2% agarose gel using the MINIBIS gel doc system (DNR

Bio-Imaging Systems).

2.3.8 Sanger sequencing of Trem2 R47H CRISPR/Cas9 modified candidates

For Sanger sequencing of the target sequence of the Trem2 R47H CRISPR/Cas9
candidates, a second PCR amplification was performed. This second PCR was prepared
with a high fidelity Taq polymerase and the same gDNA used for the screening step.
PCR reaction preparation (using primers Fw_Long_Trem2 and Rv_Long_Trem2) and

cycling were carried out as described in method section 2.2.8.4.

PCR products were visualised in a 1.5% agarose gel to check the size of the amplicon.
Amplicons were subsequently cleaned up with the QIAquick PCR Purification Kit
(Qiagen, Cat# 28106). Purified PCR products were diluted in 30ul of nuclease-free water
and quantified with the NanoDrop 1000 spectrophotometer (Thermo Scientific). Finally,
samples were diluted to ~6ng/ul and sent to be sequenced commercially (Source
Bioscience, Nottingham, UK). Alignment of sequences and analysis was carried out
using SnapGene V4.0.2 software (GSL Biotech). TIDE (Tracking of Indels by
DEcomposition) analysis was performed using .abl files obtained from Sanger
sequencing and the online tool (https://tide-calculator.nki.nl/) (Brinkman et al., 2014).

2.4 Characterization of Trem2 +/- and -/- BV2 clones

2.4.1 Cell treatments

WT, A7, C8, B5 and G4 cell lines were plated in serum-free media 24h prior to treatment
to ensure they were down-regulated and in a resting state. For mRNA gene expression
experiments, treatments were done in triplicate (3 wells of a 6-well plate, each containing
80 000cells in 2mL of serum-free medium) for each biological replicate (n). For mRNA

extraction, lysates from the triplicate wells were pooled together before RNA extraction.
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Cells were activated with 1ug/mL LPS (Sigma, Cat# L2762, serotype: 026:B6, Dorset,
UK), 10% FBS or a combination of both for 24h. For cytokine release analysis, cells were
treated with 100ng/mL LPS (Sigma, Cat# L2762, serotype: 026:B6, Dorset, UK), mouse
IL4 (Peprotech, Cat# 214-14) and Mouse Transforming Growth Factor 1 (TGFB, New
England Biolabs, Cat# 5231LC). For Western blot analysis, 463 000 cells were seeded
in 10cm plates (approx. 12 000cells/cm?) and left untreated for 24h before cell lysis and

protein extraction.

2.4.2 qPCR analysis of gene expression of clones A7, C8 (Trem2 +/-), B5 and G4
(Trem2 -/-)

2.4.2.1 RNA extraction

After treatment, cells were lysed directly on the plate. Briefly, medium from each well
was discarded and 350pl of Qiazol Lysis Reagent (Qiagen, Cat# 79306) was added into
each well. Lysis reagent was left to incubate for 5 min at room temperature and plates
were subsequently vortexed for 10 sec. At this point, the 3 replicates of each treatment
were pooled together into a single 2mL Eppendorf (total volume 1.05mL). Lysates were

then frozen at -20°C or -80°C and processed later.

Total RNA from the stimulated BV2 WT, A7, C8, B5 and G4 clones was isolated using
the RNeasy Mini Kit (Qiagen, Cat# 217004) according to manufacturer’s
recommendations with minor modifications to allow for the set-up of the experiment (see
section 2.6.2). All total RNA samples were treated with DNAse in column according to
manufacturer’'s recommendations. Extracted RNA was eluted in 32ul of DNase/RNase
free water. The concentration and quality of the total RNA was determined using a
NanoDrop 1000 spectrophotometer (Thermo Scientific) and the A260:280 and 260:230

ratios.

2.4.2.1 Reverse-transcription and gquantitative PCR (qPCR)

cDNA was synthesised from total RNA (0.5ug), using a High-Capacity cDNA Reverse
Transcription Kit (Life Technologies, Cat# 4368813) in a total volume of 20ul. The
reverse transcription (RT) master mix contained the following: g.s.p 0.5ug total RNA, 2pl
10X RT buffer, 0.8ul (100mM) dNTP mix, 2.0ul 10X RT Random primers, 1ul
MultiScribe™ Reverse Transcriptase, g.s.p 9ul Nuclease free water. Reverse
transcription was performed in a Mastercycler benchtop thermocycler (Eppendorf,
Hamburg, Germany). Cycling parameters were as follows: 10 min at 25°C, 120 min at
37°C, 5 min at 85°C and held at 4°C.

gPCR amplification and data acquisition was performed in Mx3000P multiplex PCR

System (Stratagene, California, USA), using Tagman probes (see Table 2-8). The use
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of Tagman probes with two different fluorophores (FAM and VIC) allowed the gene
expression quantification of two genes in a single tube, reducing assay cost and
improving accuracy. This approach is termed “multiplex gqPCR” and was used for the
gene expression analysis of Trem2 and ApoE (both associated with FAM, 494/518nm),

relative to the normalizer gene Gapdh (associated with VIC, 538/554nm).

Table 2-8 Tagman probes used for the relative gene expression quantification of microglial genes

Gene Name . Assay name Fluorescent
. Normalizer gene .
(amplicon length) (Thermo Fischer) dye - quencher

Actb (115bp) GAPDH MmO0607939 s1 FAM-MGB
Apoe (79bp) GAPDH (multiplex) Mm01307193 g1 FAM-MGB
Arg1 (65bp) Thp Mm00475988 m1 FAM-MGB
Cd33(71bp) GAPDH MmO00491152 m1 FAM-MGB
Cd40 (68bp) GAPDH Mm00441891 m1 FAM-MGB
IL1b (90bp) Thp MmO00434228 m1 FAM-MGB
Plxnal(111bp) Thp MmO00501110_m1 FAM-MGB
Tnf (81bp) GAPDH Mm00443258 m1 FAM-MGB
Trem2 (90bp) GAPDH {multiplex) MmO04209424 g1 FAM-MGB
Tyrobp/Dap12 (64bp) GAPDH Mm00449152_m1 FAM-MGB
GAPDH i - Mm99999915 g1 VIC-MGB
(107bp - for multiplex)

GAPDH (107bp) - Mm99999915 gi FAM-MGB
Thp (73bp) - Mm00446973 m1 FAM-MGB

The qPCR master mix for multiplex contained: 10ul 2X TagMan® Universal Master Mix
II, with UNG (Applied Biotechnologies, Cat 4440038), 1pl of each 20X TagMan®Gene
Expression Assay (Table 2-8), 6ul Nuclease free water and 2ul of diluted cDNA (1:10
dilution) in a final volume of 20ul. Samples were run in triplicate (technical replicates) in
the same plate. Cycling conditions were as follows: activation of DNA polymerase 2 min
at 50°C, cDNA denaturation 10 min at 95°C, followed by 40 cycles of amplification (15
sec at 95°C and 1 min at 60°C). To ensure there was no reagent or DNA contamination
in the RNA samples, no RT (reverse transcriptase) and NTC (no-template control)

controls were used in all experiments.

For the relative quantification of the mRNA expression, two main endogenous controls
were utilised: Gapdh and Tbp. The use of one particular endogenous control over the
other depended on their correlation coefficient (R?), dynamic range and amplification
efficiency. To this end, a standardization step was performed in control samples (data

not shown) according to the Tagman probes’ manufacturer recommendations
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(ThermoFischer, Real-time PCR handbook). Actin was not used as the endogenous
control gene, because of concerns regarding its accuracy as a normalizer at the mRNA
level. Piehler et al. (2010) have shown that of RT-gPCR normalization using Gapdh or
Actb alone lead to inaccurate gene expression measurements in LPS-stimulated
monocytes. However in our set up, Actin was the only normalizer gene shown to have
variability related to cells’ stimulations. As shown in Figure 5.9, Actin mMRNA expression
is upregulated during LPS in a dose dependent manner at 24h. Furthermore, the
RNAseq experiment showed a statically significant upregulation of Actb (B-actin) at the
6h timepoint by both IL4 and LPS stimulations, something that was not seen in the case
of Tbp or Gapdh, the two normalizer genes selected for mMRNA experiments in this thesis
(data not shown).

2.4.2.2 qPCR relative quantification and statistical analysis

Relative quantification of mMRNA expression was calculated using the AACT (Livak)
method (Livak and Schmittgen, 2001). Ct (cycle threshold) values were normalised to
the housekeeping genes Gapdh or Thp (normalizer genes). Ct values for the 3 technical
replicates were averaged before normalization. Gene expression levels are expressed
relative to the untreated control, unless indicated differently. gPCR experiments on the
5 cell lines were performed in at least twice (biological replicates or n=2) and statistical
significance was calculated using a 2-way ANOVA with Dunnett’s correction.

2.4.3 Western blot analysis of TREM2 protein expression in A7, C8 (Trem2 +/-),
B5 and G4 (Trem2 -/-)

2.4.3.1 Cell lysis and protein quantification

All 5 clones were seeded in serum-free conditions in a 10cm dish at a density of 463
000cells/plate (approx. 12 000cells/cm?). Cells were left to grow/attach for 24h at 37°C,
5% CO,. Whole cellular protein extracts were obtained from all 5 clones 24h after
seeding. Cells were lysed using 80pl of modified RIPA buffer (50mM Tris pH 8.0, 150mM
NaCl, 1% NP40, 0.5% deoxycholate, 0.1% SDS) supplemented with 1X Halt™ Protease
Inhibitor Cocktail (ThermoFisher, Cat# 78430). Lysis buffer was added on top of the
washed cells and cells were scrapped using a rubber policeman. Lysates were incubated
30 min at 4°C and subsequently spun down at 14 000g for 10 min at 4°C. Supernatants

were recovered and used immediately or stored at -20°C for later use.

A Bradford protein determination assay (Bradford, 1976) was carried out to determine

the protein concentration of the whole cellular extracts as mentioned in Section 2.2.5.2.
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2.4.3.2 TREM2 deglycosylation of whole cellular protein extracts from the Trem2
clones

An appropriate volume of each whole cell extract containing 15ug of total protein was
used for deglycosylation of the TREMZ2 protein using the PNGase F digest kit (New
England Biolabs, Cat# P0704L). Firstly, the proteins were denatured by adding the kit's
denaturing buffer to a final concentration of 1X and incubating at 100°C for 10 min.
Samples were then left to cool down at room temperature. Finally, the deglycosylation
reaction was prepared as follows: 15ug of denatured protein extract, 1X G7 reaction
buffer, 1% NP-40 and 500U PNGaseF enzyme. Deglycosylation was carried out at 37°C
for 1 hour.

2.4.3.3 SDS-PAGE Electrophoresis

Deglycosylated whole cell protein extracts (15ug) were separated by SDS-PAGE gel
electrophoresis. Samples were first mixed with 4X Laemmli Sample Buffer (BioRad, Cat#
161-0747) and then loaded onto a premade 12% SDS-PAGE gel (BioRad, Cat# 456-
1044) together with a molecular weight marker (BioRad, Cat# 1610373). Gels were run
at 150V until the dye front was near the end of the gel (approximately 75 min).

After migration, the gel was carefully removed from the casts and wet transferred (tank)
onto a 0.2uM nitrocellulose membrane. The transfer solution was composed of 1X
Tris/Glycine Transfer buffer (Biorad, Cat# 1610734) and 20% Methanol dissolved in
water. Transfer was completed on ice at 100V for 60 min. After transfer, the nitrocellulose
membrane was washed with PBS-T (0.1% Tween-20) for 10 min and subsequently
blocked with 5% non-fat milk solution in PBS-T for 30 min to prevent non-specific binding
of the antibody. The membranes were then ready for immunoblotting.

Membranes were incubated with anti-TREM2 primary antibody (according to Table 2-3)
in PBS-T containing 5% milk overnight at 4°C in an orbital shaker. The anti-TREM2
primary antibody used for the detection was the sheep polyclonal antibody AF1729
(R&D, sheep polyclonal). This antibody was generated using the recombinant mouse
protein TREM2b, amino acids 19 to 168 (150aa in total). The nitrocellulose membranes
were then washed 3 times (10 min each) with PBS -T (0.1% Tween-20).

Blots were developed with secondary antibody according to Table 2-3 (1:10 000 dilution
in 1:1 mix of PBS-T and Odyssey PBS blocking buffer). Nitrocellulose membranes were
washed 3 times (10 min each) with PBS-T (0.1% Tween-20). Results were visualised
using an Odyssey Infrared Imaging System. Blots were re-probed for -actin (Table 2-3)
as a loading control. B-actin was chosen as loading control for the western blot

experiment as only one TREM2 measurement was performed (24h after seeding). At the
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MRNA level, Actin (and Gapdh) is not recommended to be used as the sole gene
normaliser as it may lead to imprecise expression results in LPS stimulated monocytic
cells (Piehler et al., 2010). However, since TREM2 protein quantification was done at a
single timepoint and under immunologically down-regulated conditions (serum-free

media) this is not likely to affect the experimental result.
Three independent biological replicates (n=3) were performed for this experiment

2.4.4 Detection of STREM2 by ELISA

Cells of the 5 clonal lines (WT, A7, C8, B5 and G4) were seeded into a 6-well plate at a
density of 80 000cells/well under serum-free conditions. Cells were left to grow for 24h
at 37°C, 5% CO. prior to any treatments. Treatments were carried out for 24h and
supernatants were recovered immediately after. Supernatants were centrifuged at 2000g
for 5 min to remove cell debris. Subsequently, cell pellets were discarded and
supernatants were recovered in a new 1.5mL Eppendorf. At this point, supernatants
were stored at -80°C for later analysis or used immediately. Detection of STREM2 was
performed on the supernatants of the 5 cell lines according to the same protocol
described in Section 2.2.4. Three independent biological replicates (n=3) were

performed for this experiment

2.4.5 Immunostaining: TREM2 and Golgi apparatus.

Cells were seeded into coverslips at a density of 20 000 cells per coverslip in serum-free
medium. After 24h in culture, cells were washed once with PBS and then fixed with ice
cold methanol for 20 minutes at -20°C. Subsequently, cells were washed 3 times (10 min
each) with PBS and blocked with 3% BSA in PBS for 30 min at room temperature. For
staining, two primary antibodies were used: 1) Anti-Trem2 (polyclonal sheep IgG, R&D
Systems, Cat# AF1729) and 2) Anti-Golgin (monoclonal rabbit I1gG, Cell Signalling
Technologies, Cat# CST 13192). Anti-TREM2 was used at a final concentration of
10pg/mL and Anti-Golgin was used at a dilution of 1:100 in 3% BSA (in PBS). Primary
antibodies were incubated for 2h at RT. After incubation with primary antibodies, cells
were washed 3 times (10 min each) with PBS. Two secondary antibodies were used:
Donkey anti-sheep 1gG conjugated with Alexafluor 568 and Goat anti-rabbit 19G
conjugated with Alexafluor 488 (both from ThermoFisher). Secondary antibodies were
added at a dilution of 1:1000 for 1h at RT. Following incubation, cells were washed 3
times (10 min each) with PBS. Coverslips were gently dabbed on paper and mounted
into glass slides using Vectashield containing DAPI. Slides were stored protected from
light and kept at 4°C until they were imaged. Image acquisition was performed in a
confocal microscope (Zeiss LSM 880 with AiryScan) and image processing was done

using the ZEN 2.3 software (CarlZeiss). For image analysis, fluorescence thresholds
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were set using WT cells stained only with the secondary antibodies as negatives. Two

independent biological replicates (n=2) were performed for this experiment.

2.4.6 Phagocytosis assays

To assess the impact of Trem2 deficiency on phagocytosis, two different phagocytosis
assays were utilised; the pHrodo™ Green Zymosan A Bioparticles® Conjugate
(ThermoFisher, Cat# P35365) and the pHrodo™ Green E. coli BioParticles® Conjugate
(ThermoFisher, Cat# P35366). For experimentation, cells were seeded at 1x10° per well
of a 24-well plate in 1% serum RPMI medium 24h hours before stimulation. 2h prior to
adding the pHrodo™ Bioparticles, a group of cells was treated with Cytochalasin D (final
concentration of 10uM) as a negative control for phagocytosis in the experiment.
Cytochalasin D is an actin-polymerization inhibitor, its addition into the medium can
reveal whether the uptake of particles is reliant on actin-dependent mechanisms or not.
The experiment was not performed under serum-free conditions because cells grown
without serum firmly attach to the culture plate; making them unrecoverable in enough
numbers for FACS analysis. To avoid this problem, cells were grown in 1% serum
medium (very-low serum concentration). It is worth mentioning that, in a recent paper by
Bohlen et al. (2017), the authors showed that serum supplementation of microglial cells
increases their phagocytic capacity in vitro, probably adding an extra confounding factor
into the experimental design.

Two hours after stimulation with Cytochalasin D, all cells were treated with either 50ul
(0.5mg/mL) of the Zymosan Bioparticles or 50-25ul (1mg/mL) of the E. coli Bioparticles.
At this point, one group of cells was left “untreated”, meaning neither Cytochalasin D nor
fluorescent beads were added to its culture medium, in order to be used as a “no beads”
negative control for the experiment. Once the fluorescent beads were added, cells were
left to incubate for 30 min. Once the 30 min passed, cell supernatants were removed
and cells were detached from the plates and re-suspended in 2% BSA solution in PBS.
Analysis of the cells was done by flow cytometry using a FACSCalibur cell sorter (BD
Biosciences, USA) at the appropriate excitation/emission maxima (509/533nm). Results
(at least 10 000 events were acquired per condition) were analysed using the FlowJo
V10 software (FlowJo LLC). Two independent biological replicates (n=2) were performed
for each of the E. coli particle concentrations (50ug and 25ug), while three independent

biological replicates (n=3) were performed for the zymosan patrticles.

2.4.7 Migration assay
The effect of TREM2 deficiency on migration was assessed using the Cell
Migration/Chemotaxis Assay Kit (PromoKine, Cat# PK-CA577-K906) as per

manufacturer’'s recommendations, with some modifications to allow for our set up.
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Briefly, 1.5x10%cells from each cell line were seeded in 175cm? flask, 48h before
experimentation in 10% FBS RPMI medium. 24 hours prior to the experiment, the
medium on the flasks was changed to 0.5% FBS RPMI medium. On the day of
experimentation, cells were harvested with trypsin and pelleted at 2000rpm (460g) for 5
minutes at room temperature (Eppendorf 5804R) and re-suspended in the assay’s Wash

buffer. Cells were counted and re-suspended at 1x108cells/mL in serum-free medium.

The bottom chamber of the migration assay plate was then filled with 150l of medium
containing the desired chemoattractant. Treatments were applied in triplicate (technical
replicates). The kit's Control Migration inducer was used as a positive control
chemoattractant. The manufacturer recommends to use a no-chemoattractant well as
negative control for the experiment, as this will only allow basal migration of cells
between chambers. This a control was used in our experiment (untreated). Cells were
seeded in the top chamber of the migration assay plate, 50ul per well (50 000cells);
volume was completed to 100ul with serum-free medium. Cells in the Cell Migration
Chamber were left to incubate for 12h at 37°C in 5% CO; incubator.

Simultaneously, a cell number standard curve was prepared in a separate clear 96-well
plate. Standard curve was prepared by serially diluting the cells 1:1 in Wash buffer (from
50 000 to 781 cells per well) in a final volume of 100ul/well. Once seeded, 10ul of the
Cell Migration Dye was added to each well and the plate was incubated at 37°C for 1h.
Fluorescence was read at 530/590nm (Ex/Em) in a plate reader. Finally, the number of
cells was plotted against the RFU (Relative Fluorescence Units) results obtained from
the plate reader.

After 12h of incubation in the Cell Migration Chamber, media was aspirated from the top
chamber. Cells that had did not migrate in the top chamber were removed carefully with
a cotton swab. After this, the top chamber was set aside. The plate, containing only the
bottom chamber, was then centrifuged at 1000g for 5 min at room temperature. Medium
was aspirated from the bottom chamber and wells were washed with 200ul of wash
buffer. Cells were centrifuged again at 1000g (rpm) for 5 min and the wash buffer was
aspirated. Subsequently, 110ul of the Cell Dissociation Solution (containing 10% v/v Cell
Dye) was added to each well and the Cell migration was reassembled by placing the top
chamber back into the bottom chamber. The Cell Migration Chamber was then left to
incubate for 1h at 37°C in 5% CO; incubator. Finally, the top chamber was removed and
fluorescence was acquired from the bottom chamber 530/590nm (ExX/Em) in a plate
reader. Technical replicates (triplicates) were averaged together for analysis. The
number of migrated cells was meant to be calculated using the aforementioned standard

curve, nevertheless, the fluorescence results obtained after the experiment were outside
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the standard curve range (higher values than the highest value of the standard curve).
For this reason the standard curve was not used and only the fluorescence values (in
Arbitrary units, AU) obtained from each well (condition) are reported. A single biological

replicate (n=1) was performed for this experiment.
2.4.8 Proliferation assays

2.4.8.1KI67 assay

To analyse the proliferative capacity of each of the CRISPR/Cas9 clones, cells were
stained with an Anti-KI-67 antibody (MACS, Milteny Biotec, Cat# 130-100-340). The KI-
67 antigen is a nuclear protein associated with cell proliferation and is often used to

identify the growth fraction of a given cell population.

For experimentation, cells were seeded normally in 75cm? flasks, 632 000 cells per flask
(final density of 8 426cells/cm?), in serum-free, 1% or 10% FBS medium. Cells were
incubated for 24h and 48h, at which point they were harvested using trypsin 1X (Gibco,
Cat# 25300-062). Cells were fixed using 80% ethanol added in a dropwise manner while
vortexing. Fixed cells were left at -20°C for at least an hour before being used for staining.

If cells were not to be used immediately, they were stored at -20°C for up to 4 weeks.

Fixed cells were then stained as per manufacturer’s protocol in a V-bottom 96-well plate.
To rule out unspecific binding of the KI-67 antibody, an isotype antibody (MACS, Milteny
Biotec, Cat# 130-104-611) was used in control samples. Samples were analysed using
a flow cytometer (at least 10000 events were acquired per condition) and the FlowJo
V10 software (FlowJo LLC). Three independent biological replicates (n=3) were

performed for this experiment

2.4.8.2 CellTrace™ CSFE dye

CellTrace™ dyes allow following up multiple generations of dividing cells using dye
dilution by flow cytometry. For experimentation, the CellTrace™ CSFE dye
(ThermoFischer, Cat# C34554) was used as per the manufacturer’s protocol, with some

minor modifications.

BV2 cell lines were harvested normally, using PBS and counted with a haemocytometer.
3 million cells per cell line were stained for each experiment. Cells were firstly pelleted
and re-suspended in 1mL PBS containing 0.75uM of the CSFE dye (initial stock solution
was 5mM). Cells were left to incubate with the dye for 10 min at 37°C protected from
light. After incubation, 5mL of 1% serum containing medium was added to the cells. Cells
were pelleted once more and re-suspended in 3mL of serum-free medium. At this point

cells were counted again and subsequently seeded at 80 000 cells/well in triplicate (3
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wells per condition in a 6-well plate). Cells were seeded in serum-free, 1% and 10% FBS
RPMI medium and left to grow for 24h and 48h.

Finally, cells were harvested using trypsin 1X (Gibco, Cat# 25300-062). Triplicate wells
were pooled together at this point. Analysis was carried out using a flow cytometer (at
least 10000 events were acquired per condition) and the FlowJo V10 software (FlowJo

LLC). Three independent biological replicates (n=3) were performed for this experiment.

2.4.9 Proteome profiling — Mouse cytokine array kit

The Proteome Profiler Mouse XL Cytokine Array (R&D Systems, Cat# ARY028) was
used to investigate the effect of Trem2’s deficiency in BV2 cells, in terms of their cytokine
secretion capacity. This kit is capable of determine the relative abundance of 111 mouse
cytokines in a membrane-based antibody array. Protocol was performed as per
manufacturer’s recommendations using cell-free supernatants from cells treated with
LPS, IL4, TGFB and an untreated control group (serum-free) for the wild-type, C8 (Trem2
+/-) and B5 (Trem2 -/-) cell lines. Treatments were performed for 24h, after the usual 24h
serum-starvation period. After membrane development, the Streptavidin-HRP
chemiluminescent signal was captured with autoradiography film. Densitometric analysis
was performed using the ImageJ. Optical densities were normalised using the mean of
the positive control points (reference spots) and analysis was performed as
recommended by the manufacturer. Briefly, the average signal (pixel density) of the pair
of duplicate spots representing each cytokine was normalised by subtracting an
averaged background signal (negative control spots). Positive control spots were used
for overlay alignment. Hierarchical clustering analysis and plotting of results as a heat

map was done using MORPHEUS (https://software.broadinstitute.org/morpheus/). A

single biological replicate (h=1) was performed for this experiment.
2.5 Preparation and characterization of AB1-42 species

2.5.1 AB1-42fibrils preparation (Microarray experiment)

Fibrils of AB1-42 were produced as previously described by Lorenzo and Yankner
(1994). Briefly, the AB1-42 peptide (Sigma, Cat# A-9810) was dissolved in double-
distilled water (ddH-20) to a final concentration of 350uM and incubated at 37°C for 5
days. After 5 days, the fibrils were resuspended with ddH>O to a final concentration of
20uM. Aliquots of 20ul were stored at -80°C for later use. When an aliquot was needed
for cell stimulation, it was first dissolved with ddH»O to a final concentration of 20uM. All

experiments were carried out within six months of fibril preparation.
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2.5.2 Preparation and characterization of AB1-42 species (RNAseq experiment)

2.5.2.1 Preparation of monomeric AB7-42

AB1-42 was purchased from AnaSpec (Cat# AS-24224). The peptide was first dissolved
at a concentration of Img/mL in 100% HFIP (1,1,1,3,3,3-hexafluoro-2-propanol [Sigma
Aldrich, Cat# 52517]). The resulting solution was then left to incubate for 1h at room
temperature with occasional vortexing at moderate speed. After incubation, the peptide
solution was sonicated for 10 min in a water bath sonicator. The solution was
subsequently dried using a gentle stream of Nitrogen gas (approximately 30 min). The
dried pellet was re-suspended in 100% DMSO to a concentration of 1ImM. The pellet
was incubated with DMSO at room temperature for 15 min with occasional vortexing.
This preparation facilitates the solubilisation of the AB1-42 peptide in a solution that
contains predominantly monomers. The final solution was then distributed into 5l
aliquots using 0.5mL Eppendorf® LoBind microcentrifuge tubes (Sigma-Aldrich, Cat#
Z666491) and stored at -80°C until needed to prepare oligomers or fibrils.

2.5.2.2 Preparation of oligomeric and fibrillar AB1-42 species

For oligomeric AB1-42, one 5ul aliquot of monomeric AR1-42 [1mM] was dissolved with
DPBS —-Ca/-Mg to a final concentration of 25uM. Monomeric AB1-42 was left to
oligomerize at room temperature (21-28°C) for 20-24h with moderate agitation. Similarly,
for fibrillary AB1-42, one 5ul aliquot of monomeric AB1-42 [ImM] was dissolved with
DPBS —Ca/-Mg to a final concentration of 25uM. The solution was then left to incubate

at 37°C for 7 days with occasional mixing.

2.5.2.3 Morphological characterization of AB1-42 species - TEM imaging and
analysis

Characterization of the different AB1-42 species was carried out by Transmission
Electron Microscopy (TEM) as described by Jan et al. (2010). Briefly, 5ul of any of the
three AB1-42 species conformations was deposited on top of a Formvar/carbon-coated
TEM grid (Electron Microscopy Sciences, Cat# FCF200-Cu-50, 25-50nm Formvar and
1nm Carbon). These TEM grids had been glow discharged before sample fixation using
a Mini Sputter Coater/Glow Discharge System (Electron Microscopy Systems, Cat# EMS
7620). AB1-42 samples were deposited as a droplet and left to settle on the grid for 1
min. After deposition, the TEM grids were gently dried by wicking their edges with a piece
of blotting paper. Once dried, 10ul of a 2% (wt/vol) Uranyl Acetate (Agar Scientific Ltd.,
Cat# AGR1260A) was put on top of the grids and was left to settle for 90 sec. After
settling, the excess solution was removed by gently wicking the edge of the grids with a
piece of blotting paper. Grids were then left to dry at room temperature for 5 min before

they were stored for later analysis. Grids were stored at room temperature.
87



CHAPTER 2: Materials and Methods

Grids containing AB1-42 samples were examined using an Electron Emission
Microscope (Philips CM12, FEI Tecnai G2 F20, USA) operating at 80kV. The microscope
used was located at TEM facility at Queen Square house laboratories. Images were
acquired using the Radius electron microscopy imaging software (Olympus Soft Imaging
Solutions) and image analysis was carried out using ImageJ software. Image acquisition
was performed by Dr Natalia Zanetti, Clinical & Experimental Epilepsy, UCL Institute of

Neurology.
2.6 Gene expression analysis of microglial activation

2.6.1 Cell treatments

BV2 cells were routinely plated 24h prior to treatment in serum-free media, to ensure
cells were downregulated and in a resting state. Treatments were carried out in serum-
free medium unless stated otherwise. Cell stimulations were performed in triplicate (3
wells of a 6-well plate, each containing 80 000cells in 2mL of serum-free medium); 3
technical replicates. Technical replicates were pooled together at the cell lysis step
before RNA extraction. Timing of sample collections represents different states of
microglial activation. The 6h timepoint represents the acute phase of microglial
activation, while the later timepoints, 24h and 48h, represent the chronic states of
inflammation (Gao et al., 2011). Chronic inflammation is a pathological hallmark of
neurodegeneration in diseases such as AD (Plaza-Zabala et al., 2017). Moreover, it has
been shown that excessive acute or chronic activation of microglial cells can promote
neuronal damage by the release of cytotoxic factors, including NO, ROS, TNFa, and IL1
(Dai et al., 2015).

For the microarray experiment, cells were stimulated with 1pg/mL LPS (Sigma L2762,
serotype: 026:B6, Dorset, UK), 1mg/mL fibrinogen (Sigma, Cat# F4883, fibrinogen from
human plasma), 1ug/mL and 100ug/mL Dextran Sulfate (Sigma, Cat# D6001, average
MW >500,000 from Leuconostoc spp.) and 20nM ABR1-42 fibrils (Sigma, Cat# A-9810)
for 6h, 24h and 48h. The experiment also included a O hour untreated control per
biological replicate, totalling 19 samples per experiment. The experiment was repeated
3 times; biological replicates (n=3). In addition to these treatments, the gPCR validation
of microarray results used: ATP Adenosine Triphosphate Sodium salt, Tacris, Cat#
3245) and mouse INFy (Interferon-y, Peprotech, Cat# 315-05) (Table 2-9).

For the RNAseq experiment, cells were activated with 100ng/mL LPS (Sigma L2762,
serotype: 026:B6, Dorset, UK), 100ng/mL mouse IL4 (Peprotech, Cat# 214-14),
100ng/mL mouse TGFp (Cell Signalling Technologies, Cat# 5231LC) and 500nM AB1-
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42 monomers or oligomers (for preparation see section 2.5) for 6h, 24h and 48hrs. The

experiment was performed using 3 separate biological replicates (n=3).

All compounds with concentrations used to treat cultures are provided in Table 2-9. The
concentrations selected are justified in the corresponding results chapter and were
determined by concentration dependent analysis, from previous experiments in the

laboratory or from the literature.
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Table 2-9 Compounds and concentrations used for BV2 stimulation

Treatment

Final
Concentration

Effect/Response

AB1-42
fibrils

AB1-42
monomers
and
oligomers

ATP

Dextran
Sulfate

Fibrinogen

IL4

IL10

LPS

TGFB

20nM
(microarray)

500nM

100pM

1and
100pg/mL

1mg/mL

100ng/mL

1lpg/mL
(microarray)
or
100ng/mL
(RNAseq)

100ng/mL

Fibrillar AB is the major component of AB plagues and can activate
microglia (Resende et al., 2008). In microglia, scavenger receptors
SCARA1 and SCARA2 have been shown to have high affinity for
fibrillary and soluble AB (Wilkinson and El Khoury, 2012). Other
microglial receptors capable of recognizing fibrillar AB include; TL2,
CR3 and Macl (Doens and Fernandez, 2014). AB receptors have
been reviewed extensively by (Jarosz-Griffiths et al., 2016).

Dose determined by observations made in our group (Crehan et al.,
2013) and others (Dahlgren et al., 2002).

Oligomeric A has been shown to activate microglia (Zheng et al.,
2016). In our study, monomers are used as a control. In microglia,
scavenger receptors SCARAL and SCARA2 have been shown to
have high affinity for fibrillary and soluble AR (Wilkinson and El
Khoury, 2012). Microglial cells are capable of recognizing monomers
via the macrophage receptor with collagenous structure (MARCO,
Brandenburg et al. (2010)) and the Receptor for advanced glycation
end products (RAGE, Origlia et al. (2010)). Similarly, AB oligomers
can be recognised by pattern recognition receptors (PRR) in
microglia (reviewed by Salminen et al. (2009). TREM2 has also been
shown to act as a receptor for oligomeric AR (Zhao et al., 2018).
Dose determined by unpublished observations made in our group
and others (Zheng et al., 2016).

Extracellular ATP activates macrophages through stimulation of
purinergic receptors (Cauwels et al., 2014). Upon activation cells
produce IL13 and IL18.

Dose was established by unpublished observations made in our

group.

Putative  ligand of TREM2 ((Daws et al, 2003).
Dose was determined by unpublished observations made in our

group.

Promotes production and release of pro-inflammatory cytokines in
mononuclear cells (Jensen et al., 2007). Fibrinogen has been shown
to bind to Macrophage-1 antigen (also known as Mac-1, CR3 or
CD11b/CD18) receptor in activated microglia (Ryu and McLarnon,
2009, Flick et al., 2004, Adams et al., 2007).

Dose was determined by unpublished observations made in our

group.

It is a well-known macrophage/microglia activator (M2) capable of
promoting inflammation resolution (Chang et al., 2017). The receptor
for IL4 is known as IL4Ra. IL4 has been also shown to upregulate
Trem2 expression (Turnbull et al., 2006).

Dose was determined by a dose response curve (Section 2.6).

Promotes M2 activation of monocytes (Avdic et al., 2013) and
microglia (Zhou et al., 2017). The receptor for IL10 is IL10R.
Dose was determined by a dose response curve (Section 2.6).

Activates microglia via TLR4 and promotes the expression of pro-
inflammatory cytokines. LPS is a classical M1 activator.
Dose was determined by observations made in our group and others
(Nakamura et al., 1999, Qin et al., 2004).

Promotes the conversion of activated microglia to an anti-
inflammatory phenotype (Paglinawan et al.,, 2003). TGFB is
recognised by the TGFB receptors in different tissues (Dore et al.,
1998).

Dose was determined by a dose response curve (Section 2.6).
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2.6.2 RNA extraction

RNase-free consumables were used throughout and surfaces and gloves were
frequently sprayed with RNaseZap® (Life Technologies, Cat# AM9780M). Total RNA
from the stimulated BV2 cells was isolated using the RNeasy Mini Kit (Qiagen, Cat#
217004) according to manufacturer's recommendations, with minor modifications to
allow for the set-up of the experiment. Briefly, medium from each well was discarded (or
saved for later analysis) and cell lysis was performed directly on the plates by adding
350ul of Qiazol Lysis Reagent (Qiagen, Cat# 79306). Lysis reagent was left to incubate
for 5 min at room temperature and plates were subsequently vortexed for 10 sec. At this
point, the 3 technical replicates of each treatment were pooled together into a single 2mL
Eppendorf (total volume 1.05mL). Technical replicates were pooled together to increase
the concentration of final total MRNA needed for experimentation. Serum-starvation
reduces the mitotic rate of cells, avoiding increase proliferation and reducing the amount
of RNA synthesised (Li et al., 2016). Pooling of technical replicates was particularly
important for the microarray experiment, where mRNA concentration needed to be at
least 50ng/ul. Lysates were then frozen at -20°C for short periods of time (1 or 2 days)

or -80°C for longer storage (up to six months) and processed later.

After this step, the protocol was followed according to manufacturer’s recommendations
and the RNA was finally eluted in 32pl of DNase/RNase free water. The concentration
and quality of the total RNA was determined using a NanoDrop Spectophotometer
(Thermo Scientific, Nanodrop 1000) and the A260:280 and 260:230 ratios.

For the RNAseq experiment, the concentration and the RIN (RNA Integrity Number)
Quality Metric of the total RNA was determined using a TapeStation System (Agilent).
RIN values of all samples sent for NGS were above 7.

2.6.3 Microarray analysis

Sample preparation and microarray hybridization was performed by AROS Applied
Biotechnology (Denmark). RNA samples from all 3 biological replicates were sent to
AROS in a single shipment; 56 samples in total. Although we had 57 samples (19
samples in each of the 3 biological replicates), only 56 were analysed since the
microarray chips only analysed gene expression in batches of 8 samples; one of the Oh
untreated controls was not included in the experiment. Before sending the samples to
AROS, they were diluted in 10ul at a final concentration of 50ng/ul. Samples were then
shipped to AROS Applied Biotechnology (Denmark) in dry ice, where microarray analysis
was carried out using the Illumina MouseRef-8 v2.0 Expression Arrays. The MouseRef-
8 v2 bead chips have the capability of analysing >22,000 probes targeting genes and

known alternative splice variants. Experimental procedures (cDNA labelling and
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hybridization) were performed according to manufacturer’'s instructions by AROS
Applied Biotechnology. BeadArrays were scanned using the lllumina BeadStation 500X,
and raw intensity values were saved in lllumina’s Bead Studio program manager. For
array hybridization, all samples were distributed among different arrays (avoiding the
possibility that the same treatment or timepoint could be found in the same array) to

minimize batch effect.

2.6.3.1 Microarray data analysis

Gene expression analysis was performed using Partek Genomics Suite 6.6 (Partek, Inc.,
St. Louis, USA) and Lumi R package (Bioconductor, Du et al. (2008)). Raw expression
data were log2 transformed, and all samples were quantile normalised together. To
check data quality was optimal for gene expression analysis, normalised data was
compared, using different QC (quality control) plots, before and after normalization.
Individual probes were excluded from analysis if the detection pvalue was >0.05 in more
than 2 out of the 3 repeats (or 1 repeat in the case of the Oh untreated control) for any

condition.

Also, samples were excluded if <95% of the probes were detected (none of the samples
were excluded due to this reason for this experiment). After these quality control steps,
data were available for 56 samples representing 10,130 genes. Treatment, timepoint,
the interaction treatment and timepoint, as well as hybridization batch accounted for most
of the data variance and were therefore included in the regression model. A conservative
statistical threshold of FDR <0.05 and minimum fold difference =21.5 between sample

groups was used in all comparisons and to generate gene lists.

Identification of enriched biological pathways in the generated lists of differentially
expressed genes was performed using the DAVID (Database for Annotation,
Visualization and Integrated Discovery) database 6.7 (http://david.abcc.ncifcrf.gov). The
EASE (Expression Analysis Systematic Explorer) (Hosack et al., 2003) was used to
identify enriched pathways in the gene lists. EASE allocates each gene to Gene
Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and other
experimentally derived gene categories, and then tests for statistically significant
overrepresentation of genes within each category using a modified Fisher's exact test
(Miller et al., 2013). An EASE Score ranges from 0 to 1, where a value equal to O
represents perfect enrichment. Typically, an EASE Score <0.05 is considered as strongly
enriched in the annotation categories. For our experiment, the EASE score was 0.1 and
the minimum number of genes per pathway was set to 3. Only those functional
categories with a Benjamini value (Benjamini and Hochberg, 1995) of <0.05 were

considered as significantly enriched in the analysis.
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2.6.3.2 Validation of genes by RT-gPCR

2.6.3.2.1 Reverse -transcription and quantitative PCR (RT-gPCR)
cDNA synthesis from mRNA and relative quantification gene expression of Trem2 and
ApoE was carried out as described in section 2.4.2 with an independent set of samples.

Multiplex gPCR reactions were prepared for these two probes.

2.6.3.2.2 gPCR relative quantification and statistical analysis

The relative expression of mMRNA was calculated using the AACT method (Livak and
Schmittgen, 2001). Gene expression levels were expressed relative to the untreated
control for each timepoint. gPCR validation of the microarray data was performed in five
independent experiments (n=5) and statistical significance was evaluated using a 2-way
ANOVA (Bonferroni corrected).

2.6.4 RNAseq analysis

RNAseq library preparation (TruSeq Stranded Total RNA HT Sample Prep, polyA
capture), lllumina (HiSeq. 2500) sequencing (paired end, 2x100bp cycle run) and de-
multiplexing were all carried out by AROS Applied Biotechnology (Germany). At least
1.350ug of total RNA from each of the samples (72 in total, 24 samples in each of the 3
biological replicates) was sent to AROS Applied Biotechnology (Denmark) in dry ice for

library preparation and sequencing.

2.6.4.1 RNAseq data analysis

Raw RNA sequencing data was sent to us in FASTQ format for examination. Analysis of
this data was performed using the Partek Flow Software (Partek, Inc., St. Louis, USA).
The general workflow for RNA-Seq analysis used in this study, including adapter
trimming, alignment, quantitation, normalization, and differential gene expression

analysis is shown in Figure 2.6.

Tom sdscten . STAR — Cuantity 1o — Filter fesrsres N Nomalization = ANCYA
280 Trmmes Aliged ress annstaton Gere counts Filtered courty Nor=alized
resds medal (Padtet ounts
EM)

Presigrment Pre-sligrmant [T re—
cAate cwee dutering

Figure 2.6 RNAseq data processing workflow. Schematic of pipeline used for evaluating mRNA
expression in the present study. Raw FASTQ files were processed using Partek Flow (Partek Inc., St. Louis,
USA) for (A) trimming adapter sequences, (B) aligning reads, (C) quantitating these reads to reference
database, (D) normalizing read counts, and (E) identifying differentially expressed genes (mRNA
expression).
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Figure 2.6 shows the key steps for the data pipeline used for RNAseq analysis in this

study

2.6.4.1.1 Alignment and Quantification
Firstly, FASTQ files were uploaded into the Partek Flow software (Partek Inc., St. Louis,

USA) for analysis. Subsequently, sequencing Adapter sequences were trimmed out from
the unaligned reads using Cutadapt tool (part of the Partek Flow software). A minimum
read length filter retaining reads greater than 10 bases in length was used in this study.

Trimmed reads were aligned to the Whole Genome (latest human genome assembly,
hg38) using the STAR 2.5.3a aligner. A seed mismatch limit of 1 and minimum seed
length of 10 were used. A seed mismatch of 1 was chosen to avoid discarding reads
potentially containing inaccurate base calls made by the sequencer. These settings are
consistent with the standard recommendations provided by Partek Flow software
(Sakaram et al., 2018). Raw read counts were obtained by quantitating aligned reads to
either RefSeq Transcripts 80 using a modified version of the E/M algorithm implemented
in the Partek Flow software.

2.6.4.1.2 Normalization
Raw read counts were normalised using the Total Count. Since mRNAs with O read

counts would hinder statistical calculations when performing differential expression
analysis, an offset of 0.0001 was added to all normalised read counts. The offset did not
result in inclusion of genes with near zero read counts in the final differentially expressed
lists since these lists were filtered to include only those genes with minimum read count

values greater than or equal to 10 reads in each of the profiled samples.

2.6.4.1.3 Differential Expression (DE) Analysis
Normalised read counts for each gene were statistically modelled using Partek Flow’s

ANOVA analysis. A conservative statistical threshold of FDR <0.05 and minimum fold
difference =1.5 between sample groups was used in all comparisons and to generate

gene lists.

2.6.4.1.4 Gene Ontology and pathway analysis
The ToppFun application, part of the ToppGene Suite (https://toppgene.cchmc.org/),

was employed for the identification of enriched biological GO terms and pathways in the
generated lists of differentially expressed genes. Default thresholds were kept and an
FDR B&H (Benjamini-Hochberg) value of <0.05 was considered as statistically

significant for our analysis.
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2.7  Statistical Analysis

Almost all statistical analysis —with the exception of the microarray and RNAseq
experiments, which used Partek Software- was carried out using GraphPad Prism
software (Version 7.00, Graphpad). Unless otherwise stated, 2-way ANOVA analysis
with post-tests, such as Dunnett’'s multiple comparison test, was used as indicated in
figures’ legend. Dunnet’s test compares the means from several experimental groups

against a control group mean to see if there is a difference.
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3 CHAPTER 3: Generation of BV2 CRISPR/Cas9 edited
microglial cell lines for the study of Trem2’s role in microglial
function and neurodegenerative diseases

This chapter describes the protocols used and the experimental results obtained during
the CRISPR/Cas9 gene editing of the BV2 cell line for the study of Trem2 function in

microglia.

3.1 Introduction

Results from many GWAs studies suggest that neuroinflammation and microglia play a
key role in AD pathogenesis and progression (Lambert et al., 2009, Lambert et al., 2013,
Harold et al., 2009, Naj et al., 2011, Seshadri et al., 2010, Hollingworth et al., 2011).
These human genetic studies have identified >20 genetic loci that show significant
associations with increased or decreased risk of developing AD. Many of the associated
genes (including CR1, CD33, INPP5D (SHIP1), ABCA7, MS4A gene cluster, HLA-DR1,
CASS4, PICALM, and BIN1) show enriched expression in microglial cells relative to
other brain cell types (Zhang et al., 2014) (see Figure 1.5), suggesting that microglial
cells play an important role in AD.

The discovery that the rare variant rs75932628 in the TREM2 gene —known as the
TREM2 R47H mutation— increases the risk of AD by 3-4 fold in humans (Guerreiro et al.,
2013b, Jonsson et al., 2013) further strengthens the view that microglia play an active
role in AD. Other TREM2 variants have been linked to AD — including R62H
(rs143332484), D87N (rs142232675) and T96K (rs2234253)— but further studies will be
necessary to confirm these results (Guerreiro et al., 2013b, Jin et al., 2014, Song et al.,
2017).

In the brain (human or mouse), TREM2 is highly and almost exclusively expressed by
microglial cells; consequently, the discovery of the TREM2 AD risk variants in genetic
studies triggered a renewed interest in the role of microglia in AD. TREMZ is considered
to be a microglial surface receptor, similar to other members of the TREM family of
genes, and as such it has been suggested to interact with the tyrosine kinase-binding
protein TYROBP (also known as DAP12). This adaptor is believed to initiate the signal
transduction that promotes microglial activation (Wang et al., 2015c), phagocytosis
(Kleinberger et al., 2014a, Hsieh et al., 2009) and survival (Wang et al., 2015c).

Insight into the properties and function of TREM2 has stemmed from the study of another
genetic disease: the Nasu-Hakola disease (NHD). Loss-of-function mutations in TREM2

and its putative adapter protein DAP12 have been shown to cause this autosomal
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recessive disorder. Prominent outcomes from this disease in patients are: development
of bone cysts, progressive dementia, behavioural changes and gait disturbances with
the death of the patients occurring during the 4™ or 5" decade of life (Paloneva et al.,
2000, Klunemann et al.,, 2005). Recent studies have suggested that heterozygous
carriers of the loss-of-function mutations that cause NHD may have an increased risk of
AD (Guerreiro et al., 2013b, Jin et al., 2014). Furthermore, rare coding variants in the
DAP12 gene have been suggested to predispose to early-onset AD in an autosomal
dominant manner (Pottier et al., 2016).

The very low frequency of the TREM2 R47H mutation (see Figure 1.5) has hampered
the study of the mutation in a homozygous state. In fact, just one case of a homozygous
R47H carrier has been reported so far. This patient presented features of both AD
(amyloid and tau pathology) and NHD (frontal brain atrophy) (Slattery et al., 2014). There
is clearly a need to develop and establish disease models that allow the study of loss-
of-function and AD related mutations in both TREM2 and TYROBP (Yeh et al., 2017). In
this respect, in vitro signalling and functional studies have largely relied on monocytes,
macrophages and microglia isolated from Trem2 deficient animals (Yeh et al., 2017,
Turnbull et al., 2006), siRNA gene interference (Zheng et al., 2016) and cell models
stably transfected with TREM2 constructs expressing the WT or mutated versions of the
gene (Yeh et al., 2017, Daws et al., 2003).

The advent of the CRISPR/Cas9 genome editing has allowed the simple and effective
genomic manipulation of nearly any cell type. As a result, research laboratories across
the world have adopted this relatively new technique to mutate, silence, induce and
replace genomic elements to interrogate gene function and the biology of disease. The
CRISPR/Cas9 revolution has greatly impacted research both in vivo and in vitro
(reviewed by Kato and Takada (2017) and Dow (2015)).

This chapter describes the methodology used for knocking-out the Trem2 and Dapl2
genes in the murine microglial cell model BV2, as well as the various attempts to
introduce the R47H mutation in these same cells using the CRISPR/Cas9 system for
gene editing. To date, and to the best of our knowledge, only a single study has reported
the genetic modification of a microglial cell line using the same approach. In a recent
paper by Xiang et al. (2016a), N9 cells (a rat microglial cell line) were genome edited to
knockout Trem2. As a result, the authors obtained a single clone with a 1bp insertion on
the 2" exon of the Trem2 gene which caused a frameshift of the reading frame that

consequently created a premature stop codon.
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3.2 Aims

The aims of the following chapter are:

1. To generate Trem2 and Dapl2 gene knockout (and haploinsufficient) BV2 cell
lines using commercially available CRISPR/Cas9n (nickase mutant) plasmids.

2. To generate homozygous and heterozygous Trem2 R47H BV2 cell lines using
the CRISPR/Cas9 (wild type) or CRISPR/Cas9n technologies.

3.3 Results

3.3.1 Generation of Trem2 and Dap12 knockout (-/-) and knockdown (+/-) BV2
cell lines by CRISPR/Cas9 technology

3.3.1.1 Clone expansion

Single cell colonies were expanded after CRISPR/Cas9n plasmid transfection and cell
sorting in 96-well plates for at least 2 weeks. After this period, all surviving clones were
re-seeded into two duplicate 96-well plates. Only 30 Dapl12 CRISPR/Cas9 and 41 Trem2

CRISPR/Cas9 clones survived clonal expansion.

3.3.1.2 DNA sequencing of Trem2 and Dap12 CRISPR/Cas9n clones

DNA from all Trem2 and Dapl2 CRISPR/Cas9n clones was extracted, gRNAS’ target
sequences were PCR amplified and prepared for NGS. After sequencing, raw results
were trimmed of adaptor sequences and indexes and aligned by Dr Alan Pittman, UCL
Institute of Neurology, Dept. of Molecular Neuroscience. Analysis of the sequences using
the IGV 2.3 software showed inconclusive results as it was not possible to identify
mutations in any of the sequenced clones (either Trem2 or Dap12). This could have been

due to a technical error in sample preparation or CRISPR/Cas9 transfection not working.

To rule out any of those possibilities, gRNAs target regions were re-sequenced. To do
this, all clones (Trem2 and Dap12) were re-seeded into 25cm? tissue culture flasks and
grown until confluent. Harvested cells were used for DNA and total protein extractions.
DNA was used for PCR amplification of the CRISPR/Cas9 targeted sequences (using
the same primers used for NGS) and sent to be commercially Sanger-sequenced

(SourceBioscience, Cambridge, UK).

Results were analysed using BioEdit Sequence Alignment Editor V7.2.5 (Hall, 1999). In
the case of Dap12 CRISPR/Cas9 clones, all 30 PCR products aligned perfectly to the
unmodified Dap12 target sequence. This could be due to the fact that either the Dap12
CRISPR/Cas9n-gRNA complex did not produce any cuts on the genomic sequence or

that DAP12 is an essential molecule for the survival of microglial cells. Dap12 deficiency
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is not embryonic lethal in mice, although it has been shown to alter immune function
(Kaifu et al., 2003), Bakker et al. (2000), (Tomasello et al., 2000). In humans, DAP12
deficiency is not embryonic lethal either (Paloneva et al., 2000), even though it has been
shown that some of its associated receptors are capable of promoting cellular activation

and survival upon ligand binding (reviewed by Turnbull and Colonna (2007)).

For Trem2 CRISPR/Cas9 clones, 22 PCR products aligned entirely to the unmodified
Trem2 CRISPR/Cas9 target reference sequence. The remaining 19 Trem?2
CRISPR/Cas9 clones showed evidence of being gene-edited. This represents a
modification (Indel) efficiency of 46.3%, which is in line with other studies using
CRISPR/Cas9 nickases (Ran et al., 2013a).
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Table 3-1. Screening and selection of Trem2 CRISPR/Cas9 clones

Clone ELISA Westem Blot Sanger sequencing Single colony Sanger sequencing
name {sTRENZ} {total TREMZ} CREPR/Cas9tarzet lows
Al + + WT Homozygous
Lt + + WT Homozysous
AD3 - + Heterozygous +alleles [induding WT allele)
Al - - Heterozysous 3+alleles [induding WT allele}
AlS + + WT Homozygous
ADE - - Heterozyzous 3+alleles (induding WT allele)
AT - - Heterozygous 2 alleles [Sbp deletion +WT allele)
A0S - + WT Homozysous 2 alleles [25bp deletion +WT allele)
aADe + + WT Homozygous
AlD - - WT Homaozysous 2 alleles [1bp deletion +WT allele)
All - + WT Homozygous Notcloned
Al2 + + WT Homozysous
BO1 + + WT Homozygous
BO2 + + WT Homozygous
BO= - - Heterozygous +alleles [induding WT allele)
BO4 - + Heterozygous 2 alleles [Z7bp deletion + 10bp deletion)
BOS - + Heterozygous F+alleles [including WT allele)
BOG& + + WT Homozygous
BOF + + WT Homozygous
BOS + + Heterozygous 2 alleles [15bp deletion +WT allele)
B9 - + Heterozyzous 3+alleles (induding WT allele)
B1D + + WT Homozygous
Bl11 - + Heterozyzous 3+alleles (induding WT allele)
B12 * ) + Heterozygous +alleles [incduding WT allele)
[low expression)
o * . + WT Homozygous
[lowr expression)
o2 + + WT Homozygous
coe + + WT Homozysous
e ) - + Heterozysous 1WT allele
o5 + + WT Homozysous
o6 - - Heterozygous F+alleles [incuding WT allele)
coF + + WT Homozygous
g - + Heterozygous 2 alleles [34bp deleton +WT allele)
L] - + Heterozygous +alleles [induding WT allele)
Cl1o - + Heterozygous Z+alleles [incuding WT allele)
ci1 - + Heterozygous +alleles [induding WT allele)
c12 + + WT Homozygous
01| (low Ex;'Ess'H}n:l + Heterozygous +alleles [incuding WT allele)
Doz + + WT Homozygous
D2 + + WT Homozygous
Dig + + WT Homozygous
s - + Heterozygous 2 alleles [46bp deleton + 42bp deletion)

{+}= Detection of {sJTREM2 protein
{-} =No detection of (s} TREM2 protein

3.3.1.3sTREM2 ELISA

To confirm the Trem2 knockout at the protein level, an ELISA assay using supernatants
from the Dap12 and Trem2 CRISPR/Cas9 clones was carried out. Quantification of the
ELISA results showed reduction in the levels of STREM2 in any of the Dapl2 clones.
Meanwhile, out of 41 clones, 22 Trem2 CRISPR/Cas9 clones shed sTREM2 into the cell
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culture medium (3 of which had very low expression). The remaining 19 clones had no

SsTREM2 in their supernatants (see Figure 3.1).
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Figure 3.1. sTREM2 ELISA for the identification of Trem2 KO BV2 clones. Supernatants (conditioned
medium) from all 41 Trem2 CRISPR/Cas9 clones were tested for the presence of STREM2. 19 clones were
found not to shed any sSTREM2 in the medium as a result of the suspected genetic KO. Meanwhile, clones
B12, C1 and D1 were classified as low shedders. Finally, 22 clones were still able to secrete STREM2.
Absorbance is reported as arbitrary units.

3.3.1.4 TREM2 and DAP12 Western Blot

Whole cell lysates were obtained from all Trem2 and Dapl12 CRISPR/Cas9 clones and
used for western blotting and identification of intracellular TREM2 and DAP12 proteins.
Cell lysates were not quantified prior to western blotting analysis, and as a result
expressions are not comparable among samples. The purpose of this experiment was
to show whether or not TREM2 was being expressed intracellularly and not to quantify
this expression. In this experiment, ACTIN was used as a loading control (but not as a
normalizer gene) in order to check that lysates had enough protein to be detectable by

western blot.

In the case of the Dapl2 CRISPR/Cas9 clones, all lysates seemed to have the
characteristic band corresponding to DAP12 (approximately 10-12kDa, Supplementary
Fig. 7.10). These results complement the Sanger sequencing results and confirms that

the Dap12 CRISPR/Cas9 genome editing did not work in this experiment.

In a similar way, 35 Trem2 CRISPR/Cas9 clones had bands that corresponded to
TREM2’s molecular weight (approximately 25-40kDa). As TREM2 protein was not
deglycosylated, TREM2 was detected in multiple bands corresponding to the different
glycosylated states of the protein, which are seen in the range of 25 to 49kDa. Only 6
clones did not seem to have the characteristic TREM2 bands; A04, A06, A07, A10, BO3
and CO06 (Figure 3.2). Interestingly, 5 out of these 6 clones had been found to be

heterozygous by Sanger sequencing of PCR products (except for clone A10).
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A1 A2 A3 A4 A5 A6 A7 A8 A9 A10A11A12 B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11B12

C1 C2 C3 C4 C5 C6 C7 C8 C9C10C11C12 D1 D2 D3 D4 D5

Figure 3.2. TREM2 Western blot for the identification of Trem2 KO BV2 clones. All Trem2 CRISPR/Cas9 clones
were analysed by Western blot to identify if there was a reduction on the expression of TREM2 protein (25-40kDa). The
amount of protein lysate in each lane varies (approximately 20ug) as protein content was not quantified prior to
electrophoresis. TREM2 was detected using a sheep polyclonal anti-TREM2 antibody (R&D Systems, Cat# AF1729, 1:500
dilution). Only 6 clones seemed to have lost expression of TREM2 on whole cell lysates. 3-actin (45kDa) was used as a
loading control and was detected using a mouse monoclonal anti-B-actin antibody (Sigma, Cat# A5441, 1:10 000 dilution).

TREMZ{

B-Actin

Subsequently, ELISA, Western Blot and Sanger sequencing results were compared in
order to select clones for PCR product cloning and sequencing. Trem2 CRISPR/Cas9
clones were selected if there was any evidence from any of the assays (ELISA, Western
blot or Sanger sequencing) that suggested Trem2 had been knocked-out or knocked-
down. After analysis, 22 Trem2 CRISPR/Cas9 clones were selected for PCR cloning.
Clones A3, A4, A6, A7, A8, Al10, All, B3, B4, B5, B8, B9, B11, B12, C4, C6, C8, C9,
C10, C11, D1 and D5.

3.3.1.5 Single colony Sanger sequencing

The Trem2 CRISPR/Cas9 target region was PCR amplified in the 22 selected clones
and cloned into plasmid vectors (only A1l was not cloned) for sequencing. After
alignment and analysis of the cloned PCR sequences, none of the clones had the Trem2
gene knocked-out on both alleles. Most clones (13 out of 21) had more than two Trem2
alleles, which suggested a contamination during the cell expansion or cell sorting steps.
Only 7 clones were found to possess just two alleles of the Trem2 target region (Figure
3.3). Clones which possessed two alleles invariably had either a wild-type (WT,
unmodified) allele or a deletion that allowed the protein to go back into its correct reading

frame in one of their two alleles.
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Figure 3.3. Trem2 CRISPR/Cas9n target sequence alignment and protein sequence products
obtained from Trem2 CRISPR/Cas9n mutated clones. A) Alignment of the Trem2 CRISPR/Cas9 target
sequences from the 7 clones which presented only two alleles are shown. The sequences of both Trem2
CRISPR/Cas9 gRNAs are also shown to serve as a reference (top). Most mutations found were deletions,
as shown in the figure, nevertheless there were also insertion/deletion (indels) events and base pair changes
(shown in black background). B) Protein sequence alignment of the expected translation products obtained
from the 7 Trem2 CRISPR/Cas9n mutated clones (panel A). The correct (wild type -WT) sequence of the
protein (249aa) is found at the top of the panel and the correct stop codon (*) is indicated with a green arrow
head. Protein products show perfect alignment from the 1st amino acid (M - Methionine) up to the 31st amino
acid of the TREM2 protein (S - Serine). The indel events produced by CRISPR/Cas9n editing (indicated with
a red arrowhead) have different effects on the translation of the TREM2 protein. For example, mutations in
the clones A7 (allele B), A8 (allele B), A10 (allele B), B4 (allele B), B8 (allele A), C8 (allele B) and D05 (allele
B), caused a shift on the reading frame of the protein, with the concomitant formation of premature stop
codons (indicated with blue arrowheads). On the other hand, mutations in the clones B4 (allele A), B8 (allele
A) and D5 (allele A) did not cause a frame shift in protein sequence or the formation of premature codons,
preserving the correct stop codon at the end of the protein sequence (indicated with green arrowheads).
However, these mutations produced small amino acid changes and deletions. Therefore, these three alleles
produced shorter TREM2 products (B04 allele B [241aa], BO8 [244aa] and D05 allele A [235aa]) with small
differences in the amino acid sequence of the protein.

As shown in Figure 3.3 (panel A), there were both insertion and deletion events in the 7
selected clones. Insertion/inversion events were less predominant (clones A10 and
B08), while deletions, ranging from 1bp (clone A10) to 46bp (clone D05, allele B), were

present in all 7 clones. Figure 3.3 (panel B) shows the predicted protein products
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obtained from each of the 7 modified clones in panel A. As seen in this figure, Indel
events have different effects on the protein sequence. For example, deletion events did
not always result in a disruption of the TREM2 protein reading frame, like in the case of
clones B04, B0O8 and D05 (27bp, 15bp and 42bp respectively), where the correct reading
frame was re-established after the deletion. Only 4 clones effectively disrupted the
reading frame of the protein (A07, A08, A10 and C08) ensuring efficient gene knockdown
(KD) in at least one allele of the gene. This gene knockdown is the product of the
introduction of short Indel events which are not a multiple of three. These Indels are able
to shift the reading frame of the gene and introduce premature stop codons (Figure 3.3),
resulting in MRNA degradation by nonsense-mediated decay (NMD) before the mRNA
has a chance to be translated in abundant quantities. NMD is a eukaryotic mRNA quality
control and regulatory process by which a premature stop codon that would lead to a
truncated protein product triggers mRNA degradation (Popp and Maquat, 2016).

At this point, two haploinsufficient clones were chosen (at random) for further
experimentation and characterization of the Trem2 gene knockdown; A07 (4bp deletion)
and CO08 (34bp deletion).

3.3.1.6 RT-qPCR analysis of Trem2 expression of clones A7 and C8
To verify that the gene knockdown of clones A7 and C8 was genuine, the effect of their

mutations in the gene expression of Trem2 was assessed using RT-qPCR.
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Figure 3.4 Trem2 mRNA expression in clones A7 and C8. Trem2 gene expression profiles obtained by
RT-gPCR carried out on A7 and C8 clones compared to unmodified WT BV2 cells. Results represent mean
+ SD of five independent biological replicates (n=5), ****p<0.0001.

Figure 3.4 shows the fold change variation of Trem2 expression on A7 and C8 clones
(which have one Trem2 allele knocked-out) with respect to WT BV2 cells. Trem2
expression is greatly reduced in the two selected clones under untreated conditions.
Only 21% and 5% of the Trem2 WT expression is conserved in the clones A7 and C8,
respectively. Additionally, the expression profiles of both clones seem to correlate with
WT BV2 cells when stimulated with LPS or 10% serum. Interestingly, 10% FBS
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stimulation of WT BV2 cells reduces Trem2 expression to 39% whereas LPS stimulation
reduces this same expression to 24%. Trem2 expression in clones A7 and C8 was also
reduced by the LPS and 10% FBS treatments.

3.3.2 2nd round of CRISPR/Cas9n modification on C8 (Trem2 +/-) cells

A 2nd round of CRISPR/Cas9n modification was carried out on clone C8 (Trem2 +/-).
This clone was chosen because of its long deletion (34bp) produced during the 1st
CRISPR/Cas9n round. This deletion interfered with both sgRNAs (Sense and
Antisense), ensuring that the second CRISPR/Cas9 round will only target the remaining

unmodified allele of Trem2.

The same protocol as in the 1st round of CRISPR/Cas9n modification was used for
transfection, single cell sorting and colony expansion. Single cell sorting produced 300
single cell colonies (3 full 96-well plates and 12 wells). After expansion, only 60 clones
survived. Cells were compiled together in a single plate, of which two copies were made;

one for DNA extraction and one for cryogenic banking.

For the identification of Trem2 -/- clones, an RFLP (Restriction Fragment Length
Polymorphism) approach was employed. Primers Fw _Long Trem2 and
Rv_Long_Trem2 were used to PCR amplify the CRISPR/Cas9 target region and PCR
products were subsequently digested with a restriction enzyme. The enzyme employed
for the RFLP screening was Acil. This enzyme specifically cuts the new junction created
by the 34bp deletion on the Trem2 knockout allele of the C8 clone (Figure 3.5). This
enzyme has a second restriction site inside the PCR amplicon sequence but this site is
present in both the WT and the C8 allele, as shown in Figure 3.5. As a result, if after
electrophoresis of the restriction products a single lane presented 3 clear bands (2 Acil
cuts) of 343bp, 93bp and 69bp, those cells were considered to be homozygous for the
34bp deletion seen in clone C8 (as shown in Figure 3.5, panel B). Conversely, if 4 bands
were observed in a single lane, it was certain that the new restriction site had not been
introduced and that the WT (or other) allele was still present in those cells (Figure 3.5,
panel B).
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Figure 3.5 34bp deletion generated by CRISPR/Cas9n on the BV2-C8 clone creates a new Acil
restriction site. (A) Schematic illustrating the WT and C8 alleles as amplified by the Fw_Long_Trem2 and
Rv_Long_Trem2 primers. The schematic shows how the 34bp deletion generated by CRISPR/Cas9n
modification created a new restriction site for the Acil enzyme. It also shows a second restriction site near
the 3’ end of the PCR product for Acil, which is conserved in both WT and C8 alleles. The expected sizes
for digested fragments are shown in green below each allele. (B) Schematic showing the expected results
for the RFLP analysis of expected C8 homozygous allele (Trem2 -/-), C8 clone (Trem2 +/-) and WT cells
(Trem2 +/+) compared to the unrestricted PCR amplicon (539bp). Sizes of the restricted fragments are
shown marked with arrows to the left of the figure.

All 60 surviving clones from the 2nd round of CRISPR/Cas9n were PCR amplified and
the products were restricted with Acil. Figure 3.6 shows a representative image of 36
clones screened with this method. PCR amplicon size was as expected (539bp) and in
the case of three of the samples (line 10, 34 and 60 in Figure 3.6), the amplicon was
very clear and well defined. All PCR amplicons showed an unspecific artefact at around

180bp, except for the aforementioned samples 10, 34 and 60.
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Figure 3.6 Identification of Trem2 KO clones by RFLP analysis. Identification of Trem2 KO clones
containing a 34bp deletion in both alleles of the gene was carried out using RFLP analysis; PCR amplicons
of the CRISPR/Cas9 target region were restricted using the enzyme Acil. This enzyme specifically detects
the new restriction site created by the 34bp deletion present in one allele of the C8 clone. Left panels show
PCR products from 36 clones (1-12, 25-36 and 49-60). PCR amplicons not only show the expected 539bp
band but also an unspecific product of around 180bp. This artefact was not present in samples 10, 34 and
60 (indicated with red arrows). The right panels show PCR products after restriction with Acil. As shown,
most samples showed 4-5 bands, including a 470bp band, which corresponds to the WT allele. Only samples
10, 34 and 60 (indicated with red arrows) did not show the band at 470bp. Negative controls had no gDNA
in them. Ladder was the Quick-Load Purple 100bp DNA Ladder (New England Biolabs).

After restriction, three samples (10, 34 and 60) were chosen as candidates for carrying
the C8 allele in homozygosity, as their restriction products only showed the expected
three bands at 343bp, 96bp and 63bp. All other samples showed strong bands at around
470bp (WT allele), 343bp (C8 allele) and 2 bands below 100bp. Samples 10, 34 and 60
were PCR amplified again with a High-fidelity Taqg (using the same primers) and sent for
Sanger sequencing. Sequencing data (Figure 3.7) confirmed the results obtained by the
RFLP screening regarding the 3 samples. Samples 10, 34 and 60 were renamed B5, G4
and G6 respectively. Only lines B5 and G4 were chosen (at random) and used for further
characterization.
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Allele B TCCTTGAGGGTGTCATGT - - - - ATGACGCCTTGAAGCACTGGGGGAGACGCAAGGCCTGGTGTCGGCAGCTGGGTGAGGAGGGCCCATGCCAGCGTGTGGTGAG

4bp del 3 *
C8 Allele A TCCTTGAGGGTGTCATGTACTTATGACGCCTTGAAGCACTGGGGGAGACGCAAGGCCTGETGTCGGCAGCTGGETGAGGAGGGCCCATGLCAGCGTGTGGTGAG
Allele B TCCTTGAGGGTGTC-»rrrsccmrrevarrrrrccnnrsssnrencas CGCAAGGCCTGGTGTCGGCAGCTGEETGAGGAGGGCCCATGCCAGCGTGTGGTGAA
*
B5 Allele A TCCTTGAGGGTGTCn  wmwmmm e mmmmmmm e meememenannn CGCAAGGCCTGGTGTCGGCAGCTGGGTGAGGAGGGCCCATGCCAGCGTGTGGTGAA
Allele B TCCTTGAGGGTGTC- v v v mmm e e e e e a e CGCAAGGCCTGETETCGECAGCTGEGTGAGGAGGGCCCATGCCAGCGTGTEGTGAA
*
G4 Allele A TCCTTGAGGGTGTCn v e v e emmmmmmmeemmmmamemaeeann CGCAAGGCCTGGTGTCGGCAGCTGGGTGAGGAGGGCCCATGCCAGCGTGTGGTGAA
Allele B TCCTTGAGGGTGTC - - = - - v - v ww v e wwwe e e e eeeee s CGCAAGGCCTGGTGTCGGCAGCTGGGTGAGGAGGGCCCATGCCAGCGTGTGGTGAA
3dbp del *

WT Allele 5. TCCTTGAGGGTGTCATGTACTTATGACGCCTTGAAGCACTGGGGGAGACGCAAGGCCTGGTGTCEGCAGCTGGGTGAGGAGGGCCCATGCCAGCGTGTGGTGAG v 3

Figure 3.7 CRISPR/Cas9n modification of the Trem2 gene in BV2 cells. (A) Schematic of the mouse
Trem2 locus and CRISPR/Cas9n modification strategy. gRNAs are aligned to their target sequences on
exon 2 of Trem2. Protospacer-adjacent motifs (PAM) for each gRNA are marked with a blue line and nicking
sites are indicated with green arrows. (B) Sequence alignment of the WT Trem2 sequence and Trem2
CRISPR/Cas9 mutants. Clones A7 and C8 were obtained during a first round of CRISPR/Cas9n
modification, while clones B5 and G4 were obtained during a second round of CRISPR/Cas9n modifications
using the clone C8 as the starting cell line. Nucleotide deletions are underlined in red as well as the newly
generated stop codons (*).

Figure 3.7 shows a schematic of CRISPR/Cas9n gene editing strategy and the
sequencing results obtained for the previously obtained clones A7 and C8, and the newly
generated B5 and G4 cells. As observed in panel B, all generated clones have
frameshifting deletion mutations near the sgRNA target sites, which create new stop
codons for the translation of Trem2 (marked with red asterisks). After verifying that all
the genome edited BV2 clones carried deletions that rendered them either Trem2 +/- or
Trem2 -/-, they were molecularly, biochemically and functionally characterised (Chapter
4).

3.3.2.1 Off-target Screening

The top 5 potential off-target sites for each of the 2 Trem2 gRNAs used in this experiment
were amplified and sequenced. After sequencing and alignment to the reference
sequences, none of the CRISPR/Cas9 modified cell lines (A7, C8, B5 or G4) was found
to have any off-target mutations in any of the 5 screened sites. Although these results
demonstrate that there have been no off-target modifications in the screened sites and
we can extend that assumption to all other least likely off-target sites, a more thorough
study (whole genome sequencing) will be needed to ensure that no off-target sites were

affected by either small indels or other larger genetic modifications -chromosomal
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rearrangements- which are not detectable by Sanger sequencing (Barrangou et al.,
2015).

3.3.3 Generation of BV2 cell lines carrying the Trem2 R47H mutation by
CRISPR/Cas9 technology

In light of the results obtained during the generation of the Trem2 KO clones, the next
step was the introduction Trem2 R47H mutation, associated with increased risk of AD
(Guerreiro et al., 2013b, Jonsson et al., 2013), into BV2 cells. To this end, two different
strategies were utilised: 1) CRISPR/Cas9 nickases (CRISPR/Cas9n) and CRISPR/Cas9
wild-type nucleases (CRISPR/Cas9). Although the double nickase approach greatly
increases the target specificity (minimizing off-target effects), it also reduces the on-
target efficiency (Chiang et al., 2016). Hence, both approaches (Figure 3.8) were used
to increase the chances of stimulating HDR mechanisms needed to introduce targeted

mutations.
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Figure 3.8 CRISPR/Cas9 Nickase and CRISPR/Cas9 strategies for the introduction of the Trem2 R47H mutation into BV2 cells. Schematic of the Trem2 mouse
gene and the 2 strategies used for introduction of the R47H mutation into BV2 cells. The first approach involved the use of nickases. As shown in the top part of the figure,
two nickases were designed to generate single strand nicks in opposite strands of the gDNA, one in the sense (S) orientation and one in an antisense (AS) orientation.
The lower part of the graph shows the three sgRNA designed to be used with the WT CRISPR/Cas9 nuclease. Two of the sgRNA were in a sense orientation (15t and 3"
sgRNA), while just one was in the antisense orientation (2" sgRNA). The schematic also shows the full length (152bp) ssODN used as a template to introduce the R47H
mutation. Highlighted in red is the SNP that causes the change of the 471" amino acid of TREM2 protein from an arginine (CGC) 47 into a histidine (CAC). PAM sites for
all sgRNAs are shown in light blue and the expected cleavage sites (nicks or double strand breaks accordingly) with green arrowheads.
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3.3.3.1 Design of sgRNAs and ssODN
Using the CRISPR/Cas9 Online tool (http://tools.genome-engineering.orq), two sgRNAs

for the nickase approach and 3 sgRNAs for the WT nuclease approach were chosen.

The selection of the sgRNAs was based on their proximity to the nucleotide which

needed to be mutated and the number of predicted off-target cuts. In this case, the

nucleotide that needed to be mutated was a guanidine for an adenosine (GxA transition)

at position 2156 of the Trem2 gene, which corresponds to the 47th amino acid of the

protein. Based on these criteria, 5 SgRNAs were chosen (sequences are shown in Table
2-5) for cloning into the CRISPR/Cas9 plasmids.

A single ssODN was designed for the introduction of the R47H mutation as

recommended by Ran et al. (2013b). Since many sgRNAs were going to be tested in

this experiment, the homology arm was designed to have homology arms of at least 45bp

to both the 5’ and 3’ side of any sgRNA sequence, as recommended by Ran et al.
(2013b). To increase the likelihood of stimulating the HDR, the ssODN contained
homologous flanking sequences of 88bp (to the 5’ end) and 63bp (to the 3’ end), one

each

side of the target nucleotide (Figure 3.8).

3.3.3.2 Preparation of sgRNA expression constructs

As shown in Figure 3.8, two different approaches were used to introduce the R47H

mutation into the BV2 cell line. As such, one plasmid construct was prepared for each

one of the sgRNAs (5 in total). Depending on the approach used, two different plasmid
backbones were used: the PX458 (WT nuclease) and PX461 (nickase). Both plasmid
backbones share the same essential architecture and sequence (Figure 2.5) and differ
in only 6 SNP (one of them is a 1bp deletion on the nucleotide 1017 of the PX458), which

makes them relatively comparable when assessing their transfection efficiencies.

Once cloned into their respective CRISPR/Cas9 plasmids, the insertion and sequence

of the sgRNAs was verified by Sanger sequencing (Figure 3.9).

PX458/461 sequence 5.

gRNA Nickase S 5.
gRNA Nickase AS

1t gRNA (S)

39 gRNA (S)

4t gRNA (AS) 5'..

Bbsl Bbsl
v v
GGACGAAACACCAGGGTCTTCGAGAAGAC- --CT GTT'I;I'AGAGCTAGAAAT AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT

GGACGAAACACCGCAAGGCCTGGTGTCGGCAGCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT
GGACGAAACACCGATAAGTACATGACACCCTCAGTTTTNNAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT'
GGACGAAACACCGATGACGCCTTGAAGCACTGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGLT'
GGACGAAACACCGAAGGCCTGGTGTCGGCAGCTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT
GGACGAAACACCGCTCACCCAGCTGCCGACACCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT'

gRNA gRNA scaffold

Figure 3.9 sgRNAs correctly inserted into the PX458 and PX461 backbones. sgRNAs were inserted
into two different backbones (PX458 or PX461) depending on the approach to be used for the introduction

of the

Trem2 R47H mutation. Sequences of all 5 resulting plasmids have been aligned to the PX458/461

plasmid. sgRNAs (underlined in red) are inserted next to the gRNA scaffold (underlined in blue). The Bbsl
restriction sites (enzyme used to cleave the plasmids for the insertion of the gRNAs) are shown with green
arrowheads (this enzyme generates sticky ends). Once the plasmids are cleaved by the Bbsl enzyme, the
DNA fragment between the two restriction sites of the enzyme is replaced by the gRNAs.
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As shown in Figure 3.9, all 5 gRNAs were correctly inserted into their respective plasmid
backbones and to the 5 side of the gRNA scaffold. Once the gRNA expression
constructs were ready, they were transformed into bacterial cells for amplification.
Subsequently, all plasmids were extracted in Endotoxin-free conditions for their

functional validation.

3.3.3.3 Functional validation of gRNAs: transfection optimization in BV2 cells

In order to validate the cleaving capacity of each of the gRNAs, it was first necessary to
optimise the transfection efficiency of the plasmid backbones. Since both backbones
share the same basic architecture, standardisation of the transfection efficiency was only
performed in one of the two; in this case the PX458. Both CRISPR/Cas9 plasmids used
express the EGFP (Enhanced Green Fluorescent Protein) protein, which has an
excitation/emission of 488/509. Expression of the EGFP protein can be used both for
measuring transfection efficiency (percentage of transfected cells) and for single cell
sorting of positively transfected cells by FACS.

pmaxGFP

Prog2 Prog 5

4.64%

Prog 7

Cell number

19.95% 4.69%

Prog 15

Prog 12 (Mm Prog 13

}1 \ﬂ 22.28%
A
} ‘L~ M",qu.mﬂ

EGFP

1.01% 9.55%

Figure 3.10 PX458/461 transfection efficiency optimization on BV2 cells. 15 Different electroporation
protocols were tested for the transfection of the PX458 plasmid into BV2 cells. 200 000 cells were transfected
with 400ng of the PX458 plasmid and left to grow for 48h before expression of the EGFP protein was
measured by FACS. Untransfected control cells (GFP negative) are shown as a yellow histogram, which
was used to set GFP positive gate. BV2 cells were transfected with the pmaxGFP™ vector (using
programme CM-158) as a positive control for the experiment (top left corner). The percentage of EGFP
positive cells for each programme as well as the programme identifier (1-16) are shown in each histogram
(green). Programmes 13 and 14 (in red) show the highest percentage of transfected cells (higher transfection
efficiency). Cells were transfected with the Cell Line Optimization 4D-NucleofectorTM X Kit and the Cell Line
4D-nucleofectorTM solution SF (LONZA).
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As shown in Figure 3.10, transfection of the plasmid PX458 was optimised using the Cell
Line Optimization 4D-NucleofectorTM X Kit and the Cell Line 4D-nucleofectorTM
solution SF (LONZA). Expression of the protein EGFP was used to quantify the
transfection efficiency of the plasmid into BV2 cells. Efficiency was calculated as the
percentage of cells expressing the EGFP protein. As Figure 3.10 shows, the
programmes with the highest efficiency are programmes 13 and 14 (22.28% and
22.51%).

A second parameter to consider when optimizing the transfection efficiency of most
transfection methods, and particularly electroporation, is cell death. The kit’s optimization
guidelines recommend choosing the programme that achieves the highest percentage
of transfected cells (GFP positive) with the lowest mortality. Mortality was assessed by

PI (Propidium lodide) staining and FACS analysis.

Table 3-2 Optimization of the PX458 plasmid transfection — Transfection efficiency vs. cell mortality

Programme GFP positive Dead cells. %
identifier cells, % !
. (_:M158 25.64 6.77
(positive control)

14 22.51 24.51

13 22.28 22.99

7 19.95 22.08

9 14.81 20.77

6 13.89 22.23

8 12.40 18.84

3 12.32 20.40

11 11.00 22.17

15 9.55 23.07

8.55 18.19

7.71 15.81

6.13 21.63

10 4.69 20.87

5 4.64 18.13

12 1.01 6.83

Unstransfected

0.09 3.72

(negative control)

As shown in Table 3-2, programmes 13 and 14 not only had the highest transfection
efficiencies, but also the highest mortality of cells (22.99% and 24.51% respectively).
Although the transfection efficiencies reached with said programmes (22.28% and
22.51%) are comparable to the transfection efficiency of the control plasmid (25.64%),
the cell mortality is notably lower for the control plasmid. Based on both sets of data,
programmes 13 and 14 were taken forward. Of note, the chosen programmes

correspond to protocols EN-138 and EN-150 of the Nucleofector™ pre-set programmes.
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There is evidence that supports a correlation between the total mass of DNA transfected
and transfection efficiency for plasmids shorter than 4275bp (Hornstein et al., 2016); as
such, the amount of plasmid to be transfected into BV2 cells was optimised using
programmes EN-138 and EN-150. Optimization of the total mass of plasmid to be
transfected was carried out using 1x1076 cells per transfection and 100ul Single
Nucleocuvettes™, keeping the rest of the protocol as before. Three different amounts of
transfected plasmid were tested: 3ug, 5pug and 7ug.

2ug
(pmaxGFP™)

23.80% CM-158

3ug Sug 7ug

1.14% 2.64% 7.02% EN-138
3ug Sug 7ug

0.95% 2.29% 9.80% EN-150

71

Cell number

EGFP

Figure 3.11 PX458/461 plasmid dose optimization for transfection into BV2 cells. Using programmes
EN-138 and EN-158, three different amounts of the PX458 plasmid were tested: 3, 5 and 7ug total plasmid.
10° cells were transfected with the PX458 plasmid and left to grow for 48h before expression of the EGFP
protein was measured by FACS. Untransfected control cells (GFP negative) are shown as a yellow
histogram, which was used to set GFP positive gate. BV2 cells were transfected with the pmaxGFP™ vector
(using programme CM-158) as a positive control for the experiment (top left corner). The percentage of
EGFP positive cells for each transfection is shown in each histogram. As observed, a dose of 7ug,
irrespective of the programme used, shows the highest percentage of transfected cells (higher transfection
efficiency). Cells were transfected using the 100pl single Nucleocuvette and the Cell Line 4D-nucleofector™
solution SF (LONZA).

Figure 3.11 shows the results of the plasmid dose optimization for transfection of the
plasmid PX458 into BV2 cells. As seen in the figure, there was a very small shift on the
transfected population with respect to the untransfected controls. In fact, the shift is only
noticeable for the highest dose tested (7ug — right panels). According to the
manufacturer’'s recommendations, transfections conditions optimised using the Cell Line
Optimization 4D-Nucleofector™ X Kit and the Cell Line 4D-nucleofector™ solution SF
(LONZA) are transferable to the 100pul single Nucleocuvette™. Nevertheless, in our

experiment there was a big drop in the transfection efficiency when both systems were
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compared. However, the optimization was performed as per the kit's guidelines paying
close attention to the cell mortality of each programme.

Table 3-3 Optimization of the PX 458 plasmid dose for electroporation of BV2 cells using
programmes EN-150 and EN-138 — Transfection efficiency vs. cell mortality

Programme + GFP positive

Dead cells, %

plasmid dose cells, %
CM158 + 2ug
. 23.8 3.85
(positive control)

EN-150 + 7ug 9.8 8.38
EN-138 + 7ug 7.02 5.97
EN-138 + 5ug 2.64 4.49
EN-150 + 5ug 2.29 4.34
EN-138 + 3ug 1.14 2.88
EN-150 + 3ug 0.95 2.85
Untransfected

. 0.52 3.78
(negative control)

Table 3-3 shows the results of the optimization of the plasmid dose for BV2 transfection.
The plasmid dose with the better transfection efficiency is 7ug regardless of the
programme used, although programme EN-150 (9.80%) is almost 3% more efficient than
EN-138 (7.02%). It should be noted that transfection efficiencies fell drastically (from
22.28 and 22.51% to 7.02 and 9.8% respectively) as well as the cell mortality (from 22.99
and 24.51% to 5.97 and 8.38% respectively) when compared to programme optimization
step. Based on these results, programme EN-150 was chosen for the functional

validation of the gRNAs.

The capacity to cleave the CRISPR/Cas9 target region by the 5 gRNA expression
constructs was evaluated using the SURVEYOR assay. For this, 106 BV2 cells were
transfected with 7ug of each gRNA expression vector (the two nickase plasmids were
transfected together at 3.5ug each) and the optimised programme EN-150. After
transfection, cells were grown for 48h. Subsequently, GFP positive cells were FACS
sorted and left to expand for 5 days before gDNA was extracted from each transfected
population. The CRISPR/Cas9 target region was amplified by PCR and amplicons were
used for analysis with the SURVEYOR assay.

115



CHAPTER 3: Generation of BV2 CRISPR/Cas9 edited microglial cell lines for the study
of Trem2’s role in microglial function and neurodegenerative diseases

100 PX No Ctrl Ctrl 100
bp 1st 3rd 4th Nick 458 trans (+) () bp

1013bp

800bp
700bp
600bp

500bp
400bp

—— — — —— S—

300bp

CEHHI

200bp

.

100bp

2457 1143 23.16
Indel % 16.08 9.89

Figure 3.12 Estimation of cleavage efficiency - Functional testing of gRNAs designed for the
introduction of the Trem2 R47H mutation in BV2 cells. Functional testing of the cleavage efficiency of
the 5 gRNA expression constructs designed for the introduction of the Trem2 R47H mutation was carried
out using the SURVEYOR assay. 6 different transfections were compared in this experiment: 3 transfections
for each of the expression constructs with backbone PX458 (15!, 3" and 4™), 1 transfection for the expression
constructs with backbone PX461 (Nickase), 1 transfection for the plasmid backbone PX458 carrying no
gRNA (PX458) and 1 untransfected control (No trans). The SURVEYOR assay kit provides two further
controls: 1 positive control containing a single SNP (Ctrl(+)) and one negative control with identical
sequences (Ctrl(-)). Indel% for each of the gRNA expression constructs are shown in the bottom part of the
figure. Ladder used was the Hyperladder™ 100bp (Bioline).

As shown in Figure 3.12, the gRNA with the highest cleavage efficiency is 1% in the
PX458 backbone (24.57%). The other two gRNAs (3™ and 4™") with the same backbone
obtained cleavage efficiencies of 16.08% and 11.43% respectively. The nickase
approach using the PX461 backbone and two gRNA (S and AS) obtained a cleavage
efficiency just below 10%. This was expected given the fact that both nickases have to
act at the same time in order to generate a double strand break and that the 7ug of
plasmid dose had to be split between the two nickase constructs (3.5ug each). The
SURVEYOR assay positive control showed an Indel% of 23.16; this result is unexpected
as theoretically the control should have been 50%. To prepare this control, equal
amounts of the two PCR control products, containing a single SNP, were mixed and
assayed. Given that a 1:1 mixture of PCR products with a single SNP (equal to 50%
sequence mismatch) gives an Indel% of 23.16, it can be presumed that an Indel% of

24.57 represents more than 50% sequence mismatch for the first sgRNA sample.

In light of the results obtained in this optimization and functional testing, all the
transfections (CRISPR/Cas9n and CRISPR/Cas9 expression constructs) were carried

out using 7ug of plasmid per 1x10° cells and with the pre-loaded programme EN-150.
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3.3.3.4Introducing the Trem2 R47H mutation using the CRISPR/Cas9n (nickase)
approach

CRISPR/Cas9n nickases were used as first approach for the introduction of the Trem2
R47H mutation in BV2 cells, due to our previous experience in their use and their low
incidence of off-target effects. The plasmids containing the Antisense and sense sgRNAs
were co-transfected with the ssODN for the experiment. Transfection of the nickase
plasmids was done in 1x10° BV2 cells and only 300 single cell colonies were obtained
after FACS sorting. Of these, only 168 colonies survived. Clones were compiled into
three 96-well plates for RFLP screening of the R47H mutation.

R47H
100 +

bp WT R47H WT

(BsmBI)

*
CTTGAAGCACTGGGGGAGACGCAAGGCCTGGT

WT Allele t + : + % + t
GAACTTCGTGACCCCCTCTGCGTTCCGGACCA e —r=
A 800— =—
700—— =—
* 00— —  mmmwm -s30b
CTTGAAGCACTGGGGGAGACACAAGGCCTGGT :’EE_ = P
R47H Allele } t t t } t t 311 . - -368bp
GAACTTCGTGACCCCCTCTGTGTTCCGGACCA 300— 3
R47H 200—
— w— -171bp
100 — ——
c PCR products BsmBl restriction
100 100 Ctrl Ctrl 100 100 Ctrl Ctrl
bp 25 26 27 28 29 30 31 32 33 34 35 36 bp (-) (+) bp 25 26 27 28 29 30 31 32 33 34 35 36 bp (-) (+)
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Figure 3.13 Screening methodology and RFLP analysis of single cell colonies for the identification
of candidates carrying the Trem2 R47H mutation - Cas9n (nickase) approach. A) Schematic showing
the cleavage site of the BsmBI enzyme within the PCR amplicon of the WT and R47H alleles. BsmBI
specifically identifies the nucleotide sequence CGTCTC and cleaves the DNA downstream of the recognition
site. The BsmBI recognition site is highlighted in grey on the WT allele and the cleavage sites are marked
with red arrow heads. The codon corresponding to the R47H mutation is underlined in blue in the R47H
allele and the mutation that has to be introduced is marked with a blue asterisk over the sequence. As it can
be seen the R47H mutation (GxA) alters the BsmBI recognition site, inhibiting the enzyme’s activity. B)
Schematic showing the expected RFLP fragments after restriction of PCR amplicons (539bp) with BsmBl.
Restriction enzyme BsmBI specifically cleaves the WT allele of the Trem2 gene generating two small
fragments of 368 and 171bp. Introduction of the R47H mutation impedes the cleavage of the PCR product
by BsmBI. C) Representative image showing PCR amplification and screening of 12 single cell colonies by
RFLP. BV2 cells were transfected with nickase expression vectors containing the S and AS gRNAs and the
ssSODN (repair arm) comprising the R47H mutation. Single cell colonies were screened for the R47H
mutation using RFLP analysis. Left panel shows the PCR products of the nickases’ target region (539bp) in
12 single cell colonies as well as negative (no DNA) and positive (untransfected BV2 DNA) controls. Right
panel shows the restriction products of the 12 PCR amplicons (and controls) digested with the BsmBI
enzyme. The red arrow points to a possible candidate carrying the R47H mutation (clone 34).
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Figure 3.13 shows the selection strategy for the identification of BV2 clones carrying the
R47H mutation. The BsmBI enzyme was used for selection as it specifically cleaves the
WT allele (1 cut producing 2 fragments of 368 and 171bp) of the Trem2 gene (Panel A,
Figure 3.13) allowing selection of candidate clones which may have the R47H mutation
(no cut). It is worth mentioning that the BsmBl is not able to cut the DNA if any of the 6
nucleotides in its recognition sequence is modified — this includes the R47H mutation
and others. This consideration is important given the fact that selection based on this
enzyme restriction does not guarantee the presence of the mutation, but helps to discard
all clones in which the WT allele is kept in homozygosity. In order to confirm the presence
of the mutation PCR products were sent for Sanger sequencing.

Figure 3.13 also shows a representative image of the selection process in cells
transfected with the nickase expression plasmids. As shown in the figure, clone 34 was
a possible candidate for carrying the mutation as it showed one uncut PCR product (top
band) after BsmBI restriction. Sanger sequencing of this sample confirmed that this clone
did not have the R47H mutation. Screening of the 168 expanded colonies rendered 10
possible candidates of which none carried the R47H mutation. As a result, insertion of
the R47H mutation using Cas9n was deemed unsuccessful.

3.3.3.5Introducing the Trem2 R47H mutation using the wild type Cas9 approach
Having tried the CRISPR/Cas9 nickases with no success, the next approach involved
the use of the wild type CRISPR/Cas9 nuclease for the introduction of the Trem2 R47H.
The use of the wild type Cas9 protein for CRISPR editing substantially increases the
efficiency of HDR modification compared to the Cas9n. In contrast, the Cas9 strategy
has a higher rate of off-target modifications (Ran et al., 2013a). Three independent
transfections were carried out using BV2 cells, the 1st gRNA expression vector and the
ssSODN carrying the R47H mutation.

The first transfection was performed in 1x10° cells which were subsequently GFP FACS-
sorted. Of this first transfection, only 60 single cell clones were recovered. These clones
were not expanded or screened for the R47H mutation. As seen in previous
transfections, roughly 50% of the cells survive the sorting/expansion period, which
reduces the number of viable candidates to 30 clones. Furthermore, Ran et al. (2013a)
report, using HEK293T cells, that HDR efficiency for the Cas9 is ~9% of the total
transfected population. Although our population has already been enriched for cells
expressing the GFP protein encoded in the CRISPR/Cas9 construct, the same efficiency
reported by Ran et al. (2013) was used to estimate that 30 single cell colonies will

produce only 3 candidate colonies. As a result, the 60 single cell clones which were
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recovered from the FACS sorting, were not expanded or screened for the R47H

mutation.

A second genome editing experiment was performed using two simultaneous
transfections of 1x10° cells each. Cells from both transfections were pooled together in
a single well of a 6-well plate and left to recover before being FACS sorted and expanded.
300 clones were obtained from the sorting step. After expansion only 50 single cell
colonies survived. Of those, 11 were chosen as candidates for carrying the R47H
mutation. All candidates were sent for Sanger sequencing; none of them was a carrier

of the mutation.

A third and final transfection was prepared. This time, three simultaneous transfections
of 108 cells each were performed. Cells from the three independent transfections were
pooled together in a 75cm? flask and left to recover before cell sorting. After single cell
sorting, 2592 single cell colonies were obtained (27x 96-well plates). Of these, only 774
clones survived the clonal expansion stage (8x 96-well plates and 6 single wells). After
BsmBI screening, 280 clones were chosen as candidates for carrying the R47H
mutation. Finally, samples from all 280 clones were sent for Sanger sequencing. After
analysis of sequencing results, none of the candidates were identified as carriers of the
R47H mutation. Nevertheless, 2 homozygous Trem2 KO (Trem2 -/-) clones were
identified. The remaining 278 clones are potential Trem2 heterozygous knockdowns
(Trem2 +/-) clones, but further characterization will be needed.

Figure 3.14 shows a representative image of the RFLP screening on the single cell
clones obtained from the third transfection. Results correspond to the 5™ plate (out of 9).
Both PCR amplicons and BsmBl restriction fragments are shown side by side. As shown
in the figure, there were 34 possible carriers of the R47H mutation on this plate (1/3 of
the plate).
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Figure 3.14 RFLP analysis of single cell colonies for the identification of candidates carrying the
Trem2 R47H mutation — Cas9 approach. Selection of possible candidates carrying the R47H mutation
was done using RFLP screening on PCR amplicons of the CRISPR/Cas9 target region. The left panel shows
the PCR amplicons of 96 single cell colonies (Plate #5, out of 9) at the expected size (539bp — blue
arrowheads). The right panel shows the same PCR amplicons after BsmBI restriction. Selection of candidate
clones was based on the presence of the uncut PCR product (539bp), complete digestion of the PCR
amplicons by BsmBI (generating two fragments at 368 and 171bp — green arrowheads) discarded them as
possible candidates. Candidate clones for this plate (Plate #5) are indicated with red arrows, a total of 34
out of 96 clones. The molecular weight marker used was HyperLadder™ 100bp. gDNA extracted from
unmodified BV2 cells was used as positive control for PCR amplification and BsmBI restriction, while the
PCR negative control used nuclease-free water instead of gDNA for amplification.

Analysis of the Sanger sequencing results for clone 5-G2 is shown in Figure 3.15. Clone
5-G2 was picked as a possible candidate based on the RFLP screening (Figure 3.14).
Sequence alignment analysis revealed that the R47H mutation had not been introduced
into clone 5-G2. Nonetheless, the Indel event (or events) in this clone was investigated

further.

Alignment of the clone 5-G2 forward and reverse sequences was good to either side of
the expected cleavage site; however, the quality of the sequencing trace was very poor
near to the expected cut site of the Cas9 endonuclease. Because of the poor trace
quality, it is not possible to identify the exact Indel event. Analysis of the same
sequencing traces using the web tool TIDE (Brinkman et al., 2014) identified two different
Indel events for this clone: i) a 5bp deletion (pvalue 3.9x10%°) and ii) a 1bp insertion
(pvalue 2.8x10%). Both mutations can shift the reading frame of the gene (as they are

not a multiple of 3) and producing a premature stop codon. The TIDE web tool can predict
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this sort of Indel events; nevertheless, Next-generation sequencing or Single colony
Sanger sequencing strategies will be needed to confirm this observation. Similar analysis
was carried out for all 280 R47H candidate clones chosen from the RFLP screening.
After analysis, it was concluded that none of the screened clones was a carrier of the
R47H mutation.
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Figure 3.15 Analysis of Sanger sequencing results for chosen candidates (possible carriers of the R47H mutation) — Selected clone Clone 5-G2. Clone 5-G2
was selected as a possible carrier of the R47H mutation during the RFLP screening, as such PCR products of the Cas9 target region were sent for Sanger sequencing.
A) Alignment of the reference sequence (WT allele) and the Sanger sequencing results obtained by sequencing of the PCR products with the Forward (Fw) and Reverse
(Rv) primers. Sequencing traces (chromatogram) are shown as well as the trace quality of the reads (below the chromatogram). There was good alignment of the
sequencing results at either side of the expected cleavage site of the Cas9 exonuclease (marked with a dashed vertical line). Nonetheless, sequencing alignment became
poor (as well as the trace quality) as the reads got closer to the cleavage site. The poor quality of the reads did not allow identification of the exact mutation event (SNP or
Indel), but because the sequencing results were not consistent with the presence of a single SNP mutation at the R47H mutation site, this clone was deemed as negative
for the mutation. B) Further analysis of the sequencing results was done using the Tide web tool (Brinkman et al., 2014), which can predict Indel events based on
sequencing traces. As shown in the top part of panel B, Tide analysis predicts the presence of two independent Indel events in the 5-G2 sequence; a 4bp deletion and a
1bp insertion. Same analysis was carried out using the Rv primer, which obtained similar results (bottom panel).
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Table 3-4 shows the summary of the results obtained from the 4 attempts to insert the
R47H mutation into BV2 cells. In total, 992 single cell colonies were screened (obtained
using different Cas9 enzymes and transfections). After RFLP analysis the total number
of possible clones carrying the R47H mutation was 301. Sanger sequencing of the

possible carriers rendered zero positive clones carrying the R47H mutation.

Table 3-4 Summary of the CRISPR/Cas9(n) genome editing attempts to introduce the Trem2 R47H

into BV2 cells.
Transfection = Numberof FACS  Number of Number of Number of clones
Strategy used gRNA (number of sorted single colonies candidate clones carrying the Observations

transfected cells) cell colonies  after expansion after RFLP screening  R47H mutation

Cas9n

i 1st transfection 10 candidates are probable Trem2
Nickase Sand AS 300 168 10 0
(1x 1076 cells) heterozygous knockdowns (Trem2 -/+)
(PX461)
1st transfection 60 0 Single cell colonies were not expanded or
(1x 1076 cells) screened.
cas? 2nd transfecti 11 candid bable Trem2
WT endonuclease 1st nd transfection 300 0 1 0 candidates are probable Trem
(2x 1076 cells) heterozygous knockdowns (Trem2 -/+)

(PX458)
2 candidates were Trem2 KO (Trem2-/-)

2592 774 280 0 278 candidates are probable Trem2
heterozygous knockdowns (Trem2 -/+)

3rd transfection
(3x 1076 cells)

Considering the negative results obtained from the 4 attempts to introduce the R47H
mutation into BV2 cells, it was concluded that BV2 cells (and microglia in general) are a
difficult cell type to genome edit and that future attempts should use different
approaches/techniques for their genetic modification.

3.4 Discussion

The relatively recent development of the CRISPR/Cas9 genome editing system, derived
from the microbial adaptive immune system, has revolutionised the fields of genome
engineering and genetic research, particularly in mammalian model organisms (Jinek et
al., 2012, Jinek et al., 2013, Mali et al., 2013). The CRISPR/Cas9 system is poised to
transform biological research at all levels and is currently being considered for its use in
human gene therapy (Singh et al., 2017, Fellmann et al., 2017, Schneller et al., 2017,
Mout et al., 2017). Nonetheless, many argue that the real revolution has been on the
bench (Ledford, 2016), where it has allowed many research groups to investigate the

effect of particular mutations in diverse pathways and diseases (Singh et al., 2017).

In this study, the CRISPR/Cas9 gene editing technology was employed to better
understand the role of gene Dapl2 and Trem2 in microglial cells and the effect of the
Trem2 R47H mutation (associated with an increased risk of AD) on microglial function.

As such, our first objective was to knockdown and knockout Dap12 and Trem2 from the
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murine microglial cell model BV2. A second objective was the introduction of Trem2

R47H mutation on this same cell line.

3.4.1 Generation of Trem2 and Dap12 knockout (-/-) and knockdown (+/-) BV2
cell lines by CRISPR/Cas9n genome editing

Our first aim was to genetically modify the BV2 cell line to generate isogenic Trem2 and
Dapl2 KO cells (Trem2 -/- and Dapl2 -/-). Commercially available CRISPR/Cas9n
plasmids targeting the exon 2 of Trem2 and the exon 3 of the Dapl12 were used to this
end. No construction, validation or functional evaluation of these commercial constructs
was necessary and optimization of the transfection efficiency of the plasmid backbone

was done previously in our lab.

After transfection and single cell sorting of our first attempt to knockout the Trem2 and
Dapl2 genes, it was evident that single cell survival and expansion of colonies were
limiting factors for clone selection. In this first attempt, 288 single cell clones for each
transfection were recovered in 96-well plates and left to expand for subsequent
screening. Nevertheless, only 30 Dapl2 and 41 Trem2 transfected clones survived the
expansion period, which represents 10.4 and 14.2% survival of single cell clones

selected by FACS sorting, respectively.

There is little mention in the literature regarding the rates of single cell colony survival,
although it is a known limiting factor for CRISPR/Cas9 modification in iPSC. It is a
problem mostly addressed by laboratories who seek to commercialise single cell
expansion kits that promote increased viability of single cell colonies (Clontech
Laboratories, 2016). For future studies, viability of single cell colonies must be
considered as an important parameter as it directly affects the success rate of any
CRISPR/Cas9 experiment by reducing the number of positively edited clones (as well as
the non-edited clones). Methodologies dedicated to increasing the number of single cell
colonies after genome editing have been shown to enhance the number and quality of
mutated clones (Feng et al., 2014, Asplund et al., 2016). Our attempts to genome edit
the BV2 cells, either for gene KO or introduction of the R47H mutation, showed single
cell colony surviving rates between 16.6 and 56%, depending on the Cas9 approach
used and the number of cells transfected. Future attempts to genetically modify BV2 cells

should take this factor into account in the planning stages.

High transfection efficiency and CRISPR/Cas9 activity are other factors that contribute
to successful genome editing experiments. Mali et al. (2013) made some of the most
significant modifications to the bacterial Cas9 system that allowed their use in
mammalian cells, particularly in human cells. By designing a human codon-optimised
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Cas9 and fusing its C-terminus with the SV40 (Simian virus 40) nuclear localization
signal they allowed higher localization of the Cas9 to the cell nucleus with the
concomitant increase in Cas9 nuclease function. Moreover, by fusing the crRNA and the
tracrRNA into a single RNA molecule (gRNA), they reduced the number of components
of the Cas9 system (from 3 to only 2) that needed to be transfected into cells for gene
editing. They also laid some foundational work by noting that the CRISPR/Cas9 system
works at variable rates in different cell types.

Mali et al. (2013) observed that the same components of the CRISPR/Cas9 system
worked at different rates of cleavage in 293T cells (10-25%), in K562 cells (8-13%), and
in induced pluripotent stem cells (iPSCs, 2-4%), an observation that has been confirmed
by other groups (Ran et al.,, 2013a). Numerous studies have examined the diverse
elements that affect the CRISPR/Cas9 system efficiency, such as; Cas9 activity, target
site selection, sgRNA design, delivery methods, off-target effects and the incidence of
HDR (reviewed by Peng et al. (2016)). By addressing these potential pitfalls, researchers

hope to improve the system’s efficiency and specificity.

In this sense, it is well known that transfection efficiency highly correlates with the
delivery method used and the target cell type. In this study, nucleofection (a variation of
electroporation) was used because of its high transfection efficiency as phagocytes
(microglial cells included) are well known for being “hard-to-transfect” cells. This “hard-
to-transfect” status of BV2 cells is dependent on the transfection method and cargo
utilised. For example, transfection experiments using siRNA and Lipofectamine have
been shown to reach silencing efficiencies of up to 88.96% at the mRNA level and 65%
reduction at the protein level (Yao et al., 2013). In this study, the use of lipofectamine for
the transfection of the CRISPR/Cas9 plasmids was not considered as it has been shown
that electroporation, if available, is a far better transfection method in “hard-to-transfect”
cells, such as iPSC and THP-1 (human monocytes) cells (Yu et al., 2016). In our study,
the use of CRISPR/Cas9n commercial plasmids and the recommended protocols for
transfection invariably achieved transfection efficiencies lower than 5%, as measured by
flow cytometry. This limitation was noted and efforts were made to optimise our own
CRISPR/Cas9 constructs for the insertion of the R47H mutation.

The real cleavage efficiency obtained for the Cas9n plasmids targeting Trem2 was 51%
(21 modified clones out of 41 surviving colonies), whereas in the same experiment the
cleavage efficiency obtained for the Cas9n plasmids targeting Dap12 was 0% (0 modified
clones out of 30 surviving colonies). These divergent results are the product of a variety

of factors affecting CRISPR/Cas9 system efficiency, including but not limited to the
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sgRNA design and delivery methods (Peng et al., 2016). Given the poor results obtained
during our first attempt to gene edit the Dapl2 gene, the modification of the Dapl2 gene
was not pursued any further. This was made under the assumption that the design of
sgRNAs was not optimal, although their cleavage efficiency was not checked
experimentally in this study. Another possibility for the failure of our attempt to knockout
Dapl2 is that this gene is pivotal for the survival of microglial cells. Although Dapl2
deficiency is not embryonic lethal either in humans (Paloneva et al., 2000) or mice (Kaifu
et al., 2003, Bakker et al. 2000, Tomasello et al., 2000), it has been associated with
receptors that promote cellular activation and survival upon ligand binding (reviewed by
Turnbull and Colonna (2007)). This partially rules out the possibility that Dapl2 is
necessary for microglial survival, although more in-depth studies on the effect of Dap12

deficiency on mature microglia survival are lacking.

Previous studies using the CRISPR/Cas9 genome editing technology on BV2 cells have
rendered valuable tools for the study of microglial activation. In a recent paper by Kichev
et al. (2017), the authors successfully managed to generate a BV2 cell line lacking RANK
(Receptor Activator of NF-kB). Using this new model, they were able to demonstrate the
importance of RANK signalling in modulating inflammatory activation of microglial cells
and its modulatory effect on TLR3 and TLR4 signalling. Nonetheless, there is no mention
of the exact backbone of the plasmid used for transfection or transfection reagents. They
do not mention the total amount of screened clones, but they do mention that after their
first transfection they were able to isolate 4 clones which carried one KO allele and one
WT (RANK +/-) of the gene. Kichev et al. (2017) investigation was only focused on the
effects of the absence of the gene, whereas our study was interested in both the possible
effects that a genetic knockdown and knockout could have in overall microglial activation.
As such, and similarly to our study, they set out to perform a second round of genome
editing in one of the RANK +/- BV2 clones to completely abolish expression of the
targeted gene. After the second round, they managed to obtain the complete gene
knockout of RANK (RANK -/-).

One important limitation of this study was the difficulty to efficiently transfect BV2 cells.
It is challenging to compare the work carried out by Kichev et al. (2017) to the work
carried out in the present study, not only because of the lack of information regarding
transfection, expansion and screening procedures, but also for the differences in the
CRISPR/Cas9 approaches used. Nevertheless, it is clear that there are some similarities
that confirm the “hard-to-transfect” status of BV2 cells (or microglial cells in general)
(Maess et al., 2014). First among these is the fact that they only managed to isolate/pick
4 clones after the first round of CRISPR/Cas9 editing. It is not clear if this was a random
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selection or if the 4 clones were the only survivors after the clonal expansion step. If the
latter were the case, it highlights the necessity to use a methodology that increases
single cell colony survival after clonal isolation. A second similarity is that in both studies,
gene knockout was only achieved after 2 rounds of CRISPR/Cas9 editing. As discussed
later in this chapter, during our 3rd attempt to introduce the R47H mutation, the rate at
which homozygous knockout mutants were obtained was of 0.26% (only 2 clones out of
774 surviving colonies). These results are in stark contrast with other studies where
homozygous mutants were obtained at rates of 15% (Bell et al., 2014) using Cas9 or 5-
10% using Cas9n (Ran et al., 2013a).

To the best of our knowledge, there has only been one publication in which the Trem2
gene was knocked-out on microglial cells using the CRISPR/Cas9 system, to date. In a
recent study by Xiang et al. (2016a), the authors managed to knockout Trem2 using the
CRISPR/Cas9 system on the N9 cell line (rat microglia). In this study, Cas9 modification
was achieved using a different CRISPR/Cas9 plasmid (PX459) containing the Cas9 and
gRNA scaffold sequences and a puromycin resistance gene to use as selection marker
for positively transfected clones. The Cas9n plasmids used for the gene editing of Trem2
and Dap12 contained both the puromycin resistance gene and the GFP gene. Only the
latter was used for selection of positively transfected cells in our study. By using
puromycin selection rather than GFP based single cell sorting, selection of genome
edited clones is less stressful for the surviving clones, increasing viability. However, this
selection process requires more laborious procedures for the isolation of single cell
colonies after expansion. The study then goes on to demonstrate that Trem2 deficient
N9 cells have a reduced phagocytic capacity. To this end, the authors used a single
homozygous Trem2 KO (containing a 1bp insertion) and no heterozygous clones, which

may raise concerns regarding clonal variability and reproducibility.

In our study, it was only after two rounds of CRISPR/Cas9n genome editing that it was
possible to obtain several homozygous and heterozygous Trem2 knockouts. Of these
clones, only 4 were used for further characterization and study of the Trem2 function on
microglial activation; A7, C8 (Trem2 +/-), B5 and G4 (Trem2 -/-). In this study, it is argued
that similarly to studies carried out using iPSC cells, at least two (preferably more)
CRISPR/Cas9 edited cell lines should be used for the study of specific mutations or gene
KO. Although the CRISPR/Cas9 system offers the possibility to genome edit cells with
high specificity, it is possible that clonal variations caused by several factors during the
genome editing process, including single cell isolation and clonal expansion, can affect

the genetic/epigenetic background of individual cells, similarly to what occurs in iPSC
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cell differentiation (Kim et al., 2014). The use of multiple genome edited cell lines will

provide higher confidence to study the effects of specific mutations.

In a recent paper Orchard et al. (2016) investigated the infection capabilities of Murine
noroviruses (MNoV) using BV2 cells stably expressing the Cas9 protein in order to
identify host molecules essential for virus binding and replication. In this study, the
authors do not report any transfection problems and used up to 4 different gRNA libraries
(transfected into BV2 cells using lentiviral transfection) for the screening of candidate
proteins. The use of a BV2 cell line that constitutively expresses the Cas9 protein and
gRNA libraries using lentiviral transduction evades all the difficulties observed in our
study when using transient transfection of both Cas9 and gRNA. This same approach
has been used by other studies where BV2 genome editing was required (Qin et al.,
2017). It is worth mentioning that although the lentiviral route is a way of ensuring efficient
CRISPR/Cas9 cleavage, it can also cause a chronic immune response in the transfected
BV2 cells, a problem that can be avoided by the use of transient CRISPR/Cas9 and
gRNA transfections (Rao et al., 2015).

Finally, during the last steps of validation of the A7 and C8 clones as haploinsufficient
clones (Trem2 +/-), Trem2 mRNA expression was quantified by RT-gPCR (a further
validation of these results in a new set of samples can be found in Chapter 3). A priori, it
was expected that Trem2 mRNA expression would be reduced by about 50%, given that
only one of the alleles was functional. Surprisingly, the reduction in gene expression was
markedly higher than expected. Only 21% of the expression was conserved in the A7
clone, while only 5% was conserved in the C8 clone. This drop could be explained by
various mechanisms: a) epigenetic regulation of the gene — this would also account for
the difficulty in targeting both alleles of the gene at the same time; b) feedback
mechanism regulating gene expression — it is possible that the TREM2 protein promotes
expression of the Trem2 gene. In their study, Kichev et al. (2017) managed to knocked-
out the RANK gene in BV2 cells, and the authors report a drop of 60% in RANK gene
expression on the haploinsufficient RANK clones. Although this drop is much closer to

the expected 50% reduction, it is still a bigger drop than anticipated.

3.4.2 Generation of BV2 cell lines carrying the Trem2 R47H mutation using the
CRISPR/Cas9(n) technology

The second aim of the chapter was to generate BV2 modified cell lines that carried the
Trem2 R47H mutation. To this end, two different approaches for genome editing were
used: CRISPR/Cas9n (nickases mutant) and CRISPR/Cas9 (wild type nuclease). The

use of Cas9 nickases offers a greater ratio of on- to off-target modification levels
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compared to the wild type Cas9 (>100-fold greater specificity), while maintaining similar
cleavage efficiencies. Nevertheless, the Cas9 nuclease still possesses a higher cleaving

capacity, albeit with a higher risk of off-target effects (Ran et al., 2013a).

Construction of the gRNA plasmids (carrying the Cas9 or Cas9n), validation and
functional testing was done in-house according to previously described protocols (Ran
et al., 2013b). During the transfection optimization of the plasmids, there was a sharp
drop in the transfection efficiencies when the transfection protocol was scaled up from
20ul to 100ul transfection cuvettes, from ~22% to 7-10% respectively. The same drop
also affected cell mortality, which was reduced from 23-24% to 6-8%. This reduction in
transfection efficiency and cell mortality was not seen in the positive control (pmaxGFP
plasmid), discarding the possibility of a cell batch-specific effect. Based in our
experience, it is still premature to venture and give an explanation for this unexpected
effect of the scaling-up process as no similar observation has been made in the literature,
but it is a subject that deserves attention in future experiments aimed at introducing
plasmid DNA (CRISPR/Cas9 plasmids in particular) into BV2 cells.

Estimation of the cleavage efficiency of all the constructed CRISPR/Cas9 plasmids was
carried out using the SURVEYOR assay. Generally, the efficiency of Cas9-mediated
gene editing in mice via NHEJ can reach 20-60%, whereas the efficiency of HDR is only
0.5-20% (Maruyama et al., 2015). As such it was pivotal for our study to find the
Cas9(n)/gRNA complex with the highest cleavage efficiency for the insertion of the R47H
mutation. Functional validation of the gRNAs, showed that the 1st gRNA had the highest
cutting efficiency in our experiment. The Indel% for this gRNA was 24.57%, which
ensured that at least 1 in every 4 selected clones had some kind of genetic mutation
near the CRISPR/Cas9 target site. The two gRNAs used for the nickase approach (A
and AS) gave a combined cleavage efficiency of 9.89% at the CRISPR/Cas9 target site.
Although Ran et al. (2013a) have demonstrated that Cas9 nickases can have cleavage
efficiencies comparable to those of the wild-type Cas9 nucleases, in our study, nickases
seemed to have a much lower efficiency. The comparison between the Cas9 nickase
and the Cas9 nucleases in our study is hindered by the use of different sgRNA target

sequences, unlike Ran et al. (2013a).

Despite their low Indel%, Cas9 nickases were selected as first approach for our 1st
attempt at introducing the R47H mutation, given that nickases have a higher ratio of on-
to off-target effects. A single stranded nucleotide (ssDNA) was used as HDR template
for repair. Unfortunately, this approach did not bear any positive results (see Table 3-4).

Consequently, a second approach involving the use of wild-type Cas9 nucleases was
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utilised to increase the on-target cleavage, albeit with a higher risk of off-target effects.
Three attempts to introduce the R47H mutation, using the wild-type Cas9 nuclease, were
made with no positive results. Personal communications with two other research groups
trying to introduce this same mutation into BV2 cells have confirmed that, to date, similar

attempts to introduce this mutation in these cells have not been successful.

Considering these results, it is reasonable to question whether it is possible to genome
edit BV2 cells using the HDR pathway. In a recent study, Kichev et al. (2017) managed
to insert a piece of DNA (containing a LoxP/RFP/Puro/LoxP sequence) via HDR
mechanisms in BV2 cells. Their approach was slightly different to the one used in our
study, and it is worth taking into consideration for future attempts to genome edit BV2
cells. In their study, the introduction of the mutation was achieved by using a HDR
plasmid (double stranded donor) containing homology arms flanking the sgRNA
targeting site. Although, again, there is no information regarding the backbone of the
HDR plasmid or its size, it is encouraging to have experimental evidence of HDR
mechanisms working normally on BV2 cells. In light of these results, and contrary to what
was used in this chapter, it may be necessary to use double-stranded DNA (dsDNA)
donors, rather than ssODN, to stimulate HDR in BV2 cells.

Our research group still envisions introducing the R47H mutation into BV2 cells. To that
end, it will be necessary to change the gene editing approach to enhance HDR pathways.
In addition to the use of a dsDNA donor, like the HDR plasmid used by Kichev et al.
(2017), it would be advantageous to use other approaches to shift the balance between
the NHEJ/HDR pathways. By inhibiting components of the NHEJ pathway, Singh et al.
(2017) managed to increase the efficiency of the HDR pathway by 19-fold in mammalian
cells (reviewed by Salsman and Dellaire (2017)). Another way to favour the HDR
pathway over the NHEJ pathway is controlling the cell cycle phase during the genome
editing process. It has been reported that the frequency of HDR repair is 39-fold higher
during the S-phase of the cell cycle, compared to the M-phase and 24-fold higher than
in G1/GO0 phases (Saleh-Gohari and Helleday, 2004). Finally, some studies have used
the purified Cas9 nuclease protein and a gRNA molecule as a pre-formed
ribonucleoprotein (RNP) complex for genome editing (reviewed by DeWitt et al. (2017)).
This approach avoids many of the limitations faced by transient plasmid transfections,
used in this study, or viral transductions. This method has also been shown to have
reduced off-target effects and produce lower levels of cell toxicity when compared to
plasmid mediated transfection (Lin et al., 2014, Liang et al., 2015). One final
consideration for future work aimed at modifying the Trem2 gene in BV2 cells, is the fact
that these cell model has a karyotype that has been designated as ‘Grossly abnormal’
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(Section 2.1), particularly because the chromosome 17, where the Trem2 gene is
located, has 2-4 copies in BV2 cells. Polyploidy is known to greatly increase the difficulty
of CRISPR/Cas9 mediated modifications (Scharf et al., 2018, Boettcher and McManus,

2015) and is a factor that need to be taken into consideration for future experiments.

Taken together, CRISPR/Cas9 genome editing on BV2 cells remains an obstacle for the
study of microglial associated genes in AD and other neurodegenerative diseases. In
this study, the use of the CRISPR/Cas9 technology allowed to knockdown and knockout
the Trem2 gene; nevertheless, efforts to insert the R47H mutation into the Trem2 gene
have rendered negative results. Future attempts to gene edit BV2 cells will have to use
different variations of the CRISPR/Cas9 system to increase the chances of specific and

targeted gene modifications being achieved.
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4 CHAPTER 4: Characterization of the Trem2 CRISPR/Cas9

gene-edited BV2 cell lines

In the previous chapter, different BV2 clones which had the Trem2 gene either
knockdown (Trem2 +/-) or knockout (Trem2 -/-) were generated using the CRISPR/Cas9
technology. While these new models will help us understand the function of Trem2 both
in normal microglial function and activation, it is imperative that these models are
characterised before they can be used for further experimentation. After characterization,
BV2 Trem2 mutant cells will be challenged with different stimuli to study the effect of
TREM2 deficiency on normal microglial activation. This chapter will describe both the
characterization of the Trem2 mutant models as well as some functional studies on these

cells (cytokine release, migration and phagocytosis).

4.1 Introduction

Microglial cells are the sentinel cells of the brain and, as such, upon activation they are
prepared to quickly respond to neuronal insults and pathological protein deposits by
increasing their cytokine release, phagocytosis, chemotactic migration and proliferation
(Walter, 2016).

TREM2 has been shown to inhibit cytokine and chemokine expression, reduce pro-
inflammatory responses to TLR ligands and to promote phagocytosis of neuronal cell
debris and bacteria. These immunoregulatory roles of TREM2 have been investigated
using many in vivo, ex vivo and in vitro models (reviewed by Lue et al. (2015)). Early
studies in Trem2 deficiency using mouse models, revealed that bone marrow-derived
macrophages which lacked Trem2 expression released more inflammatory cytokines
such as TNF and Interleukin-6 (IL-6) upon stimulation with TLR’s agonists (LPS, CpG
and zymosan) compared to wild-type cells (Turnbull et al., 2006, Hamerman et al., 2006).
Similar results were found in Dapl12-deficient mice, suggesting that the TREM2-DAP12
signalling pathway may have an anti-inflammatory function by counteracting the TLR
pathway (Hamerman et al., 2005, Yeh et al., 2017).

Phagocytosis (of apoptotic cells, cell debris and microorganisms) is an essential part of
the innate immune response and is fundamental for maintaining homeostasis.
Phagocytosis involves many coordinated steps, including ACTIN reorganization,
pseudopodia extension, plasma membrane expansion and uptake of the particles.
Initiation of phagocytosis is mediated by specific interactions (recognition and binding)
of phagocytic particles and cell surface proteins expressed by phagocytes (Groves et al.,

2008). As a microglial membrane receptor, Trem2 deficiency has been associated with
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reduced phagocytic capacity in microglial cells. Knockdown of Trem2 in primary microglia
(transfected with a lentiviral vector carrying a shRNA targeting Trem2) has been shown

to reduce the phagocytosis of microbeads and apoptotic cells (Takahashi et al., 2005a).

Similar studies using Trem2 KO macrophages and microglia have also shown reduced
ability to phagocyte apoptotic neurons, cell debris, bacteria and AB1-42 (Kleinberger et
al., 2014a, N'Diaye et al., 2009b, Atagi et al., 2015a). In their study, N'Diaye et al. (2009b)
show that Trem2 is responsible for approximately 30% of the phagocytosis of E. coli by
macrophages. Furthermore, by knocking-out Dapl2 they also managed to reduce
phagocytosis of E. coli by approximately 60%. Reintroduction of DAP12 or a chimeric

TREM2/DAP12 construct partially restored bacterial phagocytosis.

Clearance of apoptotic cells is another essential function of microglia in the brain.
Microglial cells whose Trem2 expression was knocked-down and subsequently exposed
to apoptotic neurons showed increased levels of TNFa, IL1B and nitric oxide synthase 2
(NOS2) when compared to wild-type cells. Phagocytosis of apoptotic neurons was also
reduced in the Trem2 knockdown cells compared to wild-type (Takahashi et al., 2005a).
In addition, gain-of-function studies have shown that expression of Trem2 in non-
phagocytic cells can enable the uptake of apoptotic cells and bacteria (Kleinberger et al.,
2014a, N'Diaye et al., 2009b).

TREM?2 is also implicated in the internalization of apolipoproteins and lipoproteins. By
using HEK-293 cells with inducible TREM2 expression, Yeh et al. (2016) showed that
cells were able to internalise acetylated LDL and lipidated APOE and CLU (APQOJ).
Conversely, primary microglia from Trem2 KO mice showed a reduced uptake of LDL
and CLU. Interestingly, AB aggregates complexed with LDL or lipidated CLU were more
efficiently taken by wild-type microglia than free AB. Primary microglia from Trem2 -/-
and Trem2 +/- mice showed reduced AR uptake in a Trem2 dose-dependent manner
(Yeh et al., 2016).

Microglia quickly respond to neuronal insults and pathological protein deposits in the
brain by increasing chemotactic migration, cytokine release, phagocytosis and
proliferation (reviewed by Ransohoff (2016)). Migration of microglia to the site of brain
injury is pivotal for restoring tissue homeostasis (Streit, 2005). Microglial chemotaxis is
regulated mainly by secreted factors, including chemokines (MCP-1, M-CSF, MIP-1),
complement factors (C3a and C5a), growth factors (NGF and TGF), purine derivatives
(ATP) and several cytokines. Using a FLAG-tagged-Trem2 construct transduced into
microglial cells, Takahashi et al. (2005a) demonstrated that Trem2 stimulation does not
alter the expression of inflammatory cytokines, but instead increased the chemotactic
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responses of microglial cells towards CCL19 and CCL21. They also showed that this
increased chemotactic response is mediated by CCR7, which is upregulated as a
consequence of TREM2 stimulation. In their study, they observed an enhanced

phagocytic capacity in cells overexpressing Trem2.

In our study, we used C5a and NGFB as chemoattractants. C5a is part of the
complement cascade and is a well characterised mediator of inflammation through
recruitment of inflammatory cells to the site of injury or infection (Robertson et al., 2018).
It exerts its pro-inflammatory effect via the G-protein-coupled receptor Cb5a
anaphylatoxin chemotactic receptor 1 (C5aR1, also known as CD88), which is expressed
on myeloid cells (Klos et al., 2013). Its function is associated with diseases such as
sepsis, rheumatoid arthritis, Crohn’s disease and ischaemia-reperfusion injuries
(Woodruff et al., 2011). More recently, C5a has been associated with neurodegenerative
conditions, such as AD (Landlinger et al., 2015) and is being explored as a therapeutic
target. The use of this chemoattractant will give us some clues about the effect of Trem2
deficiency on innate immune response. Meanwhile NGFf is the best characterised
Neurotrophin (neurotrophic factor) and exerts its function on growth and survival of
peripheral sensory and sympathetic neurons and other brain neurons, particularly
forebrain cholinergic neurons. The latter are NFGB’s major target-cells in the CNS, where
it activates two different receptors: TrkA (a tyrosine kinase receptor) and p75 (a member
of the tumour necrosis factor receptor superfamily). Functional studies on NGF on brain
target neurons has focused on the role that this protein plays in learning and memory
during degeneration in age-related disorders, neurodegenerative disorders and AD
(reviewed by Aloe and Rocco (2015)). Interestingly, development of AR pathology is
accompanied by an impaired metabolism of NGF both in Down’s syndrome and
Alzheimer’s disease. Similarly to C5a, NGF it is currently being explored as a therapeutic
target for AD (lulita and Cuello, 2016). The use of this chemoattractant in our study will
provides with some clues about the role that Trem2 deficiency has on the migration of
microglia to the sites where maintenance, proliferation and survival of target neurons is

required.

A recent study by Mazaheri et al. (2017) investigated the effect of Trem2 deficiency on
the microglial response to chemotactic stimuli. Firstly, they used a recently developed ex
vivo model (Daria et al., 2017) to investigate the chemotactic migration of young
microglia towards injured and dying tissue. As shown in their study, cells lacking TREM2
migrated less readily towards injured tissue when compared to wild-type cells,
suggesting that dying tissue provides chemotactic signals, which are detected by wild-
type but not TREM2 deficient cells. As a next approach, they used a CRISPR/Cas9-
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modified N9 line — which completely lacks Trem2 expression — to study the microglial
response to Cba and CCL2. TREM2 deficient N9 cells showed significantly decreased
migration towards C5a or CCL2 chemotactic stimuli, while re-expression of the Trem2
gene in the deficient cells rescued the response to C5a but not CCL2. The authors then
assessed the capacity of microglial cells to migrate towards apoptotic cells injected in
the cortex of wild-type and Trem2 -/- mice. They observed a significant reduction in the
number of microglial cells clustered around apoptotic cells in the absence of TREM2,
providing further evidence for the critical role of TREM2 in the attraction of microglia to
the sites of brain injury.

The role of Trem2 in cell proliferation has been much less studied in comparison to its
role in immune related responses. Migration, expansion and activation of microglial cells
surrounding AR deposits (a process known as reactive microgliosis) is one of the
pathological hallmarks associated with AD and is a well-known response of microglial
cells to AB accumulation (reviewed by Ransohoff and Cardona (2010)). In a recent study,
Wang et al. (2015c) found that both Trem2 deficiency and haplodeficiency contributed to
AB accumulation, partly due to a dysfunctional microglial response and apoptotic
microglial death rather than cell activation and proliferation seen in wild-type cells.
Similarly, the authors showed that TREM2 is capable of sustaining microglial survival by
synergizing with the CSF-1R (colony stimulating factor-1 receptor) signalling pathway.
Similar studies have also shown that Trem2 deficient microglia showed deficits in
proliferation, polarization towards plaque, barrier formation and amyloid compaction
(Yuan et al.,, 2016). Lastly, Trem2 deficiency has also been linked to decreased
proliferation of osteoclast precursor cells, a cell type that normally expresses Trem2, in
vitro (Otero et al., 2012).

In this chapter, BV2 cells were serum-starved in order to immune downregulate them
before stimulation/activation, and FBS supplementation (alone or in combination with
LPS) was used to ‘stimulate’ and elicit responses from microglia. Serum contains a high
amount of metabolites and growth factors, reason why it is used to supplement in vitro
cell cultures, including microglial cells. Nevertheless, it contains blood-borne molecules
that are actively excluded from the CNS and are not available to microglia. Serum
supplementation of microglial cultures has been shown to alter their proliferative and
phagocytic capacities, as well as their gene expression profile and morphology (Bohlen
et al., 2017). For this reason, itis common practice to serum-starve microglial cells before
stimulation/activation. Interestingly, Bohlen et al. (2017) showed that addition of serum
in microglial cultures upregulated pathways involved in proliferation, amino acid
metabolism and the complement immune system, while cytokine and lipid metabolism
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pathways are downregulated. Furthermore, Wang et al. (2017) have shown that addition
of 5% human serum (from healthy individuals or systemic lupus erythematosus patients)

into BV2 cultures immune activate these cells.

4.2 Aims

The aims of the following chapter are:

1. To characterize the Trem2 +/- (A7 and C8) and Trem2 -/- (B5 and G4) cell lines
generated by using the CRISPR/Cas9 technology, described in the previous
chapter.

2. To characterize the effect of the Trem2 knockdown and knockout in normal
microglial cell function (proliferation, migration and phagocytosis) of microglial
cells.

3. To characterize the Trem2 knockdown and knockout cell lines in response to
different stimuli (10% serum, LPS, IL4 and TGFp).

4.3 Results
4.3.1 Characterization of Trem2 (+/-) and Trem2 (-/-) BV2 cell lines

4.3.1.1 Trem2 mRNA expression

To confirm that the Trem2 CRISPR/Cas9 clones had reduced or no Trem2 RNA
expression, Trem2 mRNA was quantified by RT-PCR and gPCR (RT-gPCR). All cell
lines were seeded as per usual in 6-well plates and left to grow for 24h prior to all
treatments. Treatments (untreated, LPS 1ug/mL, 10% FBS and LPS+10% FBS) were
carried out for 24h before cells were lysed. mMRNA was extracted from cell lysates as
described in the Materials and Methods section, and purified mRNA from each clone was
used to assess Trem2 mMRNA expression using Tagman probe Mm04209424_g1. This
Tagman probe amplifies the exon junction between exons 4 and 5 of the Trem2 gene
and is capable of detecting expression of the 2 known isoforms of the mouse Trem2

gene.
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Figure 4.1 Trem2 mRNA expression in CRISPR/Cas9 BV2 cell lines; A7, C8, B5 and G4. All 5 cell lines
(WT, A7, C8, B5 and G4) were simultaneously seeded in serum-free medium for 24h prior to treatment.
Cells were subsequently left untreated or treated with LPS 1ug/mL, 10% FBS or a combination of both. After
24h of treatment cells were lysed and Trem2 mRNA expression profiles were obtained by RT-gPCR. Trem2
expression was normalised to Gapdh expression and results are shown relative to untreated (serum-free)
WT BV2 cells. Results represent mean + SD of five independent biological replicates (n=5). Statistical
differences were calculated relative to the WT cell line response for each treatment by 2-way ANOVA with
Dunnett’s correction for multiple comparisons, ****p<0.0001.

Gene expression analysis of Trem2 in the CRISPR/Cas9 BV2 cell lines is shown in
Figure 4.1. So far, it has only been possible to positively modulate Trem2 gene
expression by serum starving BV2 cells. Serum deprivation of BV2 cells has been shown
to “relax” cells and immune downregulate them. Consistent with this observation,
stimulation with LPS, FBS or both decreases Trem2 expression in a reproducible
manner. The same trend in Trem2 expression reduction can be seen across all cell lines.
Interestingly, addition of FBS into the medium of BV2 cells reduces Trem2 expression to
approximately 47%, while LPS stimulation reduces this same expression to 23.4% in WT
cells. Furthermore, when both treatments are used together Trem2 expression is
reduced to only 11%. Since both FBS and LPS stimulation can increase BV2
proliferation/activation, a reduction of Trem2 could be linked to a higher level of cell
activation.

As seen previously in a different set of experiments (Figure 3.4), Trem2 expression in
clones A7 and C8 (both Trem2 +/-) is not reduced by the expected 50%, as a result of
having just one allele of the gene. In fact, expression of Trem2 is 16.6% and 7% of the
WT expression for clones A7 and C8 respectively (untreated group). These results
suggest that there might be an extra control mechanism (i.e. epigenetic) for the
expression of Trem2 or that maybe the cells have some other genetic anomaly. It is also

worth considering that not all microglia express Trem2, (supporting the notion that there
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is a variety of microglial phenotypes similar to the diversity of macrophages and dendritic

cells) (Schmid et al., 2002). This possibility will be explored in a future chapter.

Trem2 expression in clones B5 and G4 (both Trem2 -/-) is almost non-existent,
fluctuating between 2.5% for the untreated condition and 0% for all the other conditions.
These results confirm the successful Trem2 gene knockout in the BV2 cell line. Detection
of 2.5% Trem2 expression in clone G4 can be the result of the transcription of a
degenerated (untranslatable) Trem2 mRNA. However, RNAseq quantification of the
Trem2 mRNA expression (total transcripts) in the B5 (Chapter 5) showed fold changes
between -11.05 to -13.70 in its expression compared to WT BV2 cells. This reduction in
Trem2’s expression means that only 9.05-7.30% of the Trem2 expression is conserved
in this clone, compared to WT BV2 cells. Detection of higher Trem2 expression could be
due to the improved sensitivity of the RNAseq technology compared to microarrays. This
higher level of Trem2 expression can also be the consequence of the detection of new
splicing variants generated as a consequence of the CRISPR/Cas9 induced mutations
(Sharpe and Cooper, 2017) or the presence of truncated/degenerated Trem2 mRNA
transcripts which have not been degraded by the NMD. These results warrant further
verification of the loss of Trem2 at the protein level.

4.3.1.2 TREM2 protein expression

To verify that the TREM2 protein was either downregulated or untranslated, in the BV2
CRISPR/Cas9 clones, three different approaches were used: i) western blot of whole cell
lysates, i) soluble TREM2 (sTREMZ2) detection by ELISA using cell supernatants and iii)

immunofluorescence studies for intracellular localization of TREM2.

4.3.1.2.1 Western blot
Western blot analysis of the TREM2 protein was carried using whole cell lysates to
quantify its expression in the CRISPR/Cas9 clones. TREM2 expression was assessed

24 hours after seeding the cells in 6-well plates in serum-free medium.
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Figure 4.2 Intracellular TREM2 protein expression on CRISPR/Cas9 clones. All 5 cell lines (WT, A7,
C8, B5 and G4) were seeded in serum-free medium for 24h hours prior to cell lysis. Each lane contains 15ug
of deglycosylated whole cell lysate and samples were run under denaturing conditions. A) Representative
image of the western blot detection of TREM2 (~25-37kDa) and B-Actin (~42kDa). TREM2 was detected
using a sheep polyclonal anti-TREM2 antibody (R&D Systems, Cat# AF1729, 1:500 dilution). B-actin was
used as a loading control and was detected using a mouse monoclonal ant-B-actin antibody (Sigma, Cat#
A5441, 1:10 000 dilution). As a positive control for the experiment (far right lane), recombinant TREM2
protein was used (R&D Systems, Cat# 1729-T2-050) not deglycosylated. B) TREM2 protein expression
guantification. TREM2 expression was normalised to B-Actin and results are shown relative to TREM2
expression in WT cells. Results represent mean + SD of three independent experiments (n=3). Statistical
differences were calculated by 1-way ANOVA with Dunnett’s correction, ****p<0.0001.

Figure 4.2 shows the results from the intracellular TREM2 protein quantification in the
CRISPR/Cas9 clones and WT BV2 cells. Before western blot analysis, whole cell lysates
were treated with PNGaseF to deglycosylate TREM2. The TREM2 protein has been
shown to exist with varying degrees of glycosylation (Wunderlich et al., 2013, Kleinberger
et al., 2014a, Park et al., 2015), which can be seen as multiple bands of different protein
sizes on western blot (25-45kDa). These multiple bands difficult protein quantification.
Thus, samples must be deglycosylated to generate one single TREM2 protein band
(~28kDa) for quantification. As shown in panel A, TREM2 (~28kDa) can only be seen
clearly in the WT cell lysate and in the positive control (mouse recombinant TREM2
[~43kDa], not deglycosylated). The A7 lysate also has a distinguishable blurry band at
the expected size for the protein. Panel B shows the quantification of the western blotting
relative to the WT BV2 cells. The A7 cells have the highest TREM2 protein expression
(14.97 £ 5.6% of WT) of all CRISPR/Cas9 clones, while clone C8 also shows a relatively
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low TREM2 protein expression (5.10 + 6.94% of WT). Both those results are in

accordance with the results reported in Section 3.3.1.6.

Quantification of TREM2 protein in clones B5 and G4 (Trem2 -/-) showed very low
expression of the protein (4.05 = 0.76% and 8.89 + 2.51%, respectively). These low
levels of TREM2 protein detected in the KO clones were attributed to the high
background signal of the blots obtained with the anti-TREMZ2 antibody used. Other
reason that explains the detection of TREM2 in the B5 and G4 clones, could be the
translation of a truncated TREM2 protein by these clones. As seen in Figure 3.3, the
34bp deletion present in clones B5 and G4 (which is the same seen in their parental line
C8) causes disruption of the Trem2 reading frame, which in turn alters the amino acid
sequence of the protein from the 35" amino acid onwards (the predicted protein product
for clones C8, B5 and G4 has 53aa in total). This means that the detection antibody
AF1729 (whose immunogen is the amino acid sequence 19-168 of the TREM2 protein)
could potentially detect the truncated protein expressed by this clones, specifically the
sequence 19 to 35 that is still conserved. In the case of clone A7, the predicted protein
product is 40aa long and shares the same amino acid sequence with the wild typo protein
up to the 36™ amino acid. Taking this into consideration, further experiments were carried
out to ensure that the protein was not being expressed in clones B5 and G4 (Trem2 -/-).

For the quantification and normalization of the TREM2 protein, ACTIN was used as the
endogenous control gene, despite concerns regarding its accuracy as a normalizer at
the mRNA level. Piehler et al. (2010) have shown that normalization of RT-gPCR data
to Gapdh or Actb alone leads to imprecise gene expression results in LPS-stimulated
monocytes. However in our set up, ACTIN was used to normalize protein expression of
immunologically downregulated cells (seeded in serum-free conditions for 24h) at a
single timepoint, which reduces the likelihood of inaccurate normalization. Nonetheless,
as shown in Figure 5.9, Actin mRNA expression is clearly upregulated during LPS
stimulation in a dose dependent manner (24h stimulation). Moreover, the RNAseq
experiment showed statically significant upregulation of Actb (-actin) at the 6h timepoint
by both IL4 and LPS stimulations, something that was not seen in the case of Tbhp or

Gapdh, which are the two normalizer genes used for mRNA experiments in this thesis.

4.3.1.2.2 STREM2 ELISA

TREM2 can also be produced as a soluble protein: soluble TREM2 (sTREM2) (Figure
4.3). Full-length TREM2 undergoes proteolytic cleavage by ADAM (Disintegrin And
Metalloproteinase Domain-Containing) proteases, specifically ADAM10, which results in

the shedding of the protein’s ectodomain into the extracellular space (Jay et al., 2017).
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After sSTREM2 shedding by ADAM10, the membrane-associated TREM2 C-terminus is
cleaved by y-secretase to release its intracellular domain (Wunderlich et al., 2013). In
mouse, alternative splicing of 5’ end of exon 4 of the Trem2 gene can also generate a
soluble protein that contains the Ig-like domain (Srinivasan et al., 2016). In our
experiment CRISPR/Cas9 editing took place in exon 2 of the Trem2 gene, this exon is

present in all mouse Trem2 isoforms and splicing variants known to date.
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Figure 4.3 sTREM2 production. TREM2 can be cleaved from the cell surface by ADAM10 (a Disintegrin
and Metalloproteinase Domain-containing protein 10) and y-secretase, thereby releasing soluble TREM2
(STREM2) (modified from Colonna and Wang (2016)).

In our study, STREM2 quantification was carried out using a STREM2 protein ELISA.
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Figure 4.4 sTREM2 shedding by CRISPR/Cas9 clones. The extracellular domain of the TREM2 protein
was quantified on the supernatants of all 5 cell lines (WT, A7, C8, B5 and G4) using an ELISA assay. Cells
were seeded in serum-free medium for 24h hours prior to any treatments. Treatments were carried out for
24h before collecting supernatants. STREM2 protein quantification was performed using a standard curve,
which was made using recombinant human TREM2 protein. Results represent mean + SD of three
independent experiments (n=3), results are compared to the WT cells response for each treatment.
Statistical differences were calculated by 2-way ANOVA with Dunnett’s correction for multiple comparisons,
*+%n<0.0001.
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STREM2 function remains largely unknown but its shedding has been studied as a
possible disease marker for AD (Henjum et al., 2016, Piccio et al., 2016). In human, its
concentration in the CSF can be quantified by different methods, and for our experiment
it was quantified in the supernatants of each cell line. Much to our surprise, the condition
in which sTREM2 was released in higher amounts was 10% FBS or 10% FBS + LPS.
This is an interesting finding since previous RT-gPCR Trem2 quantification has shown
that 10% FBS or 10% FBS + LPS treatments greatly reduce Trem2 mRNA expression
(Figure 4.1). These results imply that when exposed to a culture medium that contains
10% FBS, microglial cells not only have a reduced Trem2 mRNA expression but also
release a high amount of STREM2. These two simultaneous events would mean that
TREM2 is depleted on microglial cells cultured in serum-containing conditions.

In contrast, cells grown in serum-free conditions not only have a higher expression of
Trem2 mRNA (as seen in Figure 4.1) but also shed very little STREM2 into their
supernatants (as seen in Figure 4.4), which may lead to an accumulation of the protein
both intracellularly and on the cell membrane.

Analogous to the results obtained in the mRNA and Western blot experiments,
CRISPR/Cas9 clones A7 and C8 (both Trem2 +/-) showed reduced secretion of the
STREM2 protein. Meanwhile, clones B5 and G4 (both Trem2 -/-) show negligible levels
of STREM2 which are at the limit of detection (~5ng/mL) of the ELISA assay, further
confirming the effect of the Trem2 gene knockout. It is worth mentioning again, that
identification of STREM2 in Trem2 -/- clones can be the result of the detection of
truncated protein products by the detection antibody AF1729.

43.1.2.3 Immunofluorescence: TREMZ2 accumulation in the cytoplasm.

It has been shown that TREM2 accumulates inside the Golgi apparatus in the cytoplasm
(Sessa et al., 2004, Prada et al., 2006). Therefore, accumulation of the TREM2 protein
inside BV2 cells was investigated as means to study any possible defects in TREM2
transport in clones A7 and C8. Expression and accumulation of the TREM2 protein (if
any) was also studied on the B5 and G4 clones. It also worth mentioning at this point,
that evaluation of the morphology of the Trem2 deficient clones found no major
differences compared to the WT cells, at the macroscopic level. In general, Trem2
deficient cell lines seemed more round (which can be associated with immune activation)
and less ramified regardless of the growth medium (serum-free or serum containing) and
timepoint. Additionally, Trem2 deficient cell lines seemed to be more complex (cytoplasm

seem to be full of “granules”) intracellularly (see Supplementary Fig 7.11).
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Figure 4.5 TREM2 co-localises with the Golgi apparatus. TREM2 protein expression and accumulation
was evaluated in all 5 cell lines (WT, A7, C8, B5 and G4) using immunostaining. Cells were seeded in serum-
free medium for 24h hours prior to fixation and staining. Fixed cells were stained for both TREM2 (red) and
Golgin (green). Expression and accumulation of Trem2 correlates very closely to the spatial expression of
Golgin on WT BV2 cells, all other cell lines have negligible Trem2 signal. DAPI (blue) stain the nuclei of
cells. Representative images shown were obtained from one of two biological replicate (n=2). Scale bars
represent 50pum.

TREM2 has been shown to contain large numbers of N-glycosylation sites and is
processed as it passes through the Endoplasmic reticulum (ER) and the Golgi apparatus
(where it accumulates) before being trafficked to the cell membrane (Park et al., 2015).
As seen in Figure 4.5, TREM2 protein signal very closely overlays with Golgin (a Golgi
apparatus associated protein) in the WT cells. This overlay is almost completely
vanished in all CRISPR/Cas9 clones, although C8 cells seem to keep some TREM2 in
co-localization with Golgin. It is interesting to note clones B5 and G4 (both Trem2 -/-)
have a higher background signal than WT, A7 and C8 cell lines. This is likely due to using
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WT negative controls to set the fluorescence thresholds, rather than doing it in a cell by
cell line fashion. Nonetheless, it is clear from the image analysis that TREM2 is almost
absent in the intracellular space of the CRISPR/Cas9 clones. Another interesting
observation is the fact that even on WT cells it is very difficult to identify any TREM2
protein in the cell membrane. Although the staining protocol is specifically optimised to
allow staining of intracellular ligands, it should be possible to find some TREM2 receptor
staining delimiting the cell’s cytoplasm. Although the microscope used in this experiment
(Zeiss LSM 880 with AiryScan) is theoretically able to detect single fluorophore
molecules and consequently single protein targets; the acquisition set up used in our
experiment was not the appropriate for this kind of detection. Nonetheless, the
microscope should be able to detect small clusters of TREM2 protein in the cell
membrane. However, in this experiment it was not possible to detect TREM2 protein
attached to the cellular membrane.

4.3.1.3 Functional characterization of Trem2 CRISPR/Cas9 clones

Once Trem2 expression was shown to be downregulated or non-existent (both at the
MRNA and protein levels) in the Trem2 CRISPR/Cas9 clones, these newly developed
models were used to study the effect of Trem2 deficiency on BV2 cells. Firstly, functional
characterization of the CRISPR/Cas9 models was performed in those cell processes in
which TREM2 has been shown to participate: phagocytosis, proliferation, migration, cell
activation and cytokine release. The expression of microglial activation and Trem2

related genes in these cells was also characterised by RT-qPCR analysis.

43.1.31 Effect of Trem2 deficiency on microglial phagocytosis

Many studies have shown that TREM2 controls phagocytosis in both macrophages and
microglial cells. To date, the exact mechanism by which TREM2 regulates phagocytosis
remains unknown. However, there is evidence that suggests that TREM2 binding to
DAP12 triggers the reorganization of ACTIN and phosphorylation of ERK/MAPK, which
may in turn mediate the clearance of apoptotic neurons (Fu et al., 2014). Nonetheless,
a clear link between TREM2 deficiency and decreased phagocytic capacity of microglial
cells has been established (Kleinberger et al., 2014a, Sieber et al., 2013, Atagi et al.,
2015a, Yeh et al., 2016). As such, the phagocytic capacity of our 4 CRISPR/Cas9 cell
lines (A7, C8, B5 and G4) was investigated. To this end, their ability to engulf pHrodo
tagged E. coli and Zymosan particles was evaluated. The pHrodo dye is a novel,
fluorogenic dye which increases its fluorescence as the pH of its surroundings acidifies.
Such pH changes can occur inside phagosomes and endosomes. This dye allows to

discriminate phagocytosed and endocytosed from adherent and extracellular particles.
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Figure 4.6 Effect of Trem2 deficiency on the phagocytic capacity of E. coli particles by Trem2
CRISPR/Cas9 clones. The capacity to engulf pHrodo E. coli particles by all 5 cell lines (WT, A7, C8, B5 and
G4) was evaluated by flow cytometry. Cells were seeded in 1% FBS culture medium at a density of 10
000cells/well in 24-well plates and left to adhere for 24h. Cells were subsequently incubated for 30 min with
two different amounts of E. coli particles; A) 50ug per 10 000cells and B) 25ug per 10 000cells. In both
experiments, Cytochalasin D (10mM) was used as a negative control to inhibit phagocytosis. The No beads
(-) control was used to control for autofluorescence changes in each of the cell lines. Results represent mean
+ SD of two independent experiments (n=2) for each particle concentration. Statistical differences were
calculated by 2-way ANOVA with Dunnett’s correction for multiple comparisons, **p<0.01.

As a first approach, the phagocytic capacity of the Trem2 CRISPR/Cas9 clones was
evaluated using E. coli particles. Two different amounts of bacterial particles were used:
50ug and 25ug per 10 000 seeded cells. As shown in Figure 4.6, in both experiments
with E. coli particles, there was no reduction of the phagocytic capacity in the Trem2 +/-
(A7 and C8) or Trem2 -/- (B5 and G4) clones, clearly contradicting previous reports in
the literature for Trem2 -/- cells (Kleinberger et al., 2014b, N'Diaye et al., 2009a, Atagi et
al., 2015b, Xiang et al., 2016b). In fact, there was an upward trend in the phagocytic
capacity of all Trem2 CRISPR/Cas9 clones. This upward trend was maintained even
when cells were pre-treated with Cytochalasin D (used as a negative control to inhibit
ACTIN-dependent particle uptake), and in the case of the 50ug dose of E. coli particles,
this trend became statically significant for clones C8 and G4. Further studies will be
needed to resolve these increasing trends on the phagocytic capacity of Trem2 +/- and
-/- BV2 cells with what has already been reported in the literature.
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An interesting observation is that pre-treatment with Cytochalasin D in our experimental
setting had very little effect over the phagocytic capacity of all cell lines, including WT. In
a recent publication, Kleinberger et al. (2014a) report a ~50% decrease in phagocytic
capacity of E. coli particles by primary mouse microglia (cultured in DMEM/F12 medium
supplemented with 10% FBS) when treated with Cytochalasin D. In our study, the
reduction was ~20% for the 50ug particle dose and ~15% for the 25ug particle dose.
Bohlen et al. (2017) have shown that microglial cells grown in serum-free conditions have
a reduced phagocytic capacity for different “model” prey particles conjugated with
pHrodo. In our particular experimental setting, it was not possible to use serum-free
conditions as the cells attached very strongly to the culture plates, reason why the
phagocytic experiment was carried out under very-low serum conditions (1%). This
reduced phagocytic capacity could be the reason why Cytochalasin D has a limited effect
on the phagocytic ability of cells. It could be the case that under very-low serum or serum-
free conditions, uptake of E. coli particles switches from an ACTIN-dependent
mechanism to an ACTIN-independent one (endocytosis). Nonetheless, E. coli
phagocytosis has been shown to be ACTIN-dependant and can be abolished by
Cytochalasin D in a dose dependent manner in bone marrow-derived macrophages
cultured in serum-free conditions (Kapellos et al., 2016). To the best of our knowledge,
no similar experiment has been attempted in microglial cells (primary or established cell

line) to evaluate the effect of Cytochalasin D in serum-free cultures.
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Figure 4.7 Effect of Trem2 deficiency on the phagocytic capacity of Zymosan particles by Trem2
CRISPR/Cas9 clones. The capacity to engulf pHrodo Zymosan patrticles by all 5 cell lines (WT, A7, C8, B5
and G4) was evaluated by flow cytometry. Cells were seeded in 1% FBS culture medium at a density of
10,000cells/well in 24-well plates and left to adhere for 24h. Cells were subsequently incubated for 30 min
with 25ug Zymosan particles per 10,000cells. Cytochalasin D (10mM) was used as a negative control to
inhibit phagocytosis. The No beads (-) control was used to control for autofluorescence changes in each of
the cell lines. Results represent mean + SD of 4 independent experiments (n=4). Statistical differences were
calculated by 2-way ANOVA with Dunnett’s correction for multiple comparisons, **p<0.01, ***p<0.001,
****n<0.0001, ns=non-statistically significant.
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The capacity to phagocyte Zymosan particles in our CRISPR/Cas9 clones was evaluated
by flow cytometry and compared to WT BV2 cells. As shown in Figure 4.7, CRISPR/Cas9
clones (either Trem2 +/- or -/-) show an increased phagocytic capacity of Zymosan
particles. The increase is statistically significant for clones A7, C8 and G4. In these three
clones, the increase was of ~18% (~83% of pHrodo positive cells) compared to WT cells
(65% of pHrodo positive cells). Clone B5 also shows an upward trend in its phagocytic
capacity; nonetheless it is not statistically significant. The increase in this cell line is only
~8% (73% of pHrodo positive cells) compared to WT cells (65% of pHrodo positive cells).
Interestingly, Cytochalasin D phagocytic inhibition of zymosan particles was more
pronounced than what was previously seen for E. coli particles. Addition of Cytochalasin
D reduces the percentage of pHrodo positive WT cells from ~65% to ~15%, but it does
not abolish phagocytosis completely. Remarkably, Bohlen et al. (2017) showed that
primary microglia grown in serum-free conditions engulfed almost no zymosan particles
in comparison with cells cultured with serum, which was not the case in our experimental
set up, where BV2 cells readily engulfed zymosan in an ACTIN-dependent (and

independent) manner.

The increase in the phagocytic capacity of CRISPR/Cas9 clones was noticeable even
when the phagocytosis inhibitor Cytochalasin D was used. Clones A7 and C8 showed a
statistically significant higher capacity to engulf zymosan particles when cells were pre-
treated with the inhibitor, while clones B5 and G4 show a modest increasing trend.

Our results of the phagocytic capacity of the Trem2 CRISPR/Cas9 clones indicate a
modest and sometimes statistically significant increase in the ability to engulf E. coli and
Zymosan particles. E. coli phagocytosis studies have shown that there is an upward
trend in phagocytic capacity of CRISPR/Cas9 clones that became statistically significant
only when using the phagocytosis inhibitor Cytochalasin D. Zymosan phagocytosis
experiments showed the same upward trend in the phagocytic capacity of the Trem2
CRISPR/Cas9 clones. Differences with respect to the unmodified BV2 cells were
significant for clones A7, C8 and G4, while clone B5 only showed a modest non-
statistically significant increase. The same trend was observed in these cell lines when
Cytochalasin D was used, particularly clones A7 and C8 showed an increased

phagocytic capacity that was significantly higher than WT cells.

4.3.1.3.2 Effect of Trem2 deficiency on microglial proliferation
TREM2 has been positively associated with increased cell proliferation (Otero et al.,
2012, Otero et al., 2009, Wang et al., 2016b). As such, the proliferative capacity of our 4

CRISPR/Cas9 clones was investigated using two different flow cytometry assays: i)

147



CHAPTER 4: Characterization of the Trem2 CRISPR/Cas9 gene-edited BV2 cell lines

staining of the KI67 proliferation associated protein and ii) staining with CFSE
(Carboxyfluorescein succinimidyl ester). KI67 is a nuclear protein that is associated with
cellular proliferation and is present during all active phases of the cell cycle (G1, S, G2,
and mitosis), but is absent in resting cells (quiescent, GO) (Darzynkiewicz et al., 2015).
Meanwhile, CFSE is a fluorescent cell staining dye which is cell permeable and
covalently couples to intracellular molecules (lysine residues and other amine sources).
Due to its covalent binding, CFSE can be retained within cells for long periods of time.
Originally developed as a cell tracker dye, it can also be used to monitor cell proliferation,
due to the progressive halving of CFSE fluorescence within daughter cells following each
cell division (Lyons and Parish, 1994). By measuring the rate at which CFSE MFI (Mean
Fluorescence intensity) diminishes because of cell doubling, it is possible to estimate the

cells’ proliferation rates.
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Figure 4.8 Effect of Trem2 deficiency on the proliferation of BV2 cells - KI67 staining. The effect of
Trem2 deficiency on microglial proliferation was measured using the expression of the cell proliferation
marker KI67. Cells were seeded in 1% or 10% FBS culture medium and left to grow for 24h and 48h. Cells
were subsequently stained with an anti-KI167 antibody and protein expression levels were assessed by flow
cytometry. Panel A and B show results of percentage of KI67 positive cells and MFI (Mean Fluorescence
Intensity) values for cells grown for 24h, respectively. Panels C and D show the same results for cells
incubated for 48h. MFI values were calculated for the entire alive cell population. An isotype control antibody
(MACS, Milteny Biotec, Cat# 130-104-611) was used as negative control for KI6 staining. Results represent
mean + SD of three independent experiments (n=3). Statistical differences were calculated by 2-way ANOVA
with Dunnett’s correction for multiple comparisons, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

For the evaluation of the proliferative capacity of WT BV2 cells and Trem2 CRISPR/Cas9
clones, the number of cells showing KI67 expression in the nucleus was quantified by
flow cytometry. As seen in panel A and C of Figure 4.8, all CRISPR/Cas9 clones show

a slightly higher number of KI67 positive cells at 24h and 48h hours. This difference in
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the number of KI67 positive cells only reached statistical significance for the B5 clone
cultured in 1% FBS at 24h.

MFI is a way to express/quantify the shift in fluorescence intensity of a population of cells
in cases where the population of cells expresses different levels of an antigen or marker.
This means that while % of K167 positive cells give us an idea of the number of cells that
express this marker, the MFI value tells us about the mean level of expression of the
marker (intensity) in this population. MFI values for clones A7, C8 and G4 clones did not
show any noticeable trends on the expression of KI67. MFI values of these three
CRISPR/Cas9 cell lines remained close to the values of the WT cells. The clone B5 was
the only cell line that showed a higher MFI value for the expression of KI67 in both
assayed conditions (1% or 10% serum) and timepoints (24h and 48h) when compared
to WT cells. Measurement of both parameters (% of K167 positive cells and MFI) indicate
that B5 cells have an increased proliferation rate compared to WT BV2 cells. All other
cell lines have proliferation rates similar to that of WT cells.
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Figure 4.9 Effect of Trem2 deficiency on BV2 cell proliferation - CFSE staining. The effect of Trem2
deficiency on microglial proliferation was studied by measuring the changes on the MFI of CFSE staining by
flow cytometry. Firstly, cells were stained with the CFSE marker (Oh) and subsequently cultured in 0%, 1%
or 10% FBS culture medium at a density of 632 000cells per 75cm2 flask. All cell lines were left to grow for
24h and 48h. CFSE staining was measured by flow cytometry at each timepoint. MFI values were calculated
for the entire alive cell population and values were compared to the WT group for each condition. Results
represent mean = SD of three independent experiments (n=3). Statistical differences were calculated by 2-
way ANOVA with Dunnett’s correction for multiple comparisons, no statistically significant differences were
found.

As a second approach for the assessment of the proliferative capacity of the Trem2
CRISPR/Cas9 clones, changes in the MFI values of cells stained with CFSE were
monitored and evaluated. Figure 4.9 shows the analysis and comparison of MFI of all
CRISPR/Cas9 clones with respect to WT BV2 cells. In this experiment, it was not
possible to detect any differences or trends between the Trem2 CRISPR/Cas9 clones

and the WT cell line in any of the tested conditions. These results suggest that doubling
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times in WT and all Trem2 CRISPR/Cas9 clones are similar in each of the tested
conditions. Nonetheless, there were some expected differences in doubling speed
according to the serum concentration used in the cell growth medium. In general, cells
grown in 1% and 10% serum-containing medium seem to have lower MFI values than
those cells grown in serum-free conditions (0% FBS). This difference is more noticeable

in the 48h group.

Cell proliferation studies carried out on the Trem2 CRISPR/Cas9 clones showed little or
no evidence of differences in the proliferation capacity of the mutated cell lines. Overall,
K167 staining showed no differences in the percentage of KI67 expressing cell (panels A
and C, Figure 4.8), while MFI values showed a higher expression of KI67 in the nuclei of
B5 cells (panels B and D, Figure 4.8). Similarly, CFSE staining showed no differences in
the doubling proliferation capacity of the Trem2 CRISPR/Cas9 clones (Figure 4.9). Both
studies, suggest that there are no differences in the proliferation capacity of Trem2
deficient BV2 cells with respect to WT BV2 cells.

4.3.1.3.3 Effect of Trem2 deficiency on microglial migration

Another cell function that has been linked to Trem2 is migration. Many studies report that
Trem2 deficiency reduces migration of microglial cell models (Melchior et al., 2010,
Mazaheri et al., 2017). Therefore, the migration capacity of the 4 Trem2 CRISPR/Cas9
clones was evaluated using the Cell Migration/Chemotaxis Assay Kit (PromoKine, Cat#
PK-CA577-K906). This system employs a Boyden chamber, where the cells migrate
through a semi-permeable membrane in response to stimulatory or inhibitory
compounds. The Boyden chamber has three main parts; 1) Top Chamber (where cells
are seeded), 2) semi-permeable bottom membrane (through which cells migrate in
response to chemoattractant) and 3) bottom chamber (containing the chemoattractant

and where cells migrate during the assay).
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Figure 4.10 Effect of Trem2 deficiency on BV2 cell migration. The effect of Trem2 deficiency on
microglial migration was studied using a Migration/Chemotaxis Assay Kit (PromoKine, Cat# PK-CA577-
K906). The number of migrated cells was evaluated directly by using the kit's cell migration reagent and
reading the fluorescence (EX’Em = 530/590nm) in a plate reader. Cells were seeded in the top chamber in
serum free-medium, while the bottom chamber was filled with serum-containing medium (or serum-free
medium) plus the indicated chemoattractant. For our test 6 different conditions were assayed; A) untreated
(containing serum-containing medium only) B) Kits positive control (1:10 dilution), C) NGFB (Nerve growth
factor-beta, 100ng/mL) and D) C5a (Complement component C5, 25ng/mL), E) Serum-free medium only
and F) Serum-free medium plus C5a (25ng/mL). After the experiment, fluorescence intensity results were
outside the standard curve’s range, reason why raw intensity values are reported (in Arbitrary Units, AU)
instead of cell numbers. Higher fluorescence intensities correlate with higher cell numbers in this experiment.
Each treated group was compared to the WT group for each condition. Results represent mean + SD of 3
technical replicates of 1 biological replicate (n=1).

Trem2 deficiency has been linked to a reduced cell migration capacity, as such the
migration capacity of the 4 CRISPR/Cas9 was evaluated, particularly their ability to
migrate towards chemoattractants such as NGF (Nerve growth factor-beta) (De Simone
et al., 2007) and C5a (Complement component C5) (Mazaheri et al., 2017). As seen on
the left-hand side of Figure 4.10, under untreated conditions (migration from serum-free
towards serum-containing medium), BV2 cell migration correlated with the Trem2
expression of the cells. Wild type cells migrated the most, followed by clones A7 and C8
(both Trem2 +/-) and finally clones B5 and G4 (both Trem2 -/-).

The untreated group (either in 10% or serum-free conditions) served as a negative
control for the experiment (as recommended by the kit's manufacturer) since no
chemoattractant was added into the lower chamber of the plate. Serum-free conditions
seemed to reduce basal BV2 migration compared with the 10% condition regardless of
the Trem2 genotype, this difference in the migration capacity deserves to be explored
further in the future. Other negative controls could have been used in this experiment.
Remarkably, some migration experiments have suggested the use of Cytochalasin D to
reduce cell migration. Cytochalasin D inhibits microfilament function and polymerization
by blocking the elongation of the actin filament (Schliwa, 1982). Use of Cytochalasin D
as in this experiment would have provided limited information about the migration

capacity of the cell lines, as it has been shown to severely impair the chemotaxis of many
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different cell lines (Glenn et al., 2016). A more informative control in our study would
have been the inhibition of SYK activation, since TREM2 is known to act via
phosphorylation and activation of this protein (Paradowska-Gorycka and Jurkowska,
2013). Mazaheri et al. (2017) showed that N9 microglia response to chemoattractants
was almost entirely blocked when cells were pre-incubated with a general tyrosine kinase
inhibitor (genistein) or a SYK-selective inhibitor (piceatannol). Using a similar
experimental paradigm to this study, the authors also showed that Trem2-deficient N9
microglia significantly reduced their response to chemotactic stimuli (including C5a and
CCL2).

Surprisingly, when cells were stimulated with the kit's positive control (unknown
composition) there was an inverse trend to the one seen in the untreated condition. For
the kit’s positive control, WT, A7 and C8 cells migrated at a similar rate (migration was
even reduced when compared to the untreated condition), while B5 and C8 cells
migrated noticeably more. It is difficult to speculate about the reason why WT cells did
not migrate when stimulated by the Kit's positive control since its composition is not

known (it is a proprietary formulation).

Similarly, NGF@ treatment had no effect on WT, A7 and C8 cell migration, when
compared to the untreated group (same trends were maintained). WT are expected to
have an increased migration in response to NGFB as reported by De Simone et al.
(2007). However, B5 and G4 cells increased their migratory capacity and were able to
migrate at a rate similar to WT cells when treated with NGFf3. C5a treatment had a more
complex response in BV2 cells. C5a increased the migratory capacity of all cell types
(compared to the untreated condition), nonetheless all Trem2 CRISPR/Cas9 clones
continued to show a reduced migratory capacity compared to WT cells, with the
exception of the B5 cells, which migrated at a similar rate to WT cells.

The migration capacity of BV2 cells was also tested in a serum-free system (from serum-
free to serum-free) - right hand side of Figure 4.10. Untreated cells (serum-free to serum-
free) presented reduced migration compared to the untreated group in 10% medium
(serum-free to serum-containing), although showing the same trends. All CRISPR/Cas9
cell lines migrated less than WT and this difference was more noticeable in G4 cells.
Stimulation of all 5 cell lines with C5a in serum-free medium had a similar effect to the
untreated serum-free condition. Migration was marginally increased in the CRISPR/Cas9
cell lines exposed to C5a, although all cells kept the same trend seen in the untreated
condition. G4 cells were the cells whose migration/invasion capacity was most seriously

impaired by the lack of serum and/or chemoattractant (C5a).
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The preliminary study of the migration capacity of the Trem2 CRISPR/Cas9 clones (only
1 repetition was carried out) using the Boyden chamber system has shown some
deficiencies in the migration capacity of Trem2 +/- and Trem2 -/- clones. CRISPR/Cas9
clones exhibited a reduced migration capacity in almost all conditions assayed,
particularly clone G4 seemed to be severely impaired. Nonetheless, some of the
treatments restored some functionality to these cells. Particularly, the kit's positive
control (unknown composition) and NGF3 promoted cell migration of the CRISPR/Cas9
clones, sometimes surpassing the WT cells (particularly the Kit's control). NGF(
expression has been shown to be induced in BV2 cells exposed to LPS (Li et al., 2013).
Interestingly, there seems to be similar responses in the CRISPR/Cas9 clones which
share the same genotype (either Trem2 +/- or -/-), pointing to the Trem2 deficiency as
the primary cause for the impaired responses.

43.1.34 Effect of Trem2 deficiency on microglial cytokine release

One of the aims of this thesis is to understand the effect that Trem2 deficiency has on
microglial activation and immune response. Cytokines are small signalling proteins that
work as immune-modulators capable of fine-tuning the humoral and cell-based immune
responses. They are also capable of modulating the growth, maturation and response of
specific cell types. Cytokines are produced by a wide range of cell types including
immune cells (such as macrophages and microglia), endothelial cells, fibroblasts and
stromal cells. In this section, the effect of Trem2 deficiency on BV2 cells’ cytokine release
capacity was evaluated. To this end, BV2 cells were stimulated with LPS, TGFpB or IL4.
LPS is a classical immune activator known to stimulate macrophage/microglial M1

activation, while TGFB and IL4 are known to trigger M2 activation (Gonzalez et al., 2014).
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Figure 4.11 WT, A7 (Trem2 +/-) and B5 (Trem2 -/-) cell lines’ cytokine release responses to different
stimuli - Hierarchical clustering analysis. BV2 WT and Trem2 CRISPR/Cas9 cell lines (A7 and B5) were
exposed to different treatments (LPS, IL4 and TGF) for 24h. Cytokine release responses were quantified
using Proteome Profiler Antibody Arrays (R&D; ARY028). These arrays can analyse up to 111 different
cytokines simultaneously. The dendrogram is divided into three coloured zones, showing three sub-clusters;
green, blue and red. Metric used, One minus Pearson’s correlation; Linkage method, averages.

Figure 4.11 shows the hierarchical clustering of the cytokine release responses by BV2
WT and Trem2 CRISPR/Cas9 clones. The figure is colour coded in three main zones;
Green, Blue and Red. The Green zone is made up mainly of the responses of the three
cell lines (WT, A7 and B5) to only three treatments: Control (untreated), LPS and TGFp.
Although this sub-cluster shows higher similarity between the responses between these
three treatments, it is also clear that the WT Control condition is markedly different to all
other responses in the sub-cluster. Another particularity of this sub-cluster is that LPS
and TGF[ responses seem to cluster together for both WT and A7 (Trem2 +/-) cell lines,
which is not the case for B5 cells (Trem2 -/-).

The Blue sub-cluster in Figure 4.11 is made up of the cytokine release responses of the
three cell lines to IL4 stimulation. This shows a consistent and powerful capacity of IL4
to modulate cytokine responses in these cell lines. It also suggests that BV2 cell
response to IL4 stimulation is not affected by Trem2 genotype/expression. The last sub-
cluster, Red, is made up of a single cytokine response; B5 LPS. This response is
dissimilar to all others and suggests that cytokine release response to LPS stimulation
is greatly influenced by the Trem2 genotype/expression. After comparing the cytokine
release responses of each cell line, the behaviour of individual cytokine responses was

studied for each treatment.
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Figure 4.12 Effect of Trem2 deficiency on BV2 cytokine release. Semi-quantitative cytokine detection
was performed using Proteome Profiler Antibody Arrays (R&D; ARY028) for 111 different analytes according
to manufacturer’s instructions. Only 3 cell lines were used for this experiment; WT, A7 (Trem2 +/-) and B5
(Trem2 -/-). Cell lines were grown under serum-free conditions and exposed to 4 different treatments; Control
(untreated), LPS, IL4 and TGF for 24h. Supernatants from each treatment were collected, spun down and
analysed with antibody arrays. A) Heat map of the 111 cytokines present in the Proteome Profiler Antibody
Arrays. Colour code indicates relative expression compared with the highest and lowest cytokine
concentration for each row. Purple arrows mark specific cytokines that are plotted in panel B. Red asterisks
indicate cytokines of importance which are plotted on Supplementary Fig. 7.4. Green square in panel A
highlights a group of cytokines which are upregulated when the cells become activated (Microglial activation
signature). B) Individual plots of M1 (TNFa, IL1B, ILIRA and IL6) and M2 (IL4, IL10, IL11) activation state
associated cytokines. Results represent mean of a single biological replicate (n=1).
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As shown in Figure 4.12, cytokine release responses are markedly different between cell
lines (different Trem2 genotypes) and treatments. In our experiment, each of the cell
lines had a distinctive response to the different stimuli employed. Nevertheless, Panel A
shows a group of cytokines (marked by a green rectangle) which are upregulated in all
conditions and cell lines compared to the untreated WT control condition. These results
are similar to those obtained during the hierarchical clustering of the cytokine release
responses. In both cases, the cytokine release profile for unstimulated WT cells was
markedly dissimilar to all other conditions. WT cell stimulation by any of three stimuli
used (LPS, IL4 and TGFp) increases the release of this group of cytokines (green
rectangle), suggesting that these are upregulated by a common microglial cell activation
pathway. Consequently, this group of cytokines was named “Microglial activation
signature”. Upregulation of these cytokines in the A7 and B5 cell lines under unstimulated
conditions implies that these cell lines are already activated even when left untreated,
which points to a possible role for TREM2 in microglial activation. This signature included
the following cytokines; IL11, IL12, FGF-21, CXCL9, IGFBP-3, IL10, IGFBP-5, leptin,
FGF acidic, LIF, CXCL10, PDGF-BB and Pentraxin 2. Further studies on the expression
of these cytokines during microglial activation (discussed in the next chapter) will need

to be carried out to validate their significance in the context of microglial activation.

As observed in Figure 4.12 panel A, it is difficult to identify differences in cytokine release
responses, when they are all assessed at the same time. Nonetheless, when individual
cytokine release responses are observed more closely, trends among conditions
become more obvious (Panel B). Figure 4.12 panel B shows the plots for the semi-
gquantitative evaluation of 9 cytokines associated with M1 (TNFa, IL1a, IL1B3, ILARA and
IL6) and M2 (IL4, IL10, IL11) activation states. These same cytokines are marked by
purple arrows in Panel A. One of the most striking results for this experiment is the effect
of the Trem2 genotype on TNFa release. As shown in Figure 4.12 panel B, all cell lines
have similar levels of this cytokine under unstimulated (control) conditions, but its
concentration increases upon LPS stimulation. WT cells marginally increase the level of
TNFa after 24h of LPS stimulation, while A7 cells (Trem2 +/-) increases TNFa levels 3-
fold and B5 cells (Trem2 -/-) by more than 4-fold. The release of TNFa by BV2 cells in
response to LPS stimulation (classic M1 activator) seems to be inversely correlated to
Trem2 gene dose in the cells. IL4 stimulation has a more moderate effect on TNFa
secretion; nevertheless, concentration of the cytokine seems to be higher in the
CRISPR/Cas9 clones. TGFf stimulation shows a similar trend to the LPS stimulation on
the three CRISPR/Cas9 cell lines, supporting the correlation between TNFa release and

Trem2 genotype.
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Release of IL1q, IL1B and IL1RA is associated with M1 activation (reviewed by Jay et al.
(2017)). As seen in Figure 4.12 panel B, release of these cytokines is modulated not only
by the treatment used but by the Trem2 genotype as well. Results show upregulation of
these cytokines in Trem2 deficient cells under untreated conditions and in response to
activating stimuli. Of particular interest are IL1a and IL1B, which has been linked to AD
(Shaftel et al., 2008). IL6 is also linked to M1 activation. Proteome array analysis shows
that IL6 is released at similar levels when cells are left unstimulated, regardless of their
Trem2 genotype. Upon LPS stimulation, A7 and B5 cells show a reduced level of IL6
compared to WT cells. On the other hand, TGFB stimulation only upregulates IL6
secretion on A7 and B5 cells. Surprisingly, IL4 stimulation of cells reduces IL6 levels in
both WT and B5 but not in A7 cells.

Release of M2 associated cytokines (L4, IL10 and IL11) was also disrupted by Trem2
deficiency in our experiment. As seen in Figure 4.12 panel B, IL4 secretion is similar
between WT and CRISPR/Cas9 clones when cells are unstimulated. Meanwhile, LPS
stimulation increased IL4 release in WT and B5 cells; this effect is more pronounced in
the latter. Detection of high levels of IL4 in the IL4 stimulated condition is probably caused
by the recognition of the same IL4 used to stimulate cells, or it could also be a product
of the cytokine’s own feedback loop. TGFB stimulation does not seem to affect the
expression of this cytokine. IL10 release was also disrupted by Trem2 deficiency in our
experiment. WT cells under untreated conditions show a very low level of this cytokine,
compared to A7 and B5 cells. In all other conditions, WT cells release more IL10 than
A7 and B5 cells; the latter showed the lowest levels of IL10 release for all conditions.
IL11 shows similar responses to IL10 in all conditions, although differences between A7

and B5 responses are less marked.

IFNy is a cytokine critical for innate and adaptive immunity. This cytokine is a major
activator of macrophages and inducer of Class Il major histocompatibility complex (MHC)
expression. In our experiment, its expression/release was kept at almost a constant level
for all conditions and cell types. This cytokine was only elevated in the LPS-treated WT
cells, which almost doubled the secretion of this cytokine. Being that this cytokine was
not upregulated by the LPS treatment in A7 and B5 cells, it could be said Trem2 deficient

cells have a less potent response to LPS stimulation.

The Proteome Profiler Antibody arrays also allowed to study the behaviours of cytokines
which are not directly related to the M1 and M2 activation states. These cytokines are
marked with red asterisks on Figure 4.12 panel A, and their plots can be found in

Supplementary figure 7.4. Given that GWAS studies have found associations between
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components of the complement system (such as CR1 and CLU) and AD, our experiment
also tried to identify any evidence of disruption of this system. Nonetheless, the cytokine
array used in this experiment can detect only three cytokines which are members of the

complement system: C5a, Complement factor D and C1qR1.

Cb5a is a highly inflammatory cytokine able to activate the complement system, promote
the formation of the Membrane Attack complex (MAC) and attract innate immune cells.
In our experiment, release of C5a was upregulated in the two Trem2 CRISPR/Cas9
clones in almost all conditions when compared to the WT control condition. Particularly
interesting are the responses seen in IL4 and TGF treatments. IL4 treatment reduced
the secretion of C5a in WT cells, while A7 and B5 cells showed no reduction on this
cytokine’s levels. TGFB treatment, on the other hand, did not reduce the C5a levels in
WT cells, but rather increased its release in A7 and B5 cells. Likewise, release of
Complement Factor D was very similar to C5a’s release. Once more, Trem2 deficient
clones showed higher release of this cytokine, with LPS and TGF conditions being the
conditions that showed the highest releases. C1gR1 (CD93) was the third member of
the complement system found in the arrays. This cytokine was once thought to be a
receptor for C1q, but now is known to be involved in intercellular adhesion and apoptotic
cell clearance. This cytokine is also elevated in Trem2 deficient clones, when compared
to the WT cells, and behaves similarly to C5a and Complement Factor D. Taken together
these results reveal a disruption of the complement system, particularly upregulation of

the complement associated cytokines C5a, Complement factor D and C1gR1.

Supplementary Figure 7.4 also shows the cytokine release profile of Leptin, a protein
known to be involved in bone mass regulation (Ducy et al., 2000) and cognitive changes
in AD (Lieb et al., 2009). Release of this cytokine is increased in the Trem2
CRISPR/Cas9 clones under control conditions. The increase in Leptin release under
unstimulated conditions is markedly higher for the A7 (Trem2 +/-) cells. Stimulation of
WT cells with LPS, IL4 or TGF increases leptin’s release. This increase in leptin release
is impaired by Trem2 deficiency, with A7 showing a slightly lower release compared to
WT cells. B5 cells on the other hand show a much lower release of Leptin in response

to the three treatments when compared to A7 and WT cells.

The analysis of the effect of Trem2 in the cytokine release capacity of BV2 cells clearly
shows that Trem2 deficiency disrupts the cytokine secretion/production of these cells
under unstimulated conditions and in response to different stimuli such as LPS, IL4 and
TGFB. Furthermore, hierarchical clustering analysis of the responses showed that LPS

stimulation of B5 cells is markedly different to all other conditions assayed and evaluated
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with the cytokines arrays. This was partly corroborated by semi-quantitative analysis of
individual cytokines associated with M1 and M2 activation states and the complement
system. Additionally, the use of the cytokine arrays allowed the identification of a group
of cytokines whose release is upregulated upon BV2 cell activation either by classic M1
(LPS) or M2 (IL4 or TGFp) activators. This group of cytokines was named Microglial
activation signature. Further studies will have to be carried out to verify these results as
they are a product of a single biological replicate (n=1).

4.3.1.35 Effect of Trem2 deficiency on mRNA expression of microglia associated
genes

It is well known that microglial and macrophage acute pro-inflammatory activation, both
in vivo and in vitro, results in the sharp decline in expression of Trem2 mRNA expression
(reviewed by Yeh et al. (2017)). As such, this section investigates the effect that Trem2
deficiency (either Trem2 -/- or +/-) has in the mRNA expression of different inflammation
associated genes (TNFa and CD40). At the same time, this section examines the effect
that Trem2 deficiency could have in other microglial genes associated with AD risk (ApoE
and CD33) and in the mRNA expression of proteins that have been shown to directly
interact with the TREM2 protein (Dap12 and Plxnal).
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Figure 4.13 Effect of Trem2 deficiency on the mRNA expression of microglial genes. Cell lines (WT,
A7, C8, B5 and G4) were seeded in serum-free medium for 24h hours prior to treatment. Subsequently, cells
were left untreated or stimulated with LPS 1pg/mL, 10% FBS or a combination of both. After 24h of treatment
cells were lysed and mRNA expression profiles were obtained by RT-gPCR. mRNA expression was
normalised to Gapdh (or Thp) expression and results are shown relative to untreated (serum-free) WT BV2
cells, except in the case of TNFa, where results are normalised to LPS-treated WT cells. Results represent
mean + SD of five independent experiments (n=5). Statistical differences were calculated by 2-way ANOVA
with Dunnett’s correction for multiple comparisons, *p<0.05, **p<0.01, ***p<0.001.

Figure 4.13 shows the mMRNA expression profiles of 6 genes of interest expressed by
microglial cells: Tnfa, Cd40, ApoE, Cd33, Dap12 and PIxnal. Tnfa and Cd40 are two
genes whose expression is upregulated during M1 activation (Martinez and Gordon,
2014, Becker et al., 2012). Consequently, upregulation of both mRNAs was expected in
cells treated with LPS treated. Certainly, there was an increase in the TNFa mRNA levels
in WT cells treated with LPS compared to WT untreated cells (almost 3-fold). This
upregulation was more modest in the case of A7 and C8 cells (Trem2 +/-) when
compared to their unstimulated counterparts. A7 and C8 cells did not managed to
upregulate the expression of TNFa to the same level that WT cells and in fact looked
downregulated in comparison. B5 and G4 cell lines (Trem2 -/-), on the other hand,
showed a greater upregulation of TNFa both compared to their unstimulated

counterparts and to the LPS treated WT cells, reaching statistical significance only for
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the B5 cell line. A similar expression profile was observed when the LPS treatment was
combined with the 10% FBS condition. The combination of both conditions increased the
expression, although marginally, in all cell lines, suggesting that cells grown in 10% FBS

are primed for the upregulation of TNFa.

As expected, WT cells stimulated with LPS alone or in combination with 10% FBS show
upregulation of CD40 mRNA. Increased expression of CD40 is associated with increased
microglial activation (Ponomarev et al., 2006), and as seen in the next chapter, it was
highly upregulated by LPS in our microarray experiment (Table 5-4). Surprisingly, A7
cells did not upregulate the expression of this gene under LPS stimulation alone, but only
in combination with 10% FBS. In contrast, C8, B5 and G4 cell lines show a non-significant
upregulation of CD40 mRNA in all conditions assayed, including the unstimulated
condition. Upregulation of CD40 mRNA by the LPS treatment is statistically higher in G4
cells (Trem2 -/-) compared to LPS treated WT cells. Similarly, CD40 upregulation was
statistically higher for C8 and G4 cells under LPS plus 10% FBS conditions compared to
WT cells under the same conditions. These results show a clear tendency of the
CRISPR/Cas9 clones, except for A7 cells, to upregulate the expression of CD40 in all
conditions assayed.

Although much of the current research on the role of microglia in the
initiation/progression of AD is centred on Trem2, microglial cells are also capable of
expressing other AD-related genes; two of these are ApoE and CD33. Under
unstimulated conditions, expression of ApoE by BV2 cells showed very heterogeneous
results. Clones A7 and C8 (Trem2 +/-) showed ApoE expression levels similar to
unstimulated WT cells, whereas clones B5 and G4 (Trem2 -/-) showed statistically
significant up- and down-regulation of ApoE expression, respectively. All treatments
reduced the expression of ApoE to less than 50% of the untreated WT cell expression,
in all cell lines, although maintaining the same trends seen in the untreated condition.
Expression of CD33 was not affected by the Trem2 genotype in any of the conditions
assayed and Trem2 CRISPR/Cas9 clones responded to the treatments similarly to WT

cells.

Even though there are no defined pathways in which Trem2 is involved, there is
evidence of its interaction with other proteins, namely Dapl2 (reviewed by Yeh et al.
(2017)) and PIxnal (Hayashi et al., 2012). Therefore, the effect of Trem2 deficiency on
the mMRNA expression of both genes was assessed. Expression of Dapl2 under
untreated conditions was significantly upregulated in A7 cells (Trem2 +/-) and

significantly downregulated in B5 cells (Trem2 -/-). C8 and G4 clones had Dap12 mRNA
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expression levels comparable to the untreated WT cells. All assayed treatments reduced
the mRNA expression of Dapl2 by 50% or more. Expression of Dapl2 in Trem2
CRISPR/Cas9 clones and WT cells was similar for all treatments. PIxnal expression was
not affected by the Trem2 genotype of the cell lines. Nonetheless, under untreated
conditions CRISPR/Cas9 clones seemed to have a slightly upregulated expression of
the gene, which was not statistically significant. Expression of Plxnal was markedly
downregulated (to less than 30% of the untreated WT expression) by 10% FBS, while
LPS treatment upregulated its expression by more than 2-fold. The combination of both
treatments brought PIxnal mRNA expression to an intermediate level which was similar
to the expression of the gene under untreated conditions.

Analysis of the effect of Trem2 deficiency on the expression of TNFa, CD40, ApoE,
CD33, Dapl12 and PIxnal has shown some unexpected results. In the case of TNFa,
Trem2 deficiency does not seem to affect its expression. TNFa mRNA was only affected
(upregulated) when B5 cells (Trem2 -/-) were treated with LPS alone or in combination
with 10% FBS. On the other hand, CD40 mRNA expression was affected by the Trem2
genotype of cells. Upon LPS stimulation, A7 cells (Trem2 +/-) were not able to upregulate
CD40 expression, whereas C8 and B5 cells (Trem2 +/- and Trem2 -/- respectively) had
a response that was similar to WT cells. Meanwhile, G4 cells (Trem2 -/-) showed a
statistically significant upregulation of TNFa. Stimulation with both LPS and 10% FBS,
showed a statistically significant upregulation of TNFa in both C8 and G4 cells.

ApoE, CD33, Dapl12 and PIxnal were not overly affected by the Trem2 deficiency. Just
in the case of ApoE and Dap12 mRNA expression was affected and only under basal
(untreated) conditions. These results suggest that Trem2 deficiency does not affect the
expression of AD related genes or genes that have been shown to directly interact with
it, but rather affects genes involved in microglial activation such as TNFa and CD40.

4.4  Discussion

The recent explosion of genetic data which implicate microglia as a crucial cell type and
TREM2 as a critical gene in AD, has led to a renewed interest in the role of TREM2 in
microglial normal function and in response to different stimuli. Important insights into the
role of TREM2 in the modulation of the microglial functions in the CNS come from the
study of genetic conditions. Before the association between the TREM2 R47H mutation
and a higher risk of AD was discovered (Guerreiro et al., 2013b, Jonsson et al., 2013),
much of our knowledge about TREM2 function came from studies related to Nasu-
Hakola disease. This genetic disease is caused by loss-of-function mutations in TREM2

and its putative adapter protein DAP12. Patients affected by this disease develop bone
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cysts, white matter degeneration and progressive dementia (Paloneva et al., 2002).
Given that both TREM2 and DAP12 are expressed in myeloid cells, it is reasonable to
suppose that deficits or aberrations in these genes affect microglia and osteoclasts,
which are the myeloid cell types in the brain and bone respectively. While the role of
TREM2 in osteoclast function and bone maintenance has been extensively studied
(reviewed by Humphrey and Nakamura (2016)), TREMZ2’s role in microglial cells and in
the brain remains a matter of debate (Mazaheri et al., 2017).

Gene Knockout models are a simple yet elegant way to study gene function by observing
a biological system that lacks the gene of interest. In the previous chapter, the
CRISPR/Cas9 technology was used to gene edit BV2 cells and obtain Trem2 knockout
cell models, with the aim to study its function in a microglial context. The present chapter
describes the functional characterization of Trem2 deficient BV2 cell models; A7, C8
(Trem2 +/-), B5 and G4 (Trem2 -/-).

Characterization of the Trem2 deficient clones was carried out using the 4 CRISPR/Cas9
edited cell lines (A7, C8, B5 and G4) and only one WT control. Many gene editing
protocols using CRISPR/Cas9 mediated modification, advise the use of the aggregate
parental population and/or other non-edited subclones as phenotypic controls to
compare with the edited cell lines (Olive et al., 2018). In our study, the unmodified WT
control used was the parental BV2 cell line from which all CRISPR/Cas9 cell lines were
derived, an approach used by other studies too (Harrod et al., 2017, Neggers et al.,
2015). The rationale for using the parental cell line as phenotypic control for downstream
characterization and experimentation was heavily influenced by the fact that singe cell
isolation and clonal expansion has been shown to alter the genetic profile of the
subcloned cell lines (edited or not). In fact, it has been previously reported that functional
heterogeneity can arise within a ‘clonal’ cellular populations as a result of cell plasticity
and/or epigenetic alteration (Kreso et al., 2013). The use of the parental cell line as
phenotypic control for characterization of the introduced mutation gives us the
opportunity to compare the single cell colonies with an “averaged” population of cells that
represents various phenotypes within its population. Whereas the use of a subcloned
non-edited WT cell line could introduce artifactual differences when compared with the
edited subcloned populations. A solution to this problem will require the use of many
subcloned WT and edited cell lines in order to clearly distinguish the phenotype produced

by the introduced mutation. This strategy will be more time consuming and expensive.

Remarkably, the BV2 cell line is known to have highly heterogeneous genetic

characteristics (i.e. karyotyping analysis of the BV2 WT cells showed that single cells
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from the parental population have variable numbers of chromosomes, see Section 2.1).
Therefore, single cell colonies derived from this heterogeneous population are likely to
have very distinct phenotypes, which can be further exacerbated during single cell
isolation and expansion. In a recent paper, Olive et al. (2018) show that in order to
generate appropriately matched control cell lines that account for functional and
phenotypic heterogeneity seen in certain cell lines (such as BV2 cells), it is necessary to
carry out an initial single cell colony isolation on the parental cell line before subjecting
the cells to CRISPR/Cas9 modification and downstream characterization. This approach
is also time consuming and presents its own caveats as discussed by Olive et al. (2018)

4.4.1 Characterizing the expression of Trem2 in the CRISPR/Cas9 modified cell
lines

Firstly, Trem2 expression was characterised at the mRNA and protein level. As
expected, Trem2 mRNA expression was reduced in the CRISPR/Cas9 clones. Clones
A7 and C8, both of which are Trem2 +/-, conserved just a fraction of the mRNA
expression of Trem2: 17 and 8% respectively. This result is surprising, as the expected
reduction on Trem2 mRNA expression is of roughly 50% given that these clones still
have a normal Trem2 allele. One possible explanation for this phenomenon is the
formation of a negative feedback loop which reduces Trem2 mRNA expression in these
two clones. As commented in the next chapter and by previous studies (Chen et al.,
2008, Gawish et al., 2015b), immune cell activation reduces the expression of Trem2.
Our hypothesis assumes that the Trem2 deficiency alone is capable of activating
microglia, which in turn downregulates Trem2 expression generating a negative

feedback loop that reduces Trem2 mRNA expression.

Trem2 mRNA expression in B5 and G4 clones was reduced to 1 and 2.8% respectively.
Trem2 mRNA expression in these two clones was expected to be 0%,.1t is likely that the
detection of mRNA transcripts which contain premature stop codons, created by the
CRISPR/Cas9 editing, can explain the low levels of Trem2 mRNA detected in these
clones. Additional mRNA sequencing experiments (or re-analysis of the results obtained

in the Chapter 5) will need to be carried out to confirm this hypothesis.

In the same experiment, the effect of 10% FBS, LPS or the combination of both have on
Trem2 expression was investigated. In this study, supplementation of the culture medium
with 10% FBS was considered as a treatment, since observations made in our group
and others have suggested that addition of serum to the culture medium of BV2 cells can
prime cells for immune activation. In a recent study, Wang et al. (2017) showed that

supplementation of BV2 culture medium with 10% serum from healthy human donors
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can upregulate the protein expression of MHCII, a protein associated with M1 activation,
and can elevate secretion TGFB, an immunoregulatory cytokine. This same study did
not show any changes in the secretion of IL13, TNFa, IL6, INFy or IL10. Although the
results obtained by Wang et al. (2017) were modest, they clearly show immune activation
of BV2 cells when serum was added to the cultures medium. FBS could have a similar

effect on BV2 cells, but further studies are needed to validate this observations.

To our surprise, supplementation of the culture media with 10% FBS reduced Trem2
MRNA expression by ~50%, while LPS reduced Trem2 expression by ~75% on WT cells.
The combination of both treatments reduced Trem2 expression even further (~90%).
Addition of FBS to the culture medium is typically used to promote cell survival and
proliferation of cells in vitro. The reduction of Trem2 mRNA by FBS supplementation is
intriguing since Trem2 expression is also associated with increased survival and
proliferation (Wang et al., 2016a, Cantoni et al., 2015, Wu et al., 2015b). In particular,
Trem2 has been shown to promote cell proliferation and survival in response to CSF-1
(macrophage colony-stimulating factor) in vitro (Otero et al., 2012). Similarly, Trem2
MRNA reduction by LPS treatment is startling since microglia treated with LPS (M1
activated) have been shown to have increased proliferation (Gomes et al., 2013), which
is also correlated with Trem2 expression. Since Trem2 expression is reduced in cells
exposed to 10% FBS, it is reasonable to hypothesize that BV2 cells become activated
as a result of their exposure to FBS or any of its components. This activation could
potentially cause the reduction of Trem2 mRNA, analogous to the reduction of Trem2
MRNA caused by LPS activation of microglia. Finally, expression of Trem2 in the A7 and
C8 cell lines showed the same pattern of reduction when stimulated by FBS, LPS and

their combination.

After confirming that Trem2 mRNA levels were reduced in the CRISPR/Cas9 clones,
intracellular TREM2 protein expression was investigated under serum-free conditions.
Serum-free conditions were used because in previous experiments it has been shown
that cells grown with no FBS have the highest Trem2 mRNA expression (Figure 4,1). As
shown in Figure 4.2, TREM2 protein levels in clones A7 and C8 correlate well with the
MRNA expression seen in Figure 4,1. Nevertheless, it was possible to detect small
amounts of TREM2 protein in the B5 and G4 clones. Since both clones have the same
Trem2 sequence, a 34bp deletion which disrupts the gene’s reading frame and adds
premature stop codons to its sequence, it was not possible that Trem2 was being

translated.

165



CHAPTER 4: Characterization of the Trem2 CRISPR/Cas9 gene-edited BV2 cell lines

Although the detected levels of TREM2 protein are less than 10% in the B5 and G4
clones, this level of expression is considered the result of unspecific binding of the
detection antibody used and high background levels in the blots. The anti-TREM2
antibody used (AF1729) is recommended for its use in immunocytochemistry staining,
although it can be used for western blot analysis as well. A second reason that may
explain the identification of TREM2 protein signal in clones B5 and G4, is the possibility
that the detection antibody (AF1729, whose immunogen is the amino acid sequence 19-
168 of the TREM2b protein) may be detecting the truncated protein expressed by these
clones. Clones B5 and G4 can potentially express a truncated protein (assuming some
of the Trem2 mRNA escapes de NMD degradation) whose sequence would be exactly
the same as the wild-type protein up to the 35" amino acid
(MGPLHQFLLLLITALSQALNTTVLQGMAGQSLRVS). Immediately after this sequence,
the frame shift caused by the CRISPR/Cas9 madification changes the protein sequence
of the next 17 amino acids (ARPGVGSWVRRAHASVW) before the first premature stop
codon appears. In consequence, clones B5 and G4 could potentially still express a 52
amino acid-truncated TREM2 protein (see Figure 3.3Figure 1.1). Amino acids 19th to
35th of these truncated TREM2 protein could is still be detected by the AF1729 antibody,
provided that some of the epitopes lie within this region. Nonetheless, this truncated
protein will have a predicted molecular weight of 5.6kDa (calculated using the ExXPASy
web tool), which was not detected in any of the blots analysed (mouse TREM2 protein
has a molecular weight of ~25kDa). Analysis of the mouse TREM2 protein expression
with a different anti-TREM2 antibody might reduce the background signal and/or not
detect TREM2 proteins in B5 and G4 clones.

Subsequently, the effect of LPS, FBS and their combination on the shedding of STREM2
was also investigated. The shedding of the soluble fraction of the TREM2 protein is of
great interest as it has the potential to be used as a biomarker for AD and other
neurodegenerative diseases. In AD patients, STREM2 levels correlate with tau and
phospho-tau in CSF, but not with AB1-42 (Henjum et al., 2016, Piccio et al., 2016).
Furthermore, CSF levels of sSTREM2 have been found to be elevated 5 years prior to
disease onset in familial cases of AD (Suarez-Calvet et al., 2016). It has also been
suggested that STREM2 might act as a decoy receptor and that preventing its shedding
may increase Trem2 levels on the cell membrane (Kleinberger et al., 2014b). Importantly,
BMDMs (bone-marrow-derived macrophages) treated with recombinant sTREM2
showed decreased apoptosis induced by CSF-1 withdrawal. This protective effect of
STREM2 was dose-dependent and was consistent irrespective of Trem2 and Dapl2

genotype of cells (WT, Trem2 -/-, or Dap12 -/-). This effect was shown to be due to
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attenuated apoptotic signalling rather than an artefact of cell proliferation. These results
point to STREM2 as having an active role in promoting macrophage survival (Wu et al.,
2015a).

In our experiment, STREM2 levels were most abundant in WT cells, as expected, treated
with 10% FBS alone or in combination with LPS. This increase in TREM2 shedding was
almost 50-fold higher in the FBS treated conditions compared to the control or LPS
conditions. Again, these results are particularly interesting since FBS treatment not only
instigated a higher sTREM2 release but also reduced Trem2 mRNA expression, as seen
previously in Figure 4,1. FBS supplementation in microglial cultures both reduced Trem2
MRNA expression and increased sTREM2 shedding which could potentially deplete
microglial cells of TREM2 protein, disrupting any TREM2 associated pathway and
impairing their response. More importantly, and considering that most studies
investigating the microglial TREM2 function are carried out using cultured cells, the use
of FBS in in vitro experiments may not be suitable for the study of TREM2 function since
it can deplete TREM2 in cultured cells. The mechanisms by which FBS alters Trem2
expression and shedding need to be further studied.

In vitro studies in human and mouse cell lines have shown that STREM2 is produced by
the cleavage of extracellular domain of TREM2 (Figure 4.3) by ADAM10 (a Disintegrin
and Metalloproteinase Domain-containing protein 10) (Wunderlich et al., 2013,
Kleinberger et al., 2014b). In BV2 cells, a broad-spectrum ADAM inhibitor has been
shown to reduce sTREM2 shedding by ~50%. At the same time, BV2 cells increased
their bacterial phagocytosis by ~25%; however, the connection between this two effects
was not clearly established (Kleinberger et al., 2014b). The use of this inhibitor for the
study of STREMZ2 shedding in response to LPS and FBS will add great value to future
studies using our same experimental paradigm and will shed some light about the
mechanisms involved. Shedding of STREM2 by the CRISPR/Cas9 clones followed the
same response pattern seen in the WT cells. Unexpectedly, low levels of STREM2 were
detected in the supernatants of B5 and G4 cells treated with FBS and LPS together.
Although, detection of these responses was very close to the detection limit of the ELISA
assay used for quantification (~5ug/mL), it does not rule out the possibility that the assay
may have been detecting an unspecific product in the supernatants of these two cell
lines. As in the case of the western blot analysis, detection of STREMZ in the B5 and G4
clones can also be the result of the detection of truncated TREM2 protein products in
these clones. Future studies may require the use of more specific detection techniques
such as Mass-spectrometry, which has been successfully used on CSF studies
(Heslegrave et al., 2016).
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Next, the intracellular accumulation of the TREM2 protein in BV2 cells was investigated
by antibody staining and confocal microscopy. Although it is possible to detect some cell
surface expression of TREM2, most TREM2 protein is stored in intracellular pools that
can be rapidly translocated to the cell surface. Previous reports have shown that in
microglial cells TREM2 is stored intracellularly in two distinct pools: the Golgi complex
(which seems mostly a storage pool) and cytoplasmic vesicles (distinct from endosomes
and lysosomes and able to exocytose) (Sessa et al., 2004, Prada et al., 2006). Upon
stimulation with lonomycin (a Ca?* ionophore) microglial cells can rapidly redistribute the
intracellular pool, although transiently, to the cell surface (Sessa et al., 2004). In our
study, Golgin was used as a marker of the Golgi complex and was found intracellularly
superimposed with TREM2 protein accumulations in WT BV2 cells (Figure 4.5). There
were no signs of the presence of TREM2 on the cytoplasmic membrane. The methanol
fixation method used for this experiment is known to be harsh and is not recommended
for the detection of membrane bound antigens; nonetheless, it was not possible to spot
any signs of membrane accumulation of TREM2 in any of the samples analysed. Maybe
the use of lonomycin and a different cell fixation method will be necessary to identify
membrane-bound TREM?2 in future studies. CRISPR/Cas9 clones on the other hand,
showed expression of the Golgin protein and reduced (A7 and C8) or no expression (B5
and G4) of TREM2 intracellularly, again with no presence of membrane bound protein.
This is consistent with other reports that have shown that TREM2 primarily accumulates
intracellularly (Varnum et al., 2017). It is worth keeping in mind that to function as cellular
receptors and be activated, members of the immunoglobulin and lectin-like superfamily
— like TREM2 — must be on the cell surface (Colonna, 2003).

Interestingly, in our study Trem2 +/- clones (A7 and C8) showed reduced TREM2
presence in the cytoplasm and negligible co-localization with Golgin, while Trem2 -/- cells
(B5 and G4) had the highest background signal for TREM2 intracellularly. In these cells,
the weak TREM2 signal marginally co-localised with Golgin and was present in the cells’
cytoplasm. TREMZ2 signals in these clones could be the result of the detection of the
truncated protein product of the truncated Trem2 gene. Since this truncated product may
not be shed into the extracellular space, it could accumulate in the cytoplasm, waiting for
degradation. This signal could also be caused by the cells’ high auto-fluorescence signal,
which was also seen during the flow cytometry experiments (phagocytosis and
proliferation). This could explain why no TREM2 protein was detected in the western blot

analysis of B5 and G4 whole cell lysates (Figure 4.2).
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4.4.2 Functional studies in Trem2 +/- and Trem2 -/- BV2 cells

AD associated mutations in Trem2 have been shown to inhibit its maturation and
transport to the cell membrane as well as reducing its phagocytosis capacity, lipid
sensing ability and ApoE binding (Kleinberger et al., 2014a, Sieber et al., 2013, Atagi et
al., 2015a, Yeh et al., 2016). Consequently, these mutations suggest a Trem2 loss of
function. This hypothesis is supported by the association of null mutations in TREM2 and
DAP12 with the Nasu-Hakola disease. However, the exact mechanisms by which these
cellular functions are disrupted remain unknown. The study of the effect of Trem2
deficiency on microglial cells will surely shed some light into these disrupted
mechanisms, and may even open possibilities for therapeutic intervention. The
CRISPR/Cas9 modification of the Trem2 gene in BV2 cells (performed and discussed in
the previous chapter) offers the possibility of studying microglial responses in a stable
and well characterised system.

Functional characterization of the effects that Trem2 deficiency on the CRISPR/Cas9
edited cell lines started only after it was established that Trem2 expression was reduced
at the mRNA and protein levels in these cells. Firstly, the effects of Trem2 deficiency on
phagocytosis were studied. To this end, pHrodo tagged E. coli and Zymosan particles
were used to assess the phagocytic capacity of the gene-edited cells. Zymosan is a yeast
cell wall derivative that is recognised by immune cells through TLR2 (Gantner et al.,
2003) and Dectin-1, a lectin receptor for B-glucans (Brown and Gordon, 2001, Brown et
al., 2002). TLR2 cooperates with TLR6 and CD14 in response to zymosan (Ozinsky et
al., 2000). E. coli is a gram negative bacteria whose cell wall components include
peptidoglycan (PGN) and lipopolysaccharide (LPS). These cell wall components are
recognised by TLR2 and TLR4 (Takeuchi et al., 1999), inducing the production of pro-

inflammatory cytokines (van Riet et al., 2009).

In vivo studies in Trem2 KO mouse models (Trem2 -/-) reported a reduced phagocytic
capacity of microsphere beads and apoptotic neurons by microglia (Takahashi et al.,
2005b). Similarly, in vitro studies using Trem2 KO macrophages and microglia showed
reduced phagocytic capacity of apoptotic neurons, cellular debris, AB1-42 and bacteria
(Kleinberger et al., 2014b, N'Diaye et al., 2009a, Atagi et al., 2015b, Xiang et al., 2016b).
Additionally, gain of function studies in non-phagocytic cells showed that expression of
TREM2 can enable uptake of apoptotic neurons and bacteria (Kleinberger et al., 2014b,
N'Diaye et al., 2009a). Furthermore, in a recent study Xiang et al. (2016b) demonstrated
that the N9 cells (rat microglial cell line) lacking Trem2 (knocked-out using CRISPR/Cas9
technology) had a reduced uptake capacity of pre-aggregated AB1-42. Unfortunately,
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this study does not mention anything about the bacterial phagocytic capacity of this cell

line.

In the present study, Trem2 CRISPR/Cas9 clones (either Trem2 +/- or -/-) do not show
a reduced phagocytic capacity, neither when E. coli nor Zymosan particles were used
(Figure 4.6 and Figure 4.7). This is particularly surprising in the case of E. coli particles,
since knockdown and knockout of Trem2 in BMDMs have been shown to reduce binding
and uptake of these particles in 25% and 30%, respectively, compared to wild-type cells
(N'Diaye et al., 2009b). Contrary to the report by N'Diaye et al. (2009b), our study shows
that Trem2 deficient cells do not have any impairment in their uptake of E. coli particles
at the evaluated timepoints (Figure 4.6). Furthermore, increased phagocytosis of
Zymosan particles was observed in the CRISPR/Cas9 clones (Figure 4.7), which
reaches statistical significance for A7, C8 and G4 cell lines (p<0.0001, p<0.001 and
p<0.001 respectively). To our knowledge, this is the first report where Trem2 deficiency
does not cause a decrease in the phagocytic capacity of cells. Although the increase
seen in the uptake of Zymosan is modest compared to WT cells (~18%), there is no
decreasing trend in any of the CRISPR/Cas9 cell lines.

It is important to consider that Bohlen et al. (2017) showed that primary microglial cells
grown in serum-free conditions have a reduced phagocytic capacity of different ‘prey’
pHrodo tagged particles compared to their serum supplemented counterparts. The work
done by Bohlen et al. (2017) clearly shows differences in the phagocytic capacities of
microglial cells cultured at different serum concentrations, and could explain our
contradicting results. Bohlen et al. (2017) demonstrated that cells grown in serum-
containing medium for 72 hours prior to the phagocytic experiment are far more

phagocytic than those kept in serum-free conditions. As seen in

Figure 4.1, addition of 10% FBS into the medium of BV2 cells for 24 hours reduces the
expression of Trem2 by more than 50% compared to those cells kept in serum-free
conditions (from 100% expression to 47.8% after exposure). This difference in the
expression of a cell receptor like TREM2 (and others) could potentially affect the
engulfment of ‘prey’ particles by microglia. Additionally, in our experimental set up
Cytochalasin D had very little effect over the phagocytic capacity of E. coli particles and
a modest effect on the uptake of zymosan patrticles. Again, this could be a result of the
reduced levels of phagocytosis seen in microglial cells grown in serum-free conditions.
Furthermore, the lack of effect of Cytochalasin D point out to a shift in the

phagocytic/endocytic capacities of microglia, which could be switching from an ACTIN-
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dependant to an ACTIN-independent mechanism, especially in the case of E. coli

particles.

Kleinberger et al. (2014b) showed that Trem2 -/- primary microglia had a reduced
phagocytic capacity of E. coli particles using a similar experimental paradigm. In that
study, the reduction of phagocytic capacity of Trem2 -/- cells was ~15%, which is also a
modest effect. These small increases and decreases in the phagocytic capacity of Trem2
deficient cells could mean that TREM2 has a limited influence over the uptake of bacterial
particles. Kleinberger et al. (2014b) speculated that a reduced phagocytic capacity of
microglial cells can contribute to neurodegeneration by many different mechanisms
(including reduced AP and/or apoptotic cell uptake). In light of our results, it could be
argued that the opposite could also be said; increased phagocytosis capacity could
inadvertently eliminate endangered but viable neurons, a phenomenon termed
“phagoptosis” (Brown and Neher, 2012). Interestingly, a recent study by Wang et al.
(2015c) found that microglial cells isolated from Trem2 -/- 5XFAD and 5XFAD mice
engulfed apoptotic cells equally well. These conflicting results supporting a beneficial or
detrimental role of phagocytosis need to be further investigated and validated. It is also
worth mentioning that the phagocytosis experiments were repeated only twice instead of
the typical =23 repeats, further validation of these results will give us a clearer picture of
the experimental results found in this thesis.

Cell proliferation has also been positively associated with Trem2 (and Dap12) expression
(Otero et al., 2012, Otero et al., 2009, Wang et al., 2016b). Wang et al. (2016b) showed
that plague-associated microglial proliferation is affected by Trem2 deficiency in vivo.
Nevertheless, this study — like many others — has a caveat; they used IBA1 as a marker
for microglia. As will be discussed in the next chapter, Ibal expression is reduced by
microglial activation (particularly M1-like activation), which could lead to an
underestimation of the number of microglial cells in immunohistochemistry studies. In a
recent study, Zheng et al. (2016) showed that siRNA downregulation of Trem2 reduced
the proliferation of primary mouse microglia. In the same study, the authors used primary
cells from Trem2 -/- mice to study cytokine release alterations in microglia, but

proliferation results were not reported.

For the study of the impact of Trem2 deficiency on microglial proliferation, two different
methods were used: i) KI67 staining and ii) CellTrace™ CSFE dye staining. KI67 protein
is highly expressed in the nuclei of dividing cells and serves as a marker of proliferation.
KI67 staining showed the same number of proliferating cells in WT and Trem?2
CRISPR/Cas9 clones treated with two different concentrations of FBS (1 and 10%) at 24
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and 48h; with the exception of B5 cells, which showed a higher number of proliferating
cells at 24h and 1% FBS (*p<0.05) (Figure 4.8). Similar results were obtained when the
MFI values for KI67 (staining intensity) were compared. Once more, B5 cells were the
exception, showing a higher MFI in 1% and 10% FBS at 24h and in 10% at 48h
(***p<0.001, ***p<0.0001 and **p<0.01 respectively).

CellTrace™ analysis of Trem2 deficient BV2 cells showed similar result to the KI67
staining. There were no differences in the proliferation rates (speed) between WT or the
Trem2 CRISPR/Cas9 clones (Figure 4.9). Taken together, these results show that the
lack of TREM2 has little or no effect on the proliferation of BV2 cells and could even
increase its proliferative capacity, as in the case of B5 cells. Considering these results,
it is possible to speculate that the proliferation variations seen in other studies involving
Trem2 -/- cells could be the result of their altered microglial activation (discussed below
and in the next chapter) rather than a direct effect on the proliferation
mechanisms/pathways of the cells. Interestingly, Wang et al. (2017) showed that addition
of 5% human serum into BV2 cultures was able to immune activate cells and can be
considered as a pro-inflammatory stimulus. Coincidentally, downregulation of TREM2 by
LPS and other classically pro-inflammatory molecules is a well-documented
phenomenon (Jay et al., 2017), while classically anti-inflammatory molecules (such as
vasoactive intestinal peptide and IL4) increase TREM2 expression (reviewed by Jay et
al. (2017)). These results suggest that TREM2 expression is dependent on the immune

activation state of cells in response to pro- and anti-inflammatory stimuli.

Migration has also been linked to Trem2 expression. In a recent report Mazaheri et al.
(2017) showed that microglial cells lacking Trem2 had an impaired migration response
towards chemo-attractants (C5a and CCL2) and apoptotic cells. Furthermore, the
authors identified the downregulation of a gene cluster associated with chemotactic
motility in Trem2 deficient cells. In our study, the potential impact of Trem2 deficiency on
microglial migration was assessed using a modified transwell assay and previously
reported chemoattractants. Two of these chemoattractants were C5a and NGFf. C5a is
a potent chemoattractant involved in the recruitment of immune cells (such as
neutrophils, eosinophils, monocytes and T lymphocytes) and in the activation of
phagocytic cells (such as macrophages and microglia)(Guo and Ward, 2005). NGF3 on
the other hand, has been shown to induce microglial chemotaxis through the activation
of the TrkA receptor (De Simone et al., 2007).

As seen in Figure 4.10, Trem2 deficiency reduced microglial migration. The reduction

was more pronounced when cells were left untreated (either in 10% serum or in serum-
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free conditions). Nevertheless, there were some conditions that partially restored the
migration capacity of Trem2 deficient cells, such as C5a in 10% serum. The migration
capacity of B5 and G4 clones was noticeably affected under untreated conditions (in
10% serum and serum-free conditions) and under C5a (serum-free). However, these
clones seem to respond very well to NGF3, C5a and the kit’s positive control (all in 10%
serum). Remarkably, Trem2 haploinsufficient clones A7 and G8 had modest responses
to these chemoattractants. These results are in agreement with the literature which
supports a role of Trem2 in microglial migration (reviewed by Jay et al. (2017)).
Nevertheless, these results must be taken cautiously as this experiment was carried out
only once (n=1).

Interestingly, the functional assays showed some degree of variability between the
clones expressing the same Trem2 genotype; A7 and C8 (Trem2 +/-) or B5 and G4
(Trem2 -/-). This variability could be the result of many interplaying factors related to the
process of expansion and selection of CRISPR modified clones. The first and more
obvious source of variability between clones could be the generation of unspecific
cuts/madifications introduced during the CRISPR/Cas9 genome editing. In our
experiment, only the top 5 more-likely off-target sites for each gRNA were screened,
finding that none of them was modified by the Cas9 protein (Section 3.3.2.1). The great
majority of papers where CRISPR experiments are reported have identified very few to
no off-target mutations that can be attributed to the CRISPR/Cas9 modification, similar
to what is reported in this thesis. This has led researchers to conclude that clonal
artefacts (variability) resulting from the isolation of CRISPR/Cas9 modified cells could be
a more important factor in downstream experimentation (Barrangou et al., 2015).
Evaluation of this variability (caused by intrinsic genetic clonal variability or by un-
screened off-target cuts) can only be achieved by Next-generation sequencing of the
whole target genome, which remains a costly and analysis intensive examination.
Karyotyping of selected clones can give us information on mayor genetic rearrangements
and can help discard clones with gross genetic abnormalities. In this study, karyotyping
was performed on WT, C8 (Trem2 +/-) and G4 (Trem2 -/-). Karyotypes for these cells
were found to be “Grossly abnormal mouse karyotype”, with 62-66 chromosomes
(mouse normal karyotype (2n) has 40 chromosomes) including WT cells (Section 2.1).
Moreover, chromosome 17 (Trem2’s location) was found to have 2-4 copies in WT cells,
3-4 copies in C8 and only 3 copies in G4 cells. These differences in the chromosomal

number of cells could account for some of the variability seen in the experiments.

In order to ensure redundancy of phenotype, it is advised that CRISPR experiments use
multiple sgRNAs targeting the same locus to ensure that the phenotype is due to on-
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target rather than off-target effects (Barrangou et al., 2015). This is the case with the
approach used in this study, the use of CRISPR/Cas9 paired nickases increased the
gene targeting specificity, thus lowering concerns about off-target effects (Ran et al.,
2013a). This redundancy of phenotype can also be achieved by using 2 or more
CRISPR/Cas9 modified clones for downstream experimentation, as was the case in the
present study. This will ensure that the phenotypes seen are product of genetic

manipulation and not individual clonal variation.

4.4.3 Trem2 deficiency affects microglial activation

One of the main aims of this thesis is to understand how Trem2 deficiency affects
microglial activation. To this end, the full gene expression response of microglial cells
during different activation states (M1, M2 or others) will be studied in the next chapter.
In this section, the effect of Trem2 deficiency on the cytokine release capacity of BV2
cells is studied as part of the microglial activation mechanisms.

Cytokine release capacity (and production) has been shown to be impaired in Trem2 -/-
models. Early work in BMDMs showed that Trem2 -/- cells released more inflammatory
cytokines, such as TNFa and IL6, upon stimulation with TLR agonists (LPS, CpG and
Zymosan) compared to wild type cells (Turnbull et al., 2006, Hamerman et al., 2006).
This increased cytokine response was also seen in Dapl2 -/- BMDMs, suggesting that
both TREM2 and DAP12 play an anti-inflammatory role in response to TLR agonist’s
stimulation (Turnbull et al., 2006, Hamerman et al., 2005). In our experiment, the
repertoire of cell activators used was bigger; not only the classical M1 activator LPS was
used, but also the M2 activator IL4, and the alternative M2 activator TGFf (Colonna and
Butovsky, 2017). In order to appreciate microglia’s role in neurodegenerative diseases,
it is important to understand their activation range, including both inflammatory and anti-
inflammatory responses; however, response to these M2 activators has been poorly
studied.

The first step in our examination of the cytokine release responses was the hierarchical
clustering analysis of such responses (Figure 4.11). The first thing that sprung to our
attention was that B5 (Trem2 -/-) cells’ response to LPS was the most different response,
suggesting that cytokine release was severely impaired in this clone compared to WT
and A7 (Trem2 +/-) cells. A second cluster of interest was the IL4 cluster, which was
composed of the IL4 responses from the three cell lines; this suggests that IL4 activation
of microglia is not affected by Trem2. A third cluster — composed of WT, A7 and B5
responses to the untreated, LPS and TGFf treatments — showed that although LPS and

TGFB treatments have similar cytokine release responses, these seem to be
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differentially affected by the Trem2 genotype. Additionally, this third cluster shows that
the cytokine release response under untreated (control) conditions is markedly different
to the cytokine releases responses elicited by LPS or TFG and is also affected by the

Trem2 genotype.

Subsequently, the release of individual cytokines associated with M1 or M2 activation
was studied; as well as their relationship with Trem2 deficiency. Microglial M1 activation
is characterised by an upregulated production of TNFa, IL1a, IL1B, and IL6 among many
others (reviewed by Colonna and Butovsky (2017)). As reported previously in mouse
Trem2 -/- BMDMs and dendritic cells (Wang et al., 2015c, Takahashi et al., 2005a, Ito
and Hamerman, 2012), Trem2 deficient cell lines A7 and B5 had an exaggerated TNFa
response to LPS. This response inversely correlated with Trem2 expression
(B5>A7>WT). TNFa was also upregulated in A7 and B5 cells in all other conditions,
highlighting the importance of Trem2 expression in TNFa production and release.
Release of IL1p was also upregulated in A7 and B5 cells when stimulated with LPS. This
upregulation was also seen when CRISPR/Cas9 clones were stimulated with IL4 or
TGFB. Increased microglial release of both TNFa and IL13 has been shown to promote
neuronal damage when present in excessive amounts (Monif et al., 2010, Rossi et al.,
2014).

Surprisingly, IL6 release was downregulated in the CRISPR/Cas9 clones after LPS
stimulation. This result contradicts the findings made by Zhong et al. (2015). In their
study, knockdown of Trem2 (or Dap12) in BV2 cells significantly increased IL13 and IL6
following LPS stimulation. Importantly, overexpression of full-length Trem2 (or Dap12)
was able to suppress the disproportionate pro-inflammatory cytokine production.
Similarly to our results, Gawish et al. (2015b) found an augmented early inflammatory
response in Trem2 -/- animals, which was followed by an accelerated resolution and
ultimately improved survival. This accelerated resolution of inflammation could explain
why IL6 is downregulated in our experiment. Further work will be needed to understand
IL6 (and other inflammatory cytokines) regulation and dynamics in a Trem2 deficient
context. As seen in this experiment, Trem2 deficient clones (either A7 or B5) have an
altered inflammatory cytokine response when treated with LPS (M1 activator). Defining
the effect of TLR4 stimulation (LPS receptor) on the production and release of pro-
inflammatory cytokines has become pivotal for the AD research community since AR
peptides have been shown to activate signal transduction cascades via TLR4 binding
(reviewed by Painter et al. (2015))
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The release of cytokines associated with M2 activation (IL4, IL10 and IL11) was also
investigated in this experiment. Activation of peritoneal macrophages with IL4 has been
shown to upregulate TREM2 protein expression, suggesting that IL4’s anti-inflammatory
effect is associated with a Trem2 related pathway (Turnbull et al., 2006). Moreover,
Trem2 overexpression induced the transcription of IL10 and inhibited the production of
inflammatory cytokines (IL1 and IL6) in BMDMs (Chen et al., 2013b). In our study, L4
release did not seem to be greatly affected by Trem2 genotype of cells. Its secretion was
only marginally increased by LPS stimulation in all cell lines but particularly in B5 cells
(Trem2 -/-). Meanwhile, IL10 was readily released in all conditions except in unstimulated
WT cells. Nonetheless, expression of IL10 correlated with Trem2 in a dose dependent
manner (WT>A7>B5) in all conditions except unstimulated, suggesting that Trem2 might
regulate IL10’s release.

Similarly to IL10 expression, IL11 was stimulated in all conditions except for the
untreated WT cells. The highest expression levels of IL11 were found in WT cells
stimulated with LPS or TGF@, while the A7 and B5 cell lines treated with these same
stimuli had lower levels of this cytokine. These results show a modest impairment of the
production/release of this cytokine in Trem2 deficient clones. Studies on the effect of
IL11 in microglial activation (using a mouse model of demyelination) have shown that
local overexpression of IL11 can reduce microgliosis and microglial activation
(Maheshwari et al.,, 2013), suggesting that this cytokine participates in immune
deactivation on microglia. Interestingly, our results show that under untreated conditions
WT cells had very little secretion of IL10 and IL11, while the CRISPR/Cas9 clones (A7
and B5) had an elevated release of both cytokines even without stimulation. The
increased levels of IL10 and IL11 seen in the Trem2 deficient clones were variable
depending on the different stimuli used (LPS, IL4 or TGFB) and were usually present at
lower levels than in WT cells. Meanwhile, stimulation of WT cells with any of the three
selected stimuli, dramatically increased the release of both cytokines compared with the
untreated condition. These observations suggest that TREM2 may modulate IL10 and
IL11 production/release mechanisms and microglial immune activation (Orihuela et al.,
2016, Opal and DePalo, 2000).

Comparison of the cytokine release capacities of WT, A7 and B5 cells has shown that
Trem2 expression influences cytokine production. A7 and B5 cells have shown an
increased release of M1-related cytokines in response not only to LPS, but also IL4 and
TGFB. Moreover, A7 and B5 cells showed an impaired secretion of M2-associated
cytokines IL10 and IL11 in most conditions compared to WT cells. From this analysis, it
can be concluded that Trem2 expression not only contributes to an exaggerated M1
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response in microglia (as has been widely reported by others), but can also alter the M2
response. Interestingly, TREM2 R47H AD carriers show: a) upregulation of TREM2 and
DAP12 mRNA; b) downregulation of TREM2 protein; c) upregulation of pro-inflammatory
cytokines (RANTES and IFNy); d) downregulation of protective cytokines/markers (IL4,
a2 macroglobulin, and ApoA1) (Roussos et al., 2015).

Analysis of the cytokine release response of WT and Trem2 deficient clones allowed the
identification of a microglial activation signature: IL11, IL12, FGF-21, CXCL9, IGFBP-3,
IL10, IGFBP-5, leptin, FGF acidic, LIF, CXCL10, PDGF-BB and Pentraxin 2. This group
of cytokines seems to be upregulated during the activation of BV2 cells by any of the
three immune activators used (LPS, IL4 and TGFB) or Trem2 deficiency (either
downregulation or depletion). The inclusion of M2 associated cytokines IL11 and IL10 in
this microglial activation signature suggest a complex role of these cytokines in microglial
activation. Another interesting result is the finding that leptin, a protein known for its role
in the regulation of energy expenditure and inflammatory responses, is also upregulated
during M1 or M2 activation, although this upregulation was less pronounced in the Trem2
deficient clones. This cytokine has been shown to play a pro-inflammatory role, in
synergy with IL13, by inducing production of NOS2, IL6, IL8 and Prostaglandin E2 (Otero
et al., 2005, Vuolteenaho et al., 2009). It is important to remember that leptin also
participates in bone mass regulation (Ducy et al., 2000), which is consistent with a
possible role in Nasu-Hakola disease, and cognitive changes in AD (Lieb et al., 2009).

Finally, analysis of cytokine release capacities of WT and Trem2 deficient cells showed
an increase on the expression of the complement system (C5a, C1gR1 and Complement
Factor D) in A7 and B5 cells in response to all treatments. Particularly interesting is the
observation that IL4 seems to downregulate the expression of C5a in WT cells but not in
Trem2 CRISPR/Cas9 clones. Similar responses, although less pronounced, are seen for
the expression of C1gR1 and Complement Factor D. These observations are important,
since GWAS studies have also associated CR1 with and increase AD risk (Lambert et
al., 2009, Harold et al., 2009).

The results obtained during the evaluation of the cytokine release capacity of BV2 cells
have to be taken as preliminary results as the experiment was performed just once (n=1).
More biological repeats of the experiment will be needed to confirm our findings and
validate the existence of the “microglial activation signature”. Moreover, the cytokine
arrays used for the experiment are only capable of relative quantification of the cytokines.
Follow-up experiments should be performed using a different quantification method that

allows absolute quantification of cytokines (i.e. ELISA, mass spectrometry, etc.).
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444 Trem2 deficiency disturbs the mRNA expression of pro-inflammatory
genes but not the expression of AD associated genes or genes whose protein
products directly interact with the TREM2 protein.

Figure 4.13 shows the effect of Trem2 deficiency on the mRNA expression of microglial
genes. As seen in this figure, there was upregulation of TNFa mRNA by LPS in B5 cells
(Trem2 -/-), which is consistent with the results observed in the cytokine array (Figure
4.11). This exaggerated response was also seen in the LPS+10% FBS condition.
Meanwhile, expression of the CD40 mRNA was upregulated by LPS in G4 cells (Trem2
-1-), but not A7 (where it was actually downregulated), C8 or B5. Expression of CD40
was also upregulated under LPS+10% FBS conditions in C8 and G4 cells, but not A7 or
B5. These results suggest that Trem2 plays a role on the expression of pro-inflammatory
genes TNFa and CD40, although there is no direct correlation between their expression
levels. TNFa secretion is known to be increased after treatment of Trem2 -/- BMDM with
LPS for 24h, but whether increased cytokine release levels correlate with the peak
MRNA expression of the gene remains unclear (Turnbull et al., 2006). The accelerated
resolution of inflammation seen in Trem2 -/- animals (Gawish et al., 2015b) could explain
why both CD40 and TNFa did not show an exaggerated response to LPS in all Trem2

deficient clones.

Next, the effect of Trem2 deficiency on other AD related genes was examined, namely
ApoE and CD33. mRNA expression of these genes in response to different stimuli was
not affected by Trem2 deficiency. The only observable differences were between the
expression of WT cells and the Trem2 CRISPR/Cas9 clones under unstimulated
conditions. Nonetheless, these differences (upregulation and downregulation) were not
consistent with a specific Trem2 genotype (i.e. ApoE expression is significantly
downregulated in B5 and upregulated in G4 cells). The mRNA expression of 2 genes
whose protein products have been shown to directly interact with TREM2 was also
studied in the CRISPR/Cas9 clones; 1) Dap12 (Yeh et al., 2017) and 2) PIxnal (Hayashi
et al., 2012). Expression of these two genes was not affected by Trem2 genotype under
any of the conditions assayed. Remarkably, small differences in the mRNA expression
of Dapl2 were only seen between WT and the Trem2 CRISPR/Cas9 clones under
unstimulated conditions. Changes on the expression of this gene under basal conditions
were not consistent with the Trem2 genotype. Taken together, these results suggest that
Trem2 genotype (and the resulting protein dose) do not affect gene expression of Dap12
or PIxna. Although Trem2 genotype did not seemed to affect the expression of these 2
genes, this experiment showed some interesting trends in their expression in response

to specific treatments. For example, Dapl2 expression was clearly downregulated to
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~50% by every stimuli used in this experiment, including 10% FBS alone. These results
are interesting for the study of the TREM2 function, since the same stimuli reduced
Trem2 mRNA expression by 50% or more in WT cells (see Figure 4.1). Similarly, Plxnal
expression was downregulated by 10% FBS alone, while LPS upregulated this
expression by almost 2-fold (compared to untreated). Remarkably, stimulation of cells
with both 10% FBS and LPS (simultaneously) recovered the expression of Plxnal and
brought it almost to basal levels. Further exploration of these changes, in future studies,
may provide some clues about their interactions with TREM2.
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5 CHAPTER 5: Gene expression analysis of microglial

activation

Chapter 5 describes the gene expression response of BV2 cells, a mouse microglial cell
model, to different activating stimuli. These stimuli include the classical M1 activator LPS,
and the alternative M2 activators; IL4, IL10 and TGF[3. Importantly, the response of BV2
cells to different AB1-42 conformations (monomers, oligomers and fibrils) was also
investigated. To this end, 2 different genome expression platforms were used: i) gene
expression arrays (microarrays) and ii) RNA sequencing (RNAseq), both of which will be
described in detail. The decision to use these 2 platforms for gene expression studies
was taken after the completion of the microarray experiment. At this point, our group was
informed that the microarrays used (MouseRef-8 v2.0 Expression Arrays) had been
discontinued and were no longer being manufactured. For this reason, a change in
platform -to NGS RNAseq- was decided in order to finish the activation experiment. This
change in platform, allowed the comparison of two different gene expression techniques

in our study.

Lastly, this chapter also reports the study of the effect that Trem2 deficiency (Trem2 -/-)
has on normal gene expression and activation of BV2 cells.

5.1 Introduction

In recent years, and due partly to the many advances in the field of genomics, it has
been become increasingly clear that neuroinflammation plays a pivotal role in the
pathogenesis and development of many neurodegenerative disorders including AD, PD,
Huntington’s disease (HD), and Multiple sclerosis (MS). Microglial cells are the main
immune cell in the CNS and comprise 5-12% of brain cells. These cells coordinate the
innate immunity responses in the brain, control neuronal homeostasis and are involved

in most neuroinflammatory pathologies (reviewed by Tang and Le (2016)).

Microglia becomes quickly activated in response to infection, inflammation or brain injury.
Classically activated microglia (M1) release various inflammatory mediators including
TNFa, IL1B, IL6, NO, ROS and Prostaglandin E2 (PGEZ2), all of which have been linked
to various neurodegenerative disorders (Streit et al., 2004, More et al., 2013, Lue et al.,
2015). Non-classically activated microglia (M2) can be induced by cytokines including
IL4, IL10, IL13 and TGFB among others (Tang and Le (2016)). IL4 and IL13 are known
to “alternatively” activate microglial and promote anti-inflammation, tissue repair and
extracellular matrix reconstruction. Whereas, IL10 and TGFf are known to “deactivate”

microglia in order to alleviate acute inflammation (Colton and Wilcock, 2010). However,
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the precise mechanisms controlling transcriptional microglial inflammatory activation and

resolution are not well characterised.

Over the past two decades, phenotypic responses to different stimuli in macrophages
have been linked to dramatic changes in transcriptional regulation. As a result, many
studies have used both microarray (Martinez et al., 2006, Gustafsson et al., 2008, Lacey
et al., 2012, Heng et al., 2008) and RNAseq (Xue et al., 2014) for gene expression
profiling of such responses. Although both techniques are highly informative, RNAseq is
becoming the method of choice for gene expression profiling studies, as it provides a
series of advantages over microarrays, such as; broader dynamic range, increased
specificity and sensitivity and allows the identification of novel transcripts (Marioni et al.,
2008, Raghavachari et al., 2012, Schultze et al., 2015). Similarly, many studies are trying
to unveil the microglia activation transcriptional changes using these same techniques
(Beins et al., 2016, Hickman et al., 2013).

In this chapter, the classical M1 activator LPS was used to stimulate BV2 cells and their
response was compared to the response of BV2 cells to other alternative microglial
activators, namely IL4, IL10 and TGFB (M2 activators). These 4 stimuli were used to
study the spectrum of microglial activation (M1, M2 or other), and we do not suggest that
any of them is directly implicated in AD’s pathogenesis or progression. On the other
hand, the effect of AB1-42 (fibrils, oligomers and monomers) on microglial activation was
also studied. AB1-42 is believed to be the cause or at least be implicated in AD
pathogenesis and progression, and was included in our study for that reason. Finally,
using the created B5 (Trem2 -/-) cell line, it was possible to study the effect of Trem2
deficiency on the microglial gene expression and in response to LPS. To explore the
microglial response to the different stimuli, two different whole genome expression

approaches were employed: i) microarrays and ii) RNAseq.

52 Aims

The aims of the following chapter are:

1. To study the BV2 activation response to LPS, AB1-42 (fibrils), dextran sulphate
(putative TREM2 ligand) and fibrinogen at three different timepoints (6, 24 and
48h) using microarrays.

2. To characterize BV2 response to LPS, AB1-42 (monomers and oligomers), L4
and TGF at three different timepoints (6h, 24h and 48h) using RNA sequencing.

3. To evaluate the transcriptional changes of the Trem2 knockout cell line B5 in

response to LPS and under basal (untreated) conditions.
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5.3 Microarray analysis of microglial activation in response to LPS, AB1-

42 (fibrils), dextran sulphate and fibrinogen.

5.3.1 Normalization and quality control

BV2 wild type (unmodified) cells were exposed to 6 different conditions under serum-
free conditions; 1) AB1-42 fibrils 20nM, 2) untreated control (no stimulus), 3) Dextran
1lpg/mL, 4) Dextran 100ug/mL, 5) fibrinogen 1mg/mL and 6) LPS 1ug/mL. Total mMRNA
was recovered from the stimulated cells Oh (only control samples), 6h, 24h and 48h after
treatment and prepared for microarray analysis by AROS Applied Biotechnology
(described in Sections 2.6.1 and 2.6.2).

After microarray analysis by AROS Applied Biotechnology, raw expression values were
sent back to us for analysis. Raw expression values were normalised and quality control
(QC) examined. After QC, only 10134 genes (out of ~19 100 genes unique genes present
in the microarray chip) were included in the analysis. Principal component analysis (PCA)
and unsupervised hierarchical clustering (Supplementary Fig. 7.5) were used to identify
outliers and to visualize the clustering of all arrayed samples; Partek® Genomics Suite™

software was used for this step.

PCA is linear transformation method that transforms the data to a new coordinate
system. PCA seeks a linear combination of variables such that the maximum variance is
extracted from the variables and plots it on the first coordinate (called the first principal
component). It then removes this variance and seeks a second linear combination which
explains the maximum proportion of the remaining variance, and so on. PCA is used to
emphasize variation and bring out strong patterns in a dataset. It makes data easy to

explore and visualize (Jollife, 2002).
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Figure 5.1 PCA scatter plot of data. Principal component analysis (PCA) was used to identify outliers and
to visualize the clustering of all arrayed samples. Samples are colour coded according to their respective
treatments. No samples were excluded as a result of this analysis and it was possible to distinguish some
clustering of samples. Panels (A) and (B) show 2D lateral views of the PC1 vs PC2 and PC3 vs PC2 scatter
plots. Panel (C) shows the 3D representation of scatter plot for the 3 principal components. In Panels A and
B, it is possible to distinguish two clearly segregated clusters of samples: Dextran 100ug/mL (sky blue
spheres and circle) and LPS 1ug/mL (orange spheres and circle). Apart from those two clusters, all other
samples (AR1-42 fibrils, Dextran 10pg/mL, fibrinogen and control samples) were mixed up together in an
undefined third cluster C. Samples in this representation are coloured according to their correspondent
treatment.

The PCA scatter plot in Figure 5.1 shows samples coloured according to their treatment.
In it, it is possible to distinguish 3 small clusters of samples which correspond to; 1)
Dextran 100pg/mL (sky blue spheres) 2) LPS 1ug/mL (orange spheres) and 3) an
undefined cluster with samples of many colours. This third cluster is made of AB1-42
fibrils, Dextran 10ug/mL, fibrinogen 1mg/mL and control samples, which seem to cluster
together in a bigger group with no clear difference. Similar analyses were performed on
the samples using different colouring patterns; according to timepoint, Microarray chip
location and biological repeat (not shown). None of these factors seemed to reveal any

clustering of the samples as in in the case of treatment.

5.3.2 Identification of Differentially Expressed (DE) Genes

A multi-factor ANOVA (Analysis of Variance) was set up for the identification of
differentially expressed genes. Firstly, the main sources of variation that effected gene
expression in our samples were identified. To this end, all probable sources of variation
were plotted using Partek® Genomics Suite™ software (Figure 5.2). The source of
variation plot is a graphical representation of the relative contribution of each factor

(variable) to the variation in gene expression (intensity values) across the whole array.
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Figure 5.2 Sources of Variation. All probable sources of variation for gene expression changes in the
experiment were plotted together. The most important source of variation is the Treatment, followed by
Timepoint. Batch effect and the interaction Treatment Vs Timepoint had a less significant effect on gene
expression. The Y-axis represents the Mean F-ratio (signal-to-noise) of all genes.

Based on the sources of variation plot, the ANOVA model included the following factors:
Treatment, Timepoint, their interaction (Treatment x Timepoint) and Batch effect. At this
point, contrasts (comparisons among samples) were set up to assess the effect of
treatment, timepoint or their interaction in the experiment. In our case, 21 contrasts

(Table 5-1) were set up together with the multi-factor ANOVA analysis.

Table 5-1 Contrasts (comparisons) used for the multi-factor ANOVA — Microarray experiment

Control, Control, Control, Control,
Oh 6h 24h 48h

Control, 6h X
Abeta fibrils, 6h
Dextran 1ug/ml, 6h
Fibrinogen, 6h
LPS, 6h
Dextran 100ug/ml, 6h

X X X X X X

Control, 24h X
Abeta fibrils, 24h

Dextran 1ug/ml, 24h
Fibrinogen, 24h

LPS, 24h

Dextran 100ug/ml, 24h

X X X X X X

Control, 48h X X
Abeta fibrils, 48h

Dextran 1ug/ml, 48h

Fibrinogen, 48h

LPS, 48h

Dextran 100ug/ml, 48h

X X X X X
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Contrasts allow to identify differences (or similarities) among samples. In a first instance,
all controls were compared with each other to determine whether genetic expression
fluctuated depending on the elapsed time (timepoint). Likewise, each treatment (i.e. LPS
6h) was compared with their own control (i.e. Control 6h) to identify how different treated

samples were with respect to untreated controls.

5.3.3 Creating gene lists of Differentially Expressed genes

Gene lists were created using the Partek® Genomics Suite™ software. A conservative
FDR (False Discovery Rate) of 0.01 and a minimum fold change of +£1.5 were used to
generate gene lists. Gene lists were created for all 21 contrasts; nevertheless 11 of the
contrasts had no genes in the generated lists. Table 5-2 shows which contrasts
generated gene lists (in red) compared to all contrasts set up for the experiment (in
black).

Table 5-2 Contrasts (comparisons) used for the multi-factor ANOVA which generated
(or not) gene lists of differentially expressed genes - Microarray experiment

Control, Control, Control, Control,
oh &h 24h 48h

Control, 6h X
Abeta fibrils, 6h
Dextran 1ug/ml, 6h
Fibrinogen, 6h
LPs, 6h
Dextran 100ug/ml, 6h

oo o o ox

Control, 24h X
Abeta fibrils, 24h

Dextran 1ug/ml, 24h
Fibrinogen, 24h

LPS, 24h

Dextran 100ug/ml, 24h

=

= ox ox oE X

Control, 48h X X
Abeta fibrils, 48h

Dextran 1ug/ml, 48h

Fibrinogen, 48h

LPS, 48h

Dextran 100ug/ml, 48h

=

A - A A

X =Didn't generate a list of differentially expressed genes
X =Generated a list of differentially expressed genes

From the 10 generated gene lists, just one corresponded to differences among controls;
Control 48h x Control Oh. In this list, only two genes were identified; Gpr84 and Lcpl.
Gpr84 is a receptor for medium-chain free fatty acids and has been has been implicated
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in fatty acid metabolism and regulation of the immune system. Lcpl is an Actin-binding

protein and has been shown to play a role in the activation of T-cells.

The other 9 gene lists corresponded to differences between the fibrinogen, LPS and
dextran sulphate 100ug/mL treatments compared to their respective timepoint controls.
Figure 5.3 shows the total number of differentially expressed genes for all the generated

gene lists.
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Figure 5.3 Number of differentially expressed genes in BV2 cells treated with AB1-42 fibrils, Dextran
sulphate 1pg/mL, fibrinogen, LPS and Dextran sulphate 100pug/mL — Microarray experiment. After
ANOVA analysis, the number of genes whose expression was affected by the different treatments was
identified. As shown, only fibrinogen, LPS and Dextran Sulphate 100ug/mL treatments had an effect over
the gene expression of BV2 cells at different timepoints. Surprisingly, AB1-42 fibrils and dextran sulphate
1pg/mL did not alter gene expression of any genes at any timepoint (red arrows).

As shown in Figure 5.3, only fibrinogen, LPS and dextran sulphate 100pg/mL treatments
caused differential gene expression at all timepoints. Surprisingly, AB (fibrils) and dextran
sulphate 1pg/mL did not alter gene expression of any genes at any timepoint (red
arrows). This indicates that these two treatments are similar to the untreated control for
each timepoint. This is an unexpected result as AB1-42 (fibrils and other conformations)

have been shown to activate microglia (Pan et al., 2011).

For the next step of the analysis, gene lists were further divided into downregulated and

upregulated genes (compared to their respective controls) as per the ANOVA analysis.

5.3.4 Identification of enriched biological pathways — GO (Gene Ontology)
Analysis
The identification of enriched pathways and gene ontology analysis of the generated

gene lists was carried out using the DAVID (Database for Annotation, Visualization and
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Integrated Discovery) database 6.7 (http://david.abcc.ncifcrf.gov). For our analysis, a
conservative EASE Score of 0.1 was used (minimum number of genes per pathway was
set to 3). Figure 5.4, 5.5 and 5.6 show the top 5 GO terms for each generated list of

differentially expressed genes.

Fibrinogen 6h Vs Control 6h (58 genes)

[Category [Term ICategory [Term ICategory [Term
f--- INo genes to analyze IGOTERM BP regulation of transcription factor activity [SOTERM BP regulation of transcription factor activity
IGOTERM BP regulation of DNA binding IGOTERM BP regulation of DNA binding
(GOTERM BP regulation of binding IKEGG PATHWAY [Allograft rejection
IKEGG PATHWAY [Allograft rejection IGOTERM BP regulation of binding
Fibrinogen 24h Vs Control 24h (87 genes)
[Category [Term ICategory [Term ICategory [Term
- [No significative BP, MF, MF or Pathway |GOTERM CC nucleolus IGOTERM BP nitrogen compound biosynthetic process|
IGOTERM BP nucleobase biosynthetic process
5 OTERM BP nucle?bas.e, n.ucleo_‘nde., nucleotide and
nucleic acid biosynthetic process
50TERM BP rl.bonucleofslde monophosphate
biosynthetic process
(GOTERM BP ribosome biogenesis
Fibrinogen 48h Vs Control 48h (54 genes)
|Category [Term ICategory [Term ICategory [Term
- INo significative BP, MF, MF or Pathway |- DAVID did not find any functinal group |- No significative BP, MF, MF or Pathway

or pathway within this list

D Downregulated genes I:l Upregulated genes I:I Complete list

Figure 5.4 Microarray experiment - Top-5 most significant GO categories - Fibrinogen treated
samples. GO analysis reveals that those genes whose expression was downregulated by the fibrinogen
treatment at any timepoint do not group to any particular GO category or pathway (red panel). Meanwhile,
upregulated genes (green panel) seem to be involved in functions related to transcription factor binding,
allograft rejection and nucleic acid biosynthesis. When all differentially expressed genes were analysed
together (up- and down-regulated genes) similar pathways and processes were overrepresented (blue
panel). GO analysis was carried out using the lists of differentially expressed genes obtained from the
microarray experiment, where wild-type BV2 cells were stimulated with AB1-42 fibrils, dextran 1ug/mL,
dextran 100pg/mL, fibrinogen 1mg/mL and LPS (n=3).

According to the GO analysis fibrinogen treatment seems to activate cellular processes
related to DNA binding and transcription (Figure 5.4). There was enrichment of an

Allograft rejection pathway, but it was only seen in the upregulated genes at 6h.
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LPS 6h Vs Control 6h (341 genes)

|Category [Term |Category [Term ICategory [Term

- INo significative BP, CC, MF or Pathway |GOTERM BP immune response IGOTERM BP immune response
KEGG PATHWAY [Toll-like receptor signaling pathway IKEGG PATHWAY [Cytosolic DNA-sensing pathway
KEGG PATHWAY [Cytosolic DNA-sensing pathway IKEGG PATHWAY [Toll-like receptor signaling pathway
GOTERM MF cytokine activity IGOTERM BP regulation of cytokine production
KEGG PATHWAY [NOD-like receptor signaling pathway IGOTERM BP idefense response

LPS 24h Vs Control 24h (420 genes)

|Category [Term |Category [Term ICategory [Term

I[GOTERM BP [DNA replication GOTERM BP immune response IGOTERM BP immune response

IGOTERM BP lcell cycle GOTERM BP regulation of cytokine production IGOTERM BP [DNA replication

I[GOTERM BP Icell division KEGG PATHWAY [Toll-like receptor signaling pathway IGOTERM BP regulation of cytokine production

(GOTERM MF IDNA binding GOTERM BP inflammatory response IGOTERM BP response to wounding

KEGG PATHWAY [Nucleotide excision repair KEGG PATHWAY [Cytosolic DNA-sensing pathway IKEGG PATHWAY [Toll-like receptor signaling pathway

LPS 48h Vs Control 48h (516 genes)

[Category Term ICategory [Term ICategory [Term

(GOTERM MF Istructural constituent of ribosome GOTERM BP immune response IGOTERM MF Istructural constituent of ribosome

[GOTERM CC ribosome KEGG PATHWAY [Toll-like receptor signaling pathway IGOTERM CC ribosome

KEGG PATHWAY [Ribosome KEGG PATHWAY [NOD-like receptor signaling pathway IKEGG PATHWAY Ribosome

I[GOTERM BP translation KEGG PATHWAY [Cytokine-cytokine receptor interaction |GOTERM BP translation

|GOTERM MF Istructural molecule activity GOTERM BP inflammatory response IGOTERM BP immune response

KEGG PATHWAY AD (Benjamini 0.073; 9 genes)

I:l Downregulated genes

KEGG PATHWAY AD (Benjamini 0.012; 15 genes)

D Complete list

D Upregulated genes

Figure 5.5 Microarray experiment - Top-5 most significant GO categories - LPS treated samples.
Genes downregulated by LPS treatment seem to be involved in cell division and translation pathways at 24
and 48h (red panel). Upregulated genes were associated with GO categories related to immune response
and inflammation at all timepoints (green panel). Finally, when the full list of downregulated and upregulated
genes was analysed, a similar enrichment of the same GO categories was appreciated. Remarkably, there
was a non-significant enrichment (Benjamini 0.073) of an Alzheimer's disease Pathway at 48h for the
downregulated genes (bottom red panel). This enrichment became statistically significant when the full list
was analysed (Benjamini 0.012) for the 48h timepoint (bottom blue panel). GO analysis was carried out
using the lists of differentially expressed genes obtained from the microarray experiment, where wild-type
BV2 cells were stimulated with AB1-42 fibrils, dextran 1ug/mL, dextran 100ug/mL, fibrinogen 1mg/mL and
LPS (n=3).

GO analysis of the genes downregulated by LPS treatment showed an enrichment of
processes related to cell cycle progression and cell division as well as ribosomal function
and translation at 24h and 48h (Figure 5.5). Genes upregulated by the LPS treatment,
on the other hand, were clearly associated to processes related to the immune and
inflammatory responses at all timepoints. Similar trends were seen when the full list of
genes (up- and down-regulated) were used for the analysis (Figure 5.5). Of note was the
statistically significant enrichment (Benjamini 0.012) of an Alzheimer's disease

associated pathway at 48h (Figure 5.5).
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Dextran 100ug/ml 6h Vs Control 6h (362 genes)
|Category ITerm |Category [Term |Category [Term
[GOTERM MF nucleotide binding GOTERM CC nuclear lumen IGOTERM MF nucleotide binding
[GOTERM MF ribonuclectide binding GOTERM MF RNA binding IGOTERM MF ribonucleotide binding
|(GOTERM MF IATP binding GOTERM CC membrane-enclosed lumen IGOTERM MF IATP binding
KEGG PATHWAY [MAPK signaling pathway - - KEGG PATHWAY [Long-term depression
KEGG PATHWAY |Long-term depression KEGG PATHWAY |MAPK signaling pathway
Dextran 100ug/ml 24h Vs Control 24h (186 genes)
[Category [Term [Category [Term [Category [Term
- INo significative BP, CC, MF or Pathway |- No significative BP, CC, MF or Pathway |- No significative BP, CC, MF or Pathway
Dextran 100ug/ml 48h Vs Control 48h (1292 genes)
ICategory ITerm ICategory Term ICategory Term
|GOTERM CC lorganelle membrane GOTERM MF transition metal ion binding IGOTERM MF nucleotide binding
[GOTERM MF nucleotide binding GOTERM MF acid-amino acid ligase activity IGOTERM CC nuclear lumen
IGOTERM MF [transcription factor binding GOTERM MF ubigquitin-protein ligase activity IGOTERM CC membrane-enclosed lumen
|(GOTERM MF ribonucleotide binding GOTERM BP cellular protein catabolic process IGOTERM CC lorganelle lumen
I[GOTERM MF IATP binding GOTERMBP rotein localization IGOTERM MF ribonuclectide binding

I:I Downregulated genes I:I Upregulated genes I:I Complete list

Figure 5.6 Microarray experiment - Top-5 most significant GO categories - Dextran 100ug/mL treated
samples. Genes downregulated by Dextran 100ug/mL treatment seem to be involved in nucleotide binding,
translation, MAPK signalling and Long-term depression pathways and processes at 6 and 48h (red panel).
Upregulated genes were associated with GO categories related to RNA binding, ligase activity and protein
catabolic processes at 6h and 48h (green panel). When the full lists of downregulated and upregulated genes
were analysed, a similar enrichment of the same GO categories was seen. GO analysis was carried out
using the lists of differentially expressed genes obtained from the microarray experiment, where wild-type
BV2 cells were stimulated with AB1-42 fibrils, dextran 1pg/mL, dextran 100ug/mL, fibrinogen 1mg/mL and
LPS (n=3).

Lastly, GO analysis of the gene lists generated for Dextran 100ug/mL treatment showed
that downregulated genes were associated to processes related to binding to
nucleotides, ribonucleotides and ATP (Figure 5.6). There was enrichment for genes
associated with the MAPK pathway but only at 6h. Meanwhile, upregulated genes were
associated to pathways related to RNA and metal ion binding, ligase activity and protein
catabolic processes. Similar enrichments were seen when the full lists of genes were
used for the analysis (Figure 5.6). Unexpectedly, it was not possible to identify any
pathway enrichments for either down or upregulated genes at 24h, the same happened

when the full list of differentially expressed genes was used.

5.3.5 Microglial Markers and Microglial activation

Many studies report the use of different cell markers for the identification of microglial
cells. As such, this study explored how the different treatments used in our experiment
affected the gene expression of these microglial markers. Table 5-3 shows some of the

most common cell markers used in the study of microglial populations.
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Table 5-3 Microglial cell markers differentially expressed by LPS treatment

Differ. Timepoint
Cell Marker
Expressed 6h 24h 48h

Cd11b

No
(Itgam) - - -
SFPil No - - -
Cd68 No - - -
Cd45

No
(PTPRC) - - -
Cx3CR1 No - - -
Ibal (Aifl) Yes - - Downregulated
Cd14 Yes Upregulated Upregulated Upregulated
CSF1 Yes Upregulated Upregulated Upregulated
CSF1R Yes - - Upregulated
EMR1 Yes - Upregulated Upregulated

Unexpectedly, only the LPS treatment was able to elicit differential expression of the
revised genes. No other treatment (fibrinogen or dextran 100ug/mL) provoked differential
gene expression on these genes. Of the 10 genes whose expression was assessed, 5
were not affected by the LPS treatment (or any other treatment). From the remaining 5,

only Ibal (Aifl) was downregulated when cells were stimulated with LPS.

Next, the gene expression of genes related to the M1 and/or M2 activation states was
investigated in BV2 cells. Table 5-4 shows a list of cell markers which are associated
with M1 and M2 activation states. This table shows results of analysis for the LPS
treatment alone. Fibrinogen and dextran 100ug/mL had very little effect on gene
expression of these M1/M2 cell markers. Fibrinogen only affected expression of 3 M1-
related genes: H2-M2, Cd40 and TNF (all upregulated at 6h hours). Meanwhile, dextran
sulphate 100ug/mL affected gene expression of 1 M1-related gene (IL6, downregulated
at 24h) and 1 M2-related gene (VEGF(a), upregulated at 48h).
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Table 5-4 Cell markers related to M1 or M2 activation states (LPS treatment)

Activation Differ. Timepoint
State Cell Marker Expressed 6h 24h 48h
MHCII
_ Yes* Upregulated Upregulated Upregulated
(H2- family)
CD40 Yes* Upregulated Upregulated Upregulated
IL1b Yes Upregulated Upregulated Upregulated
IL6 Yes Upregulated Upregulated Upregulated
M1 TNF Yes Upregulated Upregulated Upregulated
IL18 Yes Upregulated - -
CCL2 Yes Upregulated Upregulated Upregulated
Cd80 No - - -
1123 No - - -
Cd86 No - - -
12 Not passed QC - - -
VEGF(a) Yes - - Upregulated
EGF No - - -
M2 TGFB No - - -
PDGF No - - -
1110 Not passed QC - - -
Argl Not passed QC - - -

*in top-5 differentially

expressed genes

As shown in Table 5-4, LPS treatment upregulates many M1l-related genes at most
timepoints and just one M2-related gene. From the upregulated genes, MHCII and CD40
genes were found among the top-5 differentially expressed genes for the whole of the

experiment, highlighting their importance in the microglial response to LPS.

5.3.6 Differential expression of AD-related genes in response to LPS,
dextran sulphate and fibrinogen

After studying the M1/M2 activation markers, the analysis focused on Alzheimer’s
disease related genes. In a recent paper, Karch et al. (2014) compiled a list of 31 genes
which have been associated with AD risk. These 31 genes were analysed in the context
of our experiment. Table 5-5 shows the results of this analysis for all treatments (without

considering any particular timepoint).
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Table 5-5 Differential gene expression of 31 AD-related genes

Name of Gene Present in

(mouse orthologue) Chip/Detected Treatment effect

ABCA7 Yes

CASS4 Yes

E;(;;z z:z Not differentially expressed
SORL1 Yes

ZCWPW1 Yes

CR1 (Crry) Yes Not passed QC
PSEN1 ves
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As shown in Table 5-5, LPS can cause differential expression in as many as 8 genes
(APP, APOE, CD33, CELF1 (CUGBP), INPP5D, MEF2C and TREM2) out of the 32 AD-
related genes. Likewise, dextran sulphate 100ug/mL affected the expression of up to 6
genes (APOE, BIN1, PLD3, RIN3, PICALM and PTK2B) and fibrinogen only 1 gene
(CD33). For individual gene expression profiles of AD-related genes see Supplementary
Fig. 7.6.

Besides the 8 genes differentially expressed by LPS, 2 more genes (HLA-DRB5/HLA-
DRB1 and MS4A6A) can be considered as affected by this treatment as other members
of their same gene family were disrupted (Table 5-5). Similar observations were made

for dextran sulphate and fibrinogen treatments (Table 5-5).

Additionally, analysis of the 31 AD-related genes revealed that many of them (7 in total)
seem not to be expressed in microglial cells (Not detected) indicating that maybe they
are expressed in other brain cell types. Similarly, 3 genes of the list were not included in
the microarray (Not in microarray) and their involvement in microglial response to our

treatments remains to be elucidated.

5.3.7 Validation of ApoE and Trem2 gene expression profiles by RT-qPCR

Microarray data was validated by RT-gPCR in a new set of experiments. Validation of
results was performed in a new set of five independent experiments (n=5) for two genes;
ApoE and Trem2. Analogous to the microarray results, RT-gPCR analysis of these two
genes showed a marked downregulation of their expression by the LPS treatment,
reaching statistical significance at 48h in both cases (Figure 5.7, panels A and B). These
results validate what was found in the microarray expression experiment and show that
the same trends were replicated in a new set of experiments. Furthermore, RT-gPCR

analysis found that fibrinogen could also modify ApoE gene expression, after 24h.
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Figure 5.7 gPCR validation of ApoE and Trem2 expression profiles in BV2 cells. Panels (A) and (B)
show the gene expression profiles obtained from the microarray analysis using Partek Genomics Suite 6.6
(Interaction Plots) for ApoE and Trem2 respectively. For panels A and B, results represent mean + SD of
three independent experiments (n=3). Asterisks (*) indicate which timepoints reached statistical significance,
p-Values and fold change are shown below each panel. Panels (C) and (D) show the gene expression
profiles obtained from the qPCR validation for ApoE and Trem2 respectively. For panels C and D, results
represent mean + SD of five independent experiments (n=5). Statistical differences were calculated by 2-
way ANOVA with Dunnett’s correction for multiple comparisons, *p<0.05, **p<0.01, ***p<0.001.

5.4 RNAseq analysis of microglial activation states (M1, M2 or other) in
BV2 cells

For this experiment, RNAseq was chosen for the analysis and comparison of the BV2
immune response to different microglial activators (M1 and M2) and AB1-42 species
(monomers and oligomers). RNA sequencing has been shown to have many advantages
over microarrays, including a higher sensitivity and wider dynamic range (Zhao et al.,
2014).

Initially, the experiment focused on identifying the stimuli and dosages that modified the
expression of genes linked to M1 and M2 activation. As such, dose response curves
were prepared using known microglial activators: LPS, IL4, IL10 and TGF}.
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5.4.1 Dose response curves for LPS, IL4, IL10 and TGFB

BV2 cells were seeded as per usual in 6-well plates (80 000cells/well) and left to rest for
24h before stimulation. After this, cells were stimulated with the aforementioned
activators at a range of concentrations (from 0.1ng/mL to 1000ng/mL) and left for 6h
before cell lysis and total RNA extraction. Dose response curves for the two Ap1-42
species used in this experiment (oligomers and monomers) were not prepared, as the

appropriate doses were obtained from previously published work by Zheng et al. (2016).
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Figure 5.8 Dose-response curves for microglial activators M1 (LPS) and M2 (IL4, IL10 and TGFB). BV2
cells were used to make dose-response curves for gene expression changes after stimulation with M1 and
M2 microglial activators. BV2 cells were treated for 6 hours with the aforementioned stimulators at different
concentrations (0.1ng/mL to 1000ng/mL) before lysating the cells for RNA extraction. Gene expression
changes for (A) IL18 (B) Cd40 (C) Argl and (D) PIxnl are shown. Ct values for each gene were normalised
according to Table 2 8. Gene expression is expressed as fold change relative to the untreated control.
Results represent mean + SD of 3 technical replicates of a single experiment (n=1).

As shown in Figure 5.8, gene expression changes were evaluated in 4 genes (IL18,
CD40, Argl and PIxn1l) as a result of the BV2 stimulation with LPS, IL4, IL10 and TGF@.
For the dose response curves, IL13 was used as a marker of M1 activation. This gene
had a clear increase in its expression in almost all the LPS concentrations assayed,
being 1000ng/mL the dose which induced the highest upregulation of IL18. As it was
expected none of the M2 associated stimuli (IL4, IL10 and TGF) increased the
expression of /L1 as dramatically as LPS. There were concerns in our group about the
over-stimulation of BV2 cells with LPS (in our microarray experiment LPS was used at a

concentration of 1000ng/mL). As a result, and considering the dose response curve
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results, LPS was used at a concentration 100ng/mL (10 times lower than in our
microarray experiment) for the RNAseq experiments. As observed in the microarray
experiment, Cd40 (another M1 marker) was among the top-5 differentially expressed
genes by LPS treatment. Consequently, its expression was evaluated in the dose
response curves. As expected, LPS stimulation had a dose dependent increase in its
expression. Startlingly, an increase in the gene expression of Cd40 in response to I1L4
stimulation was observed, pointing to a more complex role of Cd40 in BV2 activation.
IL10 and TGF, on the other hand, had no effect over Cd40 expression.

Argl is a typical marker for M2 activation in microglia/macrophages (Tang and Le, 2016).
In our experiment, its expression had a dose dependent response to IL4, but not IL10 or
TGFB, the other M2 activators. Nevertheless, TGFB could induce a modest change
(compared to IL4) on the expression of Argl at its highest concentration (1000ng/mL).
Inconspicuously, there was no response to the LPS treatment. At this point, it was
noticed that IL10 did not have any effect on M1 or M2 classical markers, reason why it
was not used as stimulus in the RNAseq experiments. Using the data generated in this
experiment, it will be worth to check the expression levels of the IL10 receptors in BV2
cells. The effect of the different M1 and M2 stimuli on the expression of PIxnal, a gene
known to directly interact with Trem2 (Takegahara et al., 2006), was also evaluated. As
seen in Figure 5.8, the expression of this gene was slightly increased by LPS and was
generally downregulated by M2 activators.

Considering the results seen during the dose response experiment, all stimuli used for
the RNAseq experiment (LPS, IL4 and TFGB) were used at a concentration of
(200ng/mL). In this same experiment, the expression changes of other microglia-related
genes (Tnf, Trem2, ApoE, Dapl12, CD33 and Actin) was also evaluated. For this part of
the experiment only 3 stimuli were used; LPS, IL4 and IL10.
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Figure 5.9 Dose-response curves of microglial activators M1 (LPS) and M2 (IL4 and IL10). Dose-
response relationships for gene expression changes after stimulation with M1 and M2 microglial activators.
BV2 cells were treated for 6 hours with the aforementioned stimulators at different concentrations before cell
lysis and total RNA extraction. Gene expression changes for (A) Tnf; (B) Trem2; (C) ApoE; (D) Dap12; (E)
Cd33 and (F) Actin (Actb) are shown. Ct values for each gene were normalised according to Table 2-8.Gene
expression is expressed as fold change relative to the untreated control. Results represent mean + SD of 3
technical replicates of a single experiment (n=1).

As seen in Figure 5.9, gene expression changes in many microglia-related genes were
evaluated in response to stimulation with different M1 and M2 activators. Tnf is a marker
of M1 activation, and in our experiment its expression had a response that was dose
dependent only for the LPS treatment (Figure 5.9, panel A). All other treatments showed
no effect on its expression. The next gene studied was Trem2, its expression was
modestly downregulated by IL4 and IL10. Trem2 downregulation was less than 20%
even at IL4’s and IL10’s highest concentrations. LPS, on the other hand, was able to
downregulate Trem2’s expression in a dose-dependent manner. LPS reduced Trem2
expression by 60% at the highest concentration used (1000ng/mL) (Figure 5.9, panel B).
Downregulation of TREM2 by LPS (and other classically pro-inflammatory molecules)
has been reported previously (Jay et al., 2017), and it is probably associated with
TREM2’s anti-inflammatory role. Several in vitro and in vivo studies have shown that
TREM2 has an anti-inflammatory role in certain contexts. TREM2 deficient cell lines
show higher levels of pro-inflammatory mediators (iNOS, TNFa, IL13 and IL6) in
response to apoptotic neuronal membrane components and TLR ligands including LPS
and AB42 (reviewed by Jay et al. (2017)). Conversely, classically anti-inflammatory

molecules (such as vasoactive intestinal peptide and IL4) increase TREM2 expression.
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These results suggest that TREM2 expression is dependent on the immune activation

state of cells in response to pro- and anti-inflammatory stimuli.

ApoE expression did not seem to be greatly affected by IL4, IL10 or LPS stimulations,
although both IL10 and LPS seemed to downregulate its expression (Figure 5.9, panel
C). Dapl2 expression did not seem to be affected by any of the treatments, with
expression values similar to those of the unstimulated control (Figure 5.9, panel D). Cd33
expression was downregulated in dose dependent manner by both LPS and IL4. LPS
downregulation of Cd33 was clearly dose dependent, while IL4 downregulation
plateaued at 10ng/mL. IL10 did not have any noticeable effect on Cd33 expression
(Figure 5.9, panel E). Finally, Actin gene (Actb) expression was not affected by either
IL4 or IL10, but was upregulated by LPS in a dose dependent manner (Figure 5.9, panel
F).

As shown in Figure 5.9, IL4, IL10 and LPS had different effects on the expression of
microglia-associated genes. As expected, Tnf was only upregulated by LPS (M1) in a
dose dependent manner. On the other hand, Trem2 was downregulated by LPS (and
IL10 to a lesser extend). All other genes had less clear responses to the stimuli used,
although some trends in expression were noticeable (like in the case of Actin

upregulation by LPS stimulation).

5.4.2 Characterization of the different AB1-42 conformations by TEM
(Transmission electron microscopy)

AD is characterised pathologically by the formation of amyloid plaques and neurofibrillary
tangles (Selkoe, 2001). The main components of the amyloid plagues are the fibrillar
aggregates of AB peptides (39-43 amino acids) which are produced as a result of the of
the enzymatic proteolysis of the APP protein (Shoji et al.,, 1992). The AB cascade
hypothesis, suggests that oligomeric and fibrillar forms of these peptides are central to
the pathogenesis and degeneration in AD (Selkoe, 1994, Hardy and Higgins, 1992).
However, the precise role of AB in AD has yet to be clarified. Although there is a great
body of literature that supports a central role for AR aggregation in AD pathogenesis, the
debate is still very much open (Benilova et al., 2012).

Appropriate characterization of the different AB1-42 conformations used for
experimentation was of great importance in this study. Jan et al. (2010) proposed the
use of TEM for the morphological characterization of various AB1-42 conformations
prepared using different protocols. This method was employed for the characterization

of the AB1-42 monomeric, oligomeric and fibrillar preparations used in this study.
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Figure 5.10 Morphological characterization of the different AB1-42 conformations used for the
activation of BV2 cells using TEM. Representative TEM images of (A) monomeric, (B and C) oligomeric
and (D) fibrillar AB1-42 preparations used for BV2 stimulation. Yellow arrowheads indicate oligomeric
aggregates in panel B. Images are representative of 2 different AB1-42 batches (monomeric preparations)
scale bar, 200nm.

Figure 5.10 shows the morphological characterization of the different AB1-42
conformations used in our BV2 activation experiments (RNAseq). As it is expected from
monomeric AB1-42 preparations, it was not possible to detect any aggregates (Figure
5.10, panel A). Oligomeric preparations on the other hand showed structures of 5-200nm
(Figure 5.10, panel B and C), which is consistent with high molecular weight metastable
AB oligomers (protofibrils). Finally, Fibrillar preparations showed rod-like structures that
were mainly >1um in length and 8-12nm in diameter. These results are in accordance
with what was described by Jan et al. (2010).

5.4.3 Normalization and quality control of the RNA sequencing results

BV2 WT cells (unmodified) were exposed to 6 different conditions under serum-free
conditions; 1) untreated control (no stimulus), 2) IL4 100ng/mL, 3) LPS 100ng/mL, 4)
AB1-42 monomers 500nM, 5) AB1-42 oligomers 500nM and 6) TGFB 100ng/mL. Total
MRNA was recovered from the stimulated cells at 6h, 24h and 48h after treatment. This
experiment was repeated 3 times (n=3) using the same study design. RNA samples from
the 3 biological repeats were prepared and sent together for RNAseq analysis by AROS
Applied Biotechnology (described in Sections 2.6.1 and 2.6.2).

After RNA sequencing by AROS Applied Biotechnology, raw reads were sent back to us
for analysis (fastq files). Raw sequencing results were normalised and quality control
examined. After QC, 12 188 genes (out of all the genes in the Ensembl 86 reference)
were included in the analysis. PCA analysis was used to identify outliers and to visualize
the clustering of all samples; Partek® Flow™ software was used for this step.
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Figure 5.11 PCA scatter plot of RNAseq data — Effect of different M1 and M2 activators on BV2
activation. PCA was used to identify outliers and to visualize the clustering of all sequenced samples.
Panels A, B and C show 2D representations of PC1 vs PC2, PC1 vs PC3 and PC2 vs PC3, respectively.
Panel D shows a 3D representation of the 3 main PCs. No samples were excluded as a result of this analysis
and it was possible to distinguish some clustering of samples. The orange oval in panel A highlights
clustering of LPS (100ng/mL) treated cells. The sky-blue oval in panel B highlights clustering of TGFf
(100ng/mL) treated samples, the red oval highlights clustering of IL4 (100ng/mL) treated samples. Apart
from those three well defined clusters all other samples — including AB1-42 oligomers (500nM), AR1-42
monomers (500nM) and untreated controls — were mixed up together third cluster, purple oval in panel D.

Figure 5.11 shows the PCA scatter plot of all samples submitted for RNA sequencing.
Samples are coloured according to their treatment and the sizes of the spheres represent
the different timepoints of each treatment. The Scatter plot already shows some clusters
of samples which group according to the treatment used, that is the case LPS (orange
oval in panel A), TGFB (sky blue oval, panel B) and IL4 (red oval, Panel C). The rest of
the samples (control, monomeric and oligomeric groups) were clustered together in a
bigger group of samples with no obvious difference among them (purple oval, panel D).
Sphere sizes also allowed us to distinguish clustering of samples according to their

timepoint (within a same treatment). After, PCA none of the samples was discarded.

5.4.4 Identification of Differentially Expressed (DE) genes and generation of gene
lists

Multi-factor ANOVA was used for the identification of differentially expressed (DE) genes.
Statistical analysis was done using Partek® Flow™. The number of biological replicate

(repeat or batch), timepoint, treatment and the interaction between timepoint and
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treatment (treatment x timepoint) were used as the main sources of variation.
Additionally, 18 contrasts (comparisons among samples) were set up to compare gene
expression changes across treatments and timepoints (as shown in Table 5-6).

Table 5-6 Contrasts used for the multi-factor ANOVA — RNAseq
Microglial activation experiment

Control, Control, Control,
6h 24h 48h

Control, 6h

AB monomers 500nM, 6h
AP oligomers 500nM, 6h
LPS 100ng/ml, 6h

IL4 100ng/ml, 6h

TGFPB 100ug/ml, 6h

X X X X X X

Control, 24h

AB monomers 500nM, 24h
AP oligomers 500nM, 24h
LPS 100ng/ml, 24h

IL4 100ng/ml, 24h

TGFB 100ug/ml, 24h

X X X X X X

Control, 48h X
AB monomers 500nM, 48h

AP oligomers 500nM, 48h

LPS 100ng/ml, 48h

IL4 100ng/ml, 48h

TGFB 100ug/ml, 48h

X X X X X

Similar to the microarray experiment, each treatment was compared to its own control
(untreated) for each timepoint. In the same way, all control samples (across timepoints)
were compared with each other to investigate if gene expression wavered with time

(timepoint).

Gene lists were created using a conservative FDR of 0.01 and a minimum fold change
of £1.5. Only 12 gene lists were generated (out of the 18 contrasts) as none of the
treatments which involved either AB1-42 monomers or oligomers produced differentially
expressed genes; except for Monomers at 6h which had HapIn3 as its only differentially
expressed gene (downregulated). Considering this, less astringent conditions were used
for the benefit of the AB1-42 treatments. The new conditions were FDR of 0.05 and a
minimum fold change of £1.5. Again, neither AB1-42 monomers nor oligomers generated
lists of differentially expressed genes (again the exception was monomers at 6h which

conserved HapIn3 as the only differentially expressed gene). This agrees with the results
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obtained in section 5.3.3 of this thesis, where AB1-42 fibrils were not capable of inducing

a response from BV2 cells.
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Figure 5.12 Number of differentially expressed genes - RNAseq Trem2 deficiency effect on microglial
activation. Following the ANOVA analysis, lists of differentially expressed genes were obtained. These lists
were composed of genes whose expression was affected by any of the 5 treatments assayed: LPS
(100ng/mL), IL4 (100ng/mL), TGFB (100ng/mL) and AB1-42 monomers or oligomers (500nM) for 6h, 24h
and 48hrs. A) Shows the number of differentially expressed genes per condition (treatment) and per
timepoint compared to the control sample for its correspondent timepoint. Purple arrows indicate those
treatments which did not generate lists of differentially expressed genes. B) Shows the number of
differentially expressed genes in control samples at different timepoints.

Figure 5.12, panel A shows the number of differentially expressed genes for the 5
different (LPS, IL4, TGFB, AB1-42 monomers and AB1-42 oligomers) at different
timepoints. As mentioned before, none of the ABR1-42 treatments (monomers or
oligomers) generated lists of differentially expressed genes (indicated in panel A with
purple arrows), the only exception being monomers at 6h which had 1 differentially
expressed gene (HapIn3, downregulated). All the other treatments generated
differentially expressed genes lists. A curious observation is the fact that the number of
downregulated genes (red background) and the number of upregulated genes (green
background) is almost the same (a 50-50% split) for each of the lists of differentially

expressed genes.
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As seen in Figure 5.12, panel A, the number of differentially expressed genes as a result
of LPS stimulation was gradually lowered (2075>1577>967) as time passed (different
timepoint) pointing to a resolution of inflammation in BV2 cells. Typically, inflammatory
responses are divided in three phases: 1) inflammation, 2) resolution and 3) post-
resolution. The inflammation phase is usually acute and finishes when the effector cells
neutralize the inciting stimuli (usually within hours of the initial stimulation). The resolution
phase is generally a longer process, taking between some hours to a couple of days.
During this time cells remove the inflammatory stimuli (i.e. bacteria, LPS, etc.), remove
death cells and debris and suspend the synthesis of pro-inflammatory mediators. The
resolution phase serves to restore the functional homeostasis of the cells or tissue.
Finally, the post-resolution phase serves as a bridge between innate and adaptive
immunity (Fullerton and Gilroy, 2016). The reduction in the number of differentially
expressed genes in our experiment points towards an attempt to return to the initial
homeostatic state by suspending the expression of pro-inflammatory proteins and
pathways. It should also be considered that the lowering of the effect of LPS in the BV2
transcriptional programme could be the result of phagocytic clearance of LPS as part of

the resolution phase.

Meanwhile the number of differentially expressed genes by IL4 remained almost at the
same levels throughout the experiment (between 724 and 624). For TGFf, the number
of differentially expressed genes increased as time went by (577<724<1097). These
results demonstrate that all the treatments used in this experiment not only have varied

effects on microglial expression but also have different temporal dynamics.

Figure 5.12, panel B shows the number of differentially expressed genes in control
samples at different timepoints. As the panel shows, there were only 104 differentially
expressed genes between the 24h control to 6h control. Similarly, there were only 105
differentially expressed genes between 48h control and 24h control. The largest number
of differentially expressed genes, 626, was obtained when the 48h control was compared
with the 6h control. This large number of differentially expressed genes suggests that
BV2 cells experiment important changes in their gene expression programmes when

they are kept in culture for longer times.

5.4.5 Identification of enriched biological pathways — GO and Pathway analysis

The ToppFun tool from the Toppgene suite (available at https://toppgene.cchmc.org/)

was used for the identification of enriched GO categories and pathways in the generated
gene lists of differentially expressed genes. Conditions of analysis were left as default

and a FDR B&H (Benjamine-Hochberg) value of <0.05 was considered as statistically
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significant for our analysis. Only the top-5 GO categories and pathways are shown for
each gene list (condition), unless indicated differently.

1: GO: Molecular Function [pisplay Chart] 1771 annotations before applied cutoff / 18661 genes in category

o] Name Source | pValue | FDR B&H | FDR B&Y | Bonferroni | Genes from Input | Genes in Annotation
1| G0:0030554 |adenyl nucleotide binding 1.433E-7 | 1.442E4| 1.162E-3| 2.538E4 12 1530
2|G0:0032559 | adenyl ribonucleotide binding 1.737E-7 | 1.442E4| 1.162E-3| 3.076E-4 111 1518
3 GO:0005524 | ATP binding 2442E-7| 1.442E-4| 1.162E-3| 4.325E-4 108 1475
4| GO:0008017 | microtubule binding 3.809E-7 | 1.6B6E-4| 1.359E-3| 6.745E-4 28 214
5G0:0015631 |tubulin binding 3.338E-6| 1.1B2E-3| 9.525E-3| S5.911E-3 32 293

Show 36 more annotations

2: GO: Biological Process [Display Chart] 7077 annotations before applied cutoff / 18623 genes in category

D Name Source | pValue FDR B&H | FDR B&Y |Bonlferroni | Genes from Input | Genes in Annotation
1| GO:0000278 | mitotic cell cycle 2.571E-19 | 1.820E-15| 1.718E-14 | 1.820E-15 13 1016
2| GO:0006955 |immune response 9.900E-19 | 3.503E-15 | 3.307E-14 | 7.006E-15 149 1572
3| G0:0006354 | inflammatory response 1.485E-18 | 3.503E-15| 3.307E-14 | 1.051E-14 89 711
4| GO:1903047 | mitotic cell cycle process 2.066E-18 | 3.655E-15 | 3.451E-14 | 1.462E-14 105 931
5| G0O:0006952 | defense response 3A480E-17 | 4,926E-14 | 4,651E-13 | 2,463E-13 150 1651
Show 45 more annatations
3: GO: Cellular Component [Display Chart] 685 annotations before applied cutoff / 19061 genes in category
1D Name Source | pValue FDR B&H | FDR B&Y | Bonferroni | Genes from Input | Genes in Annotation
1| GO:0005819 | spindle 2.635E-11| 1.805E-8| 1.283E-7| 1.805E-8 43 308
2| GO:0005876 | spindle microtubule 5.610E-10| 1.922E-7| 1.366E-6| 3.843E-7 17 60
3| GO:0000779 | condensed chromosome, centromeric region 9.996E-10| 2.282E-7| 1.622E-6| 6.B47E-7 22 105
4| GO:0000922 | spindle pole 4,225€-9| 7.236E-7| 5,143E-6| 2.894E-6 24 133
5|GO:0000793 | condensed chromosome 1.261E-8| 1.505E-6| 1,070E-5| 8.638E-6 30 208
7: Pathway [Display Chart] 2240 annotations before applied cutoff / 12450 genes in category
D Name Source pValue FDR B&H | FDR B&Y | Banferroni | Genes from Input | Genes in Annolation
1[138080 |Aurera B signaling BioSystems: Pathway Interaction Database | 8.748E-13| 1.960E-9| 1.625E-8| 1.960E-9 17 39
2| 1269820 | Miletic Prometaphase BioSystems: REACTOME 1.082E-10| 1.212E-7| 1.005E-6| 2.424E-7 25 1
3|812256 | TNF signaling pathway BioSystems: KEGG 3.444E-10| 2,263E-7| 1.877E6| 7.T15E-7 24 108
4182973 | Glulathicne metabolism BioSystems: KEGG 4,042E-10| 2,263E-T| 1,877E-6| 9,054E-7 17 54
5| 1269310 | Cytokine Signaling in Immune system | BioSystems: REACTOME 9.223E-10| 4,132E-7| 3.426E6| 2.066E-6 77 763

Figure 5.13 RNAseq experiment - Top-5 most significant GO and Pathway categories - LPS treated
samples, 48h. Representative image of the GO and pathway analysis for LPS treated samples. Lists of

genes were submitted to the ToppFun online tool (part of the Toppgene Suite) to perform enrichment
analysis.
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1: GO: Molecular Function [pisplay Chart] 1946 annotations before applied cutoff / 18661 genes in category

(o] Name Source | pValue |FDR B&H |FDR B&Y |Bonferroni | Genes from Input | Genes in Annotation
1|GO:0038024 | cargo receplor aclivity 1.565E-8| 3,046E-5| 2,4B3E4| 3,046E-5 18 71
2 | GO:0001618 | virus receptor activity 3.016E-6 | 2.7T80E-3| 2,266E-2| 5.869E-3 15 71
3| GO:0005102 | receptor binding 4.285E-6| 2.780E-3| 2.266E-2| 8.339E-3 124 1601
4| GO:0005044 | scavenger receptor activity 2,258E-5| 1,098E-2| 8.9536-2| 4,394E2 11 47
5| G0:0005096 | GTPase aclivator activity 3.287E-5| 1.103E-2| 6.989E-2| 6.39TE-2 32 283

Show 24 more annotations

2: GO: Biological Process [Display Chart] 7410 annotations before applied cutoff / 18623 genes in category
(0] Name Source | pValue FDR B&H |FDR B&Y |Bonferroni | Genes from Input | Genes in Annotation
1| GO:0006955 | immune response 3,170E-20 | 2,349E-16 | 2,228E-15 | 2,349E-16 170 1572
2| GO:0016477 | cell migration 9.635E-16 | 3.570E-12 | 3.38TE-11 | 7.139E-12 138 1300
3| G0:0040011 | locomotion 2.597E-15| 4.427E-12 | 4.200E-11 | 1.924E-11 168 1735
4| GO:0048870 | cell motility 2,987E-15| 4.427E-12 | 4.200E-11 | 2,213E-11 146 1428
5| GO:0051674 | localization of cell 2,987E-15| 4,427E-12 | 4.200E-11 | 2,213E-11 146 1428

Show 45 more annoltations

3: GO: Cellular Component [Diiplay chaﬂ] 736 annotations before applied cutoff / 19061 genes in category

o Name Source | pValue FDR B&H |FDR B&Y |Bonferroni | Genes from Input | Genes in Annotation
1| GO:0005764 | lysosome 4,155E-15| 1,529E-12 | 1.098E-11 | 3.058E-12 75 539
2| G0:0000323 | Iytic vacuole 4.155E-15| 1,529E-12 | 1.098E-11 | 3.058E-12 75 539
3| GO:0005773 | vacuole 4.774E-14 | 1.171E-11 | 8.408E-11 | 3.513E-11 126 1223
4| G0:0043202 | lysosomal lumen 1.402E-12 | 2,581E-10| 1.853E-9| 1.032E-9 25 aa
5| GO:0009897 | external side of plasma membrane 2,566E-12 | 3,777E-10| 2.712E-9| 1,889E-9 49 310
7: Pathway [Display Chart] 2426 annotations before applied cutoff / 12450 genes in category
[»] Name Source pValue EE: ;?_5 Bonferroni r?‘::?s fram %;‘:tsa;l:m
1|99052 Lysosome BioSystems: KEGG 1.202E‘; 2.9165{ 2.441% 2916E-11 34 123
1 1
2|1457780 Neutrophil degranulation BioSystems: 8,761E-9| 1.063E-5| 8,896E-5| 2,125E-5 62 492
REACTOME
3153910 Phagosome BioSystems: KEGG 7.803E-8|6,310E-5| 5,283E4| 1.893E-4 28 154
41269203 Innate Immune System BioSystems: 1.295E-7 | 7.856E-5| 6.577E4| 3.142E4 122 1312
REACTOME
5| MAP0D531 Glycosaminoglycan MAPD0531 Glycosaminaglycan GenMAPP 2.448E-7 | 1,188E4| 9,942E4| 5938E4 7 10
degradation degradation

Figure 5.14 RNAseq experiment - Top-5 most significant GO and Pathway categories - TGFB treated

samples, 48h. Representative image of the GO and pathway analysis for TGF( treated samples. Lists of
genes were submitted to the ToppFun online tool (part of the Toppgene Suite) to perform enrichment

analysis.
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1: GO: Molecular Function [pisplay Chart] 1414 annotations before applied cutoff / 18661 genes in category

D Name Source |pValue |FDR B&H | FDR B&Y | Bonferroni | Genes from Input | Genes in Annotation
1| GO:0004896 | cylokine receplor activity 8.928E-9| 1.262E-5| 9.887E-5| 1.262E-5 16 90
2|G0:0005102 | receplor binding 8.767E-7 | 6.198E-4| 4.854E-3| 1.240E-3 82 1601
3| G0:0008329 | signaling pattern recognition receptor activity 6.435E-6| 2.275E-3| 1.781E-2| 9.099E-3 B 17
4|G0:0038187 | pattern recognition receptor activity 6.435E-6| 2.275E-3| 1.781E-2| 9.099E-3 6 17
5|G0:0042287 | MHC protein binding 2,865E-5| 7.927E-3| 6.208E-2| 4,052E-2 7 3

Show 6 more ani

netations.

2: GO: Biological Process [Display Chart] 5847 annotations before applied cutoff / 18623 genes in category
[} Name Source | pValue FDR B&H | FDR B&Y | Bonferroni | Genes frem Input | Genes in Annotation
1|G0:0006952 | defense response 3.316E-16 | 1.939E-12 | 1.794E-11| 1.939E-12 111 1651
2| GO:0002682 | regulation of immune system process 2.986E-14 | 8.729E-11 | 8.075E-10 | 1.T46E-10 100 1506
3| G0:0006954 | inflammatory response 4.725E-14 | 9.209E-11 | 8.519E-10 | 2.763E-10 62 71
4|G0:0006955 | immune response 6.79TE-14 | 9,936E-11 | 9,192E-10 | 3,974E-10 102 1572
5 G0:0045321 | leukocyte activation 1.384E-12| 1.619E-9| 1.498E-8| 8.094E-9 65 828

Show 45 more a

nnotations

3: GO: Cellular Component [Display Chart] 556 annotations before applied cutoff / 19061 genes in category

o] Name Source | pValue FDR B&H | FDR B&Y | Bonferroni | Genes from Input | Genes in Annolalion
1| G0:0098552 | side of membrane 2,384E-10| 1,326E-7| 9,146E-7| 1.326E-T 44 510
2| GO:0009897 | external side of plasma membrane 9.400E-10| 2.613E-7| 1.803E-6| 5.227E-7 32 310
3| G0:0031226 | intrinsic component of plasma membrane 3.173E-9| 5.880E-7| 4.057E-6| 1.764E-6 94 1714
4|G0:0005887 |integral component of plasma membrane 9,798E-9| 1,382E-6| 9,395E-6| 5.448E-6 90 1651
5|G0:0009986 | cell surface 1.146E-7 | 1.275E-5| 8,794E-5| 6.374E-5 55 873
7: Pathway [Display Chart] 1826 annotations before applied cutoff / 12450 genes in category
] Name Source pValue ;E:E £g$ Bonferroni ﬁ::fﬁ from E:::tsa::’;n
1[153910 Phagosome BioSystems: KEGG T‘TDOE?- 1.4OBE3- 1.137E2- 1.406E-3 19 154
2[1269340 Hemostasis BioSystems: 1.680E-| 1.533E-| 1.240E-1| 3.067E-2 42 640
REACTOME 5 2
3 | MAPOQ330 Arginine and preline MAPQO0330 Arginine and proline GenMAPP 2,746E-| 1.671E-| 1.352E-1| 5.014E-2 8 38
metabolism metabolism 5 2
4(1457780 Neutrophil degranulation BioSystems: 3.975E-| 1.702E-| 1.377E~1| 7.259E-2 34 492
REACTOME 5 2
51269171 Adaptive Immune System BioSystems: 4,661E-| 1,702E-| 1.377E«1| £511E-2 49 826
REACTOME 5 2

Figure 5.15 RNAseq experiment - Top-5 most significant GO and Pathway categories - IL4 treated
samples, 48h. Representative image of the GO and pathway analysis for IL4 treated samples. Lists of genes
were submitted to the ToppFun online tool (part of the Toppgene Suite) to perform enrichment analysis.

Figure 5.13, Figure 5.14 and Figure 5.15 show representative images of the GO and

pathway enrichment analysis performed using the lists of differentially expressed

expressed genes in our experiment. The ToppFun application (from the Toppgene Suite)

allows to perform up to 18 different gene enrichment analysis; this study focused on the

3 main GO categories; 1) Molecular Function (MF), 2) Biological Process (BP) and 3)

Cellular Component (CC). In a similar way, this study focused on Pathway analysis (all

of which are shown in Figure 5.13, Figure 5.15 and Figure 5.14). As seen before in the

microarray experiment, LPS treatment of cells enriched GO categories related to cell

division, immune and inflammatory responses and related to the cell cycle progression

(Figure 5.13). Likewise, pathway analysis shows enrichment of pathways related to TNF

signalling, glutathione metabolism and cytokine signalling. All related to immune

activation of BV2 cells.
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TGFp stimulation (Figure 5.14) enriches categories related with receptor binding activity,
immune response, cell migration and lysosomal function. Pathway analysis shows
enrichment of lysosomal, phagosomal and innate immunity pathways. Finally, the 1L4
(Figure 5.14) list of differentially expressed genes is enriched with terms related to
cytokine signalling, pattern recognition receptors (PRRs), MHC binding, inflammatory
and immune responses. Pathway analysis shows enrichment of a category related
phagosome activity, neutrophil degranulation and adaptive immune response. As seen
in the GO and Pathway analysis, many of the enriched terms were related to immune
and inflammatory responses, which is consistent with the observations made in the
microarray experiment. These results were expected as the experiment was carried out

using immune cells.

The ToppFun application also allows to look for enrichment of terms and annotations in
Disease databases, particularly 5 of them: 1) Clinical Variations, 2) DisGeNET BeFree,
3) DisGeNET Curated, 4) GWAS and 5) OMIM (Online Mendelian Inheritance in Man).
Therefore, using this capability of the Toppfun application it was possible to look for
enrichment of disease terms in the lists of differentially expressed genes. Disease
pathway analysis focused primarily on the enrichment of the AD related pathways.
Results from this analysis can be seen in Table 5-7.

Table 5-7 Association of microglial stimulators with AD pathway

Enrichment of

Timepoint Treatment .
Disease terms for AD

LPS No
6h L4 Yes
TGF No
LPS No
24h IL4 Yes
TGF No
LPS Yes
48h L4 Yes
TGF No

As it can be seen in Table 5-7, there is an enrichment of terms related to AD in IL4
activated cells at all timepoints in our experiment. Similarly, this same enrichment was
seen for the LPS treated condition at 48h. These results support the involvement of
microglial activation, either M2 or M1, in AD. A representative image of this Disease

pathway analysis for IL4 at 48h can be seen in Supplementary Fig. 7.9.
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5.4.6 Differential expression of microglial and immune activation markers
In the same way as the microarray experiment, the effect of the different treatments on
the expression of microglial and immune activation markers was also investigated using

the data from the RNAseq experiment.

As seen in Table 5.8, LPS, IL4 and TGFB modified the gene expression of cell markers
which are commonly used for the identification of microglial populations. Of interest is
IBAL (Aif1) which is routinely used as a marker of microglial cells in pathological studies.
In our experiment, the expression of this gene was upregulated by LPS (M1) activation.
This effect of M1 activators on IBAL1 expression can lead to an over estimation of the
microglial cell presence in pathological studies. Similarly, the use of any of the other
microglial markers whose expression was modified by any of the three treatments can
lead to inaccurate results. Of the list of 10 microglial markers only 5 were not modified
by any of the 3 treatments: Cd11lb (Itgam), SFPil, CD68, CD45 (Ptprc) and EMRL1.
Considering these results, it would advisable to use any of these 5 markers in studies of
microglial populations which might be activated.

In recent years, the transmembrane protein 119 (Tmem119), a cell-surface protein of
unknown function, has emerged as a highly specific marker for microglia in both mouse
and human (Bennett et al., 2016). The gene expression of this gene was also studied in
our RNAseq experiment. This marker also changed in response to the three treatments;
LPS (upregulated), IL4 (downregulated) and TGFB (upregulated).
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Table 5-8 Microglial cell markers differentially expressed by LPS, IL4 and TGF treatments
LPS IL4 TGFB

Cell Marker

SFPil
Cd45
- - - No - - - No - - -
(PTPRC)
. Up-
Ibal (Aifl) Yes - - No - - - No - - -
regulated
Up- Up- Up-
CSF1 Yes P P P - - - No - - -

regulated regulated regulated
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Table 5-9 shows the analysis of the expression of M1 and M2 activation markers in
response to LPS, IL4 and TGFf in our experiment. M1 and M2 lists were derived from
revision of literature including papers from: Tang and Le (2016), (Taylor et al., 2005) and
Butovsky et al. (2005). As expected, LPS stimulation upregulated the expression of most
genes associated with M1 activation, however it also caused the differential expression
of 3 M2-related genes. This effect on the expression of M2 genes could be caused the
anti-inflammatory response that is initiated by cells following M1 activation as a way to
resolve inflammation. Surprisingly, IL4 treatment upregulated the expression of a
considerable number of M1 associated genes (4 out of 11), while causing the differential
expression of only 2 M2 markers (Pdgf(a) and Argl). Finally, TGFB stimulation was
responsible for the differential expression of 3 M1-related markers: MHCII (upregulated),
IL18 and CCL2 (both downregulated). At the same time, TGF caused the differential
expression of 4 M2-related markers (Vegf(a), Pdgf(a), 1110 and Argl).

The analysis of the expression of M1 and M2 markers shows a good response of BV2
cells to LPS with the concomitant upregulation of most M1 markers (9 out of 11).
However, BV2 cells show a modest response to M2 activators (IL4 and TGF), since a
small number of M2 markers was differentially expressed by any of these activators (2
and 4 out of 7, respectively). In this experiment, we did not see a clear upregulation of
M2 markers in response to IL4 and TGF[3. One explanation for this could be the fact that
under serum-free conditions cells were already immune deactivated (relaxed) and for
that reason there was no room for gene expression changes of M2 markers, which could
have been already expressed at high levels. Conversely, M1 markers had more “room”
for differential expression since LPS can activate relaxed cells. Further studies should
explore the possibility that in order to see a more pronounced response to IL4 and TGFj,

cells need to be pre-conditioned with an M1 activator.
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Table 5-9 Cell markers of M1 and M2 activation are differentially expressed by LPS, IL4 and TGFB

Activation Cell
State Marker

MHCII
(H2-0a)

CD40
IL1b
IL6
TNF
M1
IL18
ccL2

Cdso

1123
Cds6
ILi2
VEGF(a)
EGF
TGF8
M2 PDGF(a)
PDGF(b)
1L10

Argl

Differ.
Expressed

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

No
No

Yes
No

Yes
No
Yes
No

No

LPS
Timepoint
6h 24h 48h
Up- Up-
) regulated regulated
Up- Up-
regulated regulated i
Up- Up- Up-
regulated regulated regulated
Up- Up- Up-
regulated regulated regulated
Up- Up- Up-
regulated regulated regulated
Down-
i regulated i
Up-
regulated i )
Up- Up-
regulated  regulated i
Up- Up-
) regulated  regulated
Up- Up-
) regulated regulated
Up-
regulated ) )
Up-
regulated ) :

Differ.
Expressed

No
Yes
Yes

No
Yes

No
Yes

No

No

No
No

No
No
No

No
Yes
No

Yes

L4
Timepoint
6h 24h 48h
Up- Up- Up-
regulated regulated regulated
Up- Up- Up-
regulated regulated regulated
_ Down- _
regulated
Up- Up- Up-
regulated regulated regulated
Down- Down-
regulated  regulated
Up- Up- Up-
regulated regulated regulated

Differ.
Expressed

Yes
No
Yes
No
No
No
Yes
No

No

No
No

Yes
No
No

Yes
No
Yes

Yes

TGF
Timepoint
6h 24h 48h
) Up- Up-
regulated  regulated
_ Down- Down-
regulated  regulated
) Down- Down-
regulated  regulated
Up- Up- Up-
regulated regulated regulated
Up- Up- Up-
regulated regulated regulated
Down- Down- Down-
regulated regulated regulated
. : Up-
regulated
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5.4.1 Differential expression of AD-related genes by LPS, IL4 and TGFf

Table 5-10, shows the differential expression analysis of AD-related genes in BV2 cells
treated with LPS, IL4 and TGF[3. Similarly to the microarray experiment, the analysis
employed the list of AD-related genes compiled by Karch et al. (2014), plus two “extra”
genes from a recent association study, which reported Abi3 and Plcg2 as new AD risk
genes (Sims et al., 2017).

LPS stimulation caused the differential expression of 8 AD-related genes (ApoE, CD33,
Inpp5d, Mef2c, Trem2, Ptk2b, Madd and Abi3). While IL4 and TGF@ stimulations caused
the differential expression of 6 (CD33, Ms4a6a, Mef2c, Picalm, Clu and Abi3) and 8 (App,
Apoe, Inpp5d, Trem2, PId3, Cass4, Clu and Abi3) AD-related genes respectively. Similar
to the results obtained in our microarray experiment, these results point to a significant
effect of microglial activation status (M1 or M2) on the expression of genes which have
been linked to AD pathogenesis.
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Table 5-10 Differential gene expression of 33 AD-related genes

Cell Marker

APP
APOE

CD33

CELF1
(CUGBP)
MS4AGA
(MS4A6D)

INPP5D
MEF2C

TREM2
BIN1
PLD3

RIN3
PICALM

PTK2B
ABCA?7
CASS4
DSG2

PSEN2

SORL1

Differ.
Expressed

No

Yes

Yes

No

No

Yes

Yes

Yes
No

No

No

No

Yes
No
No
No

No

No

LPS

6h

Down-
regulated

Down-
regulated

Timepoint
24h

Down-
regulated

Down-
regulated
Down-
regulated
Down-
regulated

Up-
regulated

48h

Down-
regulated

Down-
regulated

Differ.
Expressed

No

No

Yes

No

Yes

No

Yes

No
No

No

No

Yes

No
No
No
No

No

No

L4
Timepoint
6h 24h 48h
Down- Down- Down-
regulated regulated regulated
Up- Up- Up-
regulated regulated regulated
Down- _ _
regulated
Up- ) )
regulated

Differ.
Expressed

Yes

Yes

No

No

No

Yes

No

Yes
No

Yes
No
No

No
No
Yes
No

No

No

TGF
Timepoint
6h 24h 48h
) Up- §
regulated
i Up- Up-
regulated regulated
Up- )
regulated
Up- Up-
regulated  regulated
i Up- Up-
regulated  regulated
Down- Down- Down-
regulated regulated regulated
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CR1 (Crry) No - - - No - - - No - - -

ADAM10 No - - - No - - - No - R R

EPHA1 No ; ; ; No ) } ; No ) . .

HLA-DRB5/
HLA-DRB1
(H2-Eb1/
H2-Eb1)

SLC24A4 No - - - No - - - No - - R

NMES No - - - No - - - No - - R

Down- Down- Up- ) Up-

i Y, - - Y, - - Y,
Abi3 es regulated es regulated es regulated regulated

(Continued from previous page)
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5.5 RNAseq analysis of the effect of Trem2 deficiency on the activation
of BV2 cells by LPS (M1)

5.5.1 Normalization and quality control

Similar to the activation experiments, RNA sequencing results were sent back from
AROS Applied Biotechnology, as raw sequencing reads in fastq files. Raw sequencing
results were normalised and quality control examined. After QC, 12 617 genes (out of all
the genes in the Ensembl 86 reference) were included in the analysis. PCA analysis was

carried out using the Partek® Flow™ software.

A 9
< *
@
g y
Y %
e
PC1 o
o
B . g
& \. -
e ®
O
0. 5
o® ..
[ )
.. .
PC1
c X = PC1 (37.29%)
...
&o <
" oo
§ :.".— Treatment Trem2 genotype
o P .’ Color | Value Size | Value
‘. . ctrl ° KO
- ® | ® w
PC2

Figure 5.16 PCA scatter plot of RNAseq data — Effect of Trem2 deficiency on BV2 activation. PCA was
used to identify outliers and to visualize the clustering of all sequenced. Panels A, B and C show 2D
representations of PC1vsPC2, PC1vsPC3 and PC2vsPC3, respectively. Panel D shows a 3D representation
of the 3 main PC’s. No samples were excluded as a result of this analysis and it was possible to distinguish
some clustering of samples. Panel D, shows the clustering of 4 clear groups of samples: the sky blue oval
highlights clustering of untreated WT cells (control), the red oval highlights clustering of LPS (100ng/mL)
treated WT cells, the green oval highlights clustering of Trem2 KO (B5 cell line) untreated cells and the
orange oval highlights the clustering of Trem2 KO LPS treated cells.

Figure 5.16 shows the PCA scatter plot of all samples used for the evaluation of the
effect of Trem2 deficiency on BV2 cell activation, M1 only. Samples are coloured
according to their treatment and the sizes of the spheres represent the Trem2 genotype.
The scatter plot shows clear segregation of 4 different groups: 1) WT control (untreated,
sky blue oval), 2) WT LPS treated (red oval), 3) Trem2 KO control (untreated, green oval)

and 4) Trem2 LPS treated (orange oval). After, PCA none of the samples was discarded.
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5.5.2 Identification of Differentially Expressed (DE) genes and generation of
gene lists

Similar to the activation experiment, a Multi-factor ANOVA was used for the identification
of differentially expressed genes. Partek® Flow™ was used for the statistical. For the
statistical analysis the following criteria were used as the main sources of variation;
number of biological replicate (repeat or batch), timepoint, treatment, Trem2 genotype,
timepoint x treatment, timepoint x Trem2 genotype, treatment x Trem2 genotype and
timepoint x treatment x Trem2 genotype. For comparison, 12 contrasts were set up to
compare gene expression changes across treatments and timepoints (as shown in Table
5.6).

Table 5-11 Contrasts used for the multi-factor ANOVA — RNAseq effect of Trem2 deficiency on
the activation of BV2 cells by LPS (M1)

WT WT WT KO KO KO
X X X X X X
control, control, control, control, control, control,

6h 24h 48h 6h 24h 48h

WT x control, 6h

WT x LPS 100ng/ml, 6h X

KO x control, 6h X

KO x LPS 100ng/ml, 6h X X

WT x control, 24h

WT x LPS 100ng/ml, 24h X

KO x control, 24h X

KO x LPS 100ng/ml, 24h X X

WT x control, 48h

WT x LPS 100ng/ml, 48h X

KO x control, 48h X

KO x LPS 100ng/ml, 48h X X

Analogous to the microarray and RNAseq (activation) experiments, each treatment
condition was compared to its own untreated control for each timepoint. This time, control
samples (across timepoints) were not compared with each other, since they have already
been compared during the RNAseq microglial activation experiment. It is important to
remember that the same control (untreated) samples were used for both RNAseq

experiments as both experiments were done together as a single experiment.

The same conservative FDR of 0.01 and a minimum fold change of £1.5 conditions were
used for the generation of differentially expressed gene lists. 12 gene lists were created

(one per contrast); all contrasts produced lists of differentially expressed genes.
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Figure 5.17 Number of Differentially expressed genes - RNAseq Trem2 deficiency effect on microglial
activation. Following the ANOVA analysis, lists of differentially expressed genes were obtained. These lists
were composed of genes whose expression was affected by Trem2 deficiency and LPS (M1) activation of
BV2 cells. A) Shows the number of differentially expressed genes per condition (genotype and treatment)
and per timepoint compared to the control sample for its correspondent timepoint. B) Shows the number of
differentially expressed genes in Trem2 KO cells compared to BV2 unmodified (Control) per timepoint.
WT=Wild type cells (BV2 unmodified), KO=Trem2 KO (B5 cell line).

As seenin Figure 5.17, panel A, all conditions assayed in this experiment generated lists
of differentially expressed genes. The first thing that sprung to our attention is the overall
50-50% split between up- and down-regulated genes for each list. This is interesting
since there is a perception that during activation of immune cells, the number of
upregulated genes is greater than the number of downregulated genes, which is not the
case in our experiment. A second observation is the fact that the number of differentially
expressed genes for the WT-LPS treated samples declined as time passed
(1943>1435>797). This reduction in the number of differentially expressed genes points

to a resolution of the inflammatory response to LPS.

Trem2 KO cells had a very different response to both untreated and LPS conditions,
when compared to WT-untreated cells, in our experiment. For one, the number of

differentially expressed genes in KO cells under untreated conditions (compared to WT
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untreated for its correspondent timepoint) remained constant at ~4000 differentially
expressed genes per timepoint, which was at least twice as many differentially expressed
genes by LPS treatment of WT cells. This suggests that Trem2 deficiency greatly
disrupts BV2 gene expression and that this disturbance is constant as time passes by
(different timepoints). Secondly, LPS treatment of KO cells had a small effect on the
number of differentially expressed genes compared to the KO alone (4478>4595>4254)
at any timepoint. Moreover, unlike the reduction seen in the number of differentially
expressed genes for the LPS treatment of WT cells, the number of differentially
expressed genes in KO cells treated with LPS remained almost constant (between 4595
and 4254). This result points to an impaired response to LPS treatment (not many genes
were differentially expressed by LPS compared to the WT cells) and an impaired immune
deactivation (resolution) in the KO cells (compared to the reduction in the number of

differentially expressed genes seen in WT-LPS stimulated cells.

Figure 5.17, panel B, shows the comparison between the number of differentially
expressed genes of WT and Trem2 KO cells in response to LPS treatment for each
timepoint. As seen in Figure 5.17, panel A, there were clear differences between the
gene expression responses to LPS in WT and Trem2 KO cells. These differences show
a slight reduction as time goes by in the experiment (3867>3504>3497), but remain

markedly different.

5.5.3 Identification of enriched biological pathways — GO and Pathway analysis

As before, identification of enriched GO categories and pathways was performed using
the ToppFun tool from the Toppgene suite (available at https://toppgene.cchmc.org/).
Conditions of analysis were left as default and a FDR B&H (Benjamine-Hochberg) value
of <0.05 was considered as statistically significant for analysis. Only the top-5 GO
categories and pathways for each gene list (condition) are shown, unless indicated

otherwise.
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1: GO: Molecular Function [Display Chart] 3071 annotations before applied cutoff / 18661 genes in categery

D Name Source | pValue |FDR B&H |FDR B&Y | Bonferroni | Genes from Input | Genes in Annetation
1| G0:0019893 | enzyme binding 1.429E-9| 4,388E-6| 3.777E-5| 4.388E-6 441 1929
2| GO:0017076 | purine nucleotide binding 4.264E-9 | 6,548E-6| 5636E-5| 1.310E-5 428 1879
3 | G0:0032553 | ribonuclectide binding 6,521E-9| 6,676E-6| 5746E-5| 2,003E-5 427 1880
4| GO:0030554 | adenyl nucleotide binding 9,207E-9 | 7,069E-6| 6,084E-5| 2,828E-6 366 1530
5| GO:0032555 | purine ribonuclectide binding 1.233E-8| 7.576E6| 6.521E-5| 3.788E-5 422 1864

Show 25 more annotations

2: GO: Biolegical Process [Display Chart] 10565 annotations before applied cutoff / 18623 genes in category
o Name Source | pValue FDR B&H | FOR B&Y | Banferroni | Genes from Input | Genes in Annatation
1| GO:0002682 | regulation of immune system process 2.019E-13| 2,133E-9| 2100E-8| 2133E-9 378 1506
2| GO:0015031 | protein transport 6.271E-13| 3.313E-9| 3.261E-8| 6.B625E-9 467 1948
3| GO:0006613 | colranslational protein largeting lo membrane 8.009E-12| 2.821E-8| 2.776E-7| 8.462E-3 48 101
4 [ GQ:0070972 | protein |ocalization to endoplasmic reticulum 1.172E-11| 3.097E-8| 3,048E-7| 1.238E-T 55 125
5| G0O:0034613 | cellular protein localization 2,022E-11| 4, 273E-8| 4,205E-7| 2136E-T 401 1666

Show 45 more annotations

3: GO: Cellular Component [Display Chart] 1228 annotations before applied cutoff / 19061 genes in category

o Name Source |pValue  |FDR B&H | FDR B&Y | Bonferroni | Genes from Input | Genes in Annotation
1|6G0:0022626 | cytosolic ribosome 1.006E-10| 1.235E-7 | 9.498E-7| 1.235E-7 51 119
2| G0:0044432 | endoplasmic reticulum part 427T1E-10| 2,623E-7| 2.017E-6| 5.245E-7 288 "
3| GO:0005783 | endoplasmic reliculum 3,122E-9| 1,127E-6| 8,666E-6| 3BI4E-6 390 1706
4 G0:0005789 | endoplasmic reliculum membrane 4.687E-9| 1.127E-6| 8.666E6| 5.756E-6 245 994
5| G0:0022627 | cytosclic small ribosomal subunit 5.256E-9| 1,127E-6| 8.666E-6| 6.454E-6 25 44
7: Pathway [Display Chart] 3278 annotations before applied cutoff / 12450 genes in category
[o] Name Source pVvalue FDR B&H | FOR B&Y | Bonferroni | Genes from [nput | Genes in Annotation
1|1268689 | SRP-dependent cotranslaticnal protein targeting to BioSystems: 3.481E-| 1,141E-9| 9.897E-9| 1.141E-9 55 116
membrane REACTOME 13
21269120 | Viral mRNA Translation BioSystems: 2,030E-11| 3,327E-8| 2.885E-7| 6.654E-8 45 93
REACTOME
311268691 | Peplide chain elongation BioSystems: 8.697E-11| 9.503E-8| 8.241E-7| 2.851E-7 44 93
REACTOME
4| 1268692 | Eukaryolic Translation Termination BioSystems: 1.213E-| 9.943E-8| 8.623E-7| 3977E-7 45 a7
REACTOME 10
51339156 | Selenocysteine synthesis BioSystems: 3177E-| 2.083E-T| 1.807E-6| 1.042E6 44 96
REACTOME 10
18: Disease [Display Chart] 12640 annotations before applied cutoff / 16203 genes in category
D Name Source pValue FDR B&H |FDR B&Y |Bonferroni | Genes from Input | Genes in Annolation
1 | C0023893 |Liver Cirrhosis, Experimental DisGeNET Curated | 1.876E-20 | 2.372E-16 | 2,377E-15| 2,372E-16 227 767
2 | C0023467 | Leukemia, Myelocytic, Acute DisGeNET Curated | 1.028E-13 | 6 494E-10| 6.509E-9| 1.299E-9 382 1646
3 | C0023418 | leukemia DisGeNET Curated | 8.453E-12| 3.562E-8| 3.569E-7| 1.068E-7 412 1854
4 | C4020889 | Aulosomal recessive predisposilion DisGeNET Curaled | 3.341E-11| 1.056E-7| 1.058E-6| 4.223E-7 331 1445
I 5 |C0003873 | Rheumnatoid Arthritis DisGeNET Curated | 8.978E-11| 2.270E-7| 2.275E-6| 1.135E-6 366 1640
6 |C0024299 | Lymphoma DisGeNET Curated | 3,276E-10| 6.802E-7| 6.917E-6| 4.141E-6 289 1253
I 7 | C0524851 | Neurodegenerative Disorders DisGeNET Curated | 1,131E-9| 2.043E-6| 2.047E-5| 1.430E-5 179 710
8 |C0027819 | Neurcblastoma DisGeNET Curated | 2,592E-9| 4,095E-6| 4,104E-5| 3,276E-5 367 1689
I 9 | C0002395 | Alzheimer's Disease DisGeNET Curated | 4,325E-9| 5789E-6| 5802E-5| 5466E-5 391 1825
10| C0002736 | Amyotrophic Lateral Sclerosis DisGeNET Curated | 4.580E-9| 5.789E-6| 5.802E-5| 5.789E-5 160 629
11 | C0024138 | Lupus Erythematosus, Discoid DisGeNET Curated | 6,335E-9| 7.279E-6| 7.295E-5| 8.007E-5 20 303
12| C0024131 | Lupus Vulgaris DisGeNET BeFree | 1,245E-8| 1.312E-5| 1.314E-4| 1.574E-4 86 289
13| C0409974 | Lupus Erythematosus DisGeNET BeFree | 1,946E-8| 1,892E-5| 1,896E-4| 2,460E-4 a7 296
14 | C0151744 | Myocardial Ischemia DisGeNET Curated | 2.265E-8| 2.045E-5| 2.049E-4| 2.862E-4 114 421
15 | CO023470 | Myeloid Leukemia DisGeNET Curated | 2,731E-8| 2.301E-5| 2.306E-4| 3.452E-4 127 484

Figure 5.18 Enrichment of GO and Pathway categories - Trem2 KO vs WT, 6h. Representative image
of the GO and pathway analysis for Trem2 KO samples (6h). Lists of genes were submitted to the ToppFun
online tool to perform enrichment analysis. The ToppFun report includes many enrichment categories, here
only 5 of them are shown: Molecular Function (MF), Biological Process (BP), Cellular Component (CC),
Pathway and Disease.

Figure 5.18 shows a representative image of the GO and Pathway analysis performed

in the Trem2 KO samples (similar results were obtained at 24h and 48h). GO terms

enriched for the Trem2 KO samples were related to nucleotide and ribonucleotide

binding (MF); regulation of the immune response, protein localization and transport (BP);

ribosome and endoplasmic reticulum (CC); peptide and protein translational processes
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(Pathway). Interestingly, there was an enrichment of Disease terms related to
Rheumatoid Arthritis (which could be related to the Nasu-Hakola phenotype),

Neurodegenerative disorders and Alzheimer’s disease.

5.5.4 Differential expression of microglial and immune activation

markers

Similar to the past two gene expression experiments, this section examines the effect of

Trem2 deficiency on the expression of microglial and immune activation markers.

As seen in Table 5-12, LPS, IL4 and TGF[ were able to modify the gene expression of
many cell markers which are used for the identification of microglial populations.
Strikingly, Cd11b (Itgam) was upregulated in Trem2 KO cells in all conditions and
timepoints. This finding is a novel one to the best of our knowledge. Cd11b is a marker
widely used for the study and identification of microglia. It is also part of the complement
immune system. In flow cytometry assays for example, it is used to discriminate between,
CD11b positive cells (meaning microglial cells) and Cd11b negative cells (meaning all
other cell types of the brain)(Mazaheri et al., 2017). Interestingly, high expression of this
marker has been associated with higher expression Trem2 (Kim et al., 2017). The finding
that Cd11b is upregulated in Trem2 deficient cells can have implications for the study of
the complement system in microglia. This system has already been shown to be
disrupted in AD. An example of this is the upregulation of CR1, and other complement

factors, which has been reported in affected regions of AD brains (Shen et al., 1997).

In a similar way, Ibal (Aifl) is upregulated in KO cells (treated or LPS treated). The gene
expression of this marker has already been shown to be disrupted in WT BV2 cells
treated with LPS. Of the list of 10 microglial markers only 3 were not modified by either
Trem2 deficiency or the LPS treatment: SFPil, CD45 (Ptprc) and EMR1. These 3
microglial markers have the only ones that have been shown not to be altered by any
microglial challenge (this includes the microarray experiment and the 2 RNAseq
experiments). Considering these results, it is strongly recommended to use any of these
3 markers for studies of microglial populations which might be activated or are Trem2

deficient.

The expression of Tmem119, a highly specific marker for microglia (Bennett et al., 2016),
in Trem2 deficient BV2 cells was also examined in this study. Unsurprisingly, this marker
was also upregulated by Trem2 deficiency and in response to LPS stimulation (both in
WT and Trem2 KO cells).
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Table 5-12 Microglial cell markers differentially expressed by Trem2 deficiency

Cell
Marker

Cdi1lb
(Itgam)
SFPil

Cd68

Cd4s
(PTPRC)

Cx3CR1

Ibal
(Aif1)

Cdi4

CSF1

CSF1R

EMR1

KO-untreated WT-LPS KO-LPS
Differ. Timepoint Differ. Timepoint Differ. Timepoint
Expressed 6h 24h 48h Expressed 6h 24h 48h Expressed 6h 24h 48h
Up- Up- Up- Up- Up- Up-
Yes Yes = = = No
regulated regulated regulated regulated regulated regulated
No - - - No - - - No - - -
Down-
No = = = No = = = Yes = =
regulated
No - - - No - - - No - - -
Up- Up-
No - - - Yes - No - - -
regulated regulated
Down- Down- Down- Up- Down- Down- Down-
Yes Yes - - Yes
regulated regulated regulated regulated regulated regulated regulated
Down- Down- Down- Up- Up-
Yes Yes = No = = =
regulated regulated regulated regulated regulated
Down- Down- Up- Up- Down- Down- Down-
Yes Yes - Yes
regulated regulated regulated regulated regulated regulated regulated
Up- Up- Up- Up-
Yes Yes = Yes =
regulated regulated regulated regulated
No - - - No - - - No - - -
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The analysis of the expression of M1 and M2 activation markers in Trem2 KO cells is
shown in Table 5-13. As shown in previous experiments, LPS stimulation of WT cells
upregulated the expression of most genes associated with M1 activation, however it also
caused the upregulation of 3 M2-related genes. Surprisingly, untreated Trem2 KO cells
caused the differential expression of 8 (out of 11) M1 associated genes. Additionally,
these cells showed disruption on the expression of up to 7 (out of 7) M2 markers (3
downregulated and 4 upregulated). A similar pattern, of dysregulation on the expression
of both M1 and M2 markers was seen in Trem2 KO cells treated with LPS. This analysis
of the expression of M1- and M2-related markers clearly shows a complete disruption on
the expression of M1 and M2 markers in the Trem2 KO cells under untreated and LPS

treated conditions, compared to WT untreated cells.
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Table 5-13 Cell markers of M1 and M2 activation are differentially expressed by Trem2 deficiency and LPS.

Cell
Marker

Activation
State

MHCII
(H2- Oa)

CD40
IL1b
IL6
TNF
M1
IL18
ccL2

Cd8so

1123(a)
Cds6
1112

VEGF(a)

EGF

TGF8
M2 PDGF(a)
PDGF(b)

IL10

Argl

Differ.
Expressed

Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
Yes
Yes

Yes

Yes

KO-Untreated

6h

Up-
regulated
Up-
regulated

Up-
regulated

Down-
regulated

Up-
regulated
Up-
regulated

Down-
regulated
Down-
regulated
Up-
regulated

Timepoint
24h

Up-
regulated
Up-
regulated

Up-
regulated
Down-
regulated

Up-
regulated

Down-
regulated
Up-
regulated
Down-
regulated
Down-
regulated
Up-
regulated

48h
Up-
regulated
Up-
regulated
Up-
regulated

Up-
regulated

Up-
regulated
Up-
regulated

Up-
regulated

Down-
regulated
Down-
regulated
Up-
regulated

Differ.
Expressed

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes
No
Yes
No
Yes

No

No

WT-LPS
Timepoint
6h 24h 48h
Up- Up-
) regulated  regulated
Up- Up-
regulated  regulated )

Up- Up- Up-
regulated regulated regulated
Up- Up- Up-
regulated regulated regulated
Up- Up- Up-
regulated regulated regulated
Down-

) regulated i

Up-
regulated i )
Up-
regulated i i
Up- Up-
i regulated  regulated
Up- Up-
i regulated  regulated
Up-
regulated i )
Up-
regulated i )

Differ.
Expressed

Yes
Yes
Yes
No
Yes
Yes
No
Yes
Yes
No
No
Yes
No
No
No
Yes

Yes

Yes

KO-LPS
Timepoint
6h 24h 48h
Up-
) ) regulated
Up- Up- Up-
regulated regulated regulated
Up- Up- Up-
regulated regulated regulated
Up- Up- Up-
regulated regulated regulated
Up-
regulated ) )

Up- Up- Up-
regulated regulated regulated
Up-

) regulated )

Up- Up- Up-
regulated regulated regulated
Down- Down- Down-
regulated regulated regulated

Down- Down-
) regulated  regulated
Up-
) ) regulated
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5.5.5 Differential expression of AD-related genes in Trem2 KO cells

Table 5.14 shows the analysis of the differential expression of AD-related genes in
Trem2 KO BV2 cells (untreated and LPS stimulated). Keeping in line with the previous
RNAseq experiment, the same list of AD-related genes compiled by Karch et al. (2014)
and the two “extra” genes (Abi3 and Plcg2) from a recent association study (Sims et al.,
2017) was used.

Trem2 deficiency causes the differential expression of 13 and 10 AD-related genes under
untreated and LPS treated conditions, respectively. Meanwhile LPS activation of WT
BV2 cells caused differentially expressed of only 8 genes (ApoE, CD33, Inpp5d, Mef2c,
Trem2, Ptk2b, Madd and Abi3), which is consistent with the results obtained in the
microarray study. The disruption in the gene expression patterns of a considerable
number of AD-related genes in the Trem2 KO cells suggests that Trem2 plays an

important role in the regulation of AD associated pathways.
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Table 5-14 Differential gene expression of AD-related genes in Trem2 KO cells.

Cell
Marker

APP
APOE

CD33

CELF1
(CUGBP)
MS4AGA
(MS4A6D)

INPP5D
MEF2C
TREM2

BIN1
PLD3
RIN3

PICALM

PTK2B
ABCA7
CASS4
DSG2

PSEN2

SORL1

ZCWPW1

Differ.
Expressed

No

Yes

Yes

No

No

Yes

Yes

Yes
No

No

Yes

No
No
Yes
No

Yes

Yes

No

Trem2 KO-Untreated

6h

Down-
regulated

Down-
regulated
Down-
regulated
Up-
regulated

Down-
regulated

Up-
regulated
Up-
regulated

Timepoint

24h

Down-
regulated
Up-
regulated

Down-
regulated
Down-
regulated
Up-
regulated

Up-
regulated

48h

Down-
regulated

Down-
regulated
Down-
regulated
Up-
regulated

Up-
regulated

Up-
regulated

Differ.
Expressed

No

Yes

Yes

No

No

Yes

Yes

Yes

No
No

No
No

Yes
No
No
No

No
No

No

WT-LPS
Timepoint
6h 24h 48h
Down- Down-
) regulated  regulated
Down-
regulated i
Down- Down-
regulated  regulated )
Down- Down-
regulated  regulated :
Down-
regulated i
Up-
regulated )

Differ.
Expressed

No

Yes

No

No

No

No

Yes

Yes

Yes
No

No
Yes

No
No
No
No

Yes
Yes

No

KO-LPS
Timepoint
6h 24h 48h
Down- Down- Down-
regulated regulated regulated
Down- Down- Down-
regulated regulated regulated
Down- Down- Down-
regulated regulated regulated
Up- Up- Up-
regulated regulated regulated
Down- ) )
regulated
Up- ) )
regulated
Up- Up- Up-
regulated regulated regulated
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CR1 (Crry) No - - - No - - - No - - -

Down- Down- Down- Down- Down-
ADAM10 Yes regulated  regulated i No ) ) ) ves regulated  regulated  regulated

EPHA1 No ; ; ; No ] ) ] No ) . .

HLA-DRB5/
HLA-DRB1
(H2-Eb1/
H2-Eb1)

SLC24A4 No - - - No - - - No - - -

NMES No - - - No - - - No - - -

. Up- Down-
Abi3 Yes ) ) regulated ves . regulated . No . ) )

(Continued from previous page)
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5.5.6 Trem2 KO effect on WT BV2 cells’ gene expression programme

One of the aims of this chapter was to identify pathways which are disrupted by Trem2
deficiency on BV2 cells. To this end, all the lists of differentially expressed genes
obtained from the Trem2 KO clone, irrespective of the timepoint, were compared with
each other. This comparison allowed us to identify a list of genes which were disrupted

by the Trem2 deficiency regardless of the timepoint evaluated.

Trem2 KO - 6h 7 Trem2 KO — 24h

Trem2 KO - 48h

Figure 5.19 Trem2 deficiency disrupts the expression of 2659 genes in BV2 microglia. The lists of
differentially expressed genes generated from Trem2 KO cells at each timepoint (6h, 24h and 48h) were
compared with each other to identify those genes whose expression was disrupted by Trem2 deficiency
regardless of the timepoint. The number of genes shared by the 3 lists of differentially expressed genes was
2659.

As shown in Figure 5.19, Trem2 deficiency disrupted the expression of 2659 genes in
BV2 cells. This is a rather large number of genes which are disrupted and is equivalent
to the number of genes disrupted by LPS stimulation on WT cells at 6 hours (1943 genes,
see Figure 5.17). This list of 2659 genes was then used to look for enrichment of

particular GO or Pathway categories.
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1: GO: Molecular Function [Display Chart] 2616 tations before applied cutoff / 18661 genes In category

ID Mame Source |pValue |FDR B&H |FDR B&Y | Bonferroni | Genes from Input | Genes in Annotation
1| GO:0017076 | purine nucleotide binding 7.754E-9| 8,564E-6| 7.234E-5| 2.02BE-5 312 1879
2| GO:0030554 | adenyl nucleotide binding 8.686E-9| 8.564E-6| 7.234E-5| 2.272E-5 262 1530
3| GO:0032553 | ribonuclectide binding 1,221E-8| 8,564E-6| 7,234E-5| 3,193E-5 31 1880
4| G0:0032559 | adenyl ribonucleotide binding 1,504E-8| 8,564E-6| 7,234E-5| 3,935E-5 259 1518
§| G0:0032555 | purine ribonuclectide binding 1.637E-8| 8.564E-6| 7.234E-5| 4.282E-5 308 1864

Show 33 more annctations

2: GO: Biological Process [Display Chart] 9501 annotations before applied cutoff / 18623 genes in category

1D Name Source | pValue FDR B&H |FDR B&Y | Bonferroni | Genes from Input | Genes in Annotation
1| GO:0002682 | regulation of immune system process 1499E-14 | 1,424E-10| 1,387E-9| 1,.424E-10 287 1506
2| GO:0006955 |immune response 6/607E-13| 3.138E-9| 3.056E-8| 6.277E-9 290 1572
3| GO:0006928 | movement of cell or subcellular component 4 7756-9| 1512E-5| 1.472E4| 4.536E-5 316 1882
4| GO:0001775 | cell activation 7.533E-9| 1.,789E-5| 1.742E4| 7.157E-5 186 1001
5| G0:0040011 |locomation 1,6056-8| 2,559E-5| 2491E4| 1.525E-4 292 1735

Show 45 more annotations

3: GO: Cellular Component [pisplay Chart] 1078 annotations before applied cutoff / 19061 genes in category

D MName Source |pValue |FDR B&H | FDR B&Y | Bonferroni | Genes from Input | Genes in Annolation
1| GO:0009986 | cell surface 5.848E-8 | 6.305E-5| 4.767TE4| 6.305E-5 160 873
2| GO:0098552 | side of membrane 2.586E-7 | 1.394E-4| 1.054E-3| 2.788E-4 102 510
3| GO:0009897 | external side of plasma membrane 4,306E-7 | 1,547E-4 | 1,170E-3| 4,642E4 69 310
4| GO:0005783 | endoplasmic reliculum B.070E-6 | 1.636E-3 | 1.237E-2| B6.544E-3 267 1706
5| GO:0044432 | endoplasmic reticulum part 1,155E-5 | 2.489E-3| 1.882E-2| 1,245E-2 192 177

7: Pathway [Display Chart] 3063 annotations before applicd cutoff / 12450 genes in category

1D Name Source pValue |FDR B&H |FDR B&Y |Bonferroni | Genes from [nput | Genes in Annolation
111269203 | Innale Immune System | BloSystems: REACTOME | 9.213E-7 | 2.822E-3| 2.428E-2| 2.822E-3 221 1312
2|83048 | MAPK signaling pathway | BioSystems: KEGG 3.516E-6 | 5.385E-3 | 4.634E-2| 1.077E-2 58 255
3| 1457780 | Neutrophil degranulation | BioSystems: REACTOME | 8,255E-6 | 8,428E-3| 7.252E-2| 2528E-2 95 492
4| 1404797 | Platinum drug resislance | BioSystems: KEGG 5421F-5| 3,613E-2| 3.108E-1] 1.66802-1 22 73
5(82973 | Glulathione metabolism | BioSystems: KEGG 5.898E-5| 3.613E-2| 3.108E-1] 1.807E-1 18 54

=y

8: Disease [Display Chart] 10889 tations before

pplied cutoff / 16203 genes in category

D Name Source pValue FDR B&H |FDR B&Y | Bonferreni | Genes from Input | Genes in Annotalion

1 | C0023893 | Liver Cirrhosis, Experimental DisGeNET Curated | 1.424E-18 | 1,550E-14 | 1.531E-13 | 1,550E-14 172 767

2 | C0023467 | Leukemia, Myelocytic, Acute DisGeNET Curated | 2.271E-12| 1.236E-8| 1.221E-T| 2.473E-8 280 1646

4 | C0003873 | Rheumaloid Arthritis DisGeMET Curated | 9.057E-10| 2.466E-6| 2434E-5| 9.863E-6 267 1640
|- 5 | C0002395 | Alzheimer's Disease DisGeNET Curated | 3.109E-9| B.771E-6| B.6B5E-5| 3.386E-5 289 1825

Figure 5.20 GO, Pathway and Disease enrichment analyses of BV2 genes disrupted by Trem2
deficiency. GO, Pathway and Disease enrichment analysis was performed using the list of differentially
expressed genes generated as a result Trem2 deficiency (regardless of the timepoint); 2569 genes in total
(see Figure 5.19). The analysis included 5 enrichment categories; 1) Molecular Function, 2) Biological
Process, 3) Cellular component, 4) Pathway and 5) Disease pathways.

As seen in Figure 5.20, the list of genes differentially expressed as a consequence of
Trem2 deficiency shows an enrichment of terms associated with: binding to peptides,
proteins, nucleotides, ATP, etc. (panel A, MF); cell activation, regulation of the immune
response, cell migration and cytokine production (panel B, BP); cell surface, endoplasmic
reticulum, endosome, etc. (pane C, CC); innate immune system and MAPK signalling
pathway (Pathway). Additionally, there was an enrichment of terms associated with
Rheumatoid arthritis and Alzheimer’s disease in the Disease analysis (panel D). These
results support the role of TREMZ2 in cell activation and immune response, cell migration
and cytokine production, while it offers a new link between Trem2 deficiency and
diseases like Rheumatoid arthritis and Alzheimer’s disease. Pathway analysis showed
enrichment of immune related pathways, such as innate immune system, MAPK
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signalling pathways, Neutrophil degranulation and Glutathione metabolism. These
results further confirm the role of Trem2 in the regulation of immune responses (Yeh et
al., 2017).

Curiously, there were some other members of the TREM family of genes among the
2659 genes differentially expressed as a consequence of Trem2 deficiency. These
genes included; Trem3, Tremll and Treml4. Remarkably, all of these genes were
upregulated in the Trem2 KO cell line compared to the WT cells. Parallel to these genes,
Treml was also differentially expressed by the lack Trem2, but only at the later
timepoints (24h and 48h). These findings are interesting for 2 main reasons; 1) these
group of genes are upregulated by the lack of Trem2, suggesting an interplay between
members of the TREM family and, 2) TREM family members are all located in close
proximity in the genome of both mouse and humans, as shown in Figure 5.21.

Gene Gene Figure 5.21 Localization of TREM genes on mouse chromosome
C 17C (left) and human chromosome 6p21.1 (right). Schematic of
Trem5 H the relative position of TREM family members in both the mouse and
human genomes. Genes shown in green are known or predicted to
associate with DAP12, while those shown in red contain an ITIM
pdctrem . A . .
(Immunoreceptor tyrosine-based inhibitory motif) motif(s). In
contrast, Treml2, shown in gray, neither associates with DAP12 nor
has an ITIM. Modified from Ford and McVicar (2009).
Trem1 l l TREM1
Trem3 &
Treml4 i i TREML4
l TREML3
Tremi2 l l TREML2
Treml6 l
Trem2 l & TREM2
Tremi1 l l TREML1

mChr17C T hChr 6p21.1
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5.6 Discussion

The aim of this chapter was to identify the immune/inflammatory activation mechanisms
by which microglia may contribute to neurodegeneration, particularly in the case of AD.
In this sense, this study aimed to dissect the microglial response to different immune
activators and their correlation with stablished activation states (M1/M2 or other). As a
possible link between AD and microglial activation, the microglial response to AB1-42
monomers, oligomers and fibrils was also evaluated. Another aim of this chapter was to
investigate the relationship between the different microglial activation states and the
expression of genes that have been associated with AD risk. Of particular interest was
the role that Trem2 might play in microglial activation and neurodegeneration. To this
end, the response of Trem2 KO cells (B5 cell line, obtained in Chapter 3) to the classical

microglial activator LPS (M1) was also investigated.

At this point it is worth mentioning the importance of serum-starving microglial cells in
order to immune downregulate them before stimulation/activation. Serum is rich in
metabolites and growth factors, therefore it is universally used to supplement in vitro cell
cultures, including microglial cells. Yet, it also contains many blood-borne molecules that
are actively excluded from the CNS and that are not available to microglia in normal
conditions. Serum supplementation of microglial cultures has been shown to alter their
proliferative and phagocytic capacities, as well as their gene expression profile (Bohlen
et al., 2017). Moreover, the morphology of BV2 cells is altered by the amount of serum
in the culture medium. Cells grown in 10% serum are spherical, but when transferred
into a serum-free culture medium these cells assume a more ramified appearance
(Bohlen et al., 2017).

It is believed that increased autophagy, triggered by nutrient starvation conditions, is
responsible for the immune downregulation of microglial cells grown in a serum-free
medium (Bussi et al., 2017, Netea-Maier et al., 2016).There is evidence showing that
autophagy controls immune processes in other tissues (for a review see Deretic et al.
(2013)). Interestingly, microglial cells have been shown to undergo increased autophagy
in both AD patients carrying TREM2 risk variants and in Trem2 deficient mouse models,
highlighting the importance of TREM2 in the cell’s metabolic fitness (Ulland et al., 2017).
Furthermore, there is evidence showing that degradation of extracellular soluble AR

fibrils is dependent on autophagy mechanisms (Kitazawa et al., 2011).

Currently, most of the existing literature related to autophagy in the CNS (or AD for that
matter) focuses on neurons with limited research exploring its effect on microglial
function and immune activation (Arroyo et al., 2014, Plaza-Zabala et al., 2017). For this

reason it is difficult to identify the effect that autophagy or serum starvation may have in
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specific genes (such as APOE or TREM2). Nevertheless, there have been studies which
have explored the effect of serum supplementation into serum-free cultures, which are
starved and may undergo increased autophagy. In particular, Bohlen et al. (2017)
showed that the addition of serum in microglial cultures lowered the expression levels of
both ApoE and Trem2 compared to serum-free cultures (supplementary information of
the paper). Furthermore, the authors reported the upregulation of pathways involved in
proliferation, amino acid metabolism and the complement immune system, while
cytokine and lipid metabolism (ApoE is strongly associated with this pathway in the CNS)
pathways are downregulated. The authors even observed a marked and sustained
downregulation (by qPCR) of specific activation markers such as ll1b, Tnf and Ccl2, in

primary microglial cells grown in serum-free conditions.

Conversely, Wang et al. (2017) have shown that the addition of 5% human serum (from
healthy individuals or systemic lupus erythematosus patients) into BV2 cultures was able
to upregulate the expression of MHCII and CD86 (the latter did not reach statistical
significance), demonstrating clear microglial activation. However, in this study cells were
not serum-starved (FBS was used for routine culture of cells) for any length of time before
their stimulation with the human serum, which could affect the cells’ sensitivity to stimuli.
Altogether, serum supplementation has been shown to alter microglial cells in culture

and for that reason it is common practice to avoid it before stimulation/activation.

Finally, it is worth discussing the role of the APOE gene in the immune response seen in
AD in light of experimental results obtained. APOE is one of the many AD-risk genes
related to neuroinflammation and there are numerous in vitro and in vivo studies that
support this role (for a review Rebeck (2017)). For example, the different APOE isoforms
have been shown to disturb inflammatory responses in microglia and astrocytes, with the
APOEA4 isoform stimulating the strongest inflammatory phenotype (Lynch et al., 2003,
Guo et al.,, 2004, Vitek et al., 2009). Conversely, APOE-based peptides signalling
through the LRP1 receptor (Pocivavsek et al., 2009b), a known APOE receptor, have
been shown to inhibit inflammatory processes in primary microglia (Pocivavsek et al.,
2009a). APOE has also been shown to promote an anti-inflammatory phenotype in
primary macrophages through binding to its receptors ApoER2 and VLDLR (Baitsch et
al., 2011). Similarly, APOE-based peptides have been shown to alleviate and even
prevent LPS-induced inflammation (Lynch et al., 2003), traumatic brain injury (Lynch et
al., 2005), intracerebral haemorrhage (James et al., 2009) and focal ischemia (Wang et
al., 2013) in mouse models. Remarkably, blocking inflammatory signalling can promote
upregulation of APOE in microglia, suggesting that APOE levels and inflammation are in
a negative feedback loop with APOE inhibiting inflammation and inflammation inhibiting
APOE expression (Rebeck, 2017).
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5.6.1 Microarray analysis of microglial activation: Different responses to LPS, AB1-42
(fibrils), dextran sulphate and fibrinogen.

To accomplish the first objective of this chapter, BV2 cells (murine microglial cell line)
were exposed to six different stimuli; AB1-42 fibrils, dextran sulphate 1 and 100ug/mL,
fibrinogen, LPS and an untreated control. Cells’ responses were assessed in terms of
whole gene expression using microarrays. Initial exploratory analysis of expression data,
done during the quality control steps, already showed signs of sample clustering. PCA
analysis (Figure 5.1) showed clustering of samples into three different groups; Dextran
100pg/mL, LPS and a third undefined cluster. Clustering of samples into 3 different
groups indicated that these treatments produced markedly different gene expression
responses in BV2 cells. Of particular interest was the third undefined cluster, which was
composed of cells stimulated with AB1-42 fibrils, dextran sulphate 1ug/mL, fibrinogen
and the untreated control, which suggested that these samples had similar genetic

responses (or lack thereof) to those treatments.

To identify differences in the genetic responses to the different treatments, a multi-factor
ANOVA was carried out. 21 comparisons (contrasts) were set up among conditions to
be interrogated (Table 2.8) as part of the ANOVA. As shown in Table 5.2 and Figure 5.3,
the only treatments that caused a statistically significant disruption in the gene
expression programme of BV2 cells were: fibrinogen, LPS and dextran sulphate
100pg/mL.

The activation and disruption of the microglial gene expression profile by LPS was
expected, as it is a well-known microglial activator which promotes the expression of
several pro-inflammatory cytokines and enzymes that stimulate tissue inflammation (M1
activation) (Gonzalez et al., 2014, Nakamura et al., 1999). As seen in Figure 5.3, LPS
disrupted the gene expression of 341, 420 and 516 genes at 6h, 24h and 48h after

treatment, respectively.

Figure 5.3 also shows that fewer than 100 genes were differentially expressed when BV2
cells were treated with fibrinogen at any timepoint. A response to fibrinogen was
expected as fibrinogen had already been shown to produce an inflammatory response
in peripheral blood mononuclear cells (PBMCs). This response is driven by high levels
of ROS, increased cytokine levels (TNFa, IL1B and IL6) and chemokine expression
(CCL2, CCL3, CCL4, CXCL2) (Jensen et al., 2007). Yet, in the present study, fibrinogen
only managed to downregulate Tnfa and Cxcl2 at 6h (data not shown). It has been shown
that fibrinogen can activate microglia via the aMB2 integrin (ITGAM) (Jennewein et al.,
2011).

232



CHAPTER 5: Gene expression analysis of microglial activation

Interestingly, infiltration of plasma proteins (including fibrinogen) into the CNS can
activate microglial cells and trigger neurotoxic signalling cascades (Ryu and McLarnon,
2009, Hooper et al.,, 2009, Huang et al., 2008). Fibrinogen may enter into the brain
through cerebral microbleeds or microhaemorrhages (Werring et al., 2010) which have
been reported as an early event in AD (Sepehry et al., 2016). Elevated fibrinogen in
plasma is also a risk factor for AD and vascular dementia (van Oijen et al., 2005, Xu et
al., 2008) and a proposed CFS biomarker for AD (Lee et al., 2007).

Typically, the BBB (Blood-brain barrier) prevents fibrinogen from entering the brain;
however, fibrinogen has been found in the brains of AD patients and mouse AD models
(Cortes-Canteli et al., 2010, Jantaratnotai et al., 2010, Lipinski and Sajdel-Sulkowska,
2006, Viggars et al., 2011). BBB dysfunction, which has been reported in the brains of
AD mice (Ujiie et al., 2003) and humans (Viggars et al., 2011), may explain the
extravasation of fibrinogen into the brain parenchyma. BBB dysfunction can be caused
by vascular factors associated with AD, including ischemia, ingestion of saturated fats or
cholesterol, inflammation processes in the brain or hypertensive crises (Cortes-Canteli
et al., 2012).

Interestingly, BBB dysfunction can also be caused by abnormal and excessive deposition
of fibrinogen. In vitro studies have shown that high concentrations of fibrinogen can
promote microvascular permeability by decreasing the levels of endothelial tight junction
proteins (Patibandla et al., 2009). Similarly, BBB disruption can also be caused by
cerebral amyloid angiopathy (CAA), which is characterised by the deposition of AR in the
cortical and leptomeningeal vessel walls of arteries, arterioles and capillaries (Attems et
al., 2011).

Dextran sulphate 100ug/mL disrupted the gene expression of 362, 186 and 1292 genes
after 6h, 24h and 48h respectively (Figure 5.3). Dextran sulphate has been shown to be
non-toxic and indigestible upon uptake by macrophages and it has also been shown not
to disrupt cytolytic activity in macrophages (Hibbs, 1974). Remarkably, dextran sulphate
is capable of simultaneously stimulating and suppressing cell-mediated immune
responses (McCarthy and Babcock, 1978). In our study, dextran sulphate 100ug/mL
promoted the biggest disruption in the genetic expression of BV2 cells, evidenced by the

high number of differentially expressed genes.

In contrast, AB1-42 fibrils and dextran sulphate 1ug/mL did not have any effect on gene
expression (Figure 5.3). As mentioned above, dextran sulphate is a non-toxic and
indigestible molecule (Hibbs, 1974) and the lack of BV2 response when stimulated with
dextran sulphate at 1pug/mL was not unexpected. On the other hand, there is evidence
indicating that AR1-42 fibrils share receptors and intracellular signalling cascades with
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LPS (Fassbender et al., 2004) and can induce an M1 activation of microglia, although
less potently than oligomeric AR1-42 (Michelucci et al., 2009). Our results indicate that
AB1-42 fibrils do not have any effect on BV2 gene expression at the concentration
employed. A low AB1-42 fibril concentration was used in order to mimic the physiological
concentration seen in the human brain. For subsequent experiments, it remains to be
elucidated if higher AB1-42 fibril concentrations (or other AB1-42 conformations) can
disrupt gene expression in BV2.

After identifying which treatments affected BV2 gene expression profiles, lists of
differentially expressed genes for each treatment were obtained. GO analysis was
performed using these gene lists and the DAVID (Database for Annotation, Visualization
and Integrated Discovery) database. The first lists of differentially expressed genes to be
analysed were those corresponding to the fibrinogen treatment. The lists of
downregulated genes for all timepoints did not map to any pathway or GO category.
Conversely, upregulated genes mapped into GO categories related DNA binding,
transcription factor activity, biosynthetic processes related with the production of
nucleobases and ribonucleobases. When the total number of differentially expressed
genes was used for GO analysis, a similar result to the upregulated gene list was
obtained, with no immune-related GO categories present. These results contrasted with
previous studies in which fibrinogen induced an inflammatory response by PBMCs

(Jennewein et al., 2011).

Next, GO analysis was carried out using the list of genes which were differentially
expressed by the LPS treatment (Figure 5.5). Downregulated genes for 24h and 48h
were associated with GO categories and pathways related to cell cycle progression, cell
division, ribosomal activity and translation. This may suggest that prolonged LPS
stimulation has an effect on cell division and proliferation in BV2 cells. Lists of
upregulated genes for all three timepoints mapped to GO categories and pathways
related with immune response, Toll-like and NOD-like signalling pathways and cytokine
activity. LPS is a classical ligand of TLR4 (and others) and is known to induce M1
microglial activation (Tang and Le, 2015). As such, upregulation of immune associated

pathways is in accordance with previous reports.

It is worth mentioning that there was a non-significant association between the LPS
downregulated genes at 48h and an AD associated pathway (9 genes, Benjamini 0.073).
This association became statistically significant (Figure 5.5) when the full list (up- and
down-regulated genes) of differentially expressed genes (at 48h) was used (15 genes,
Benjamini 0.012). Among these 15 associated genes are; APOE, TNF, IL183 and APP
(Supplementary Fig. 7.7 and Supplementary Fig. 7.8). APOE (downregulated at 48h)
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has been shown to bind AR peptides and influence AB aggregation and clearance of
soluble AB (Liu et al., 2013, Castellano et al., 2011); consequently, downregulation of
this gene can render microglia (and their surrounding cells) vulnerable to A toxicity. On
the other hand, higher levels of APP (upregulated at 48h) are associated with increased
AB1-42 levels and fibril formation (Bettens et al., 2013). TNF and /L 18 were also among
the upregulated genes in this pathway. Interestingly, in mouse models of AD, increased
levels of these two pro-inflammatory cytokines are associated with increased
concentrations of AB (Patel et al., 2005, Lue et al., 2001a). These results suggest that
M1 activation of microglia could decrease AB clearance and promote its accumulation

together with increased expression of inflammation markers.

GO analysis was also carried out in the lists of differentially expressed genes by dextran
sulphate 100ug/mL (Figure 5.6). Dextran sulphate seems to be able to disrupt the binding
of essential molecules such as ATP, nucleotides, ribonucleotides and transcription
factors, evidenced by the downregulation of such GO categories and pathways at 6h and
48h. Similarly, upregulated genes seem to affect RNA binding, metal ion binding and
cellular ligase activity. Interpretation of the results from GO analysis at this point is
difficult as there are no previous reports of similar studies in microglial cells to the best
of our knowledge. Dextran sulphate is a nontoxic and indigestible molecule and has been
shown not to affect macrophage activity (Hibbs, 1974). It has also been reported to
stimulate and suppress cell-mediated immune responses (McCarthy and Babcock,
1978), but there is no information regarding their direct effect on cells. Interestingly,
dextran sulphate 100ug/mL had the biggest number of differentially expressed genes;
nonetheless, they do not seem to be associated with any immune response

mechanisms.

It is well known that LPS stimulation of BV2 cells promotes M1 activation. To confirm this
in our experiment, the expression of different M1 and M2 activation markers was
evaluated in the lists of genes differentially expressed by LPS (Table 5.4). As anticipated,
most M1 markers were upregulated. On the other hand, only one M2 marker (VEGF[a])
was upregulated, which confirmed our assumption regarding M1 activation of BV2 cells.
These results are in agreement with what was reported by Michelucci et al. (2009) using
primary microglial cells. Of note is the upregulation of the MHCII complex proteins and
CD40 cell markers, both of which were among the 5-top differentially expressed genes

in our experiment and are involved in the crosstalk with lymphocytes.

Another objective of this study was to investigate the effect of microglial activation (M1)
on the genetic expression of specific genes which are commonly used as microglial cell

markers. Out of the 10 genes assessed, 5 showed no differential expression throughout
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the experiment (Cd11b [Itgam], SFPil, Cd68, Cd45 [PTPRC] and Cx3CR1). The other 5
markers (Ibal [Aifl], Cd14, CSF1, CSF1R and EMR1) were down- or upregulated at
different timepoints. These results are significant as many studies use Ibal to identify
microglial cells in histological studies (Elmore et al., 2015, Zhang et al., 2014a). As
shown in Table 5.3, prolonged M1 activation (48h) of microglial cells can promote
downregulation of Ibal, giving rise to false negatives. The opposite can be said for the
other 4 markers. As a result, it is highly recommended to use any of the 5 markers which
were not differentially expressed during M1 activation of cells.

Finally, the expression of genes associated with increased AD risk was evaluated. Karch
et al. (2014) put together a list of 31 genes that have been associated with AD in genetic
studies. From this list, only 13 genes were differentially expressed in our experiment
(Table 5.5). Fibrinogen caused the differential expression of only 2 genes (CD33 and
Ms4a6a), while dextran sulphate 100ug/mL caused differential expression of another 6
genes (ApoE, Binl, Pld3, Rin3, Picalm and Ptk2b). Conversely, LPS caused the
differential expression of 8 genes (App, ApoE, CD33, Celfl (Cucgbp), Ms4a6a (Ms4a6d),
Inpp5d, Mef2c and Trem?2).

Stimulation of BV2 cells with fibrinogen and dextran sulphate 100ug/mL affected the
expression of AD related genes for which there is limited functional information at the
moment. This, coupled with the fact that there is little or no information regarding their
effect on microglial activation, makes the interpretation of our results difficult at present.
Nevertheless, it is clear that gene expression responses to these stimuli differ from that
exerted by LPS (Figure 5.1). Interestingly, dextran sulphate has been proposed as a
putative ligand of TREM2 (Daws et al., 2003) however neither of the two different doses
used in our experiment had any effect on its gene expression (Table 5.5). Dextran
sulphate is also able to reduce zymosan phagocytosis in both LPS-activated and non-
activated RAW 264.7 cell lines (Sigola et al., 2016). In light of the effects of dextran
sulphate on phagocytosis and its probable role as a TREM2 ligand, it would have been
interesting to study the effect of Trem2 deficiency on its uptake by BV2 cells. The
opportunity to perform this assay in this thesis was missed as the models of Trem2
deficiency were available. Future work should consider the use of the Trem2-deficient

models in order to validate dextran sulphate as a TREM2 ligand.

In contrast, LPS treatment stimulated the differential expression of many AD-related
genes. One of these genes is App; higher expression of App is linked to increased AB
accumulation (Bettens et al., 2013) and in our experiment App was upregulated by LPS
(M1 activation). This finding is a novel one, since App expression is mostly attributed to
other cell types in the CNS (Zhang et al., 2014b). Another AD-related gene differentially
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expressed by LPS is ApoE, which remains the strongest risk factor for AD. APOE is
known to have a role in inflammation (Kim et al., 2009, Liu et al., 2013) and is able to
influence aggregation and clearance of AB (Liu et al., 2013, Castellano et al., 2011). In
consequence, downregulation of ApoE, as shown in our experiment, could favour A
accumulation and further disrupt inflammation mechanisms. In this regard, there are
numerous in vitro and in vivo studies that support the role of APOE inflammation (for a
review see Rebeck (2017)). For example, the different APOE isoforms have been shown
to disturb inflammatory responses in microglia and astrocytes, with the APOE4 isoform
stimulating the strongest inflammatory phenotype (Lynch et al., 2003, Guo et al., 2004,
Vitek et al., 2009).

Conversely, APOE-based peptides have been shown to inhibit inflammatory processes
in primary microglia (Pocivavsek et al., 2009a). Furthermore, APOE has also been
shown to promote an anti-inflammatory phenotype in primary macrophages (Baitsch et
al., 2011). Likewise, APOE-based peptides are able to alleviate and even prevent LPS
induced inflammation (Lynch et al., 2003), traumatic brain injury (Lynch et al., 2005),
intracerebral haemorrhage (James et al., 2009) and focal ischemia (Wang et al., 2013)
in mouse models. Interestingly, blocking inflammatory signalling can promote
upregulation of APOE in microglia (Pocivavsek and Rebeck, 2009), suggesting that

APOE levels and inflammation are in a negative feedback loop (Rebeck, 2017).

CD33 is another gene which was differentially expressed by LPS; this gene is known to
regulate innate immunity, neuroinflammatory processes and influence AB clearance
(Malik et al., 2013, Jiang et al., 2014). Again, CD33 downregulation could promote A
accumulation and dysregulation of immune mechanisms. Another gene downregulated
by LPS is Trem2, a gene whose upregulation is known to stimulate phagocytosis and
suppress inflammation (Rohn, 2013). As a result, Trem2 downregulation could
potentially exacerbate inflammation and reduce AP uptake by BV2 cells. Trem2
downregulation by LPS (M1 activation) is in contrast with gene expression studies in
brains from App, Psen and App/Psen transgenic mice, where there is upregulation of
Trem2 (Matarin et al., 2015). Remarkabily, cells surrounding AB plaques in AD transgenic
mice express high levels of Trem2 (Frank et al., 2008) which, when compared with our
results, suggests that microglial cells surrounding AB plaques have a different activation
state to M1.

The results from this analysis suggest that M1 activation of microglial cells promotes the
differential expression of AD-related genes which in turn promote the activation of
different inflammatory mechanisms and the accumulation of AB peptides in the medium.

Butovsky et al. (2005) and others have already published similar observations regarding
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LPS stimulation; furthermore, they show that these effects can be partly resolved by
stimulation with anti-inflammatory cytokines (including IL4 and TGFB among others) in

vitro and in vivo (for a review see Tang and Le (2016)).

The list of AD-related genes differentially expressed by LPS also includes; Celfl
(CUGBP), Msda6a (Ms4a6d), Inpp5d and Mef2c. The role of these genes in AD
pathology remains largely unknown, but some of them may also be involved in the

immune response: Ms4a6a (Ms4a6d), Inpp5d and Mef2c (Karch and Goate, 2015).

Validation of our microarray data was carried out using RT-gPCR quantification of ApoE
and Trem2 gene expression in a new set of experiments (Figure 5.7). The results of the
validation closely replicated what was seen in the microarray data regarding fibrinogen
and LPS activation and further showed that other stimuli such as ATP or IFNy did not
have similar effects on these two genes. It is worth keeping in mind that this first
experiment was performed using microarrays, as they were ready available to our group.
Statistical and expression analysis of results was relatively easy and not very time
consuming (compared to NGS analysis). However, as mentioned in the introduction to
this chapter, NGS RNAseq is becoming the method of choice for gene expression
profiling studies as it offers a broader dynamic range and superior sensitivity (allowing
the identification of new or tissue-specific transcripts). For example, some AD associated
genes had no detection probes in the microarrays used, such as CLU, NME8 and
NYAPL1. In the particular case of CLU, this gene was found to be differentially expressed
by IL4 and TGFB during the RNAseq experiment. Subsequent experiments were
performed using NGS RNAseq to ensure that the lack of immune response seen in the

fibrillary AB1-42 condition was not a result of the lower sensitivity of microarrays.

5.6.2 RNAseq analysis of microglial activation: M1 and M2 activators

In recent years, many studies have tried to unravel and expand the M1/M2 paradigm of
microglial activation, as has been the case in macrophages (Martinez and Gordon,
2014). In AD, it is hypothesised that microglial activation is further complicated by the
presence and microglial phagocytosis of AR plagues and tangles that are present in the
extracellular space. Furthermore, changes in microglial activation status depend on the
disease stage and severity; understanding the stage-specific changes in M1, M2 and
other activation phenotypes may provide new insights into the pathogenic and
degenerative mechanisms involved in neurodegenerative diseases (Tang and Le, 2016).
This section attempts to expand the M1/M2 paradigm since many authors (Boche et al.,

2013) consider it to be an over simplified, yet useful, model of microglial activation.

To this end BV2 cells were activated with 5 different stimuli (not including the untreated
control): LPS (M1), TGFB (M2), IL4 (M2), AB1-42 monomers and ABR1-42 oligomers.
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Changes in whole gene expression profiles were assessed at 3 different timepoints; 6h,
24h and 48h. As there are concerns regarding the proper characterization of AB1-42
species (Benilova et al., 2012), characterization of our preparations was performed using
a morphological method based on TEM (Figure 5.10) (Jan et al., 2010).

Subsequently, whole genome expression changes were measured using an RNAseq
approach. Initial exploratory analysis of normalised sequencing reads by PCA already
showed clustering of samples according to their treatment and timepoint (Figure 5.11).
Four distinctive sample clusters were seen: LPS, TGFpB, IL4 and Control-monomer-
oligomer clusters. Clustering of samples points to significant differences between BV2
responses to the treatments, which were expected in the case of LPS, IL4 and TGF[.
Surprisingly, clustering of AB1-42 monomers and AB1-42 oligomers with the control
(untreated) samples suggests very little effect (if any) of these treatments in the gene
expression of BV2 cells.

Since all samples passed QC, they were all included in the ANOVA statistical analysis
for the identification of differentially expressed genes. In this analysis 18 comparisons
(contrasts) were set up (Table 5-6). As shown in Figure 5.12, not all treatments were
able to disrupt gene expression in BV2 cells: AB1-42 monomers and oligomers had no
effect on microglial gene expression. This result is again surprising since AR has been
shown to activate microglia in vitro, through binding to PRRs, including RAGE (receptors
for advanced glycation end products) (Yan et al., 1996), TLRs (Landreth and Reed-
Geaghan, 2009), and scavenger receptors (El Khoury et al., 1996, Paresce et al., 1996).

Furthermore, activated microglia are closely associated with AB deposits in brains from
AD patients and AD mouse models (Frautschy et al., 1998, McGeer et al., 1987). AR
activated microglia show increased cytokine release and expression of inflammatory
markers such as CD36, CD14, CD11c, MHCII and iNOS (Kamphuis et al., 2016, Martin
et al., 2017). Interestingly, plaque associated microglia generally manifest M2 activation
(as confirmed by YML1 staining) (Jimenez et al., 2008). This is an interesting fact, if we
keep in mind that the phagocytic activity of microglia is attenuated by pro-inflammatory
cytokines such as IFNy, IL1B, and TNFa, which are associated with M1 microglia

activation (Koenigsknecht-Talboo and Landreth, 2005).

In a similar study to ours, Walker et al. (2006) reported differential expression of more
than 600 genes by post-mortem microglial cells from AD patients and matched control
stimulated with 500nM and 2uM of oligomeric AB. They used microarrays (Human I1B
array) in their experiment. Nonetheless, in a recent report Das et al. (2016) demonstrated
that BV2 cells have a reduced immune response triggered by LPS when compared to

primary microglia. In light of both our microarray and RNAseq results regarding
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differential expression of genes by AB1-42 stimulation, it is sensible to hypothesize that
BV2 microglia may not be able to mount an immune response that can be detected by
the methods used in this thesis. This lack of response can be explained by a myriad of
reasons, and one of them could be the lack of appropriate receptors (Das et al., 2016)
for the detection of AB1-42 molecules in BV2. A second probable reason for this lack of
activation could be the low dose of AR peptides used. As an example, Walker et al.
(2006) used a dose of 2uM AP oligomers to stimulate primary human microglia, while in
this study we used concentrations of 20nM for fibrils and 500nM for
monomers/oligomers. Stimulations with low AP doses were carried out to make our
results comparable with the physiological doses of AR (~200pM) found in the brain
(Koppensteiner et al., 2016). Finally, there is also the possibility that BV2 cells do not
respond to AB1-42 molecules at all. However, Pan et al. (2011) have shown that
oligomeric (and fibrillar to some extent) AB1-42 induce a potent inflammatory response

in BV2 cells, though this was achieved with a dose of 1uM.

All other treatments (LPS, IL4 and TGF) influenced BV2 gene expression regardless of
the timepoint. Lists of differentially expressed genes were generated for each condition
after ANOVA. A remarkable observation at this stage was the almost perfect 50-50%
split between the up- and down-regulated genes in each gene list. Remarkably, there
was a decrease in the number of differentially expressed genes by LPS in the later
timepoints. This was not the case for IL4 or TGFf3, which either maintained or increased
the number of differentially expressed genes as time passed. These results suggest that
BV2 cells have an acute and transient response to LPS, with a more prolonged and

sustained response to IL4 and TGFB (both M2 activators).

Gene ontology analyses of these three stimuli (performed for each timepoint) showed a
clear enrichment of immune-associated GO categories and pathways (see Figure 5.13,
Figure 5.14 and Figure 5.15). Interestingly, some of the differentially expressed gene
lists were enriched with genes associated with AD (see Table 5-7 and Supplementary
Fig. 9.9). Specifically, IL4 treatment showed enrichment of an AD disease pathway in
all three timepoints evaluated. Meanwhile, LPS showed enrichment of terms associated
with this AD disease pathway only at 48h, which is consistent with the previous findings

reported in the microarray experiment (Figure 5.5).

After GO analysis, the changes in the gene expression of microglial and activation
markers were assessed after stimulation with LPS, IL4 and TGFp. As seen in Table 5-8,
only 5 microglial markers were not disrupted by stimulation with any of the three
microglial activators; Cdl1llb (Itgam), SFPil, CD68, CD45 (Ptprc) and EMRL.

Considering these results, it is advisable to use any of these 5 markers for studies of
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microglial populations which might be activated. Among the microglial markers whose
gene expression was disrupted is lbal (Aifl), a gene which is widely used for the
identification of microglial cells in pathological studies (Hellwig et al., 2015, Bachstetter
et al., 2015). In the case of the microarray experiment, expression of Ibal (Aifl) was
downregulated by the LPS treatment at 48h, while in the RNAseq experiment this same
gene was upregulated at 48h. These contradictory results suggest a highly dynamic
expression of Ibal (Aifl) in BV2 cells, which can lead either to an under- or over-
estimation of the cell populations when used as a marker for the identification of microglia
that could be M1 activated. Nevertheless, previous studies have shown that Ibal (Aifl)
is upregulated during microglial activation (Ito et al., 1998, Imai and Kohsaka, 2002,
Sieber et al., 2013). IBA1 protein (lonised calcium Binding Adapter molecule 1) is a
member of the calcium-binding group of proteins (Korzhevskiy and Kirik, 2015). Little is
known of the functions of IBAl. This protein has been shown to participate in
cytoskeleton reorganization during phagocytosis (Ohsawa et al., 2000, Ohsawa et al.,
2004). Its interaction with elements of the cytoskeleton is mediated through binding to
ACTIN molecules (Sasaki et al., 2001).

Later, the effect of the 3 different microglial activators on the expression of M1- and M2-
associated genes was investigated. As it was expected, LPS treatment upregulated the
expression of most of the Ml-associated genes and some M2-associated markers
(VEGF(a), TGFB, and PDGF). In this sense, upregulation of M2-associated genes like
TGFB could be part of the resolution response that microglia implements after LPS
stimulation (Qian et al., 2008). Upregulation of M2 markers (such as VEGF(a)) by LPS
in BV2 cells was also seen in the microarray study. Surprisingly, there were many M1-
associated genes which were upregulated by IL4 (MHCII, CD40, IL18 and CCL2) and
TGFB (MHCII). Notably, L4 reduced the expression of TNF, while TGF reduced the
expression of IL13 and CCL2. As for M2 markers, IL4 upregulated the expression of Argl
and downregulated PDGF, while TGF upregulated the expression of VEGF(a), PDGF
and Argl. Upregulation of Argl by both IL4 and TGFf is consistent with M2 activation
(Tang and Le, 2016). ARG1 participates in arginine metabolism and has been shown to
protect neurons from injury by pro-inflammatory cytokines (Williams, 1997). Analysis of
the differential expression of M1 and M2 markers in our experiment supports the
observations made during the PCA (Figure 5.11); LPS, IL4 and TGF elicit very different
responses in BV2 cells. Not only that, but despite IL4 and TGF both being M2 activators,
they showed clear differences in their microglial responses, supporting the idea of a
greater diversity in microglial responses than the dichotomy of the M1 and M2 activations
(Tang and Le, 2016). This analysis also shows that the categorisation of markers

according to the M1 and M2 activation states should only be used as a reference, since
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genes like MHCII (classically associated with M1 activation) can be upregulated by LPS,
IL4 and TGFB. Finally, the timing of the stimulations should also be considered in this
kind of analysis: for example, IL1p is upregulated by both in LPS and IL4 at 6h and 24h,
but remains upregulated only by LPS at 48h.

The last step in the analysis of the microglial activation involved the study of the effect of
different activators on the expression of AD-related genes. The list of AD-related genes
used for this work was compiled by Karch et al. (2014) with the addition of two new AD-
associated genes (Abi3 and Plcg2) from a recent association study (Sims et al., 2017).
As shown in Table 5.10 and similarly to what happened in the case of the microglial and
activation markers, each of the treatments affects the expression of AD-related genes in
different ways. For example, the newly reported gene Abi3 is downregulated by LPS and
IL4, and upregulated by TGFB. Abi3 has a role in the innate immune response via
interferon-mediated signalling (Fairfax et al., 2014). Trem2 is another gene whose
expression is affected differently by these microglial activators. Trem2 expression is
downregulated by LPS (this same result was obtained in the microarray experiment,
Table 5-5), it is not affected by IL4 (yet Turnbull et al. (2006) report an increase at the
protein level) and is upregulated by TGFB. Since Trem2 upregulation is associated with
increased phagocytosis capacity and suppression of inflammation (Rohn, 2013),
stimulation of microglial cells with TGFB could have a positive effect over amyloid plaque
load without inflammation. Trem2 downregulation caused by LPS (M1) could have the
opposite effect, reducing AR phagocytosis while promoting a pro-inflammatory milieu.
Upregulation of TREM2 protein in cells surrounding AB plaques in AD transgenic mice
models (Frank et al., 2008) could be explained by a TGFB-like activation of microglial

cells in an attempt to resolve the plagues without inflammation.

Analogous to the microarray experiment, ApoE gene expression was downregulated by
LPS. Meanwhile, its expression was not affected by IL4 and was upregulated by TGFp.
ApoE has been shown to influence aggregation and clearance of AB (Liu et al., 2013,
Castellano et al.,, 2011) and its upregulation by TGFB could have a positive effect,
preventing AB aggregation and promoting its clearance. In this sense, Rebeck (2017)
noted that APOE levels and inflammation are in a negative feedback loop, with APOE
inhibiting inflammation and inflammation inhibiting APOE expression. This observation
has been partially validated in our experiment as Apoe expression was downregulated
by LPS (M1 activator) and upregulated by TGFB (M2 activator), however L4 (M2
activator) did not have any effect on their expression, further suggesting a greater

complexity in the immune activation of BV2 cells and microglia in general.
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Another important AD-associated gene which was differentially expressed by the
different immune activators was Clu. Interestingly, Clu expression was only affected by
M2 activators; IL4 and TGFf3. IL4 downregulated Clu expression at 48h only, while TGF[3
upregulated its expression at 24h and 48h. CLU is a chaperone protein involved in
apoptosis, complement regulation, lipid transport and cell-to-cell interactions (Jones and
Jomary, 2002). Similarly to APOE, CLU has been shown to directly interact with AR and
alter fibril formation in vitro (Reviewed by Li et al., 2014). Furthermore, there is evidence
showing that both APOE and CLU can influence AB deposition and clearance in vivo
(DeMattos et al., 2004). Moreover, CLU can modulate neuroinflammation by inhibiting
the inflammatory response associated with complement activation (Nuutinen et al.,
2009). Changes in Clu expression can have different effects on the progression of AD,
either by inhibiting AR fibril formation, deposition and clearance or by regulating

complement activation and lipid transport.

Interestingly, microglial cells in culture have been shown to require exogenous
cholesterol for prolonged survival (Bohlen et al., 2017). Unlike macrophages in peripheral
tissues, microglia do not have access to circulating lipoparticles from the blood or the
CSF (Pfrieger and Ungerer, 2011). However, cholesterol is synthesised de novo within
the CNS and it is transported via APOE and/or APOJ (CLU) proteins (Pfrieger and
Ungerer, 2011, LaDu et al., 1998). Interestingly, TREM2 has recently been shown to
participate in the binding and uptake of lipidated APOE and APOJ by microglial cells,
with disease-associated TREM2 variants showing deficiencies in lipoparticle recognition
and engulfment (Yeh et al., 2016). Furthermore, genetic variants in these three genes
(APOE, APQJ, and TREM2) are among the strongest alleles linked to AD identified to
date (Wes et al., 2016), and APOE variants alter AB clearance and microglial cholesterol
content (Lee et al., 2012). These data highlights the importance of exogenous lipid
species in microglial survival, suggesting that deficiencies (or the presence of AD-
associated mutations) in these 3 genes in particular could result in a generalised
microglial dysfunction related to insufficient delivery of cholesterol or other lipid species
to the cells (Bohlen et al., 2017).

On the other hand, CD33 was downregulated by both LPS and IL4, and was not affected
by TGFB. Importantly, in the microarray experiment CD33 was also downregulated by
LPS. CD33 is involved in the regulation of the innate immunity response,
neuroinflammatory processes and can influence AB clearance (Malik et al., 2013, Jiang
et al., 2014), its downregulation by LPS and IL4 can have detrimental effects on an AD
context, by disrupting innate immune responses and AP clearance mechanisms. Other
genes such as INPP5D and MEF2C were also shown to be downregulated by LPS in

both the microarray and RNAseq experiments, validating these results. However genes
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such as APP, CELF1 and MS4A6A were shown to be differentially expressed in the
microarray experiment but showed no expression changes in the RNAseq experiment,
showing that the different quantification platforms have different sensitivities and
suggesting that a gene-by-gene validation may be needed in some cases. Future
experiments should aim to validate or settle the differences seen between the two
quantification platforms in the activation of microglial cells.

The analysis of the effect of LPS, IL4 and TGFf in the gene expression of AD-related
genes showed that both M1 and M2 activations can have beneficial and detrimental
effects in an AD context. In order to harness the benefits of immune regulation of
microglial cells in AD, and other neurodegenerative diseases, it is pivotal to understand
the function of microglial genes and their expression changes in response to different
immune activation states (Tang and Le, 2016).

5.6.3 RNAseq analysis of microglial activation: Effect of Trem2 deficiency on
microglial gene expression and in response to LPS stimulation

Identification of the TREM2 R47H rare variant as a strong genetic risk factor for AD
(Guerreiro et al., 2013b, Jonsson et al., 2013) has certainly boosted interest in the role
that microglia and neuroinflammation play in this disease. Emerging evidence has
demonstrated the ability of TREM2 to promote anti-inflammatory responses in microglia
(Hamerman et al., 2006, Turnbull et al., 2006). Furthermore, TREM2 has also been
linked to the regulation of cell proliferation (Otero et al., 2012, Takahashi et al., 2005a),
something that has not been observed in this thesis (see Section 4.3.1.3.2), another
important cellular function for appropriate immune response. In vivo and ex vivo studies
of microglial populations have shown that Trem2 deficiency leads to an increase in pro-
inflammatory cytokines such as IL13 and TNFa in response to LPS (Zheng et al., 2016),
something that was also observed in this thesis (see Section 4.3.1.3.4) . Trem2 deletion
in murine alveolar macrophages resulted in enhanced expression of TLR4, TNFa and
IL10 in response to LPS (Gao et al., 2013); we observed the opposite effect for IL10 in
this thesis (see Section 4.3.1.3.4). However, the molecular mechanisms by which

TREM2 could regulate microglial inflammatory responses remain unclear.

Chapters 3 and 4 describe the generation and characterization of isogenic BV2 cell lines
which lacked the Trem2 gene. These models were generated with the aim of
investigating the molecular mechanisms that are disrupted in Trem2’s absence.
Identifying the molecular pathways which are disrupted by Trem2 deficiency is the first

step towards finding Trem2-specific pathway(s).
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To this end, BV2 WT (Trem2 +/+) and B5 (Trem2 -/-) cells lines were treated with LPS
(M1) and their gene expression responses were evaluated at three different timepoints
(6h, 24h and 48h). Whole genome expression analysis was performed using an RNAseq
approach. PCA of normalised sequencing reads already showed clustering of samples
according to their Trem2 genotype, treatment and timepoint (Figure 5.16). 4 distinctive
sample clusters were seen: WT-untreated, WT-LPS treated, Trem2 KO-untreated and
Trem2 KO-LPS treated clusters. Clear clustering of samples according to their Trem2
genotype points to significant disruption of the gene expression of BV2 cells in the
absence of Trem2. The clear divide between the WT and KO responses to LPS,

suggests that these two cell lines also responded differently to this stimulus.

After QC of the RNAseq data, the next step was the identification of differentially
expressed genes using an ANOVA analysis and 12 comparisons (contrasts) (Table 5-6).
As shown in Figure 5.17, Trem2 KO cells (LPS treated or untreated) showed a higher
number of differentially expressed genes than untreated WT and LPS treated WT cells
at any timepoint, which suggest an important disruption in the gene expression profile of
BV2 cells. This result contrasts with a recent study by Mazaheri et al. (2017), where the
authors report that the microglial homeostatic gene expression signature was not lost in
Trem2-deficient cells. Although there are many technical differences between our
studies (Mazaheri et al. used primary microglia from WT and Trem2 -/- mice and the
NanoString technology), there is enough evidence, mainly the large number of
differentially expressed genes found in our study, to strongly suggest that Trem2

deficiency has a major impact in the gene expression profile of BV2 cells.

A second observation, made during this part of the analysis, was the gradual reduction
in the number of differentially expressed genes in LPS treated WT cells. This reduction
suggests a steady de-activation of BV2 cells and inflammatory resolution. Meanwhile,
Trem2 KO cells showed a great number of differentially expressed genes when left
untreated (almost twice the amount of differentially expressed genes seen in LPS treated
WT cells). Furthermore, the number of differentially expressed genes increased at each
timepoint when KO cells were treated with LPS. Moreover, these changes in expression
don’t appear to be an exaggerated immune response on the part of LPS-treated Trem2
KO cells (>4250 genes), but rather show a high basal immune activation in these cells
(Trem2 KO untreated, ~4100 genes). Again, these results contrast with other studies
which report an exaggerated response to inflammatory stimuli by Trem2 deficient
macrophages (Gawish et al., 2015a, Turnbull et al., 2006, Hamerman et al., 2006). In
light of our results regarding the number of differentially expressed genes in Trem2 KO
cells, it can be concluded that the gene expression profile of BV2 cells is greatly disrupted

by Trem2 deficiency and this inevitably has detrimental effects on the cells’ function,
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including their immune response. A further observation is the impaired capacity of Trem2
KO cells to gradually reduce the number of differentially expressed genes induced by
LPS stimulation. The number of differentially expressed genes after LPS stimulation
remained almost constant (between 4254 and 4595) throughout the experiment. These
results contrast with other studies where the early inflammatory response seen in Trem2
-/- mice was followed by an accelerated resolution of inflammation (Gawish et al., 2015a).

The next step in the analysis was the identification of GO and pathway enrichments in
the generated gene lists. As was expected, most GO and pathway categories which
showed enrichment of terms were related to already known immune and inflammatory
mechanisms (Lue et al., 2015). Pathway analysis showed enrichment of terms related to
peptide and protein translational processes, suggesting that Trem2 could also have a
role in protein translation. Interestingly, there was an enrichment of disease terms related
to Rheumatoid Arthritis (which could be related to the Nasu-Hakola phenotype),
neurodegenerative disorders and Alzheimer’s disease, supporting the pathogenic role of

Trem2 in these diseases.

In contrast to what was done for the microarray experiments, GO analysis in the RNAseq
data did not take into account the directionality of gene expression (i.e. whether a
particular gene was down- or upregulated). Directional enrichment of gene lists and
subsequent GO analysis has been shown to identify more efficiently those pathways and
GO terms that are more pertinent to phenotypic differences. As a result, many
researchers refer to the GO categories or pathways that are enriched for down- or
upregulated genes as activating or inhibiting. Nevertheless, to consider those GO
categories or pathways as activating or inhibiting based in their enrichment of down or
upregulated genes may be inappropriate. Researchers must keep in mind that one of
the most important limitations of gene enrichment analysis is that a “statistically”
significant pathway (or category) only indicates a non-random disruption, but it does not
advise about its biological implications (Hong et al., 2014). It is also worth keeping in
mind that enrichment analysis, as used in this thesis, is based in the overrepresentation
of genes associated with a particular GO term or pathway in our gene lists. If the goal of
the enrichment analysis is to identify down or upregulated pathways in our gene lists, a
different kind of analysis will be needed, namely GSEA (gene set enrichment analysis).
This method starts from a list of gene-level statistics (such as fold change) and based on
these statistics, calculates a gene set statistic for each gene set being analysed (Varemo
et al., 2013). The results from the mRNAseq experiments (and microarray) will benefit
from this kind of analysis which should be explored in order to gain new insights from

microglial gene expression and Trem2 deficiency.
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After GO and pathway analysis, the effect of Trem2 deficiency on the expression of
microglial and activation markers was evaluated. As seen in Table 5.12, LPS, IL4 and
TGFB modified the gene expression of many cell markers which are widely used for the
identification of microglial populations; these genes included Cd11b (Itgam), which is
also a member of the Complement immune system. Remarkably, there seems to be a
link between Cd11b and Trem2 as high expression of this marker has been associated
with higher expression Trem2 (Kim et al., 2017). Nevertheless, in our experiment Cd11b
was upregulated in Trem2 deficient cells (untreated and LPS treated). It also important
to remember Cd711b’s role in the complement system as upregulation of CR1 and other
complement factors have been reported in affected regions of AD brains (Shen et al.,
1997). ITGAM encodes for the CD11b-integrin which pairs with the CD18-integrin to form
a functional Mac-1-integrin (also known as CR3). Mac-1 is mainly expressed by myeloid
cells (including macrophages, neutrophils and dendritic cells). Furthermore, CD11b
expression is C5 (another member of the complement system) dependent in both
granulocytes and monocytes. As shown in Section 4.3.1.3.4 and Supplementary figure
7.4, expression of C5a complement factor was upregulated in Trem2-deficient clones,
suggesting an interaction between these two proteins. Cba is considered as a
promiscuous receptor as it binds a great variety of ligands, including the complement
protein iC3b and fibrinogen. Mac-1 mediates phagocytosis of iC3b-coated particles, such
as apoptotic cells. It has also been shown to inhibit several immunological processes. In
macrophages, Mac-1 modulates TLR signalling through Src/Syk signalling and is also
capable of inducing expression of suppressor of cytokine signalling 3 (SOCS3) and
protein A20, as well as IL10 (Fagerholm et al., 2013). Consequently, downregulation of
Cd11b in microglia could reduce phagocytosis of apoptotic cells opsonised by iC3b and
encourage TLR signalling and cytokine production.

Ibal (Aifl), another classical microglial marker, was also upregulated in Trem2 KO cells
(untreated or LPS treated). Out of a list of 10 microglial markers, only 3 were not
differentially expressed by Trem2 deficiency or LPS treatment: SFPil, CD45 (Ptprc) and
EMRL1. These 3 microglial markers are the only microglial markers that have not been
differentially expressed by any of the stimuli used in any of the experiments carried out
in this thesis. As a result, it is strongly suggested that these 3 proteins are routinely used
as microglial markers to avoid over- or under-representation of different microglial
populations. Changes on the expression of the novel microglial marker Tmem119
(Bennett et al., 2016) was also examined. As a result, this marker was found to be
upregulated by Trem2 deficiency and in response to LPS stimulation (both in WT and

Trem2 KO cells), which may lead to the erroneous identification or an over-estimation of
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the number of microglial cells, caused by changes in the Tmem119 gene expression

rather than changes in cell number.

The effect of Trem2 deficiency on the expression of M1 and M2 related markers was
also scrutinised. Surprisingly, Trem2 KO cells (untreated or LPS treated) had a large
number of differentially expressed M1 and M2 markers, which suggest a major
dysregulation of the microglial activation mechanisms. This result is consistent with
observations made by other groups which report Trem2 KO cells as having an altered
inflammatory status. Although Trem2 is usually considered to have an anti-inflammatory
role in microglia, it is becoming increasingly clear that the Trem2 immune modulatory
role is more complex. The role of Trem2 role in inflammatory responses is now believed
to depend on the precise stimuli, strength, duration of stimulation and the cell context
(Jay et al., 2017). Support for this concept comes from network analysis, in which Trem2
was found to be co-expressed with both pro- and anti-inflammatory gene clusters
(Forabosco et al., 2013).

The next step in our analysis was the evaluation of the effect of Trem2 deficiency on the
expression of AD-related genes. As seen in Table 5-14, Trem2 deficiency caused
disruption in the gene expression of 13 AD-related genes under untreated and 10 genes
when Trem2 KO cells were treated with LPS. Meanwhile LPS activation of WT BV2 cells
caused the differential expression of only 8 genes. The 13 genes differentially expressed
by the Trem2 deficiency were: ApoE, CD33, Mef2c, Trem2, Bin, Picalm, Cass4, Psen2,
Sorll, Adam10, Madd, Clu and Abi3. As discussed before (microarray and RNAseq
analysis of M1 and M2 responses), changes - particularly downregulation - on the
expression of genes such as ApoE, CD33, Trem2 and Clu can have negative effects in
the context of AD pathology. Moreover, the disruption in the gene expression patterns
of a considerable number (13 out of 33) of AD-related genes in the Trem2 KO cells

suggests that Trem2 plays an important role in the regulation of AD associated pathways.

Finally, gene enrichment analysis of GO terms and pathways was carried out using only
those genes which were differentially expressed because of Trem2 KO regardless of the
timepoint. To that end, all gene lists generated from untreated Trem2 KO cells were
compared to identify the group of genes that was differentially expressed as a result of
Trem2 deficiency at all timepoints (see Figure 5.19). Once those genes were identified,
GO and pathway enrichment analysis was performed on this list. This list showed an
enrichment of terms associated with: binding to peptides, proteins, nucleotides, ATP, etc.
(MF); cell activation, regulation of the immune response, cell migration and cytokine
production (BP); cell surface, endoplasmic reticulum, endosome, etc. (CC); innate

immune system and MAPK signalling pathway (Pathway). Additionally, there was an
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enrichment of terms associated with Rheumatoid arthritis and Alzheimer’s disease in the
disease analysis (Disease). These results support the role of Trem2 in cell activation and
immune response, cell migration and cytokine production (Sarlus and Heneka, 2017,
Yeh et al., 2017), and they also point to a strong link between Trem2 and Alzheimer’s
disease. Remarkably, in Chapter 4 of this thesis it was shown that BV2 cell migration
had some degree of impairment (Section 4.3.1.3.3, more biological repeats of the
migration experiment are needed to confirm this). Similarly, in the same chapter it has
been shown that cytokine release was impaired in a Trem2 dose response manner
(Section 4.3.1.3.4). Conversely, we did not find any evidence, at the gene expression
level, that pointed towards dysregulation in any phagocytosis related pathway or GO
category at any timepoint. This observation is agreement with the results shown in
Section 4.3.1.3.1, where TREM2 deficient cells showed no reduction of their phagocytic
capacity compared to WT BV2 cells.

One final observation made during the expression analysis revealed that among the
2659 genes differentially expressed as a consequence of Trem2 deficiency, there were
some members of the TREM family, including: Trem3, Treml1l and Treml4. Additionally,
Treml was differentially expressed but only at 24h and 48h. All the members of the
TREM family, with the obvious exception of Trem2, were upregulated in the Trem2
deficient cell line B5, which suggests that their functions are linked and co-regulated.
TREM (and TREM-like) receptors are a family of structurally receptor proteins encoded
by genes clustered together in chromosome 17 of mice or chromosome 6 of humans (as
seen in Figure 5.21). These innate immune receptors are expressed mainly by myeloid
cells (including monocytes, macrophages, microglia and osteoclasts among others) and
are critical for the fine tuning of the immune response either by amplifying or dampening
TLR-induced activation. Although these findings are very interesting, it is difficult to
assess their relevance in the context of microglial activation, as neither their function nor
their ligands are currently known. Interestingly, Trem1l is the only exception since it has
been identified as an amplifier of the inflammatory response in sepsis. Correspondingly,
Treml ligands have been detected on the surface of murine neutrophils and human
platelets. However, the exact identity of this ligand remains unknown (reviewed by Ford
and McVicar (2009)). Although a direct cross-talk between TREM1 and TREM2
signalling pathways has not been clearly defined, several studies have shown
downregulation of cytokines such as TNFa by TREM2 suggesting opposing roles of

these two receptors during immune activation (Roe et al., 2014).
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AD is the most common cause of dementia, accounting for 60-80% of all cases
(Alzheimer's Association, 2014). It is characterised by progressive neuronal
degeneration and synaptic loss, resulting in memory and motor impairment and an
overall decline in cognitive function. It eventually leads to mental and functional
incapacity and death (Mayeux, 2010). Currently, there is no treatment to slow or stop AD

(Alzheimer's Association, 2014).

Pathologically, AD is characterised by extensive brain atrophy, accumulation of
extracellular amyloid plaques, presence of intracellular neurofibrillary tangles (composed
of abnormal tau protein) and significant neuronal loss (Mayeux, 2010). Another important
pathological characteristic of AD is neuroinflammation (Rohn, 2013). It is well established
that microglia, the brain’s resident phagocytes, are pivotal for the inflammation/immune
response in AD and other neurological diseases. Microglia act normally as sentinel cells,
attacking and removing pathogens and cell debris (Wyss-Coray, 2006), but become
reactive in AD (Pocock et al., 2002).

Recent GWAS studies have identified more than 20 (low risk) genetic variants associated
with LOAD, the most prevalent form of AD. These variants have been associated with
genes whose functions are involved in immune response, endocytosis and lipid biology.
Many of these associated genes are highly expressed by microglia (Karch and Goate,
2015) further supporting the role of inflammation in AD pathology. The recent
identification of a low frequency mutation in TREM2 - a gene that confers increased risk
of AD in LOAD cohorts - has brought neuroinflammation, and particularly the role of
microglia, back to the centre of AD pathology (Guerreiro et al., 2013b, Jonsson et al.,
2013).

The overriding aim of this thesis was to identify the immune/inflammatory mechanisms
by which microglia may contribute to AD and other neurodegenerative diseases. This
study was primarily focused on establishing links between microglial activation (M1/M2
or other) and stimulation with AB1-42 monomer, oligomers and/or fibrils. Of particular
interest was the role that TREM2 might play in microglial activation and
neurodegeneration. To this end, a second objective of this project was the generation
and characterization of Trem2 knock-out and Trem2 R47H knock-in BV2 cells for the

study of Trem2 function in the context of AD.

Chapter 3 of this thesis describes the use of the revolutionary gene editing technology
CRISPR/Cas9 for the generation of: i) isogenic Trem2 and Dapl2 knockout BV2 cells

(Section 3.3.1) and ii) Trem2 R47H carrier BV2 cells. To generate isogenic Trem2 and
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Dapl2 KO BV2 cells, commercially available CRISPR/Cas9 plasmids containing Cas9
nickases were used for gene editing as they confer higher specificity. Also, many
different molecular biology techniques were employed for the isolation, clonal expansion
and selection of cell clones carrying the mutated Trem2 gene.

Unfortunately, during the first round of CRISPR/Cas9n editing, it was not possible to
generate any Trem2 or Dapl2 homozygous knockout clones. Instead, heterozygous
Trem2 knockout clones (Trem2 haploinsufficient clones, or Trem2 +/-) were obtained; of
which only 2 were taken forward for further experimentation; namely clones A7 (carrying
a 4bp deletion) and C8 (carrying a 34bp deletion). As for Dapl2, it was not possible to
obtain any kind of gene modification, which was the reason why all attempts to gene edit
Dapl2 were terminated.

Interestingly, during the characterisation of clones A7 and C8 (Trem2 +/-), Trem2
expression was found to be reduced not only because of gene editing but also as a result
of both the culture medium and stimuli used. Unexpectedly, addition of 10% FBS to the
growth medium and LPS stimulation reduced Trem2 expression by ~50% and ~75%,
respectively (Figure 3.4). The same trend was observed in the gene edited cell lines. As
previously discussed, these results were replicated in different sets of experiments and
across multiple platforms (RT-qgPCR, microarray and RNAseq). This prompted us to use
supplementation of 10% FBS as a modulator of Trem2 expression in other experiments.

Trem2's downregulation in response to LPS is a well-documented phenomenon,
although the exact inhibition mechanism still remains to be elucidated. Not many studies
have explored the effect of serum supplementation on microglial activation and/or Trem2
expression, yet Wang et al. (2017) reported that supplementation of 5% of BV2 culture
medium with human serum from either healthy donors or systemic lupus erythematosus
(SLE) patients was enough to activate microglia, which could in turn reduce Trem2
expression. In light of their results and ours, it is hypothesised that serum
supplementation (foetal calf serum or other) of BV2 cultures activates cells and further
studies should explore the effects of such activation in terms of gene expression
changes. Moreover, Bohlen et al. (2017) have shown that serum supplementation alter

proliferation and phagocytic capacity of microglial cells; this is discussed in Chapter 4.

As mentioned above, a second round of CRISPR/Cas9 gene editing was necessary to
generate homozygous Trem2 knockout clones (Trem2 -/-), of which B5 and G4 were
taken forward for further characterization. It is suggested that the difficulty in obtaining
such clones lies in the well-known BV2 cells’ hard-to-transfect status (see Chapter 3).
Future attempts to modify BV2 cells should therefore use a different approach, such as
direct transfection of the Cas9 protein complexed together with the gRNA, among other
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methods. Another limiting factor was the low survival rates seen after plasmid
transfection. This can also be improved by using different transfection and CRISPR/Cas9
approaches, or by using newly developed and commercially available survival enhancing

media.

To introduce the Trem2 R47H mutation into BV2 cells (Section 3.3.3), two different
approaches were employed: CRISPR/Cas9n (nickases) and CRISPR/Cas9 (nuclease).
In total, four attempts to introduce the mutation were made: one round using
CRISPR/Cas9n and three rounds using CRISPR/Cas9. As a result, a total of 992 clones
were screened. Unfortunately, gene editing was unsuccessful and it was not possible to
generate any isogenic clones that carried the Trem2 R47H mutation either in
heterozygosity or homozygosity. This result is not surprising given that the HDR
mechanisms needed to introduce mutations are known to be less efficient than the non-
templated NHEJ mechanism (see Section 3.4.1. for a detailed discussion). Future work
should investigate new approaches to efficiently deliver the necessary components of
the CRISPR/Cas9 system into this particular target cell line.

Chapter 4 describes the morphological and functional characterization of the Trem2 +/-
(A7 and C8) and Trem2 -/- (B5 and G4) BV2 cell lines. To this end, the knockdown (of
Trem2 +/- clones) and knockout (of Trem2 -/- clones) status of Trem2 in the 4 genome
edited cell lines was investigated. Characterization of the Trem2 expression in these
clones was carried out using RT-gPCR (Section 4.3.1.1), Western blot (Section
4.3.1.2.1), STREM2 ELISA (Section 4.3.1.2.2) and immunostaining (Section 4.3.1.2.3).

In keeping with the results shown in Figure 3.4, Trem2 mRNA expression data showed
that it was not only affected by gene editing, but also by the serum content of cell culture
medium and LPS stimulation. In this new set of experiments, Trem2 expression was
consistently downregulated by: FBS supplementation, LPS stimulation and the
combination of both across all cell lines (Figure 4.1). As discussed in Section 4.4.1,
serum supplementation and LPS stimulation have already been shown to downregulate
Trem2 in microglial cell cultures. Remarkably, during the characterization of the STREM2
shedding by the CRISPR/Cas9 edited cell lines (Section 4.3.1.2.2), an interesting pattern
of STREM2 release was observed. In contrast to what was seen during the RT-qPCR
expression analysis, release of STREM2 was encouraged by serum supplementation
alone or in combination with LPS. Meanwhile LPS alone, did not increase sTREM2
release (Figure 4.4). These results are interesting if we keep in mind that serum is both
capable of reducing Trem2 mRNA and increasing STREM2 release, which combined can
exhaust the cell’'s TREM2 protein reserve. Future experiments should investigate the

effect of this TREM2 depletion on microglial function.
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Notably, downregulation and knockout of the TREM2 protein was also confirmed by
western blot analysis and immunostaining. Western blot analysis exhibited small levels
of TREM2 expression in Trem2 -/- clones, B5 and G4. It is hypothesised that low levels
of expression were due to nonspecific binding of anti-TREM2 antibody used (AF1729,
polyclonal sheep IgG). Detection of the mouse TREM2 protein expression with a different
anti-TREM2 antibody might reduce the background signal and/or not detect TREM2
proteins in B5 and G4 clones. Interestingly, the same antibody was used for
immunostaining, where no signs of TREM2 expression were seen in the Trem2 -/-

clones, but rather a high auto-fluorescence signal of these cells.

Once the genetic knockdown and knockout of Trem2 was confirmed, the next step was
the functional characterization of the genome edited cell lines (Section 4.3.1.3). The
functional characterization of Trem2 +/- and Trem2 -/- clones was performed by testing
their phagocytic capacity (using E. coli and Zymosan particles, Section 4.3.1.3.1),
proliferation capacity (using KI67 and CFSE staining, Section 4.3.1.3.2), migration (using
a modified Boyden chamber assay, Section 4.3.1.3.3), cytokine release (using proteome
profiler arrays, Section 4.3.1.3.4) and the genetic expression of microglial associated
genes (by RT-gPCR, Section 4.3.1.3.5).

Unlike previous reports (Kleinberger et al., 2014b, N'Diaye et al., 2009a, Atagi et al.,
2015b, Xiang et al., 2016b), in this study, Trem2 CRISPR/Cas9 clones (Trem2 +/- or -/-
) did not show a reduced phagocytic capacity of E. coli or Zymosan particles. It is
hypothesised that these differences may be the result of dissimilarities between the
culture conditions used in other studies and ours. In the present work, low-serum
conditions were used (1% FBS), while most studies use 5 or 10% FBS in culture medium.
This is particularly relevant in light of the results reported by Bohlen et al. (2017), which
show that serum supplementation increases the phagocytic capacity of microglial cells.
Similarly, there were no differences in the proliferation rates (speed) of WT and the
Trem2 CRISPR/Cas9 clones, also contradicting previous studies (Wang et al. (2016b)).
Again, Bohlen et al. (2017) have shown that serum supplementation gives the impression
of an apparent increase in survival over time. They go further to clarify that this apparent
increase arises from two confounding factors: i) induction of rapid proliferation by serum
supplementation (caused by unknown factors) and ii) accelerated clearance of dead cells
in serum-containing cultures (probably caused by the accelerated phagocytosis

promoted by serum).

On the other hand, there were some signs of impairment in the migration capacity of the
Trem2 CRISPR/Cas9 clones which is in agreement with the literature (Mazaheri et al.

(2017)). There was also evidence of a compromised cytokine release capacity in the

253



CHAPTER 6: General Discussion and Conclusions

Trem2 CRISPR/Cas9 clones (e.g. increased release IL10 and IL11 under unstimulated
conditions or increased release of TNFa, IL1a and IL1B under LPS stimulation) and in
response to the different stimuli (LPS, IL4 and TGF().

Interestingly, when WT cells were stimulated by either LPS, IL4 or TGFf, there was a
group of cytokine that were upregulated (green rectangle in Figure 4.12), pointing
towards a common microglial cell activation mechanism. This group of cytokines was
named “Microglial activation signature” and was also upregulated in the A7 (Trem2 +/-)
and B5 (Trem2 -/-) cell lines under unstimulated conditions, implying that these cell lines
are already activated even when left untreated. Importantly, this points to a possible role
for TREMZ2 in microglial activation. This cytokine signature included IL11, IL12, FGF-21,
CXCL9, IGFBP-3, IL10, IGFBP-5, leptin, FGF acidic, LIF, CXCL10, PDGF-BB and
Pentraxin 2. Further studies on the expression and release of these cytokines during
microglial activation are needed to validate their significance in the context of microglial
activation. Unfortunately, the cytokine release experiment had two major limitations that
should be taken into account for future work. First, in this thesis the experiment was only
repeated once and more biological repeats will be needed to validate its results.
Secondly, the cytokine arrays only provide us with relative quantification; further studies

should seek to use methods that are capable of absolute quantification of cytokines.

Similarly, differences in the gene expression of many microglial associated genes (Tnf,
ApoE, CD40, CD33, Dapl2 and PIxnal) were also detected by gPCR. None of these
differences in the expression of the mentioned genes (i.e. Tnf or ApoE) was consistent
with any Trem2 genotype (Trem2 +/- or -/-) and were associated with differences
between the clonal cell lines. As a result, it can be concluded that Trem2 deficiency does
not affect the expression of Tnf, ApoE, CD40, CD33, Dap12 and PIxnal in vitro.

Chapter 5 describes the gene expression analysis of microglial activation in response to
different stimuli including; LPS, dextran sulphate, fibrinogen, IL4, TGF@ and AB1-42 (as
monomers, oligomers and fibrils). For the analysis of the gene expression changes
during microglial activation, two different approaches were used: gene expression
microarrays (Section 5.3) and RNA sequencing (Section 5.4). In both analyses,
differentially expressed genes were identified using Partek Suite and Partek Flow
software. Once the differentially expressed genes were identified for each treatment, GO

and Pathway enrichment analysis were carried out.

Concurrently, the effect of the different stimuli on the expression of microglial and
immune activation markers as well as AD-associated genes was investigated. Significant
differences were found among most treatments, but strikingly there was no evidence of
immune activation by any of the three AB1-42 conformations (monomers, oligomers or
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fibrils). This was despite a careful morphological characterization of the different AB1-42
conformations by TEM (Section 5.4.2). These results contrast with previous reports
where AB1-42 was able to activate microglial cells (Tang and Le, 2016, Michelucci et al.,
2009). Walker et al. (2006) reported inflammatory activation of primary microglia with
2uM aggregated A (fibrils and oligomers) in serum-free medium. Meanwhile, Maezawa
et al. (2011) reported a unique activation signature of microglial cells with A oligomers
at 20nM. In our study, we used a concentration of 500nM for both oligomers and
monomers (and 20nM of A fibrils for the microarray experiment); however, none of the
AB conformations managed to activate microglial cells. Forthcoming studies should use
different (higher) AB doses to stimulate microglial cells in order to study their effect on

microglial activation.

Importantly, both the microarray and RNAseq experiments found that LPS stimulation of
BV2 cells caused the disruption of many AD-related genes. The microarray and RNAseq
experiments showed that for both approaches, an average of 25% of AD-related genes
were differentially expressed by this treatment.

It is of note that there were some small discrepancies between the results obtained using
both platforms. For example, App was reported to be upregulated by LPS treatment in
the microarray experiment, but showed no differential expression in the RNAseq
experiment. Similarly, CELF1 (Gugbp) and MS4A6A (Ms4a6d) were upregulated in the
microarray experiment but showed no signs of differential expression in the RNAseq
experiment. In contrast, RNAseq data showed that in response to LPS, Ptk2b and Madd
were upregulated and downregulated, respectively; this was not observed in the
microarray data. These small discrepancies could be the result of differences in library

preparation methods and/or the specificity of both platforms.

In contrast, concurring results were found in the case of ApoE, Cd33, Inpp5d, Mef2c and
Trem2. The importance of the expression changes seen in these genes, in the context
of microglial activation, needs to be explored in future studies. Notably, changes in the
expression of ApoE and Trem2 in response to LPS have been validated by RT-QPCR in
this thesis (for reference see Figure 4.1 and Figure 4.13), further confirming their role in

microglial activation.

With regards to IL4 and TGFf stimulations, differential expression of 6 (Cd33, Ms4a6a,
Mef2c, Picalm, Clu and Abi3) and 8 (App, Apoe, Inpp5d, Trem2, Pld3, Cass4, Clu and
Abi3) AD-related genes was observed, respectively. Altogether, these results point to a
significant effect of microglial activation (M1 or M2) on the expression of genes which
have been linked to AD.
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Finally, Chapter 5 also describes the gene expression analysis carried out to compare
the gene expression profile of WT and B5 (Trem2 -/-) BV2 cell lines under untreated and
LPS conditions (Section 5.5). This comparison allowed us to identify clear differences
between the gene expression profiles of Trem2 +/+ and Trem2 -/- cells and detect some
of the molecular functions and pathways disrupted as a result of Trem2 deficiency. Post-
ANOVA lists of differentially expressed genes were generated for all conditions assayed
(see Figure 5.17). A striking first observation was the huge number of differentially
expressed genes observed in the Trem2 -/- cell line: almost 4000 at any timepoint for the
untreated Trem2 -/- cells. This is almost twice as much as the number of differentially
expressed genes in WT cells stimulated with LPS at 6h. Such a great number of
differentially expressed genes in untreated cells points towards an important disruption

in the gene expression programme of BV2 cells.

Depending on the timepoint, LPS stimulation of B5 cells increased the number of
differentially expressed genes in a range of 360 to 520, , compared to untreated Trem2
-/- cells. Another important observation was that WT cells stimulated with LPS seemed
to resolve the inflammatory insult as time progressed. This could be evidenced by the
lowering in the number of differentially expressed genes in this treatment group. Such
reduction was not as noticeable in Trem2 -/- cells, therefore suggesting they might have

an impaired resolution response to inflammatory insults, such as LPS.

During the GO analysis, Trem2 -/- cells showed enrichment of terms associated with
regulation of the immune response and protein transport (BF) among others. It also
showed enrichment of disease terms associated with Rheumatoid Arthritis,
Neurodegenerative disorders and Alzheimer’s disease, all of which have been shown to

have an immune pathogenic component.

Regarding the analysis of the effect of the Trem2 deficiency in the expression of AD-
associated clones (Section 5.5.5), we showed that as many as 13 were differentially
expressed as a consequence of the genetic knockout (ApoE, Cd33, Mef2c, Trem2, Bin,
Picalm, Cass4, Psen, Sorll, Adam10, Madd, Clu and Abi3). This disruption was even
bigger than that of LPS stimulation of WT BV2 cells, which only disrupted the expression
of 8 genes (ApoE, CD33, Inpp5d, Mef2c, Trem2, Ptk2b, Madd and Abi3). Again, this
bigger number of differentially expressed genes suggests an important dysregulation in

the gene expression programme of genes, and possibly pathways, associated with AD.

Overall, the present study has achieved its main goal of gaining a better understanding
of microglial activation in response to different stimuli, including AB1-42 in three different
conformations. Furthermore, by using the CRISPR/Cas9 technology to modify BV2 cells,
4 new in vitro models for the study of TREM2 function were created. These in vitro
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models were functionally characterised with regards to their phagocytic, proliferative,
migratory and cytokine release capacities. Although investigation of said capacities
produced data that were in accordance with the literature, some contradicting results
were also obtained concerning both phagocytosis and proliferation in BV2 modified cells.
Additionally, the comparison of the gene expression profile of the newly generated B5
(Trem2 -/-) cell line with the wild-type has allowed the identification of specific genes
whose expression profiles were disrupted in the absence of Trem2. Our findings thus
provide new insights into microglial activation mechanisms and Trem2 function in

microglial cells.

6.1 Future work
Forthcoming studies of microglial activation and TremZ2’s function will benefit from the

use of primary microglia or iPSC-derived-microglia. Immortalised microglial cell lines
(BV2, N9 and HMO06) are good models for microglial research; nevertheless, many gene
expression and functional studies have found major differences between primary

microglia and these immortalised cell lines, including BV2s (Horvath et al., 2008).

New protocols for the differentiation of iPSCs into virtually all somatic cell types, including
microglia (Muffat et al., 2016, Abud et al.,, 2017), are being developed constantly,
providing us with useful tools for human disease modelling. Fortunately, iPSC are also
amenable to CRISPR/Cas9 genome editing for Trem2 knockout or knock-in. Comparison
and validation of the gene expression results obtained in the RNAseq experiment using
either primary microglial cells or human iPSC-derived microglia will be valuable to the
study of TREM2 function. Having already acquired the expertise on CRISPR/Cas9 in
vitro modification of cell lines, it would be reasonable to re-attempt to knockout relevant
genes, including Dap12, ApoE and Clu in BV2 cells in order to investigate their effects

on microglial function and assess their role in neurodegeneration.

Future work using BV2 cells should also explore the effect of serum supplementation as
an immune activator. Work by Wang et al. (2017) and others has suggested that this
kind of supplementation can immune-modulate microglial cultures. This is particularly
relevant since microglial cells in vivo are isolated from serum proteins in the CNS.
Moreover, FBS supplementation has been shown to reduce mRNA expression of Trem2
and increase STREMZ2 release, which could potentially deplete TREMZ2 in microglial cells.
This reduction of the available TREMZ2 protein as a result of FBS supplementation should

be studied in terms of its functional implications for microglial cells.

In this thesis, cytokine release assay was done using a semi-quantitative platform
(Proteome Profiler Mouse XL Cytokine Array) in order to identify differences between the

WT cells and the Trem2 edited clones, particularly differences in the secretion of M1-
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associated cytokines and components of the complement system. This assay also
allowed the identification of an activation signature, a group of cytokines that was
downregulated when cells were activated by either M1 or M2 activators. Nevertheless, it
would be beneficial to use a quantitative platform such as the Luminex Bead-based
Multiplex Assay in future experiments. Finally, RNAseq data could be re-analysed using
a different pipeline for transcript analysis (different isoforms from the same gene) instead
of the gene expression analysis reported in Chapter 5, as the former allows the
interrogation of different isoforms from the same gene. Certainly, this would be more
informative for both the microglial activation and the Trem2 KO experiments, and also

offers the possibility to discover new microglial specific gene transcripts.
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Supplementary Fig. 7.1 BV2 WT cells’ Karyotype. Unmodified BV2 cells were karyotyped commercially
(CELL Guidance Systems Genetics Service, Cambridge, UK) and were found to have a “Grossly abnormal
mouse karyotype”, with 62-66 chromosomes. Mouse normal karyotype (2n) is made of 40 chromosomes
(Nachman and Searle, 1995). Chromosome 17 (Trem2’s location) was found to have 2-4 copies in these
cells.

016-0466
der(2)t(2;2)(p;?)

p
B8R H  pg  e#d  sRa
848 67 s ap 208

A B48 A0 gbpg eade

der(2;17)(q:q)

§
év st oae  ace N

16 1

Case: 016/0466

a
o
’ A Name: BV2-C8, P19
» Date: 06/01/2017
u M ~ e P‘ 8 Result: Grossly abnormal mouse

marl mar3 mar5 mar7
Unidentified markers

Supplementary Fig. 7.2 BV2 C4 (Trem2 +/-) cell line Karyotype. CRISPR/Cas9 modified C8 cells were
karyotyped commercially (CELL Guidance Systems Genetics Service, Cambridge, UK) and were found to
have a “Grossly abnormal mouse karyotype”, with 62-66 chromosomes. Mouse normal karyotype (2n) is
made of 40 chromosomes (Nachman and Searle, 1995). Chromosome 17 (Trem2'’s location) was found to
have 3 copies in these cells.
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Supplementary Fig. 7.3 BV2 G4 (Trem2 -/-) cell line Karyotype. CRISPR/Cas9 modified G4 cells were
karyotyped commercially (CELL Guidance Systems Genetics Service, Cambridge, UK) and were found to
have a “Grossly abnormal mouse karyotype”, with 62-66 chromosomes. Mouse normal karyotype (2n) is
made of 40 chromosomes (Nachman and Searle, 1995). Chromosome 17 (Trem2’s location) was found to
have 3-4 copies in these cells.
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Supplementary Fig. 7.4 Effect of Trem2 deficiency on complement system associated cytokine and
Leptin. Semi-quantitative cytokine detection was performed using Proteome Profiler Antibody Arrays (R&D;
ARY028) for 111 different analytes according to manufacturer’s instructions. Only 3 cell lines were used for
this experiment; WT, A7 (Trem2 +/-) and B5 (Trem2 -/-). Cell lines were exposed to 4 different treatments;
Control (untreated), LPS, IL4 and TGF for 24h. Individual plots of Complement associated cytokines (C5a,
C1gR1 and Complement Factor D) and Leptin.
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Supplementary Fig. 7.6 AD-related genes differentially expressed in response to LPS treatment. In
addition to APOE and TREM2, 5 more genes were differentially expressed by microglia in response to LPS
treatment; APP, CD33, MEF2C, CELF1 (CUGBP) and INPP5D. * and ** represent statistical significance for
LPS treatment and # represents statistical significance for fibrinogen treatment.
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Supplementary Fig. 7.7 AD-related KEGG pathway associated with differentially expressed genes
obtained with LPS treatment (48h). GO analysis of differentially expressed genes identified a significant
association between and AD-related pathway and 15 genes in the list (Benjamini 0.012). Upregulated genes
(blue stars) correspond to 6 genes (including APP, TNF and IL18), while downregulated genes (red stars)
correspond to 9 genes (including APOE). GO analysis of only the downregulated genes also showed an
association with this same AD-related pathway but it was not statistically significant (Benjamini 0.073).

Full list of differentially expressed genes by LPS

Downregulated genes by LPS

NADH dehydrogenase (ubiquinone) 1 beta subcomplex 3; predicted gene 3192
MNADH dehydrogenase (ubiguinone) 1 beta subcomplex 8

NADH dehydrogenase (ubiquinone) 1 beta subcomplex 7

NADH dehydrogenase (ubiguinone) Fe-S protein 7

Apolipoprotein E (APOE)

Cytochrome c oxidase, subunit Vlla 1

Inositol 1,4,5-triphosphate receptor 3 (IP3R)

Predicted gene 14088; ubiquinol-cytochrome c reductase hinge protein
Predicted gene 10231; similar to ATP synthase, H+ transporting, mitochondrial
FO complex, subunit ¢ (subunit 9); predicted gene 10175; predicted gene 5911;
ATP synthase, H+ transporting, mitochondrial FO complex, subunit c (subunit 9),
isoform 2

BH3 interacting domain death agonist (Bid)

Amyloid beta (A4) precursor protein (APP)

Interleukin 1 beta (IL1p!

Protein phosphatase 3, catalytic subunit, gamma isoform

Similar to Amyloid beta precursor protein binding protein 1; NEDD8 activating
enzyme E1 subunit 1 (APP-BP1)

Tumor necrosis factor (TNF)

NADH dehydrogenase (ubiquinone) 1 beta subcomplex 3; predicted gene 3192
NADH dehydrogenase (ubiguinone) 1 beta subcomplex 8

NADH dehydrogenase (ubiquinone) 1 beta subcomplex 7

NADH dehydrogenase (ubiguinone) Fe-S protein 7

Apolipoprotein E (APOE)

Cytochrome c oxidase, subunit Vila 1

Inositol 1,4,5-triphosphate receptor 3 (IP3R)

Predicted gene 14088; ubiquinol-cytochrome c reductase hinge protein
Predicted gene 10231; similar to ATP synthase, H+ transporting, mitochondrial
FO complex, subunit ¢ (subunit 9); predicted gene 10175; predicted gene 5911;
ATP synthase, H+ transporting, mitochondrial FO complex, subunit ¢ (subunit 9),
isoform 2

D Downregulated genes D Upregulated genes

Supplementary Fig.

7.8 Lists of genes associated with the AD-related KEGG pathway (LPS

treatment, 48h). GO analysis of differentially expressed genes identified a significant association between
an AD-related pathway and 15 genes (left panel). Out of these 15 genes, 9 were downregulated (red
background) by the LPS treatment (including APOE) while 6 were upregulated (green background) by this
treatment (including APP, TNF and IL1B). GO analysis of only the downregulated genes also showed an
association with this same AD-related pathway (right panel) but it was not statistically significant (Benjamini

0.073).
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18: Disease [Display Chart] 5486 annotations before applied cutoff / 16203 genes in category

Psoriasis

DisGeNET Curated

D Name Source pValue FOR B&H | FDR B&Y | Bonferroni | Genes from Input | Genes in Annotation
1 | CO003864 | Arthritis DisGeNET Curated | 1.468E-11| 8.053E-8 | 7.399E-7| 8.053E-8 52 606
2 | C0026769 | Multiple Sclerosis DisGeNET Curated | 6,624E-11| 1,817E-7| 1.669E-6| 3.634E-7 66 920
3 | C0004364 | Autoimmune Diseases DisGeNET Curated | 2.556E-10 | 4.674E-7 | 4.285E-6| 1.402E-6 70 1038
4 | C0032285 | Pneumonia DisGeNET Curated | 6.474E-10| B.8B0E-7 | B.158E-6| 3.552E-6 42 476
5 | C0O003873 | Rheumatoid Arthritis DisGeNET Curated | 2.156E-9| 2.011E-6| 1.848E-5| 1.183E-5 a3 1640
6 | C0409974 | Lupus Erythemalosus DisGeNET BeFree | 2.200E-9| 2,011E-6| 1.848E-5| 1,207E-5 3 296
T | C0024138 | Lupus Erythematosus, Discoid DisGeNET Curated | 3.872E-9| 3.014E-6| 2.769E-5| 2.12£4E-5 £l 303
8 | C0024141 | Lupus Erythematosus, Systemic DisGeNET Curated | 4.517E-9| 3.014E-6| 2.769E-5| 2.47BE-5 63 951
9 | C0024131 | Lupus Vulgaris DisGeNET BeFree | 4.945E-9| 3.014E-6| 2.769E-5| 2.T13E-5 30 289
10| C3714636 | Pneumonitis DisGeNET BeFree | 6.195E-9| 3.398E-6| 3.122E-5| 3.398E-5 # 309
11 | CD023893 | Liver Cirrhosis, Experimental DisGeNET Curated | 8.218E-9| 4,098E-6| 3.765E-5| 4.50BE-5 54 767
12 | C0038454 | Cerebrovascular accident DisGeNET Curated | 1.959E-B| 8.955E-6| 8.227E-5| 1.075E4 49 679
13 | C0023434 | Chronic Lymphocytic Leukemia DisGeNET Curated | 3.941E-8| 1.663E-5| 1.528E-4| 2,162E-4 66 1077
14 | CO004096 | Asthma DisGeNET Curated | 5.049E-8| 1.979E-5| 1.818E4| 2.770E-4 69 1155
15| C0027051 | Myacardial Infarction DisGeNET Curated | 1.157E-7| 4.231E-5| 3.887E-| 6.346E-4 51 763
16 | C0009324 | Ulcerative Colitis DisGeNET Curated | 2,72TE-7| 9.229E-5| B.479E4 | 1.496E-3 50 762
17 | C0014070 | Encephalomyelitis DisGeNET BeFree | 3.022E-7| 9.229E-5| B.4V9E~4| 1.658E-3 30 347
18 | C0162820 | Dermatitis, Allergic Contacl DisGeNET Curated | 3.028E-7| 9.229E-5| B.A479E-4| 1.661E-3 15 99
19| C0023418 | leukemia DisGeNET Curated | 3.924E-7| 1.133E-4 | 1.041E-3| 2,153E-3 94 1854
20| C0004153 | Atherosclerosis DisGeNET Curated | 4,332E-7| 1.188E-4 | 1.092E-3| 2.377E-3 62 1053
21| C0003850 | Arteriosclerosis DisGeNET Curated | 6.798E-7| 1.776E-4 | 1.631E-3| 3.729E-3 62 1067
22 | C0026764 | Multiple Myeloma DisGeNET Curated | 7.513E-7| 1.798E-4| 1.652E-3| 4.122E-3 69 1241
23| C0023467 | Leukemia, Myelocytic, Acute DisGeNET Curated | 7.540E-7| 1.798E-4 | 1.652E-3| 4.136E-3 &5 1646
24 |C0009319 | Colitis DisGeNET Curated | 8.232E-7| 1.882E-4 | 1.729E-3| 4.516E-3 40 569
25| C0024117 | Chronic Obstructive Airway Disease DisGeNET Curated | 1.253E-6| 2,634E-4| 2420E-3| 6,873E-3 39 557
26 | C0042344 | Varicose Ulcer DisGeNET BeFree | 1.281E-6| 2.634E-4 | 2.420E-3| T.025E-3 8 28
27 | C0033860 1.296E-6| 2.634E-4| 2420E-3| T.1M2E-3 42 623

prcic

[ ahy g

i G

.

U able angina g

31| C0011860 | Diabetes Mellitus, Non-Insulin-Dependent | DisGeNET Curated | 3.830E-6| 6.778E-4 | 6.228E-3| 2,10M1E-2 74 1427
32| C0010346 | Crohn Disease DisGeNET Curated | 4.382E-6| 7.512E-4 | 6.901E-3| 2.404E-2 45 722
33 | C0010068 | Coronary heart disease DisGeNET Curated | 5.729E-6| 9.396E-4 | 8.632E-3| 3.143E-2 47 776
34| C0079731 | B-Cell Lymphomas DisGeNET Curated | 5.823E-6| 9.396E-4| 8.632E-3| 3.195E-2 43 684
35| C0023487 | Acute Promyelocylic Leukemia DisGeNET Curated | 7.248E-6| 1.136E-3| 1.044E-2| 3.976E-2 33 468
36 | C0021390 | Inflammatory Bowel Diseases DisGeNET Curated | 1.048E-5| 1.580E-3| 1.451E-2| 5.750E-=2 45 747
37| C0239946 | Fibrosis, Liver DisGeNET Curated | 1.065E-5| 1.580E-3| 1.451E-2| 5.845E-2 31 434
38| C0019693 | HIV Infections DisGeNET Curated | 1.230E-5| 1.775E-3| 1.631E-2 6.74TE-2 47 799
39 | C0023895 | Liver diseases DisGeNET Curated | 1.663E-5| 2,340E-3| 2,150E-2| 9.125E<2 a7 576
40| C0023890 | Liver Cirrhosis DisGeNET Curated | 1.897E-5| 2.602E-3| 2.390E-2| 1.041E-1 39 625
41| C0039103 | Synovitis DisGeNET Curated | 2.014E-5| 2.695E-3| 2476E-2| 1.105E-1 13 106
42 | C0036690 | Septicemia DisGeNET Curated | 2.165E-5| 2.813E-3| 2.584E-2| 1.188E1 31 450
43 | C0007222 | Cardiovascular Diseases DisGeNET Curated | 2,211E-5| 2,813E-3| 2,584E-2 1.213E-1 44 746
44| C0010054 | Coronary Arteriosclerosis DisGeNET Curated | 2,256E-5| 2,813E-3| 2.584E-2| 1.238E-1 43 723
45| C0149678 | Epstein-Barr Virus Infections DisGeNET BeFree | 2.334E-5| 2.826E-3| 2.596E-2| 1.281E-1 20 228
46 | C1956346 | Coronary Artery Disease DisGeNET Curated | 2,383E-5| 2,826E-3| 2,596E-2| 1.307E-1 46 796
47 | C0004943 | Behcet Syndrome DisGeNET Curated | 2,421E-5| 2,826E-3| 2,596E-2 1.328E-1 19 210
48 | C0019196 | Hepatitis C DisGeNET Curated | 2,59TE-5| 2.968E-3| 2,727TE-2| 1425E-1 44 751
49 | C0155877 | Allergic asthma DisGeNET BeFree | 3.461E-5| 3.875E-3| 3.560E-2| 1.899E-1 18 197
50 | 1140680 | Malignant neoplasm of ovary DisGeNET Curated | 4.476E-5| 4.818E-3| 4.426E-2| 245561 88 1911

Supplementary Fig. 7.9 Disease pathway enrichment analysis — IL4, 48h. Representative image of
the Disease pathway analysis showing the enrichment of the AD related Disease pathway.
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Supplementary Fig. 7.10 DAP12 Western blot for the identification of DAP12 KO BV2 clones. All
Dapl2 CRISPR/Cas9 clones were analysed by Western blot to identify if there was a reduction on the
expression of DAP12 protein (10-12kDa). The figure only shows 24 out of the 30 surviving Dapl2
CRISPR/Cas9 clones. The amount of protein lysate in each lane varies (approximately 20ug) as protein
content was not quantified prior to electrophoresis. DAP12 was detected using a rabbit monoclonal anti-
DAP12 antibody (Cell Signalling, Cat# 12492, 1:500 dilution). None of the clones seemed to have lost
expression of DAP12 on whole cell lysates. B-actin (45kDa) was used as a loading control and was detected
using a mouse monoclonal ant--actin antibody (Sigma, Cat# A5441, 1:10 000 dilution). Clone D11 (*) did
not seem to have enough protein for Western blot detection as B-actin loading control did not showed a
detectable signal. Clone D17, had a very faint DAP12 band which is not visible in this figure.

Trem2 +/+
wr &

Trem2 +/-
AT
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Supplementary Fig. 7.11 The effect of Trem2 deficiency on the morphology of BV2 cells.
Representative phase contrast images of WT (unmodified) and CRISPR/Cas9-edited BV2 cell lines grown
in serum containing medium for 24h. Scale bar represents 100um. Photographs were taken by Dr. Alexandra
Phillips, Dept. of Neuroinflammation, UCL Institute of Neurology.
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