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Abstract

Aicardi Goutieres Syndrome (AGS1-9) is a rare inflammatory mediated encephalopathy which occurs
due to mutations in genes involved in the sensing, regulation and metabolism of self-nucleic acid
species. Proteins implicated in AGS play an essential role in self-non-self-discrimination, which helps
explain the excessive type | interferon (IFN) production and large upregulation of interferon
stimulated genes (ISGs) that occurs in AGS patients. This strong antiviral response is thought to
largely contribute to the devastating nature of the condition, which results in significant physical and
neurological disability. AGS patients can also suffer from sub-type specific symptoms, such as
cerebrovascular disease which only manifests in patients with mutations in SAMHD1 (AGS5).
Indeed, AGS5 represents a monogenic form of inflammatory based stroke, and can be utilised to
provide unique insight into the mechanisms and causes behind more common forms of stroke, such
as viral infections as a risk factor, whereby excessive type | IFN signalling as an antiviral mechanism
may be related to the onset of stroke. Moreover, antiviral signalling has also been attributed to
cholesterol dysregulation, an additional clinical risk factor for both ischaemic and haemorrhagic
stroke.

To date, few mouse models successfully replicate the vast clinical phenotypes observed in AGS
patients, with none phenocopying the neurological manifestations which are one of the hallmarks of
the condition. Contrastingly, transient knockdown of the samhdl gene in a zebrafish larval model
appeared to recapitulate a number of clinically relevant phenotypes, including neurological aspects
of the disease, as observed by the presence of intracerebral haemorrhage (ICH) in the larvae.
Therefore, zebrafish may offer specific advantages over mice when modelling AGS pre-clinically. As
such, the central aim of this PhD was to characterise a novel stable mutant zebrafish model of AGS5

to increase understanding of SAMHD1-induced AGS, and the associated cerebrovascular disease.

Zebrafish disease modelling of AGS5 revealed the presence of a number of neurological phenotypes,
not previously identified in the existing pre-clinical models, reinforcing the usefulness of zebrafish as
a model organism to study AGS. Furthermore, the zebrafish exhibited cerebrovascular deficits and
dysregulation of the cholesterol biosynthesis pathway, which was also observed in an AGS patient
RNAseq dataset. Further investigation of the type | IFN signalling relationship with cholesterol in
human brain endothelial cells, identified cholesterol dysregulation following treatment of the oxysterol
25 hydroxycholesterol (25HC), produced downstream of type | IFN. A reduction in cholesterol from
the plasma membrane acted to alter the normal functioning properties of the brain endothelial cells.
Taken together, we propose that these data in zebrafish and human cells provide new mechanistic
insight into how cholesterol dysregulation, as a result of antiviral signalling, may lead to the

generation of cerebrovascular deficits and stroke.
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1.1 Aicardi-Goutieres syndrome and the type | interferonopathies

1.1.1 Aicardi-Goutiéres syndrome

Aicardi-Goutiéres syndrome (AGS) is a rare monogenic disease, which comprises part of the larger
disease class known as the type | interferonopathies. Since the 1980s, inappropriate exposure to
type | interferon (IFN) has been shown to be detrimental in developing mammals, resulting in growth
arrest, delay in organ maturation, and death (Gresser et al., 1980). Following this pre-clinical
observation, two paediatric neurologists: Jean Aicardi and Francoise Goutieres described
comparable results in a group of young infants. These patients presented with mainly neurological
symptoms, manifesting as intracranial calcifications, brain atrophy and microcephaly, coupled with a
large increase in intrathecal IFN-a production and lymphocytosis, despite no indication of a viral
infection (Aicardi and Goutieres, 1984; Lebon et al., 1988). The lack of identifiable infection was
intriguing, as the clinical phenotypes observed had significant overlap with the sequelae of in utero
congenital viral infection (Crow and Livingston, 2008). Instead, this alluded to a genetic basis of this
disease, and since the original identification of these symptoms, pathogenic variants in nine different
genes have been revealed, with their corresponding genetic loci termed AGS1-9. There are thought
to be approximately 500 families affected by AGS worldwide, making it the most common type |
interferonopathy, and also the most well studied. (Crowl et al., 2017).

1.1.2 Additional type | interferonopathies

Type | interferonopathies are a relatively new disease class, first described in the medical lexicon in
2011 to group together three distinct Mendelian syndromes all characterised by excessive type | IFN
release (AGS, spondyloenchondrodysplasia, and monogenic forms of systemic lupus erythematosus
(SLE)) (Crow, 2011). Fuelled by enhanced clinical knowledge and understanding, screening assays,
and next-generation sequencing, there are now 38 discrete genotypes, responsible for 13 syndromes
which are all considered type | interferonopathies (Crow and Stetson, 2021). Alongside the three
originally described syndromes, current literature includes syndromes such as proteasome-
associated autoinflammatory syndromes, ISG15 and USP18 deficiency, Singleton-Merten syndrome

and STING-associated vasculopathy with onset in infancy (SAVI) (d'Angelo et al., 2021).

Notably, there is a distinct overlap of clinical features found across the type | interferonopathies,
particularly with regards to the central nervous system (CNS) and the skin, which suggests that type
I IFN is directly a large contributor to the pathology. However, this has yet to be ascertained, and
may yet just represent an association with the disease rather than a causal relationship (Rodero and
Crow, 2016). Arguments for type | IFN being a disease biomarker rather than a pathological factor
stem from the largely heterogeneous clinical presentation of each syndrome, despite the evident
phenotypic overlap. For example, SAVI patients present with profound pulmonary disease, a
symptom not identified in other type | interferonopathies (Crow and Manel, 2015). However, Rodero

and Crow argue that the differences could instead be attributed to multiple biological consequences
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of protein dysfunction, coupled with distinct expression patterns of affected genes, causing

phenotypes in specific locations (Rodero and Crow, 2016).

The genes implemented in causing dysregulated type | IFN production can be grouped based on the
function of the gene products, with the majority acting directly on nucleic acid substrates, involved in
the metabolism, regulation or sensing of deoxyribonucleic acid (DNA) or ribonucleic acid (RNA).
Other groups of genes are involved in type | IFN receptor signalling, the maintenance of mitochondrial
integrity and proteasomal functioning, whilst a small number of genes have an as yet undefined role
relating to type | IFN (Crow and Stetson, 2021). Ultimately, upon mutation, these genes represent a
failure of self versus non-self discrimination and the highly distinctive roles and intracellular location
of each gene acts to increase our understanding of innate immunity, in particular the role of the type
I IFN pathway, in both health and disease.

1.2 Genetic mechanisms of AGS

Currently, nine sub-types of AGS have been identified. These involve mutations in TREX1,; the three
nonallelic components of the RNASEH2 complex (RNASEH2A, B, C); SAMHDL1; ADAR1; IFIH1;
LMS11 and RNU7-1 (Crow et al., 2006a; Crow et al., 2006b; Rice et al., 2009; Rice et al., 2014; Rice
et al., 2012; Uggenti et al., 2020). Each gene encodes a protein with an integral role in intracellular
nucleic acid sensing, processing or metabolism (Table 1.1). Upon mutation, there is disruption to the
nucleic acid homeostasis within the cell, recognised by intracellular DNA and RNA sensors, which
activate the cyclic GMP-AMP synthase (cGAS), Stimulator of interferon genes (STING) (cGAS-
STING) pathway, or the Mitochondrial antiviral-signalling protein (MAVS pathway) respectively,
causing type | IFN induction (Fig 1.1).
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Table 1.1- Molecular function of AGS-related proteins, and the mechanism behind innate
immune signalling pathways following mutation

Abbreviations: ssDNA: single stranded DNA; dsDNA: double standed DNA; dsRNA: Double stranded

RNA; cGAS:

cyclic GMP-AMP synthase; STING: Stimulator of interferon genes; dNTP:

deoxynucleotide triphosphate; MDA5: Melanoma differentiation associated protein 5; MAVS:
Mitochondrial antiviral-signalling protein.

Gene

Protein Function

Proposed mechanism of IFN activation

Three prime repair

exonuclease (TREX1)

DNA exonuclease targeting
products of reverse
transcriptase activity (sSDNA
and dsDNA) (Mazur and
Perrino, 1999)

Following loss of function, DNA species
accumulate and are detected by the
CGAS-STING pathway (Gao et al.,
2015)

Ribonuclease H2
(RNASEHZ2B, 2C, 2A)

Endonuclease complex that
degrades RNA in RNA-DNA
heteroduplexes. These are
products of RNA transcription
and reverse transcription
(Cerritelli and Crouch, 2009)

Following loss of function, there is
suggested to be an increase in cytosolic
RNA-DNA hybrids leading to an
increase in DNA damage, thought to
activate the cGAS-STING pathway
(Mackenzie et al., 2016).

SAM and HD Domain
containing
deoxynucleoside
triphosphate
triphosphohydrolase
(SAMHD1)

dNTPase which regulates the
intracellular dNTP pool
(Goldstone et al., 2011)

Following loss of function, endogenous
dNTPs accumulate, leading to loss of
genome integrity and activation of the
CGAS- STING pathway (Kretschmer et
al., 2015)

Adenosine Deaminase
acting on RNA
(ADAR1)

dsRNA-editing enzyme,
deaminates adenosine to
inosine (Hogg et al., 2011)

Loss of function leads to generation of
abnormally immunogenic dsRNA
species, recognised by the RNA-sensing
pathway involving MAVS (Rice et al.,
2012)

IFN-induced helicase C
domain-containing
protein 1 (IFIH1)

Encodes MDAS, a dsRNA
sensor (Kato et al., 2006)

Gain of function mutation results in a
lower activation threshold to enable
sensing of endogenous dsRNA, and the
MAVS pathway is activated (Rice et al.,
2014)

LSM11, U7 small
nuclear RNA
associated (LSM11)
RNA, U7 Small nuclear
1 (RNU7-1)

Both proteins form components
of the replication-dependent
histone pre-mRNA processing
complex (Mowry and Steitz,
1987; Pillai et al., 2003)

Upon loss of function mutation, there is
a disturbance of histone protein
composition, leading to the sensing of
nuclear DNA through cGAS-STING
(Uggenti et al., 2020)
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Figure 1.1- Activation of the antiviral signalling pathway following AGS mutations

Cytosolic DNA and RNA are recognised by cytosolic sensors. Mutations in TREX1, RNASEH2B, 2A,
2C, SAMHD1, LMS11 and RNU7-1 cause either the build-up of cytosolic DNA, or result in abnormal
sensing of DNA. The DNA binds to cGAS and catalyses the synthesis of cGAMP. cGAMP binds to and
activates STING, leading to activation of two distinct pathways. The NF-kB pathway leads to the
expression of pro-inflammatory genes, whilst TBK-1 and IRF3 result in type | IFN expression. The
cytosolic RNA pathway is initiated by mutations in ADAR1 and IFIH1. MDA5 recognises long double
stranded RNA, resulting in downstream activation of the adaptor protein MAVS. Subsequently, the TBK-
1 and NF-kB pathways are activated, akin to the DNA sensing pathway. The type | IFN produced from
the IRF3 transcription factor can act in an autocrine and paracrine fashion, through binding to the IFNAR
receptors. This initiates the activation of the JAK/STAT signalling cascade. JAK1 and TYK2
phosphorylate each other’s tyrosine residues and the intracellular tail of the receptor, establishing a
docking site for STAT1 and STAT2 to bind. Phosphorylation of STAT1 and STAT2 recruits the
transcription factor IRF9, together forming the ISGF3 complex which translocates into the nucleus to
bind to ISRE and initiate the induction of 1SGs. Abbreviations: cGAS: cyclic GMP-AMP (cGAMP)
synthase; STING: Stimulator of interferon genes; TBK: serine/threonine protein kinase; IRF3/9:
interferon regulatory factor 3/9; NF-kB: nuclear factor kappa beta. MDA5: melanoma differentiation-
associated protein 5; MAVS: mitochondrial antiviral-signalling protein; JAK: janus kinase 1; TYK2:
tyrosine kinase 2; STAT1/2: signal transducer and activator of transcription; ISRE: IFN-stimulated
response elements.

1.3 Typel IFN

Type | IFN forms one of the three distinct IFN families, along with type Il IFN (IFNy) and type Il IFN
(IFNA1, IFNA2, IFNA3). Type | IFN is made up of 13 partially homologous IFNa subtypes, one IFN
and also a number of poorly defined subtypes: IFNg, IFNT, IFNK, IFNw, IFN& and IFNC (Pestka et al.,
2004). As a result, the discussions around type | IFN are focussed on the most well characterised
subtypes: IFNa and IFNR.
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Type | IFNs are key components of the innate immune response, and are known as antiviral
cytokines. The antiviral properties of type | FN have been recognised in vivo as early as the 1960’s,
when IFN was shown to be rapidly upregulated following viral infection of mice, long before the
production of antibodies against the viral insult (Isaacs and Hitchcock, 1960). This can now be
attributed to the different arms of the immune system, with IFN belonging to the innate immune
system to produce a rapid response to infection, leaving the adaptive immune system to produce
pathogen specific antibodies at a later time point. The importance of IFN in an antiviral context was
then confirmed using 1gG antibodies against IFN, which made resistant mice susceptible to the viral

infections hepatitis and influenza (Haller et al., 1979; Virelizier and Gresser, 1978).

All nucleated cells can produce type | IFN, following the activation of pattern recognition receptors
(PRRs) that recognise microbial products and other pathogen-associated molecular patterns
(PAMPSs). These can be found in the cytosol, as highlighted in Fig 1.1 with cGAS and MDAS5, which
identify nucleic acid species. Additionally, PRRs are also present on the cell surface and endosomal
compartments where similar signalling mechanisms are utilised to produce type | IFN from other

pathogen associated molecular patterns (McNab et al., 2015).

Following the production of type | IFN, the response is three-fold. Firstly, type | IFN binds to the
heterodimeric transmembrane receptor Interferon a/f receptor (IFNAR), formed of IFNAR1 and
IFNAR2 subunits, initiating the canonical type | IFN signalling pathway (Fig 1.1). This cumulates in
the transcription of a number of ISGs, which largely facilitate an antiviral state through inhibition of
viral entry, transcription and replication (Crosse et al., 2018). Most cells are capable of responding
directly to IFN, in order to induce ISG expression. Notably, both type | IFN and ISGs can act in an
autocrine and paracrine fashion, to augment a response throughout neighbouring cells, in order to
limit the spread of infection (lvashkiv and Donlin, 2014). Further discussions on specific ISGs can be
found in section 1.10.2.

Secondly, type | IFNs regulate other components of the innate immune system to establish a balance
between promoting antigen presentation and natural killer cell expansion, whilst also limiting
damaging immune responses, which may arise from other immune cells, such as neutrophils,
monocytes and innate lymphoid cells (Lee and Ashkar, 2018). Lastly, type | IFNs interact with the
adaptive immune system by promoting the development of high-affinity antigen-specific T and B cell
responses which facilitate immunological memory (Ilvashkiv and Donlin, 2014; McNab et al., 2015).

It should be noted that this type | IFN response is attributed to acute viral infections.

The importance of the antiviral type | IFN response has been well established following the discovery
of inborn errors of immunity in humans. These are a collection of mutations that compromise the
expression/ function of components of the IFN signalling pathway. Loss of IFNAR1, IFNAR2, signal
transducer and activator of transcription 1/2 (STAT/2), (interferon regulatory factor 9) IRF9, janus
kinase 1 (JAK1) and tyrosine kinase 2 (TYK2) proteins have all been associated with an increased
susceptibility to severe/recurrent viral infections, and can even cause reactions to live-attenuated

viral vaccines (Duncan et al., 2021).
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Despite the vital role type | IFN plays in innate immunity, it is of equal importance to be able to
suppress IFN signalling when the viral threat has been removed. Mechanisms have evolved, through
the actions of pro-inflammatory cytokines such as interleukin (IL)-1, to downregulate cell surface
IFNAR expression through internalisation of the receptor, which acts to limit IFN binding (Ivashkiv
and Donlin, 2014). Type | IFNs are also capable of inducing the expression of suppressor of cytokine
genes (SOCS) and ubiquitin carbxy-terminal hydrolase 18 (USP18) which form a negative feedback
loop to limit the IFN response. These proteins compete with STAT to bind to the IFNAR receptors,
and suppress JAK activity, or displace JAK from binding to IFNAR (Sarasin-Filipowicz et al., 2009;
Yoshimura et al., 2007). However, these feedback mechanisms can become ineffective following
chronic type | IFN production, and in some instances, mutations in components of the regulatory
machinery: USP18 and ISG15 (a modulator of USP18) are known type | interferonopathy causative
genes, with the mutations leading to excessive type | IFN production (Meuwissen et al., 2016; Zhang
et al., 2015).

Interestingly, chronic viral infections can also be worsened by a persistent type | IFN response,
through a number of immunosuppressive effects induced by the cytokine which act to impede viral
control. This may be observed in Human Immunodeficiency Virus (HIV) infection, whereby IFN acts
to reduce T cell clonal expansion, to restrict infection of CD4* T cells (McNab et al., 2015).

Conversely, type | IFN can also trigger inflammation and tissue damage following chronic viral
infection (Davidson et al., 2014). These detrimental effects of type | IFN have been widely described
within the CNS, where astrocytes and microglia have been shown to be the primary producers of the
cytokines, essential for when pathogens may breach the blood brain barrier (BBB) (Akiyama et al.,
1994; Lieberman et al., 1989). Transgenic mice producing excessive amounts of IFNa from
astrocytes developed encephalopathy, intracranial calcifications and neurodegeneration, with
disturbed synaptic plasticity, similar to the phenotypes observed in AGS and other type |
interferonopathy patients (Akwa et al., 1998; Campbell et al., 1999). Despite the manifestation of
the neurological phenotypes, these mice were also protected against lymphocytic choriomeningitis
virus infection, highlighting the need for type | IFN production within the CNS, although there appears
to be a delicate balance between the beneficial antiviral properties and neurotoxicity (Akwa et al.,
1998).

1.4 Symptoms of AGS

The heterogeneity of type | interferonopathies has already been alluded to, and this phenotypic
variation is also apparent within sub-types of the same condition, such as AGS. Whilst complete
understanding of the direct cause of the symptoms is not fully elucidated, the toxic nature of type |
IFN is well established to be involved, and most likely the causative agent behind a number of

symptoms, as discussed in section 1.1.2 (Rodero and Crow, 2016).

Following the identification of a number of genes implicated in AGS, a partial genotype-phenotype

correlation was observed, allowing further characterisation of the disease into five distinct syndromic
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groups. Given the very recent discovery of AGS8-9 (Uggenti et al., 2020), there is insufficient patient

phenotypic detail to include here, thus descriptions below are only provided for AGS1-7 patients.

‘Classical’ AGS symptoms are observed across all sub-types, where the patients present with the
typical hallmarks of the condition, first identified by Jean Aicardi and Frangoise Goutiéres. This
manifests as a prenatal or infantile onset, reminiscent of a congenital viral infection, causing
microcephaly, motor dysfunction, epileptic seizures, white matter disease and intracranial
calcifications (Aicardi and Goutieres, 1984; Crow and Livingston, 2008). Moreover, the identification
of elevated IFNa in both the periphery and the cerebrospinal fluid (CSF), coupled with lymphocytosis
within the CSF are also key indicators of AGS, found across all sub-types (Aicardi and Goutieres,
1984; Crow et al., 2015)

There is also a later onset form, manifesting after the first year of life, with a range of 1.00-17.68
years (Piccoli et al., 2021). This form frequently causes neurological regression, following an initial
period of normal development. The symptoms are similar to those found in classical AGS, although
there is some variation within the severity of neurological symptoms, as a proportion of patients have
no abnormalities identified through imaging (D'Arrigo et al., 2008; Piccoli et al., 2021).

Whilst these two distinct manifestations of the disease can occur across all sub-types, there are also
sub-type specific phenotypes. Mutations in ADARL1, IFIH1 and RNASEH2B can cause non-
syndromic spastic paraparesis confined to the lower limbs (Crow et al., 2014). ADARL1 patients can
also present with bilateral striatal necrosis (La Piana et al., 2014; Livingston et al., 2014a). Lastly,
SAMHD1 patients can develop cerebrovascular disease, which can manifest in a number of ways,
including stenosis, moyamoya, aneurysms, intracerebral haemorrhage (ICH) and ischaemic stroke
(Ramesh et al., 2010; Thiele et al., 2010). A full list of the symptoms associated with each subtype
can be found in table 1.2.

Interestingly, to add further complexity to the condition, intra-familial variability is also apparent,
whereby siblings harbouring the same mutation may present in vastly different ways. One may exhibit
severe neurological impairment, and the other with only mild symptoms, and normal intellect
(Livingston and Crow, 2016; Vogt et al., 2013). These discrepancies within the clinical penetrance
can only be explained by further genetic or environmental factors. The leading hypothesis for intra-
sibling variation is infection, whereby the induction of an innate immune response could increase the
expression of key sensors above the critical threshold, resulting in aberrant detection of self nucleic
acids, and the progression to symptomatic disease (Crow and Stetson, 2021). This mechanism has
already been identified as a potential trigger for disease in ADAR-1 related bilateral striatal necrosis
(Livingston et al., 2014a).
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Table 1.2- Known symptoms associated with mutations in AGS1-7 genes

1 two TREX1 patients have suffered from a cerebrovascular event, 1 One SAMHD1 patient, also

with a heterozygous lesion in ADARL. Table adapted from (Livingston and Crow, 2016)

Symptom

TREX1

RNASEH
2B

RNASEH
2C

RNASEH
2A

SAMHD1

ADAR1

IFIH1

Motor dysfunction
(dystonia/spasticity)

v

4

v

v

v

v

v

Non syndromic
Spastic paraparesis

4

Microcephaly

Intracranial
calcifications

White matter
abnormalities

Cerebral atrophy

Seizures

Cerebrovascular
disease

ANENEN

Bilateral striatal
necrosis

Demyelinating
peripheral
neuropathy

AN

\

\

\

\

Glaucoma

Chilblains

Liver abnormalities

Neonatal
Thrombocytopenia/
pancytopenia

ASRYRAARN

SSEVENAN

ANANENEN

ANANENEN

ANANENEN

ANANEN

SNENENAN

Cardiomegaly

AN

AN

<\

AN

Cardiomyopathy

Aortic calcification

CSF lymphocytosis

Elevated type | IFN
in blood/CSF and
ISG

ASENRNAN

Hormonal
dysfunction

AN

Chronic
lymphocytic
leukaemia

vt

Autoimmune
features

Joint contractures

Scoliosis

1.5 Treatments for AGS and the type | interferonopathies

The treatment strategies for type | interferonopathies are limited, however, two small clinical trials

and a number of individual case studies have focussed on the therapeutic potential of JAK inhibitors
(Gomez-Arias et al., 2021; Sanchez et al., 2018; Vanderver et al., 2020). Figure 1.1 highlights the
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position of JAK within the type | IFN signalling pathway. Following engagement of the IFNAR receptor
by type | IFN, phosphorylation of JAK1, TYK2 and the intracellular tail of the IFNAR receptor creates
a docking site for STAT1 and STAT2. Phosphorylated STAT1 interacts with phosphorylated STAT2
and IRE9, becoming the interferon-stimulated gene factor 3 (ISGF3) complex, which translocates to
the nucleus to initiate transcription of ISGs (Hadjadj et al., 2021). Therefore by targeting JAK, the
type | IFN signalling pathway is largely inhibited.

JAK inhibitors are an existing drug class, currently approved for the treatment of rheumatoid arthritis
(Genovese et al., 2016). The clinical trials generated a number of positive outcomes following
treatment with the JAK inhibitor baracitinib. In chronic atypical neutrophilic dermatosis with
lipodystrophy and elevated temperatures (CANDLE) patients, baracitinib normalised inflammatory
markers, such as the ISG signature, and also aspects of metabolic disease, including improved body
mass index values, compared to pre-treatment (Sanchez et al., 2018). In the same study, baracitinib
treatment for SAVI patients improved cutaneous inflammation and halted the development of
gangrene. Furthermore, SAVI patients exhibited a decrease in lung inflammation and stabilisation of
lung fibrosis. Despite these improvements, there was no normalisation of inflammatory markers,
which was observed in the CANDLE patients (Sanchez et al., 2018). In AGS patients, baracitinib
treatment also improved cutaneous inflammation and reduced the ISG score. Neurological
improvement was also described, with an increase in patients reaching new milestones and acquiring
new skills (Vanderver et al., 2020). However, changes in neurological phenotypes are difficult to
assess due to the complex nature of the condition, which presents with differential onset and disease
progression (Hadjadj et al., 2021). Moreover, there is the additional challenge of CNS penetration of
the drug, whereby only 10% of a different JAK inhibitor: ruxolitinib has been measured in the CSF
compared to the blood in AGS patients (Neven et al., 2020).

There are a number of side-effects which may occur following JAK inhibitor treatment, including
anaemia and leukopenia, cardiovascular disease, cancer and proneness to infection (Hadjadj et al.,
2021). Infection is the most commonly described side-effect, as the treatment dampens the immune
response, causing a low level of immunosuppression. Fortunately, due to the multitude of signalling
pathways involved within the immune system, JAK pathways are not always implemented following
infection. This is the case for activating cytokines such as IL-1, IL-8, IL-17 and tumour necrosis factor
alpha (TNFa), and may account for the lower levels of serious infection identified in JAK inhibitor
treated patients than expected (Hadjad;j et al., 2021).

Alongside JAK inhibitors, reverse transcriptase inhibitors (RTIs) have been trialled as a treatment
option in AGS. Endogenous retroelements are mobile genetic elements, formed from the integration
of retroviruses into the human genome throughout evolution, where they make up ~50% of the
genome (Mu et al., 2016). Within the cell, retroelements can be transcribed to RNA and DNA through
reverse transcription mechanisms, whereby they represent a potential source of immunostimulatory
nucleic acids (Rice et al., 2018). The actions of TREX1, RNASEH2A, B, C and SAMHD1 have been
implicated in controlling the levels of retroelements to ensure they do not rise above the

immunostimulatory threshold, and this function is perturbed following mutation (see section 1.6 for
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additional SAMHDZ1 functions). Following treatment with HIV-1 reverse transcriptase therapy, AGS
patients exhibited a reduction in type | IFN signalling, resulting in a lower ISG signature. Interestingly,
patients also presented with increased cerebral blood flow, alluding to an effect on cerebral status
which highlights the ability of RTIs to target the CNS (Crow et al., 2020; Rice et al., 2018). A follow-
up study is planned to investigate the mechanisms by which RTIs limit IFN signalling and may

challenge neuroinflammation (Crow et al., 2020).

1.6 SAMHD1

SAMHD1 was first shown to be associated with AGS in 2009, when it was introduced as a protein
with unknown functions. Mutations in SAMHD1 are thought to be responsible for 13% of all known
AGS cases (Crow et al., 2015; Rice et al., 2009). In the subsequent years following identification as
an AGS causing gene, there has been a plethora of literature describing multiple functions of the
protein (fig 1.2).

The most well characterised role of SAMHDL is that of a deoxynucleoside triphosphohydrolase
(dNTPase), which is the function thought to be altered in AGS5. All mutations in AGS5 patients
present with defects in SAMHD1’s enzymatic ability, reducing the essential oligomerisation required
for dNTPase activity (Coggins et al., 2020; Goldstone et al., 2011) (see table 1.1). The dNTPase
function has also identified SAMHD1 as a viral restriction factor, most notable for HIV-1, with the
restriction properties most likely occurring due to depletion of the intracellular ANTP pool, which acts
to restrict the virus’s reverse transcription step, preventing replication of the viral genome within the
cell (Goldstone et al., 2011). This viral restriction factor property has also classified SAMHD1 as a
non-classical ISG, whereby SAMHD1 expression is upregulated through induction of IRF3 following
PRR activation, and levels are regulated via micro-RNA expression (miR-181la and miR-155) in
monocytes in response to type | IFN (Riess et al., 2017; Yang et al., 2016).

SAMHD1 also plays important roles within cell cycle progression, cell division and DNA damage
repair (Coggins et al., 2020). Cell cycle progression and cell division require the dNTPase function
of SAMHD1, and upon mutation, the imbalanced pool of dNTPs can become a source of DNA
replication stress, which halts replication fork progression during cell division and increases
mutagenesis. Moreover, genomic instability can also be attributed to dysregulated dNTPs, which
induce a type | IFN response from the DNA damage, sensed by intracellular DNA sensing pathways,
such as cGAS-STING, (Kretschmer et al., 2015). With regards to DNA repair, SAMHD1 has been
shown to facilitate homologous recombination of double strand breaks before cytosolic sSSDNA can
be recognised and trigger a type | IFN response, a function also impaired following SAMHD1
mutation (Coquel et al., 2018). These functions of SAMHD1 also offer an explanation as to why
somatic mutations in the gene have been implicated in a number of different cancers, and it is
suggested that AGS5 patients are also at a higher risk of developing cancer, despite only one case
currently identified in patients (Clifford et al., 2014; Coquel et al., 2019).

Lastly, SAMHD1 has been recognised as an inhibitor of long interspersed element 1 (LINE-1): an

endogenous retroelement (Zhao et al., 2013). Following mutation in SAMHD1, an upregulation in
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LINE-1 nucleic acid species have been identified, and it is hypothesised that an increase in LINE-1
by-products and intermediates can trigger a cGAS-STING upregulation of type | IFN, further
contributing to the AGS pathophysiology (Coggins et al., 2020).

As previously highlighted, cerebrovascular disease frequently manifests in AGS5 patients, but this
particular phenotype is unique to SAMHD1 mutations (apart from two exceptional cases in TREX1
patients) (Ramesh et al., 2010; Thiele et al., 2010). None of the known functions help to explain why
these phenotypes could arise due to mutations in SAMHD1, alluding to a potentially as yet
undescribed function of SAMHD1 related to neurovascular integrity (Ramesh et al., 2010).
Interestingly, AGS5 is not the only type | interferonopathy which can cause cerebrovascular disease.
A recent gain of function mutation in the STAT2 gene (involved in the type | IFN signalling cascade)
resulted in ICH, in both identified patients (Duncan et al., 2019). This suggests there may be a small
defined number of proteins involved in the innate immune response and type | IFN signalling which
may have downstream actions on the cerebrovasculature.

Moreover, whilst only SAMHD1 and STAT2 variants have been shown to cause cerebrovascular
disease, chilblains and cutaneous vasculopathy are frequently observed symptoms within the type |
interferonopathies. These observations may therefore suggest that type I IFN is capable of causing
inflammation of the peripheral vasculature, but only able to extend into the cerebral vessels following
mutation of SAMDH1 and STAT2 (Volpi et al., 2016). One hypothesis could be related to the distinct
expression patterns of these proteins. For example, whole tissue microarray from human donors
identified constitutive expression of SAMHD protein in the vascular endothelium, including the CNS.
This could be related to the viral restriction properties of the enzyme, in particular with herpes simplex
virus, whereby the virus can readily invade the endothelium (Schmidt et al., 2015). However, until full
expression profiles have also been established from the other AGS causative genes, we are unable
to determine whether differential expression plays a role in the cerebrovascular phenotypes.

Like all AGS subtypes, astrocytes have been suggested to be the primary source of increased type
I IFN within the CNS (Cuadrado et al., 2013). Given the anti-angiogenic properties of type I IFN, if
excessive levels are identified in the developing brain, it could lead to abnormal vessel formation and
thus be associated with the cerebrovascular abnormalities associated with AGS5. However, type |
IFN within the CNS, does not provide an explanation as to why none of the other sub-types develop
these phenotypes. Regardless, AGS5 is fascinating as a rare monogenic form of cerebrovascular
disease, and though increased understanding of how the specific cerebrovascular manifestations
arise following mutations in SAMHD1, we may be able to apply these findings to more common forms

of cerebrovascular disease.
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Figure 1.2- Known functions of SAMHD1

SAMHD1 has a plethora of distinct biological roles but is best recognised as a viral
restriction factor, via dNTPase activity. The enzyme can also facilitate reparation of DNA
damage, replication fork progression and inhibit the LINE-1 retrotransposon. If
unregulated these mechanisms can lead to the induction of a type | IFN response, thus
SAMHD1 is also a negative regulator of type | IFN. SAMHDL1 is also implicated in more
general biological mechanisms, such as cell proliferation and apoptosis. Figure adapted
from (Coggins et al., 2020)

1.7 Existing pre-clinical rodent models of AGS

The number of small case studies and larger multi-centre studies involving AGS patients have been
invaluable at increasing our understanding of the disease, and ultimately have been responsible for
identifying the causative genes leading to aberrant type | IFN signalling. Patient material, such as
post-mortem tissue and immortalised cell lines have also been utilised to examine the effects of
loss/gain of function in certain tissues/ cell types. However, global defects across the whole body
cannot be established using post mortem or in vitro material alone, and the lack of available patient
derived resources presents an additional problem, due to the rare nature of the disease. Thus there
has been a need to develop effective pre-clinical models of AGS. Numerous pre-clinical AGS models
have now been generated for each genetic subtype of AGS (excluding AGS8-9 due to the recent
discovery). The majority have been modelled in mice, and are associated with largely variable

phenotypes with regards to fully recapitulating the human condition.
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1.7.1 Trexl

The primary phenotype developed in Trex1’ mice was inflammatory pericarditis, and inflammation
was also identified in other organs, excluding the brain (Gall et al., 2012; Morita et al., 2004; Stetson
et al., 2008). Interestingly, there are a proportion of AGS1 patients who present with heart disease,
which this model may be mimicking, however there was a complete lack of neurological phenotype
observed in these animals (Crow et al., 2015). Despite this, the Trex1” mouse has been useful at
elucidating the exonuclease properties of Trex1, which were largely reduced upon gene loss.
Furthermore, crossing the Trex1” mice with Tmem1737 (STING deficient mice) rescued the multi-
organ inflammation found in the model, which revealed the link between Trex1 loss of function and
the cGAS-STING pathway (Gall et al., 2012).

1.7.2 Rnaseh?2

Loss of function in any subunit from the Rnaseh2 complex in mice results in embryonic or perinatal
lethality, elucidating the essential role Rnaseh2 plays in genomic stability (Hiller et al., 2012;
Pokatayev et al., 2016; Reijns et al., 2012). Moreover, mouse embryos with a point mutation in
Rnaseh2a displayed increased expression of ISGs, and mouse embryonic fibroblasts from these
mutants demonstrated a link between this ISG activation and the cGAS-STING pathway, in a similar
manner to the Trex1” mice (Pokatayev et al., 2016). Interestingly, no neuroinflammatory phenotype
was observed, although this could be attributed to the early age of death associated with these
models. As a result, conditional knockouts of Rnaseh2 have been generated in brain specific cell
types to determine the presence of neurological disease and neuroinflammation. Deletion of the
whole Rnaseh2 complex in both astrocytes and neurons produced a lack of disease signs in the
animals, although once astrocytes had been isolated from the mice and studied in vitro, signs of
increased DNA damage and ISG expression were observed (Bartsch et al., 2018). More recently, a
second conditional model targeting Nestin positive cells (neuroprogenitor cells) in mice did
successfully recapitulate a number of the neurological phenotypes, including cerebellar atrophy,
white matter defects and neuroinflammation. Interestingly, these findings were proposed to be a
result of DNA damage within the brain, as opposed to the direct effect of type | IFN, which had

previously been suggested (Lavin and Yeo, 2021).

1.7.3 Adarl

In a similar manner to the Rnaseh2’ mice, loss of Adarl is also embryonically lethal in mice, as
established through models generated prior to the discovery of the gene’s involvement in AGS
(Hartner et al., 2004; Hartner et al., 2009; Wang et al., 2004). These studies were the first to identify
a link between Adarl and regulation of type | IFN, alongside the essential function of Adarl in the
maintenance of haematopoiesis in the foetal liver. However, no neurological phenotype was
identified, which may be attributed to the embryonic lethality, as described in the Rnaseh2 models.

Knocking out the Ifnar receptor only partially rescued the embryonic lethality phenotype, indicating
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that excessive type | IFN responses are not the primary reason for the fatality associated with the
model (Mannion et al., 2014). Conversely, crossing Adarl” mice with Mda5" or Mavs’ mice
(components of the intracellular RNA sensing pathway) rescued the phenotype to produce live births,
confirming the role of Adarl in preventing the sensing of endogenous dsRNA as non-self by Mda5
(Liddicoat et al., 2015; Mannion et al., 2014).

1.7.4 Ifihl

Only one mouse model encompassing the Ifihl mutation has been generated which relates to AGS7.
The resulting model, obtained through mutagenesis screening, identified a gain of function missense
mutation, and was found to be embryonically viable (Funabiki et al., 2014). The main characteristics
observed in this model included excessive type | IFN production, and multi-organ inflammation,
similar to what was observed in Trex1’ mice, although the primary organ affected was the kidneys,
with a distinct lack of inflammation within the brain (Funabiki et al., 2014). This model was originally
utilised as a model of SLE, prior to the identification of IFIH1 as a causative gene in AGS.

1.7.5 Samhd1

Lastly, samhd1-- mice appear to produce the mildest phenotypes of all the rodent pre-clinical models.
The mice are viable and appear healthy, with only a slight ISG phenotype in the spleen (Behrendt et
al., 2013; Rehwinkel et al., 2013). These models were useful, however, in helping to elucidate the
normal functioning of the Samhd1l protein, linking gene loss to an accumulation of dNTPs, and a

reduction in viral restriction capabilities.

Each of the rodent pre-clinical models for AGS1-7 have been useful at increasing understanding of
the functioning of the genes affected, where a link between type | IFN and gene mutation has been
consistently established. However, the lack of neurological phenotypes questions the effectiveness
of the models, and the species they were created in. Aside from rodent models of AGS, mutations in
adarl, ifihl and samhdl have been modelled in embryonic zebrafish (Danio rerio), and will be

discussed in the following zebrafish disease modelling section (section 1.8).

1.8 Zebrafish disease modelling

1.8.1 Zebrafish as a model organism

Zebrafish possess many benefits as an in vivo model, and we have previously suggested that some
of the limitations associated with rodent pre-clinical models of disease may be compensated for by
zebrafish models, which can be thought of as an intermediate between in vitro and higher order in
vivo systems (Withers et al., 2020). Firstly, the high fecundity of adult breeding pairs results in
hundreds of genetically similar offspring following each breeding session, generating large sample
sizes for experimentation. The zebrafish offspring are produced through ex-vivo fertilisation, which,

coupled with rapid development, and transparency of the embryonic and larval stages, allows for
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non-invasive in vivo imaging, making them an attractive organism to study vertebrate developmental
biology. (Eisen, 1996; Kimmel et al., 1995).

In recent years, the zebrafish has become more than the prototypical developmental biology model,
with greater potential being recognised. The ease of genetic manipulation introduced the concept of
zebrafish as a model of human disease, facilitated by the identification of the zebrafish genome
sharing ~70 % homology with humans, and 82% of disease causing human proteins also possessing
a zebrafish orthologue (Howe et al., 2013; Lieschke and Currie, 2007). Following this, the generation
of tissue specific transgenic reporter animals have been widely utilised which allow for live-imaging
of cells and tracking of intracellular processes to study molecular mechanisms (Choe et al., 2021)
Moreover, the small size and relative abundance of larvae makes them an ideal target for high-
throughput drug-screening, whereby compounds can be absorbed by the animal following addition
to larval water, and any subsequent phenotypic changes can be assessed within the larvae to

determine drug effectiveness (MacRae and Peterson, 2015).

1.8.2 Generating zebrafish models of disease

Genetic modification within the zebrafish genome can be transient or permanent. Transient
techniques include morpholinos (MOs), which are oligonucleotides that can be injected into a
fertilised zygote at the one cell stage. MOs bind to messenger RNA (mRNA) at the transcription start
site (ATG), preventing ribosome assembly and inhibiting translation of mRNA into a polypeptide.
Additionally, some MOs can bind to pre-mRNA at splice sites, to modify splicing, causing intron
inclusions, or exon excisions, which will affect the resulting polypeptide, if formed at all (Moulton,
2017). MOs are a quick and easy way to examine the effect of a gene knock-down, but their transient
nature arises from the inability to permanently integrate into the genome, thus the effects can only
be studied during the first few days following injection before the MO is diluted out. Moreover, MOs
are being utilised less, due to the identification of off-target effects associated with MO injections
(Bedell et al., 2011). This questions the validity of MO models, although guidelines have been
published with the gold standard being to phenocopy a MO model with a stable permanent mutant
zebrafish model, which aims to identify true effects directly attributed to the gene of interest (Eisen
and Smith, 2008; Stainier et al., 2017). As an alternative, clustered regularly interspaced repeat
(CRISPR) interference (CRISPRI) has been utilised to reversibly silence gene expression at a

transcriptional level (Rossi et al., 2015).

Stable zebrafish disease models can be generated through random mutagenesis using chemical
mutagens such as N-ethyl-N-nitrosourea, to create huge libraries of stable mutants. However this
method is limited by the unlikely chance of modelling specific disease-associated mutations
(Kettleborough et al., 2013). Targeted gene-editing is a more common approach for disease
modelling, which is performed using the technology behind engineered nucleases, such as zinc
finger nucleases, transcription activation-like effector nucleases, and the most commonly
implemented method: CRISPR - CRISPR-associated protein 9 (Cas9) (Doyon et al., 2008; Hwang
et al., 2013; Sander et al., 2011). With CRISPR-Cas9 technology, a specific targeted guide RNA
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(gRNA) directs the Cas9 endonuclease to the desired target site, which is upstream of a protospacer-
adjacent motif (PAM). Cas9 cleaves the DNA to form a double strand break, and the subsequent
DNA repair mechanisms cause the desired mutations. Non-homologous end joining creates
knockout alleles to enable loss of function investigation, whilst homology-directed repair creates a

knock-in allele (Adamson et al., 2018).

All of these methods have been widely implemented to generate zebrafish models of human disease.
This is also facilitated by zebrafish forming the major organs by 24 hours post fertilisation (hpf), which
allows diseases affecting specific organs to be modelled from an early time point (Santoriello and
Zon, 2012). As a result, zebrafish have been used to successfully model haematopoietic disorders,
cancer, cardiovascular disease, muscle disorders, kidney disease, CNS disorders and inflammation,
whereby genetic or chemical inducers of a disease phenotype can be identified and studied to

improve understanding of disease mechanisms (Santoriello and Zon, 2012).

1.8.3 The zebrafish Immune System

The functionality of the zebrafish immune system is well conserved to human, which reinforces their
usefulness at modelling different aspects of inflammation (Xie et al., 2020). The innate arm of the
immune system develops first, with macrophages identified from 15 hours post fertilisation (hpf) and
neutrophils from 18 hpf (Bennett et al., 2001; Herbomel et al., 1999). Both cell types resemble their
human counterparts, with neutrophils possessing segmented nuclei, granules and the expression of
myeloperoxidase (Lieschke et al., 2001). Moreover, developing zebrafish also possess specific glial
cells, which help contribute to the innate immune response within the CNS. After the first
macrophages have migrated into the CNS, the cells begin to differentiate into microglia, from ~ 60
hpf, distinguishable from macrophages by the expression of distinct genes such as p2y12, and an
altered morphology, characterised by highly active processes (Herbomel et al., 2001; Sieger et al.,
2012). Radial glial cells (RGCs) are precursors to astrocytes, and until recently, were proposed to
act as a functional substitute for astrocytes in zebrafish. However, a recent study identified the
transformation of RGCs into astrocyte-like cells at 48 hpf (Chen et al., 2020). These cells were
revealed to possess additional similarities to mammalian astrocytes, such as close association with
synapses, expression of glutamine synthetase and astrocyte tiling behaviour (Chen et al., 2020). The
presence of these innate immune cells facilitates the study of the inflammatory response in
developing zebrafish larvae, and has been utilised in different models, such as tail wounding-induced

inflammation, chemical-induced inflammation and mutation-induced inflammation (Xie et al., 2020)

Another aspect of the innate immune response that is functionally conserved, is the antiviral
response, initiated by IFN. In zebrafish, four type | IFN genes have been characterised: ifnphil-4,
although only ifnphil and ifnphi3 are active during larval stages, with ifnphi2 only expressed in adults,
and ifnphi4 possessing little activity (Aggad et al., 2009). Ifnphil and ifnphi4 are classified as group
I IFN, and ifnphi2 and ifnphi3 known as group Il IFNs. Group | IFNs bind to the cytokine receptor
family B (CRFB) 1 and CRFB5 complex, whilst group Il IFNs bind to a CRFB2 and CRFB5 complex

(Aggad et al., 2009; Levraud et al., 2007). The classification of fish IFN genes relative to mammalian
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IFNs has been relatively controversial (Langevin et al., 2013). Originally, it was proposed that due to
zebrafish IFN genes consisting of five exons and four introns, there was greater overlap with human
type Il IFN, which also possess the same number of exons and introns. However, following the
identification of the crystal structures of zebrafish IFNs, there was found to be a characteristic type |
IFN architecture, leading to these cytokines being described in a similar manner to mammalian type
I IFNs (Hamming et al., 2011; Langevin et al., 2013). As a result, zebrafish larvae respond to a
number of viral insults by inducing a significant group | IFN (ifnphil and ifnphi3) response, from as
early as 24 hpf, leading to the upregulation of a number of ISGs, and other anti-viral genes, such as
PRRs, and other pro-inflammatory cytokines (Levraud et al., 2007; Levraud et al., 2019; Palha et al.,
2013; Widziolek et al., 2021). A number of the ISGs generated following viral infection possess
orthologues in humans, highlighting a core ancestral ISG repertoire, whilst others were found to be
fish specific (Briolat et al., 2014; Levraud et al., 2019). Thus, the aspects of the antiviral response
which are conserved reinforce the usefulness of zebrafish as a model to study type I IFN signalling

and innate immunity.

The cell types involved in expressing ifnphil in zebrafish larvae have been identified as
predominantly hepatocytes and neutrophils following infection with chikungunya virus, as observed
in a Tg(ifnphil:mCherry) reporter line (Palha et al., 2013). Interestingly, the relationship between the
antiviral response and the adaptive immune system cannot be determined in zebrafish larvae, due
to the lack of a mature adaptive immune system until 4-6 weeks post fertilisation (Lam et al., 2004).
This allows for examination of the innate immune system in isolation from the adaptive immune

system.

1.8.4 Zebrafish models of type | interferonopathies

Modelling certain diseases in zebrafish can also be beneficial when other species are not the most

effective at recapitulating the human pathology, such as the mouse models of AGS.

The most well characterised zebrafish model of AGS has been the transient samhd1 MO model. The
samhdl morphant possessed a significant ISG response, coupled with increased global ifnphil
expression. The morphants also presented with spontaneous ICH, thus recapitulating an aspect of
the cerebrovascular disease commonly identified in AGS5 patients (Kasher et al., 2015). The ICH
phenotype was the first neurological phenotype seen across any of the pre-clinical models of AGS,
suggesting zebrafish may be an appropriate species to perform AGS disease modelling. However,
as discussed, transient knock-downs using MQO’s may present with off-target effects, and so a
permanent stable mutant line was required to fully model AGS5, which was a primary aim of this
project. The samhdl MO study also produced an adarl MO, although it was less thoroughly
characterised than the samhdl morphants (Kasher et al., 2015). The resulting adarl morphants
exhibited a large upregulation of ISGs, alongside severe developmental deficiencies, akin to what

was observed in the mice models.

In addition, a stable zebrafish ifihl mutant has been generated. However, this model harboured a

loss of function mutation, as opposed to a gain of function mutation which is found in AGS patients.
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As such, this model was not produced to model AGS7 and the aberrant activation of the intracellular
RNA sensing pathway, rather, the model was utilised to rescue the overexpression of immune-
regulated genes in a mutant line with an upregulated IFN response (Rajshekar et al., 2018).

AGS is not the only type | interferonopathy where zebrafish models appear to more accurately
recapitulate the human condition than rodent models. Mutations in RNASET?2 cause RnaseT2-deficit
leukodystrophy. Interestingly, RNaseT2" rats do possess a neuroinflammatory phenotype, but lack
any white matter abnormalities, which is a key hallmark of the condition. Moreover, the model fails
to exhibit any signs of systemic inflammation (Sinkevicius et al., 2018). Conversely, an rnaset2
mutant zebrafish model successfully identified white matter abnormalities in adults, thought to be
attributed to microglial dysfunction which is apparent from embryonic development. (Hamilton et al.,
2020; Haud et al., 2011). The mutants also presented with consistent locomotion deficits throughout

life, and an increase in ISG expression.

Rutherford and colleagues made a number of compelling arguments for the use of zebrafish models
versus rodent models of type | interferonopathies which may help to explain the increased success
associated with zebrafish models. Crucially, type | interferonopathies often develop in utero, with a
large number of patients present with symptoms during the first year of life. This early disease
progression can easily be modelled in the zebrafish during the embryonic and larval stages.
Conversely, rodent models are characterised postnatally, usually at early adulthood, allowing the

possibility that some phenotypes may be missed at these later time points (Rutherford et al., 2020).

Additionally, the environment in which zebrafish and rodents reside is vastly different. Rodents live
in a relatively sterile environment compared to zebrafish and are exposed to less pathogens which
may potentially modify a phenotype as pathogen exposure through infection has been proposed to
be key in dictating disease severity in AGS and may account for phenotypic variation between
patients and occasionally siblings (Crow and Stetson, 2021; Livingston et al., 2014a). In particular, a
picornavirus has been recently identified in a number of research zebrafish aquaria (Balla et al.,
2020).The larvae investigated throughout the study exhibited no overt phenotype, instead an ISG
specific reporter line Tg(isg15:GFP) was utilised to demonstrate the activation of the innate immune
system. This, understandably, may act as a confounding factor when directly examining the type |
IFN response in a zebrafish model of a type | interferonopathy, and more importantly, may generate
pseudo-phenotypes in WT fish which are responding to the viral infection, leading to difficulties
assessing inflammatory phenotypes in mutant fish lines (Rutherford et al., 2020). However, although
potentially increasing the complexities of phenotyping, the presence of pathogens in the environment
can also be a benefit in the context of disease modelling, as it more accurately mimics the pathogen
rich environment that humans are continually exposed to throughout life (Rutherford et al., 2020).

Lastly, a more general observation on zebrafish as a model organism is that zebrafish are relatively
outbred, compared to laboratory rodents (Rutherford et al., 2020). This results in the accumulation
of polymorphisms that vary between animals of the same genetic background, which can be

suggested to more closely mimic the heterogeneity of the human population, especially with regards
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to AGS and other type | interferonopathies, where different disease manifestations can occur

following the same gene mutation (Crow et al., 2015).

1.9 Cerebrovascular disease

1.9.1 Overview

Cerebrovascular disease is a general term used to describe any condition which disrupts cerebral
blood flow through the vasculature. The brain only makes up 2% of total body mass, but is the most
energy-intensive organ, utilising ~50% of total glucose within the human body (Chandra et al.,
2017a). As such, any perturbations in the transport of glucose and other essential nutrients and
oxygen via the blood will have detrimental effects on the brain tissue. This can result in the most
common form of cerebrovascular disease: stroke, which manifests as either ischaemic (occlusion of

blood vessels) or haemorrhagic (blood vessel rupture).

Alterations to the cerebrovasculature can be intrinsic and attributed directly to alterations within the
blood vessels. Examples include stenosis, which cause narrowing of the vessels, and a reduction in
blood flow. Alternatively, inflammation of the vasculature can act to damage the arterial wall,
disrupting blood flow, or creating arterial tears. Extrinsic factors leading to stroke include the
presence of cerebral venous thrombosis and cerebral emboli, which cause blockages within the

vasculature (Chandra et al., 2017b).

Stroke is the second highest cause of death worldwide, eclipsed only by ischaemic heart disease
(Collaborators, 2019). Moreover, high morbidity observed in stroke survivors is attributed to 50%
chronic disability associated with patients. Ischaemic stroke is the most common form of stroke,
accounting for 80% of total stroke, with haemorrhagic stroke making up the remaining 20% (Donkor,
2018). Despite the lower prevalence of haemorrhagic stroke, it is the most severe form of the disease,

resulting in 40% mortality rate at one-month post-ictus (An et al., 2017).

Both sub-types of stroke can be further divided depending on the mechanism by which the stroke
occurs, and the location. The Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification,
characterised ischaemic stroke into five sub-types: large artery thrombotic strokes, attributed to
atherosclerotic plaques; lacunar strokes caused by small penetrating artery thrombosis; cardiogenic
embolic strokes; cryptogenic strokes; and other causes, such as substance abuse (Adams et al.,
1993). Contrastingly, haemorrhagic stroke is generally characterised based on the location of the

vessel rupture and bleed: resulting in either ICH or subarachnoid haemorrhage (SAH).

The pathogenesis of stroke will not be discussed here, however a more detailed review on the
pathogenesis process and the need for a translational pipeline of pre-clinical ICH research can be
found in Appendix 1 (Withers et al., 2020).
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1.9.2 Risk factors for stroke

Despite the distinct aetiologies attributed to ischaemic and haemorrhagic stroke, risk factors for both
stroke types exhibit large levels of clinical overlap, resulting in inconsistent knowledge regarding the
relative role of specific ischaemic and haemorrhagic risk factors (Andersen et al., 2009). Non-
modifiable risk factors for both stroke types include age, sex, race/ethnicity and genetic factors
(Boehme et al., 2017). We have already introduced genetics as a risk factor for cerebrovascular
disease with AGS5, whereby a monogenic mutation in SAMDH1 can lead to both ischaemic and
haemorrhagic stroke. These are attributed to cerebral large artery disease, manifesting as stenosis,
moyamoya (stenosis with compensation in the form of collateral circulation, where smaller existing
vessels begin to enlarge), and aneurysms (du Moulin et al., 2011; Ramesh et al., 2010; Thiele et al.,
2010). However, the aetiology behind the cerebrovascular manifestations in AGS5 patients is still
poorly understood. Conversely, other, more common genetic diseases have been attributed to
ischaemic and haemorrhagic stroke, such as familial amyloid angiopathy, and inherited forms of
small vessel disease (Boehme et al., 2017).

Genetic risk factors can be characterised as non-modifiable and modifiable, due to the interaction
between genes and the environment. Additional modifiable risk factors that are predominantly
identified in ischaemic stroke patients include diabetes, atrial fibrillation and other cardiac causes,
such as previous myocardial infarction (Andersen et al., 2009). Conversely, smoking and high alcohol
intake have been found to correlate more closely to haemorrhagic stroke in one study, whilst other
studies have shown no clear relationship with only haemorrhagic stroke, instead identifying
ischaemic stroke to also be affected by these factors (Andersen et al., 2009). However, hypertension

is one modifiable risk factor which widely accepted for both stroke types (O'Donnell et al., 2010).

Two additional modifiable risk factors for both ischaemic and haemorrhagic stroke are dylipidaemia

and infection, which will be discussed in greater detail in sections 1.9.3 and 1.9.4.

1.9.3 Cholesterol dysregulation in ICH

Cholesterol dysregulation has been an established risk factor for ischaemic stroke for many years,
with hypercholesterolaemia facilitating the development of atherosclerotic plagues, which then act to
occlude the cerebrovasculature (Hackam and Hegele, 2019; Prospective Studies et al., 2007,
Tirschwell et al., 2004; Wouters et al., 2005). Contrastingly, the inverse association has been
identified in ICH, whereby low cholesterol appears to be a risk factor. The most powerful example of
this was from a retrospective case-control study, which identified a significant decline in total
cholesterol and low-density lipoproteins (LDL) in the six months prior to the generation of an ICH,
when compared to non-cerebrovascular disease controls (Phuah et al., 2016). This reduction in
circulating cholesterol, lipoproteins and triglycerides has been highlighted in a number of different
studies (Chen et al., 2017; Sun et al., 2019; Valappil et al., 2012; Wang et al., 2013). To complement
these findings, reduced lipid levels have been shown to worsen stroke outcomes. The Taiwanese

stroke registry study concluded that cholesterol levels below 160 mg/dL significantly increased the
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severity of the stroke, according to both the Glasgow Coma Score (GCS) and the National Institute
of Health Stroke Scale, followed by an increased 3- month mortality (Chen et al., 2017). This was
also observed in a Helsinki ICH study, where lowered lipid levels worsened the GCS (Mustanoja et
al., 2013). Alternatively, higher levels of LDLs have been indicative of smaller haematoma volumes
and lower mortality rates (Chang et al., 2018).

One hypothesis for hypocholesterolaemia as a risk factor for ICH relates to the integral roles
cholesterol plays within the cerebrovasculature. A reduction in circulating cholesterol could equate
to less cholesterol within the plasma membranes of the endothelium, weakening the vessel and
increasing susceptibility to rupturing (Valappil et al., 2012). Additionally, it has been proposed that
low cholesterol may play a role in promoting arterial smooth muscle necrosis, which also acts to
impair the integrity of the endothelium (Wang et al., 2013). However, it is unlikely that low cholesterol
as a sole factor causes spontaneous rupture of the vessels, suggesting an additional risk factor is
present. Hypertension has been identified in >80% of patients with reduced cholesterol who went on
to develop an ICH (Chen et al., 2017; Phuah et al., 2016). Hypertension coupled with increased
vascular fragility due to reduced cholesterol, could provide a potential mechanism, as the vasculature

is not equipped to handle the increased blood pressure, resulting in damage and rupture.

The underlying cause of hypocholesterolaemia in ICH patients is unclear, but may include
malnutrition, anaemia and hyperthyroidism (Duntas and Brenta, 2018; Shalev et al., 2007; Wang et
al., 2013). Another possible cause for hypocholesterolaemia is a systemic inflammatory response,
prior to the haemorrhage, such as an infection (Filippas-Ntekouan et al., 2017; Phuah et al., 2016),

which will be discussed in more detail below.

1.9.4 Cerebrovascular disease and viral infection

Viral infections constitute another risk factor for cerebrovascular disease, attributed to increased
prevalence of both ischaemic and haemorrhagic stroke. It is of note that viruses are not the only
organism implicated in stroke: a number of bacterial, parasitic and fungal infections have also been
associated with stroke onset (Miller and Elkind, 2016). Identifying mechanisms responsible for
causing stroke after viral infections is challenging, however the proposed mechanisms include
infection-related platelet activation and aggregation, inflammation-induced thrombosis, impaired
endothelial function and damage, infection-provoked cardiac arrhythmias and dehydration-induced
thrombosis (Elkind et al., 2020). Discussed below are several viruses known to be associated with
both ischaemic and haemorrhagic stroke. However, the distinct mechanisms causing either
ischaemic or haemorrhagic stroke are not clearly defined, which further highlights the need for future
experimentation on viral infection, or the antiviral response in order to elucidate the specific effects

on the cerebrovasculature.

Herpesviruses are one family largely associated with cerebrovascular disease, with different
mechanisms proposed for each virus described. Following a systematic review and meta-analysis
on Cytomegalovirus (CMV) and atherogenesis, a strong correlation was noted (Ji et al., 2012).

Further experimentation of in vivo models of CMV, suggested that CMV can directly activate a sub-
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set of platelets which exacerbates the formation of platelet-leukocyte aggregates, alongside

promoting neutrophil extravasation and accelerating atherosclerosis (Assinger et al., 2014).

Contrastingly, varicella zoster virus (VZV) has been shown to directly infect the cerebral vasculature.
After infection with VZV, which primarily causes chickenpox, the virus remains latent in the neuronal
ganglia. Upon reactivation, the virus can travel transaxonally to cerebral arteries, causing an active
infection, and leading to pathological vascular remodelling (Nagel and Gilden, 2014). The
remodelling causes the development of a thickened tunica intima thought to contribute to vascular
occlusion and ischaemia. Conversely, a disruption of the tunica media has been hypothesised to
contribute to aneurysm formation and haemorrhage via a reduction in medial smooth muscle cells,
leading to loss of vascular integrity (Nagel and Bubak, 2018; Nagel and Gilden, 2015). Whilst less
studied, Herpes Simplex Virus (HSV)-2 is proposed to cause vasculopathy and stroke through a
similar mechanism to VZV. Moreover, HSV-1 can cause vasculopathy with encephalitis, and
ischaemic and haemorrhage stroke following infection are suggested to occur following perivascular
inflammation, necrosis and capillary and small vessel congestion (Fan et al., 2020).

Interestingly, all herpesviruses discussed can act as opportunistic infections in immunocompromised
individuals, which may account for the increase in cerebrovascular disease found in these
populations. One such population, are HIV patients. HIV has a complex relationship with stroke, as
infection with the virus increases the likelihood of developing many traditional risk factors for stroke,
such as hypertension, dyslipidemia and diabetes. Moreover, the advent of anti-retroviral treatment
has been found to increase the incidence of stroke in HIV positive individuals partially attributed to

the increase in life expectancy from the treatment (Ismael et al., 2020; Singer et al., 2013).

Despite this, there is also evidence to suggest that the virus directly associates with cerebrovascular
disease, independent of con-current infection and traditional risk factors (Behrouz et al., 2016;
D'Ascenzo et al., 2015). Whilst incompletely understood, HIV-1 may directly invade the cerebral
arteries, akin to VZV to cause vasculopathy. Post-mortem human brain samples from HIV patients
highlighted increased arterial inflammation within the adventitial intima (Gutierrez et al., 2016; Nagel
et al., 2010). Severe vascular re-modelling has been identified in HIV infected individuals, and can
manifest via two extremes: The first being the generation of atherosclerotic arteries, causing
thickening of the arterial walls and resulting in stenosis. This process is likely through the actions of
HIV activating immune cells and endothelial cells, along with modifying lipid levels. Secondly,
extreme thinning of the media and elongation of the artery (dolichoesasia) have been found in post-
mortem patients (Gutierrez et al., 2015). Moreover, aneurysm formation has also been identified in

patients (Kossorotoff et al., 2006).

Lastly, hepatitis C virus (HCV) is also associated with cerebrovascular disease (Adinolfi et al., 2013;
Tseng et al., 2015). In a similar mechanism to HIV infection, inflammation induced atherosclerosis is
hypothesised to be a contributing factor for the generation of ischaemic stroke. Moreover, HCV can
replicate within endothelial cells and the atherosclerotic plaque, which may result in the

destabilisation of the plaque, causing occlusive or embolic stenoses (Adinolfi et al., 2013).
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Contrastingly, a separate hypothesis for ICH has been proposed following HCV infection. This is
based on the actions of HCV on the liver, whereby the resulting liver disease may impair coagulation
functions, increasing the risk of ICH (Tseng et al., 2015).

Overall, these examples highlight a clear association between viral infections directly damaging the
cerebrovascular unit, which is exacerbated by the immune response, in an attempt to limit the viral

spread, and this relationship may lead to the development of stroke.

1.10 Viral infection and cholesterol dysregulation

1.10.1 Viruses altering intracellular lipid homeostasis

As discussed in section 1.3, type | IFN is one of the key contributors to an effective antiviral response.
The activation of the IFN pathway leads to the expression of ISGs which have evolved to target the
pathways required by viruses to successfully infect and replicate within the body. Viruses are
metabolically inert, and as such, they rely on the host cell to generate the components required for
replication (Sumbria et al., 2020). This is achieved through manipulation of the cellular metabolism
in order to produce a bioenergetically favourable environment to replicate. This can be via inducing
a high glucose metabolism, and also changing the nature of lipid metabolism (Sumbria et al., 2020).

Before viruses can act to alter intracellular metabolism, they first have to invade the host cell, which
generally occurs via two distinct mechanisms: direct fusion with the plasma membrane, or through
receptor mediated endocytosis. These processes require specific compositions of the plasma
membrane. For example, enveloped viruses, such as HIV, directly fuse with the membrane at the
boundary of cholesterol rich domains, in an area with tension between ordered and disordered
surfaces (Yang et al., 2015). Other enveloped viruses engage lipid-binding proteins, such as
phosphatidylserine, which is bound by phagocytic cell receptors (TIM and TAM) to enable
endocytosis (Ketter and Randall, 2019). Alternatively, non-enveloped viruses’ target receptors
localised to cholesterol/ sphingomyelin-enriched microdomains, as has been observed in rubella
virus (Otsuki et al., 2018).

Together, this highlights the importance of lipid membrane composition in viral entry. As a result, a
key aspect of the type | IFN response is to generate 1SGs which target viral entry. This is achieved
by interfering with lipids within the plasma membrane, and altering cholesterol homeostasis within

endosomes to prevent viral release into the cytosol (Majdoul and Compton, 2021).

1.10.2 Type | IFN and cholesterol dysregulation

The most well established link between type | IFN and cholesterol dysregulation as an antiviral
response comes from the ISG cholesterol 25-hydroxylase (CH25H). This is an endoplasmic reticulum

(ER) bound enzyme that catalyses the oxidation of cholesterol to the oxysterol 25-hydroxycholesterol
(25HC).
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25HC acts to inhibit viral entry and replication (Fig 1.3). Firstly, viral entry is targeted through the
actions of acyl-coA cholesterol acyltransferase (ACAT). ACAT is an ER-localised enzyme, activated
by 25HC that converts free accessible cholesterol in the ER membrane to cholesterol esters which
are stored as lipid droplets within the cytosol (Abrams et al., 2020). This reduction in free cholesterol
is thought to trigger rapid cholesterol remodelling on the plasma membrane and is utilised to restrict
viral fusion. This mechanism has been implicated in vitro to reduce entry of the virus SARS-CoV-2,
and bacterial pathogens, including L.monocytogenes and S.flexneri (Abrams et al., 2020; S. Wang
etal., 2020). Moreover, 25HC directly interacts with the plasma membrane, independent from actions
with ACAT. The oxysterol can change lipid head group spacing, alongside altering the position,
orientation and accessibility of cholesterol, all of which act to modulate the fluidity of the membrane,
to evade viral entry (Gale et al., 2009; Olsen et al., 2011).

If viruses are able to evade the initial membrane defences initiated by 25HC and enter the cell, 25HC
can also exert its effects on more general lipid metabolism. This is established through actions on
the two cholesterol homeostasis pathways, modulated by the transcriptional regulators sterol
regulator-binding protein (SREBP) and Liver X Receptor (LXR). When cholesterol and 25HC levels
are low, SREBP binds to the SREBP cleavage activator protein (SCAP), forming a SREBP-SCAP
complex on the ER. SCAP contains a sterol sensing domain, and when ER cholesterol levels are
depleted, it chaperones SREBP to the golgi apparatus, whereby SREBP is cleaved by site 1 and site

2 proteases (S1/2P) to become a mature transcription factor. (Cyster et al., 2014).

Conversely, in the presence of 25HC, the oxysterol binds to the membrane-spanning ER protein:
insulin-induced gene 2 (INSIG2), which form SREBP/INSIG/SCAP complexes that are retained in
the ER, unable to be processed by the Golgi, thus halting cholesterol biosynthesis. High cholesterol
has a similar effect to 25HC binding to INSIG, whereby cholesterol binds to SCAP, and forms the
same SREBP/INSIG/SCAP complex (Cyster et al.,, 2014). Moreover, 25HC has been shown to
directly induce proteasomal degradation of HMGCR in macrophages, to further limit cholesterol

biosynthesis and cholesterol availability to viruses and other pathogens (Lu et al., 2015).

The relationship between the transcriptional regulator LXR and 25HC is the inverse of that described
for SREBP, as the LXR pathway is involved in the absorption, degradation, transportation and
excretion of cholesterol, and so is largely upregulated following 25HC generation. A number of genes
are expressed following LXR activation, including CH25H, which demonstrates a positive feedback
loop, to ensure sufficient quantities of 25HC are produced. (Liu et al., 2018a). Moreover, 25HC
causes the upregulation of cholesterol efflux transporters, such as ATP-binding cassette transporter
Al and G1 (ABCA1/G1) (Zhao et al., 2020).

CH25H is not the only ISG which manipulates lipids to prevent viral entry. The interferon-induced
transmembrane proteins (IFITM) family, consists of five members, with the most well characterised
in the context of viral restriction, being IFITM3 (Majdoul and Compton, 2021). IFITMs have been
shown to increase plasma membrane rigidity, helping to prevent pore formation, which would allow

viral entry. This mechanism is thought to be similar to the effects 25HC displays within the plasma
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membrane (K. Li et al., 2013). Moreover, IFITM3 alters cholesterol distribution via another distinct
mechanism. Vesicle-associated membrane protein (VAMP)-associated protein A (VAPA) interacts
with oxysterol-binding protein (OSBP) to transfer cholesterol from the ER to other organelles. IFITM3
also interact with VAPA, antagonising the VAPA-OSBP function, and preventing the trafficking of
cholesterol to various intracellular compartments. Instead, there is a build-up of cholesterol in late
endosomal compartments/ multivesicular body. As a number of viruses enter cells via endocytosis,
the accumulation of cholesterol within the endosome through the actions of IFITM acts to block viral
release into the cytosol (Amini-Bavil-Olyaee et al., 2013). Thus highlighting another antiviral

mechanism involving intracellular cholesterol redistribution.

Type | IFN can also cause the upregulation of micro-RNAs (mi-RNAs). One particular miRNA (miR-
342-5p) was shown to be upregulated in Ch25h”- mice and exerted similar effects to 25HC, including
inhibition of sterol biosynthesis via transcriptional regulation of SREBP. In murine bone marrow
derived macrophages (BMDMSs) this also reduced total cholesterol levels (Robertson et al., 2016).
The group hypothesised that within cells, CH25H and 25HC are responsible for a rapid reduction in
cholesterol synthesis, prior to degradation by activating transcription factor 3 (ATF3), which acts as
a negative regulator of type | IFN responses. Subsequently, miR-342-5p is induced to promote a
more sustained fine-tuning of sterol metabolism (Robertson and Ghazal, 2016).

Interestingly, this type | IFN and cholesterol relationship has been shown to be bidirectional, whereby
a reduction in the mevalonate pathway, induced by silencing HMGCR in macrophages, has resulted
in an increase in IFNB1 and ISG expression. Moreover, replenishing SREBP2- cells with cholesterol

acted to attenuate the type | IFN response (York et al., 2015).
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Figure 1.3- Antiviral mechanisms of CH25H/25HC

Following binding of type | IFN to IFNAR the canonical type | IFN signalling pathway ensues, leading
to the expression of CH25H. CH25H is an ER bound enzyme that converts cholesterol into 25HC,
which exerts anti-viral effects via 3 primary mechanisms. 1) 25HC alters plasma membrane
cholesterol distribution via the actions of ACAT, preventing viral entry. 2) 25HC binds to INSIG, which
forms an INSIG/SCAP/SREBP complex in the ER, whereby SREBP is retained, unable to undergo
processing in the golgi and be translocated to the nucleus. SREBP is the master sterol transcription
factor, and so this reduces de novo cholesterol levels, required by viruses for replication. 3) 25HC
activates the LXR transcription receptor family, promoting the expression of cholesterol efflux
transporters, as an additional mechanism to reduce available cholesterol in the cell for viral
replication. Abbreviations: IFNAR, interferon a/f receptor; ER, endoplasmic reticulum; IRSE,
interferon-stimulated response elements; LXR, liver X receptor; CH25H, cholesterol 25 hydroxylase;
ABCA1/G1, ATP binding cassette subfamily A member 1/ G1; 25HC, 25- hydroxycholesterol.

1.10.3 CH25H/25HC in inflammation
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Aside from these well characterised effects of CH25H and 25HC in facilitating an anti-viral response,
the oxysterol also possesses distinct pro- and anti-inflammatory responses. 25HC is capable of
inducing the production of pro-inflammatory cytokines such as IL-1B, IL-6, IL-8 and macrophage
colony-stimulating factor, as observed in monocytes/macrophages within atherosclerotic plaques
(Liu et al., 1997; Zhao et al., 2020). Moreover, 25HC is proposed to play a role in the generation of
foam cells within the atherosclerotic process, which may be due to the effects on cholesterol
esterification and the formation of lipid droplets (Gold et al., 2012). Furthermore, IL-1P release has
been proposed to occur following the assembly of the NOD-like receptor protein 3 (NLRP3)
inflammasome, initiated by 25HC (Jang et al., 2016). Contrastingly, other studies have described
more anti-inflammatory functions of 25HC. By suppressing SREBP activity, 25HC has been shown
to inhibit both NLRP3 and absent in melanoma 2 (AIM2) inflammasome activation, and the
subsequent production of IL-1B and other pro-inflammatory cytokines (Dang et al., 2017; Reboldi et
al., 2014).

Whilst there are no definite answers regarding the conflicting reports on the pro- and anti-
inflammatory effects of 25HC, it has been suggested that different concentrations may elicit different
responses. With nanomolar concentrations exerting protective anti-inflammatory effects and
micromolar concentrations producing the more detrimental pro-inflammatory phenotypes observed
(Zhao et al.,, 2020). Moreover, different treatment times could also be attributed to these
discrepancies, and this may be observed in acute versus chronic viral infections, although further
experimentation is required to confirm this.

1.11 Summary and aims

AGS is a devastating rare genetic auto-inflammatory disease characterised by aberrant type | IFN
signalling. Over the past 40 years, the advancement in genomic technologies has enabled the
identity of nine causative genes to be established. The existing pre-clinical rodent models of AGS
are lacking in their ability to fully recapitulate the human condition. However, zebrafish have recently
emerged as an effective organism to study a vast number of diseases, and a transient knockdown
of the samhdl gene in a zebrafish larval model did manage to more accurately mimic AGS,

suggesting that zebrafish may represent a useful organism to model the disease.

Aim 1: To validate and further demonstrate that zebrafish represent an effective pre-clinical model
organism for AGS research, by characterising a stable mutant samd1 zebrafish model.

AGSS5, caused by mutations in the SAMHD1 gene, is of particular interest, because it is a unique
sub-type of AGS whereby patients frequently exhibit cerebrovascular disease, representing a
monogenic form of inflammatory based stroke. Rare monogenic diseases can provide unique insight
into the mechanisms that underpin more common forms of related diseases. The mechanisms
behind cerebrovascular disease are complex, with many factors working synergistically to result in
ischaemic and haemorrhagic strokes. As such, as well as improving our understanding of disease

mechanisms in SAMHD1-related AGS, studying this rare condition may also provide unique insight
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into the influence of excessive type | IFN on the development of cerebrovascular disease, in general,
particularly in the context of viral infection and stroke risk.

Aim 2: To utilise the samhd1l zebrafish model to further study the generation of cerebrovascular

complications that arise in AGS5

From aim 2, we identified an apparent relationship between mutations in samhd1 and cholesterol
biosynthesis within the zebrafish model. Mutations in the AGS causative genes are linked to antiviral
signalling, and alterations to intracellular cholesterol are commonly implemented as an antiviral
mechanism to prevent viral entry and replication. We are interested in this relationship between
antiviral signalling and cholesterol dysregulation in the context of cerebrovascular disease, as viral
infection and low and high cholesterol levels have been attributed as risk factors for both ischaemic
and haemorrhagic stroke. Therefore, we hypothesise that excessive type | IFN signalling can lead to
cerebrovascular deficits and stroke via modulation of cholesterol synthesis and metabolism. This led
us to examining this relationship in an in vitro human brain endothelial cell line to observe the effects

with the cerebrovasculature

Aim 3: To study the role of the type I IFN signalling and cholesterol relationship in human brain

endothelial cells
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2.1 List of reagents

Table 2.1- Laboratory reagents

Name

Protocol

Recipe

E3 Embryo Media

Zebrafish husbandry and

embryo collection

4% Instant Ocean, 500 pl
methylene blue in 1 L dH20

4% MS222

Larvae termination

2 g Tricaine, 10.5 ml Tris (pH
8.0) in 500 ml dH20

4% Paraformaldehyde (PFA)

Fixing embryonic tissue

10 ml 16% PFA (Alfa Aesar) in
30 ml Phosphate-buffered
saline (PBS)

50X TAE buffer

Gel electrophoresis

121 g Tris base, 50 ml 0.5 M
EDTA (pH 8.0), 28.5 ml acetic
acid in 500 ml dH20

0.003% Phenylthiourea (PTU)

Whole mount
immunofluorescence and

staining protocols

30 mg of PTU in 1 L of

methylene blue- free E3 media

O-Dianisidine stain

Haemoglobin stain

6 mg o-dianisidine (Sigma), 4
ml of 100% ethanol, 100 pl 1M
sodium acetate (pH 4.5), 210 ul
30% H20:2 into 5.69 ml dH20

1% PBSTX

Whole mount
immunofluorescence and

staining protocols

200 ml PBS and 2 ml Triton X-
100

Blocking Buffer

Whole mount

immunofluorescence

10% normal goat serum, 1%
Bovine serum albumin (BSA),
1% Dimethyl sulfoxide (DMSO)
in PBSTx

Terminal deoxynucleotidyl

transferase (TdT) mixture

Terminal deoxynucleotidyl
transferase dUTP nick end
labelling (TUNEL) staining

TdT reaction buffer (94 pl), TdT
(enzyme) (4 pl), EQUTP
nucleotide mixture (2 ul) per

tube.

TUNEL Supermix

TUNEL staining

2630 pl 1X Click-iT Plus
TUNEL reaction buffer, 67 pl
copper protectant, 3.7 pl Alexa

Fluor picolyl azide
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0.2% Calcein solution Calcein staining 2 g of calcein powder in 1 L of
ddh20. pH with NaOH to pH7.

Total cholesterol reaction mix Cholesterol assay 22 pL cholesterol assay buffer,
1 pL cholesterol probe, 1 pL
enzyme mix, 1 uL cholesterol

esterase per sample

Free cholesterol reaction mix Cholesterol assay 23 pL cholesterol assay buffer,

1 L cholesterol probe, 1 pL

enzyme mix per sample.

2.2 Zebrafish

2.2.1 Zebrafish Husbandry

Adult zebrafish husbandry was approved by The University of Manchester Animal Welfare and
Ethical Review Board, and all experiments were performed in accordance with U.K Home Office
regulations (PPL: P132EB6D7). The zebrafish in this study were raised and maintained at The
University of Manchester Biological Services Unit, under standard conditions, with adults housed in
mixed sex tanks with a recirculating water supply at 28 °C under a 14/10 hour light/dark cycle, as
previously described (Westerfield, 2000).

2.2.2 Generation of samhd1423/423 mutant line

The line was generated using CRISPR Cas-9 technology prior to the start of this PhD project. gRNA
was designed by inputting the samhd1 exon 4 sequence into CHOPCHOP (Montague et al., 2014)
to produce a list of appropriate sequences, and to provide information of any off-target sequences-
none of which were identified. Synthesis of the gRNA and cas9 RNA have been described previously
(Badrock et al., 2020). The resulting RNAs were mixed with 0.05% phenol red, 120 mM KCIl and 20
mM HEPES, ph7.0, and ~1 nl of the mix was injected into the yolk of wild type (WT) AB fertilised
eggs at the one cell stage to produce FO crispants. These were assessed for indels using Hyp188I
restriction analysis and raised to adulthood before outcrossing onto a WT background (F1). Following
this, Sanger sequencing was performed on PCR amplicons to check for the presence of the mutation
in the F1 generation, using primers that flanked the guide RNA binding site (forward primer 5'-
GTGTTTAATGACCCCATCCA-3’; reverse primer. 5-CCTATGGAGTGCTCAAATCG-3) and
through the use of the University of Manchester Genomic Technologies Core Facility.

To generate the amino acid sequence, the zebrafish WT samhdl transcript was obtained from
Ensembl (Cunningham et al., 2022) and inputted into EXPASY for translation (Gasteiger et al., 2003).
For the samhd1423/423 sequence, the 23 bp deletion determined by sanger sequencing was removed

from the WT transcript, before also being translated.
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The samhd1423/423 |ine was crossed onto the endothelial cell specific transgenic line: Tg(flil:EGFP)

generated previously (Lawson and Weinstein, 2002) for analysis of the gross cerebrovasculature.

2.2.3 Embryo collection

Adult breeding pairs were set up for each experiment, with samhd1423/423 adult females crossed with
samhd1423/423 gdult males to produce all homozygous mutant offspring. Additionally, samhd1WT adult
females were crossed with samhd1WT males to produce all WT offspring. Following breeding
complications with the samhd1WT adult fish, which abruptly ceased to produce fertilised eggs, the
samhd1%T fish were replaced with WT AB fish, to produce the WT offspring. Fertilised eggs were
collected following natural spawning of the adult pairs, and were incubated at 28 °C in fresh E3
medium. The embryos were staged according to standard guidelines (Kimmel et al., 1995). The fish
are classified as embryos until 4 days post fertilisation (dpf) and larvae from thereafter (4-5 dpf). As
such, this terminology will be used throughout, depending on the age of the fish. After termination of
the experiment, all embryos/larvae were Killed prior to protected status (5 dpf) using a lethal dose of
MS222 anaesthesia, and freezing.

2.2.4 PTU treatment

A number of imaging experiments required an increase in the optical transparency of the embryos.
To facilitate this, embryos were bathed in 0.003% PTU (table 2.1) ~32 hpf to inhibit pigmentation,
thus reducing the requirement for bleaching steps when performing these protocols. The embryos
were maintained in the PTU E3 media, which was refreshed every 24 h, until the embryos were taken
for harvesting.

2.2.5 Embryo dechorionating

From 1 dpf, embryos were manually dechorionated prior to fixing in PFA for imaging protocols, or for
drug treatments. Using two pairs of jewelers forceps (Merck, F6521), the chorion was cut open,

releasing the embryo into the petri dish, whist the chorion was removed.

2.2.6 Locomotion assay

Swimming was measured from 3 — 5 dpf in WT and samhd142%423 |arvae. Firstly, prior to selection
for the assay, all larvae were briefly anaesthetised using 0.02% MS222 in E3 medium to remove any
locomotor function bias. For the assay, 24 larvae were randomly selected from each group, and upon
recovery from anaesthesia, were individually placed into a 24 well plate (1 larvae per well), containing
1 ml of fresh methylene-blue-free E3 medium. The DanioVision camera chamber and ethovision XT
software (Noldus, version 11) was used to determine the cumulative time spent mobile by the larvae.

Swimming movement of each larvae was tracked in the X and Y plane for 10 minutes (min), using a
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white light stimulus to initiate a startle response every 60 seconds (s). Locomotion was measured in
3 independent replicates, with n=22-24 larvae per replicate.

2.2.7 Atorvastatin treatment

Pharmacological inhibition of the enzyme hmgcr using statins is a known brain haemorrhage inducer
in zebrafish embryos due to proposed effects of the enzyme in stabilising cranial vessels (Crilly et
al., 2018; Eisa-Beygi et al., 2013). Atorvastatin (ATV; Merck) was used for this purpose, and was
solubilised in distilled water to a stock concentration of 0.5 mM. At ~32 hpf groups of n=20 WT or
samhd142¥ 423 embryos were added to 1 well of a 6 well plate containing increasing ATV
concentrations diluted in PTU E3 media: untreated; 0.25 uM, 0.5 uM, 1 uM and 1.5 puM. The embryos
were incubated overnight, and at ~54 hpf imaged for the presence of haemorrhages in the head,
using a Leica M205 FA Stereo fluorescence microscope with a 5x/0.50 PlanAPO LWD objective,
captured using a DFC 425 camera (Lecia) and processed using LAS AF v3.1.0.8587 software
(Leica). The percentage of embryos with haemorrhages within each treatment/genotype group was
determined from 3 independent replicates.

2.2.8 Ruxolitinib treatment

The JAK inhibitor ruxolitinib (Selleckchem) was used for rescue experiments. A stock solution of 10
mM was generated by dissolving into DMSO. Following WT and samhd1242%/423 adult fish breeding,
20 fertilised eggs at the gastrula stage (6 hpf) were added to 1 well of a 6 well plate containing 2 uM
ruxolitinib in E3 media. The water was changed 1 day later to PTU E3 media, with fresh addition of
the drug. At 48 hpf, the embryos were harvested for the individual rescue outcomes: microcephaly
and TUNEL staining.

2.3 Whole-mount stains

2.3.1 Fixing embryos

WT and samhd1423/423 embryos were killed using an overdose of MS222 at 2 dpf, and fixed in 4%
PFA (Table 2.1) overnight at 4 °C. The PFA was removed and samples washed in 0.4-1% PBSTx
(stain dependent) before being dehydrated into increasing concentrations of methanol, until 100%

methanol where the embryos were stored at -20 °C until use.

2.3.2 TUNEL staining

At 2 dpf, WT and samhd1423/2423 embryos were stained following an adapted protocol from the
manufacturer of Click- iT Plus TUNEL assay kit (Invitrogen). Methanol dehydrated embryos were

rehydrated into 0.4% PBSTx following washes with a series of decreasing methanol solutions.
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Samples were then treated with 1X proteinase K, diluted 1:25 in PBS from a 25X stock solution (from
Invitrogen assay kit), for 40 min. Following proteinase K removal, the samples were washed in 0.4%
PBSTx prior to a 10 min incubation in ice cold acetone. A short (20 min) re-fixing of samples in 4%
PFA at room temperature (RT) was followed by 3 washes in 0.4% PBSTx. Afterwards, the samples
were left for 10 min to equilibrate in the TdT buffer. When the buffer was removed, 100 pl of TdT
reaction mixture (table 2.1) was added, and the samples incubated at 37 °C for 2 hours (h). Samples
were then washed twice in a 3% BSA solution in 0.25% PBSTx. Following this, the TUNEL supermix
(Table 2.1) was combined with 10X TUNEL reaction buffer additive, and 100 pl of the solution was
added to the samples, before a 30 min incubation period at 37 °C in the dark. The samples were
washed twice in 3% BSA in 0.25% PBSTx, before they were placed in PBS, in preparation for
imaging. For imaging, samples were mounted in a lateral position in 80% glycerol on a nunc glass
base dish 12 mm (Thermo Fisher) and imaged on a Leica M205 FA Stereo fluorescence microscope
using a 5x/0.50 PlanAPO LWD objective, captured using a DFC 365FX camera and processed using
LAS AF v3.1.0.8587 software (Leica). Images were analysed using the manual cell counting software
on Image J (version 1.52a). n= 6-8 embryos, per each biological replicate, repeated 7 independent

times (3 for initial cell death analysis, and 4 for ruxolitinib rescue).

2.3.3 Measuring Microcephaly

Fixed WT and samhd142%/423 embryos at 2 dpf were transferred into 1% PBSTx, and did not undergo
methanol dehydration. To image the samples, 80 % glycerol was added to the embryos which were
placed into a nunc glass base dish 12 mm. The samples were individually imaged in a ventral
orientation using a Leica M165FC light stereo microscope with DFC7000T camera, and processed
using LAS-X v3.3.3.16958 software (Leica). To assess for microcephaly, the distance between the
eyes was measured alongside full length of the embryo (um). The head/ body ratio was determined
from these 2 values, and normalised to the average WT head/body ratio, to produce a microcephaly
index (ratio). Measurements were obtained using Image J (version 1.52a). n=8 embryos per group,
for each biological replicate, repeated 6 independent times (3 for initial microcephaly measurements,

and 3 for ruxolitinib rescue).

2.3.4 Calcein Staining in live larvae

Protocol adapted from (Du et al., 2001). Live WT and samhd142%423 |arvae at 5 dpf were immersed
in a petri dish of 0.2% calcein solution (table 2.1) for 5 min. Upon completion, the larvae were washed
3X in methylene blue-free E3 medium, each wash lasting 10 min, to allow unbound calcein to diffuse
out of tissues. The larvae were then anaesthetised using 0.02% M2SSS, and individually mounted
in a dorsal orientation using 1.5% low melt agarose (Promega), maintained at RT, prior to imaging
on a Leica M205 FA Stereo fluorescence microscope with a 5x/0.50 PlanAPO LWD objective,
captured using a DFC 365FX camera and processed using LAS AF v3.1.0.8587 software (Leica).

The calcein stain was used to identify any intracranial calcifications- independent of the normal
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staining pattern calcein produces. Small fluorescent specks on the dorsal portion of the brain were
classed as calcifications, and larvae were scored based on the presence or absence of these specks.
n=6-8 larvae per group, repeated 3 independent times.

2.3.5 Gross cerebrovasculature imaging of Tg(fliLl:EGFP) line

WT and samhd122% 423, Tq(fli1:EGFP) embryos were imaged at 3 dpf using light sheet microscopy to
analyse the gross cerebrovasculature. Randomly selected larvae were anaesthetised using 0.02%
MS222 and mounted in 1.5% low-melt agarose, maintained at RT. Images were acquired using a W
plan-Apochromat 20X/1.0 UV-VIS objective for light-sheet microscope (Carl Zeiss Lightsheet Z.1)
and processed with ZEN imaging software (version 2.3). Embryos were imaged dorsally and
Maximum intensity projection composites were generated from z-stack images. n=8 embryos per
genotype, from one independent replicate.

2.3.6 ZNP-1 staining

Protocol adapted from (Lin et al., 2021). Fixed and dehydrated WT and samhd122% 423 embryos at 2
dpf were rehydrated from 100% methanol to 1% PBSTx. The samples were treated with a 10 pg/ml
proteinase K solution for 40 min at RT, before 3X washes in 1% PBSTx. The samples were placed
into ice-cold acetone for a 10 min incubation, before being washed in 1% PBSTx. Following this, the
samples were re-fixed in 4% PFA for 20 min at RT and after PFA removal, samples were washed
3Xin 1% PBSTx. A blocking solution (Table 2.1) was added to the samples for 4 h with gentle rocking
on a gyro-rocker (Stuart). After blocking, samples were incubated with a mouse anti-zebrafish znp-1
antibody (1:500, Developmental Studies Hybridoma Bank) in blocking solution overnight at 4 °C with
gentle rocking. Samples were washed with 1% PBSTx and incubated overnight with goat anti-mouse
Alexa 488 antibodies (1:500, Invitrogen) without light at 4 °C, with gentle rocking. Upon removal of
the secondary antibody the samples were washed 3X in 1% PBSTx, before being placed in a nunc
glass base dish 12 mm and mounted laterally in 80% glycerol. Samples were imaged on a Leica
M205 FA Stereo fluorescence microscope with a 5x/0.50 PlanAPO LWD objective, captured using a
DFC 365FX (Leica) camera and processed using LAS AF v3.1.0.8587 software (Leica). n=7-8
embryos per group, repeated 5 independent times. Images were analysed on Image J (version
1.52a) where the number of motor nerve terminals was manually counted from the cloaca to the end
of the tail. In addition, corrected total tail fluorescence (CTTF) was obtained using the following

equation:

CTTF = Integrated density — (area of tail region » mean fluorescence of background readings)
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2.3.7 Haemoglobin stain

Live WT and samhd122% 223 empryos at 3 dpf were anaesthetised using MS222 and transferred into
glass bijoux’s. E3 media was removed, and replaced with 1 ml of the haemoglobin stain (table 2.1).
Embryos were incubated in the dark for 30 min at RT. Following stain completion, the embryos were
washed 3X in dH20 and fixed in 4 % PFA overnight at 4 °C. For imaging, embryos were mounted in
80% glycerol and imaged on a Leica M205 FA Stereo fluorescence microscope with a 5x/0.50
PlanAPO LWD objective, captured using a DFC 365FX (Leica) camera and processed using LAS
AF v3.1.0.8587 software (Leica). n=100 embryos per group from one independent replicate.

2.3.8 Recording blood flow

WT and samhd1423/423 embryonic cerebral blood flow was measured on the light sheet microscope.
This was performed at 3 dpf where randomly selected embryos were anaesthetised using 0.02%
MS222 and mounted in 1.5% low-melt agarose, maintained at RT. The brightfield setting was used
to focus on the blood flow in the head, and a 30 s recording was made using Open Broadcaster
Software (OBS) studio screen capture software (version 23.0.2). For analysis, the regions of interest
was selected using the DanioScope (Noldus version 1.1) software over the dorsal longitudinal vein
(DLV) and the heart, allowing the flow percentage and heart rate to be established. n=5 embryos per
groups, from 3 independent replicates.

2.4 Genotyping

2.4.1 Primers for genotyping and SYBR green gPCR

Table 2.2- List of primer sequences used in zebrafish for genotyping and SYBR GREEN qPCR

Forward (F) and reverse (R) primers for each gene target. Primers were synthesised by Eurofin
Genomics.

Gene Sequence (5-3’)
hprtl F: GGACTTCATCCTCAAGAG
R: GTTCTAGCAGCGTCTTCATCG
samhd1 F: AGAACATCATCTGCCGCCGG
R: CCAGTTCCTTCGCCCAGTCC

2.4.2 Fin Clipping

Adult fish were briefly anaesthetised using 0.02% MS222, and the tip of the caudal fin was removed

using a scalpel. The fish were then recovered in fresh system water and monitored for recovery
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signs. Until completion of the genotyping, (approx. 3-5 days), the fish were singly housed in

genotyping drawers, before being re-grouped with adults of the same genotype.

2.4.3 DNA extraction

To extract DNA, 100 pl of 50 mM NaOH was added to the dissected caudal fin. Following this, the
samples were heated for 20 min at 95 °C, before being cooled on ice for 2 min, with the addition of
10 pl TRIS-HCL (pH 8.0). Lastly the samples were vortexed and centrifuged at max speed (14,800
revolutions per minute (rpm)) for 1 min, before using the supernatant in the polymerase chain reaction
(PCR).

2.4.4 PCR

PCR amplification was performed using a PCR master mix (Thermo Scientific) containing the Taq
DNA polymerase, dNTPs and reaction buffer with 4 mM MgClz. This was mixed with the zebrafish
samhdl exon 4 primers (Table 2.2) at a concentration of 10 ug/ml, and the extracted DNA from the

fin clips. A touch down (65-55 °C) protocol was used (Table 2.3) on a thermocycler (Genepro).

Table 2.3- PCR programme required for samhd1423423 genotyping

Required temperature and time cycles for the touchdown (65-55) protocol

Step Temperature (°C) Time (s)
Denature 95 240
Touchdown anneal 65-55 180
Repeat 10 cycles
Denature 95 30
Anneal 60 30
Elongate 72 30
Repeat 35 cycles
Elongate 72 600
Hold 4 Indefinitely

2.4.5 Gel electrophoresis

PCR amplicons were assessed using agarose gel electrophoresis to determine the different
genotypes. For the gel, 2.5% agarose (bioline) was added to 150 ml of 1X TAE buffer and 15 pl
SafeView dye (NBS Biologicals Ltd) to visualise the DNA. The gel moulds were set and samples

loaded into wells using 5X loading dye (New England BioLabs) alongside a 25 bp (base pair) DNA
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ladder (Bioline). Samples were separated for ~45 min at 120 V and imaged under a UV

transilluminator (Syngene). Example genotyping gel shown below.

Figure 2.1- Representative PCR gel obtained from genotyped samhdl heterozygous incross
fish

WT/A23, A23/A23 and WT/WT bands are indicated on the gel. Exon 4 of the samhd1l gene is 161
bp, whilst the 23 bp deletion produces a band size of 138 bp.

2.5 Zebrafish Gene Expression Analysis

2.5.1 RNA Extraction

Total RNA was collected from whole embryos at 2 and 5 dpf, and larval heads at 5 dpf. For whole
body extraction groups of 20 embryos/ larvae per replicate were given an overdose of MS222 before
being collected into a 1.5 ml Eppendorf. For larval heads, 30 larvae were required to generate enough
RNA for one independent replicate. Following an overdose of MS222, a needle and a pair of forceps

were used to decapitate the larvae, and the head was collected into a 1.5 ml Eppendorf.

All samples were washed in PBS prior to the addition of 250 ul TRIzol (Invitrogen). Each tube was
then manually homogensised using a microfuge tube pestle (Astral Scientific). Next, 75 pl of
chloroform was added to each tube and agitated vigorously before centrifugation at 10,000 rpm for
15 min at 4 °C. Following centrifugation, the homogenate formed three distinct layers: a clear
aqueous layer containing the RNA, a debris containing interphase, and a lower organic phase
containing DNA and proteins. The aqueous upper phase layer was transferred to new tubes, and the
RNA precipitated using 0.8 volumes of isopropanol incubated at -20 °C for 30 min. Precipitate was
pelleted following centrifugation at 10,000 rpm for 15 min at 4 °C, and was subsequently washed in
250 pl of 75% RNase-free filter sterilised ethanol, and centrifuged for a further 10 min at 8000 rpm
at 4 °C. The remaining ethanol was air dried from the pellet, and the pellet resuspended in 20 pl
RNase-free H20 (Invitrogen). RNA was purified with a DNase | treatment (Applied Biosystems) prior

to quantification on a spectrophotometer (Nanodrop 1000, Thermo Fisher)
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2.5.2 cDNA synthesis

To generate complementary DNA (cDNA) sequences from the RNA, 800 ng of RNA was incubated
with 1 pl of reverse transcriptase and 10 pl buffer mix (including dNTPs) from the High-Capacity
RNA-to-cDNA kit (Applied Biosystems). The samples were made up to 20 pl with RNase-free H20
and heated to 37 °C for 1 h, followed by termination of the reaction at 95 °C for 5 min.

2.5.3 Quantitative PCR (Tagman)

For gene expression analysis of quantitative PCR (QPCR) using Tagman reagents, the Tagman
Universal PCR Master Mix (Applied Biosystems) was used. The probes and references can be found
in Table 2.4. The relative abundance of each target transcript was normalised to the expression level
of hprtl, with the WT samples acting as the calibrators. The StepOnePlus real time PCR machine
(Thermo Fisher) was used for the experiments with the Applied Biosystems StepOne Software
(version 2.1) to acquire the data using the Comparative Ct (AACT) programme. Relative gene
expression gquantification values (RQ) were obtained following an adapted protocol previously
described (Vandesompele et al., 2002). Data were obtained from 5 independent replicates.

2.5.4 Quantitative PCR (SYBR green)

SYBR green gPCR was used to measure samhdl expression in 5 dpf larvae. Synthesised cDNA
was added to the samhdl and hprtl primers, (Table 2.2) and power SYBR Green master mix
(Applied Biosystems). The same StepOne machine and software were used to obtain RQ values
(2.5.3). Data from 4 independent replicates.
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Table 2.4- Zebrafish Tagman probes

All genes used for gPCR, including the probe reference

* Custom Probe sequence can be found in supplementary Figure 1 of (Kasher et al., 2015)

Gene Tagman Probe reference

isg12 Dr03140917_g1

isgl5 Custom made probe, using the Custom Tagman
Assay Design Tool (Life Technologies)*

rsad2 Dr03896954 ml

statlb Dr03151121 m1l

cyp51 Dr0314750_m1

dhcr24 Dr03423142_m1l

ebp Dr03076172_m1

msmol Dr03133463_m1l

sglea Dr03131215 g1

hmgcrb Dr03128326_m1

srebfl Dr03093012_m1

hprtl Dr03095135 m1l

ofap Dr03079978_m1

nptx2a Dr03118566_m1

pcha Dr03093294 m1l

cldn5b Dr03096124 s1

elavl3 Dr03131531_m1l

2.6 AGS patient samples

All AGS patient data was obtained by researchers at the Manchester Centre for Genomic Medicine,
including Dr. Tracy Briggs, Dr. Gillian Rice and Dr. Charles Rowlands, who acquired the patient

material, performed RNA sequencing and the gene expression analysis.

2.6.1 Acquisition of patient material

Whole blood from AGS patients with confirmed mutations in TREX1, RNASEH2A, 2B, 2C, SAMDH1,
ADARI1 and IFIH1 was taken to allow for whole genome RNA sequencing, and has been described
previously (Rice et al., 2013). In addition, non-AGS patient age-matched controls were obtained.
Briefly, AGS patients were identified through either direct clinical contact with the appropriate

physicians, or through a referral process. The use of patient materials has been approved from the
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Leeds (East) research ethics committee (reference number: 10/H1307/132), whilst consent was also

obtained from parents of the affected patients.

2.6.2 RNA extraction and short-read sequencing

The RNA extraction method for RNA sequencing has been described previously (Rice et al., 2013;
Rice et al., 2018). Briefly, blood was collected into PAXgene tubes (PreAnalytix) and kept at RT
between 2-72 h before being frozen at -20 °C until RNA extraction. Total RNA was extracted from
whole blood with a PAXgene RNA isolation kit (PreAnalytix). RNA concentration was assessed with
a spectrophotometer (FLUOstar Omega, Labtech), and 1 ug of mMRNA from each sample was diluted
into 20 ul nuclease-free water. Subsequently, the quality and integrity of the RNA samples were
assessed using a 2200 TapeStation (Agilent Technologies). A poly-A enrichment library was then
generated using the TruSeg® Stranded mRNA assay (lllumina), according to the manufacturer’s

protocol, and 76 bp (+ indices) paired-end sequencing carried out on an lllumina HiSeq 4000.

2.6.3 RNA sequencing alignment and gene expression analysis

Raw sequencing output was demultiplexed (allowing one mismatch) and the Binary Base Call (BCL)
sequence file format, was converted to the text-based sequencing data file format (FASTQ) using
lllumina’s bcl2fastq software, version 2.17.1.14. Low quality bases and adaptor sequences were
trimmed using Trimmomatic, and reads aligned to the Genome Reference Consortium Human Build
37 (GRCh37) genome using the two-pass mode of the Spliced Transcripts Alignment to a Reference
(STAR) aligner (v2.5.3a) , as well as to the transcriptome according to the GENCODE v19 human

gene annotation (downloaded from https://www.gencodegenes.org/human/release_19.html). For

each patient sample, the RNA-Seq by Expectation Maximization (RSEM) software package (v1.3.0)
was used to calculate gene expression values, in transcripts per million (TPM), for all genes
described in Chapter 4. Subsequently, fold change was determined from TPM values, by dividing
the individual values for each gene by the average control value. Lastly, the fold change values were

then Log transformed (Log2).

2.7 Cell culture

2.7.1 hCMEC/D3 cell culture

The immortalised human cerebral microvascular endothelial cell line (hCMEC/D3) was purchased
from Merck (UK). hCMEC/D3 cells were maintained in either T25 or T75 cm? flasks pre-coated with
rat tail collagen type | (Enzo life sciences) diluted in PBS 1:100 and incubated at 37 °C for at least
30 min. The cells were grown in EndoGRO-MV Complete Culture Media (Millipore) with the following
supplements: 5% Fetal Bovine Serum (FBS), L-glutamine (10 mM), EndoGRO-LS supplement (0.2
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%), heparin sulphate (0.75 U/ ml), ascorbic acid (50 pg/ml), hydrocortisone hemisuccinate (1 pg/ml),
recombinant human epidermal growth factor (rh EGF) (5 ng/ml), penicillin 1 U/ml and streptomycin
0.1 mg/ml. Cells were maintained at 37 °C in a humidified atmosphere with 5 % CO2. hCMEC/D3s
were passaged at 80-90 % confluency using 1X trypsin-EDTA (Sigma) to detach from the flask.

2.7.2 Human MDM culture

Methods for obtaining human monocyte derived macrophages (MDMs) have been described
previously (Gritsenko et al., 2020). Leucocyte cones from healthy donors were obtained from the
national blood transfusion service (Manchester, UK) with full ethical approval from the Research
Governance, Ethics, and Integrity Committee at the University of Manchester (ref. 2018-2696-5711).
Human peripheral blood mononuclear cells (PBMCs) were isolated from the cones by density
centrifugation using a 30% Ficoll® gradient. The PBMC layer was separated and washed with MACS
buffer (PBS, 0.5% BSA, 2mM EDTA) to ensure platelet removal. Monocytes were positively selected
from PBMCs by magnetic CD14* MicroBeads (Miltenyi) for 15 min at 4 °C before being eluted using
a LS column (Miltenyi). For monocyte differentiation into macrophages, the monocytes were plated
for 7 days at 750,000 cells/well in 12 well plates, in RPMI-1640 medium, supplemented with 2 mM
L-glutamine, 10% FBS, penicillin 1 U/ml, streptomycin 0.1 mg/ml and 0.5 ng/ml M-CSF (Peprotech).
On day 3, half of the media was removed and replaced with fresh media.

2.8 In vitro treatments

2.8.1 IFN treatment

IFNB (TONBO Biosciences) was solubilised in a 0.1% BSA in PBS solution, to a stock concentration
of 10 pg/ml, and was added to the wells at a final concentration of 20 ng/ml. 0.1% BSA in PBS was
used as the vehicle control (Ctrl) for IFN( treatment.

2.8.2 25HC treatment

25HC (Sigma) was solubilised in ethanol to a stock concentration of 10 mM, and was added to the
wells at a final concentration of 5 uM. Moreover, a 25HC dose response was also used as a treatment
with the following final concentrations: 0.2; 1; 5; 25 pM. Ethanol was used as the vehicle Ctrl for
25HC treatment.

2.8.3 Co-treatments

Cholesterol (Sigma) was solubilised in ethanol to a stock concentration of 10 mM, and was added to
the wells at a final concentration of 10 uM for SLO assay and 50 pM for scratch assay. Ethanol was

used as the vehicle Citrl.
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Desmosterol (Avanti) was solubilised in Dimethylformamide (DMF) to a stock concentration of 50

mM, and was added to the wells at a final concentration of 10 uM. DMF was used as the vehicle Ctrl.

The ACAT inhibitor, Sandoz 58-035 (SZ 58-035) was solubilised in DMSO to a stock solution of 80

mM, and added to wells at a final concentration of 10 uM. DMSO was used as the vehicle Ctrl.

2.9 In vitro gene expression analysis

2.9.1 hCMEC/D3 cells

A 4 h and 24 h stimulation was applied for IFN and 25HC treatment of hCMEC/D3 cells. Cells were
seeded overnight at a density of 350,000 cells/ml for 4 h treatment, and 300,000 cells/ml for 24 h
treatment in a 24 well plate (Corning), prior to the addition of IFNB and 25HC (see section 2.8). The

treatments were incubated in the wells for the designated time, and cell lysates were collected.

2.9.2 Human MDMs

A 24 h stimulation was applied for IFNB and 25HC treatment of human MDMs. Following monocyte
differentiation (2.8.2), cells were treated with IFNB and 25HC (see section 2.8). After treatment, cells

lysates were collected.

2.9.3 RNA extraction and cDNA synthesis

Following the 4 h or 24 h treatment of \CMEC/D3 and MDMs, the media was removed from each
well, followed by the addition of 300 pl of TRIzol reagent (Invitrogen). Scraping the cells with a 1000
ul pipette tip was used to ensure full detachment of cells. The subsequent RNA extraction protocol
and cDNA synthesis has already been described with zebrafish larvae (see sections 2.5.1 and 2.5.2).

The only difference being 65 ul of chloroform added to each sample rather than 75 pl.

2.9.4 SYBR green gPCR from hCMEC/D3 cells and MDMs

SYBR green gPCR was used to measure ISGs and sterol genes in the samples, and followed a
similar protocol as already described (see section 2.5.4). Synthesised cDNA was added to the
primers (Table 2.5), and the power SYBR Green master mix (Applied Biosystems). The StepOnePlus
real time PCR machine (Thermo Fisher) was used for the experiments with the Applied Biosystems
StepOne Software (version 2.1) to acquire the data using the Comparative Ct (AACT) programme.
Data was normalised to the expression of two housekeeping genes: HPRT1 and 18S and RQ values
were obtained following the method described previously, and used for zebrafish gene expression

data (Vandesompele et al., 2002). The RQ values were then Log transformed (Log2). Each
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condition/time point was repeated on 4-5 different passages for hCMEC/D3 cells and from 4
individual blood donors in human MDMs.

Table 2.5- List of primer sequences for SYBR Green qPCR

F and R primers for each gene target

Gene Sequence (5°-3’)

HPRT1 F: CAGGCGAACCTCTCGGCTTT
R: GGGTCGCCATAACGGAGCC

18S F: GTAACCCGTTGAACCCCATT
R: CCATCCAATCGGTAGTAGCG

CH25H F: AACGTCACACTGCTCGGGTG
R: GTGGTCCTCCACGGAAAGCC

ISG15 F:CAGCACCTACGAGGTACGGC

R: TTCCCCTCGAAGGTCAGCCA

RSAD2 F: AGGGCAACCTTCTGGCTGCTA

R: TTGCACTGGCGAGTGAAGTGAT
IFITM3 F: CATCCCAGTAACCCGACCGC

R: GCTGGCCACTGTTGACAGGA
DHCR24 F: CCACATGCTTAAAGAACCACGGC

R: CAGGAGAACCACTTCGTGGAAG
ABCG1 F: GAGGGATTTGGGTCTGAACTGC

R: TCTCACCAGCCGACTGTTCTGA
HMCGR F: GACGTGAACCTATGCTGGTCAG

R: GGTATCTGTTTCAGCCACTAAGG
SQLE F: CTCCAAGTTCAGGAAAAGCCTGG

R: GAGAACTGGACTCGGGTTAGCT

2.10 Cholesterol lipid measurements in hCMEC/D3 cells

2.10.1 Cholesterol ester assay

hCMEC/D3 cells were seeded overnight at a density of 200,000 cells/ml in a 6 well plate and left
overnight. 25HC and vehicle Ctrl was added to the wells for a 48 h incubation (see section 2.8.2).
Afterwards, cell lysates were collected. Following this, the cells were trypsinised, spun down and
resuspended in 1 ml PBS. Next, 100 ul of each sample was taken for the BCA assay to measure
protein concentration (see section 2.10.2), whilst the remaining 900 pl was re-spun and the resulting

cell pellet used for the cholesterol assay.
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The samples were taken for total and free cholesterol measurements, performed according to
manufacturer’s protocol for the Cholesterol/Cholesterol Ester Assay Kit (Abcam). Briefly, cell pellets
were resuspended with 200 pl extraction buffer (Table 2.1) and sonicated in an Ultrasonic cleaning
bath (VWR, Avantor) for 15-30 min. The cells were then centrifuged for 10 min at 11,000 rpm at 4°C.
The organic phase was transferred to a new Eppendorf and air-dried at 50 °C until full chloroform
evaporation. The samples were then vacuumed for 3 h on the Genevac™ miVac (SP scientific) to
remove all remaining solvents, leaving a lipid droplet.

The droplet was dissolved in 200 pl of the cholesterol assay buffer and 25 pl of this solution was
mixed 1:1 with one of two assay reaction mixes, depending on total or free cholesterol measurement
(Table 2.1). Samples were plated alongside a set of known cholesterol standards (0-5 pg) in a clear
bottom 96 well plate and incubated for 1 h at 37 °C in the dark. The absorbance was read at 570 nm
on a FLUORstar Omega plate reader (BMG labtech) and total and free cholesterol concentrations
were established based on a standard curve from the cholesterol standards. Cholesterol was
expressed as pg/ul. From these values, cholesterol ester concentrations could be established by
removing the free cholesterol concentration from the total cholesterol concentration.

To determine the cholesterol concentrations of each sample relative to the protein concentration,
cholesterol was converted to pg/ml, and divided by protein concentration to produce
cholesterol/protein (ug), used to compare between different samples. Experiments were performed
as 4 replicates of different passages of hCMEC/D3 cells.

2.10.2 Analysis of cell number by total protein assay (bicinchoninic acid assay)

Total protein in the cell lysate of treated hCMEC/D3 cells was assessed as an indirect measure of
cell number. Protein concentration was determined prior to the cholesterol assay, to establish
cholesterol concentrations relative to the protein content. A Pierce™ bicinchoninic acid assay (BCA)
Protein Assay Kit (Thermo Scientific) was performed following manufacturer’s instructions.
Absorbance was read at 570 nm on a FLUORstar Omega plate reader (BMG labtech), and protein

concentration was calculated from the standard curve. Total protein was expressed as pl/ml.

2.11 SLO assay

A 4 h and 24 h stimulation was applied for 25HC treatment for the SLO assay. Cells were seeded
overnight at a density of 300,000 cells/ml for 4 h treatment, and 250,000 cells /ml for 24 h treatment,
in a black clear-bottom 96 well plate (CELLSTAR). Initially, cells were treated with 25HC or vehicle
Ctrl (see section 2.8.2). Subsequent 24 h experiments included co-treatment of 25HC with

cholesterol, desmosterol or SZ 58-035 (see section 2.8.3).

Following completion of treatment, the EndoGro (Merck) media was removed, and replaced with 40
pl Opti-MEM (Gibco) with 0.5 uM TO-PRO-3 (ThermoFisher). The bacterial toxin Streptolysin O
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(SLO) (Sigma) was activated at 100 U/l with 20 mM dithiothreitol (DTT) (Merck), 30 min prior to
imaging, at 37 °C.

An initial baseline image was acquired on the IncuCyte Zoom Live Cell Analysis system using a
10x/1.22 Plan Fluor OFN25 objective for the phase contrast and red filter. Following the baseline
image, SLO was added to each well at a final concentration of 2 U/ pl, and an image was obtained 1
h later. Following the 1 h image, 2.5 ul of 0.05% triton was added to each well to cause 100% cell

death, and allow the percentage of cell death to be identified from the assay.

The number of dead cells was determined through the basic analyser software (Essen BioScience),
used for the quantification of fluorescent objects and based on a number of defined characteristics,
such as area, eccentricity and fluorescent intensity. The percentage of cell death was established by
dividing the number of dead cells at the 0 h and 1 h time point, with the number of dead cells in the
0.05% Triton time point for each well. Each condition/ time point was repeated on 2-6 different
passages of hCMEC/D3 cells

2.12 Scratch assay

A 3 h and 24 h pre-treatment stimulation was applied for 25HC treatment for the scratch assay. For
the 3 h incubation, cells were seeded at a density of 400,000 cells/ml in a 96-well ImageLock plate
(Essen BioScience) not collagen coated and left for 1 h. Then the cells were treated with 25HC and

vehicle Ctrl (see section 2.8.2) for 3 h prior to generation of the scratch.

Conversely, for the 24 h treatment, cells were seeded at a density of 250,000 cells/ml in a 24 well
plate and left overnight. The cells were then treated with 25HC or vehicle Ctrl for 20 h. Subsequently,
the cells were re-suspended and re-seeded to a density of 400,000 cell/ml in a 96-well ImagelLock
plate, where the protocol then followed the 3 h treatment. The 24 h treatment also encompassed the
co-treatment of the cells, as previously described in the SLO assay (2.11) whereby the 25HC treated

wells were co-treated with cholesterol, desmosterol (10 uM) or SZ-58-035 for the 24 h period.

After the 4 h following seeding, EndoGro media with treatments was temporarily removed and
replaced with PBS. Wells were then scratched using a 96-pin IncuCyte WoundMaker Tool (Essen
BioScience) and washed two times with PBS, and replaced with the original EndoGro and treatment
media. Phase contrast images were acquired at 2 h intervals for a period of 24 h on an IncuCyte
Zoom Live Cell Analysis system using a 10x/1.22 Plan Fluor OFN25 objective. The IncuCyte Scratch
Wound Analysis Software Module (Essen BioScience) was used to quantify relative wound density.
Relative wound density (RWD) is a measure (%) of the density of the wound region relative to the
density of the cell region:
w(t) —w(0)

%RWD(t) =

7@) ~w(0) x100

Where w(t)=Density of wound region at time, (t) and c(t)=Density of cell region at time, (t).
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Each condition/time point was repeated on 2-6 different passages of hCMEC/D3 cells.

2.13 Statistical analysis

All data were analysed with GraphPad Prism 8.1.2 (GraphPad Software Inc) using the appropriate
tests (further details stated in the figure legends throughout the results chapters). Data were tested
for normality using the D-Agostino-Pearson test. This test uses skewness and kurtosis to quantify
how far away the distribution is from Gaussian, relating to asymmetry and shape, moreover, how far
these values differ from the expected value with a Gaussian distribution is computed. The resulting
parametric data are presented as mean = standard error of the mean (SEM). Non-parametric data
are presented as median * interquartile range (IQR). Details of replicates are recorded in the figure
legend. Statistical significance was accepted at *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.
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Chapter 3: Characterising the use of a stable
mutant zebrafish model to recapitulate the
classical symptoms of Aicardi-Goutieres
syndrome
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3.1 Introduction

AGS is a rare type | interferonopathy with nine identified genetic subtypes (AGS1-9), involving
mutations in TREX1, the three non-allelic components of RNASEH2 (RNASEH2A-C), SAMHD1,
ADAR], IFIH1, LSM11 or RNU7-1 (Crow et al., 2006a; Crow et al., 2006b; Rice et al., 2009; Rice et
al., 2014; Rice et al., 2012; Uggenti et al., 2020). Each protein is involved in intracellular nucleic acid
sensing, processing or metabolism, and upon mutation, the genes cause an increase in, or abnormal
processing or sensing of endogenous nucleic acid species at levels above the immunostimulatory
threshold (Crowl et al., 2017). This is recognised by intracellular DNA and RNA sensors, leading to
chronic activation of the type | FN pathway (Crow and Stetson, 2021).

One of the main diagnostic criteria across all AGS subtypes is elevated type | IFN levels and an IFN
signature, which is classified as increased expression of a panel of ISGs (Rice et al., 2013). Other
clinical manifestations, ubiquitous across all genetic sub-types, are called ‘classical’ AGS symptoms,
and include white matter abnormalities, intracranial calcifications, microcephaly and motor defects,
thus categorising this disease as an encephalopathy due to the large number of neurological features
(Crow et al., 2015; Livingston and Crow, 2016).

Whilst many patients across AGS1-9 do share a number of these classical symptoms, it is of note
that AGS as a whole is an extremely heterogeneous disease, with large differences in symptom
severity observed in patients within and between genetic sub-types (Adang et al., 2020; Crow et al.,
2015). Furthermore, there are sub-type specific symptoms, including ADAR1 related bilateral striatal
necrosis and SAMHD1-related cerebrovasculopathy (Crow et al., 2015).

As AGS is a rare disease, with around 500 families affected worldwide, it is important to develop pre-
clinical models to study the condition, due to limited availability of patient derived material, such as
primary cells (Crowl et al., 2017). Although immortalised cell lines from patients have provided
significant insight into the loss of gene function, global defects across the whole-body system are not
possible to assess in vitro, leading to the development of a number of in vivo AGS models, the
majority of which have been generated in mice. Unfortunately, none of these AGS models have been
able to fully recapitulate the human condition. Some models develop varying degrees of IFN related
inflammation, but there is a consistent lack of a neurological phenotype in rodents. Conversely, other

AGS mouse models are not embryonically viable (Rutherford et al., 2020).

Non-mammalian in vivo models of AGS have been generated in zebrafish, producing loss of function
models in ifihl, adarl and samhdl. ifihl presents in AGS patients as a gain of function mutation,
thus this model was used to rescue overexpression of immune-regulated genes in a mutant line with
an upregulated IFN response, rather than as a direct model of AGS7 (Rajshekar et al., 2018;
Rutherford et al., 2020). A transient model of AGS5 (samhdl1 MO) has been described that is the first
to show a neurological phenotype in the form of ICH, along with a robust global type I IFN and ISG
response (Kasher et al., 2015). SAMHD1-related AGS is of particular interest due to patients

frequently developing cerebrovascular disease. Indeed, as AGS5 represents a monogenic form of
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cerebrovascular disease, understanding this condition may provide useful insights into the more
common, non-inheritable forms of the disease, such as stroke.

Zebrafish models of disease are becoming increasingly popular tools for pre-clinical disease
modelling, for a plethora of reasons (see introduction 1.8). Arguably the most important is the relative
ease of genetic manipulation in zebrafish, with the ability to generate transient and stable mutants
quickly and efficiently. This, coupled with high fecundity and optical transparency, makes them an

ideal species for disease modelling, as an alternative or in parallel with rodent models (Eisen, 1996).

MO models are a valuable starting point for disease modelling, but like all models there are caveats
associated with them, such as off-target effects, which may interfere with the phenotypes observed
(Eisen and Smith, 2008). Thus it is important to model the disease in a stable mutant line. Herein,
we describe the generation of a novel CRISPR-cas9 stable mutant samhd1 zebrafish model, and the
subsequent characterisation of the classical AGS symptoms in order to validate the zebrafish as a

useful pre-clinical model of AGS.
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3.2 Results

3.2.1 Generation of a 23 bp deletion in the samhd1l gene using CRISPR-Cas9 technology

Following on from the samhdl morphant model, which successfully recapitulated aspects of the
AGS5 phenotype, a stable mutant zebrafish line was subsequently generated to facilitate long term
disease characterisation (Kasher et al., 2015). To generate a stable samhd1 loss of function model,
a gRNA was designed using the CHOPCHOP software, targeting exon 4 of the samhd1 gene (Fig.
3.1a). The gRNA and Cas9 were co-injected into WT fertilised eggs at the one-cell stage producing
FO crispants, which were assessed for indels using restriction diagnostics, and raised to adulthood
prior to outcrossing onto a WT background to create an F1 generation. Sanger sequencing (Fig.
3.1b) of the F1 generation revealed a 23 bp deletion in exon 4 of the mutants, thus the line was
designated the name samhd1223, To determine whether this mutation resulted in a loss of transcript,
RNA was harvested from WT and samhd1423/423 |arvae at 5 dpf, allowing qPCR analysis of the
samhdl gene, where the mutants elicited almost a complete loss in samhdl expression compared
to WT larvae (P<0.05) (Fig. 3.1c). We also wanted to corroborate the mutation at the protein level
using western blotting, as gene expression levels do not necessarily equate to protein levels.
However, due to the absence of a reliable antibody, we were not able to measure samhd1l at the
protein level. As an alternative, we compared the amino acid sequence from the WT zebrafish
samhd1l protein to the homozygous mutant protein (Fig. 3.1d). Following the 23 bp deletion in exon
4 of the samhd1 gene, there is a premature stop codon, producing a truncated amino acid sequence.
The stop codon is before the predicted HD domain, which is thought to be responsible for the
enzymatic activity of samhdl, thus suggesting that the resulting protein, if any, is largely truncated
and will be non-functional (Beloglazova et al., 2013).

Together, these data confirm that CRISPR-Cas9 successfully generated a 23 bp deletion in exon 4
of the samhd1 gene in zebrafish, resulting in a significant reduction in samhdl gene expression, and

a truncated amino acid sequence of the samhd1 protein.
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ZF WT SAMHD1 amino acid sequence

MENRIKRPRVDGECVKSINNGEFDRWDVEDTVAYLRREGLOEWAQTIFRDNGITGAGLLCL
TEAHLEKMGVSPLGARLHILHCLOKLSQISTEPMKVENDPTHGHIELHPLLLHFIDTPQF
ORLRHIKQLGGTYLVFPGASHNRFEHSIGVGYLAGCLVKALNERQPELFITKODILCVQIL
AGLCHDLGHGPFSHMFDGMFIPKARPADKWKHEIASVOMFDHLVEVNGLEAVMLHHGMRL
PEDLIFIKEQIAGPLESAVLDQSQWPYKGRPVEKSFLYEVVANKRNGIDVDKWDYFARDC
YHLGIQNNFDYQRFLRFARVCEVKGRKHICTRDKEVGNLYDMFHTRNCLHRRAYQHKVGN
ITETMITEAFLKADPHIQIQGSSGRIFTISSATEDMEAYSKLTDHIFEQILYSSGPELSE
ARATLONIICRRLYKCVGQTTSETNVDVSQEKLLDWAKELARSKPTGTEGNLIAEDFVVS
VIHMDYGMKEKNPINNVHFYCKNDPTKAIKIHKKQVSKLLPERFAEQLIRVYCKKTDDKS
LEAAKKYFVQWCMDRNFTKPQDGDIIAPELTPLKQDWHAREDEDEEEEEKHRQNQTLPHH
TPORTGRNVKVDLFQARGETKL

ZF 23bp deletion SAMHD1 amino acid sequence

MENRIKRPRVDGECVKSINNGEFDRWDVEDTVAY LRREGLOEWAQIFRDNGITGAGLLCL
TEAHLEKMGVSPLGARLHILHCLOKLSQISTEPMKVENDPTIHGHIELHPLLLHFIDTPQF
QRRNLPGVPRGVPQPIX

Figure 3.1- CRISPR-Cas9 induced 23 bp deletion in exon 4 of the zebrafish samhd1 gene

a) gRNA sequence (red) designed to target a site within exon 4 to initiate a 23 bp deletion in the
injected embryos. b) Sanger sequencing of WT and samhd122%423 mutants from fish derived from an
F1 generation incross. Green highlighted area on WT sequencing is the site of the 23 bp deletion,
resulting in a frameshift on the mutant sequencing c¢) gPCR analysis of samhd1 gene expression in
5 dpf WT and samhd1423/423 |grvae. Data analysed using Mann Whitney U test and presented as
median + IQR (* P=0.0286). n=20 larvae per group, per biological replicate, repeated 4 times. d)
Amino acid sequence for WT samhd1l protein and mutant samhd1 protein. Green denotes predicted
SAM domain, whilst blue denotes predicted HD domain, absent in mutant protein. Black underlined
and bolded amino acids represent the CRISPR targeted sequence in the WT protein, and purple
amino acids represent the location of pathogen mutations in AGS5 patients. Red sequence denotes
the change in amino acids following mutation, cumulating in a premature stop codon.
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3.2.2 Loss of samhdl is associated with a variable increase in ISG expression in samhd1423/423
larval heads

One of the primary hallmarks across all AGS subtypes is the excessive upregulation of type | IFN,
and the subsequent ISG signature, which is often used as a clinical diagnostic tool (Crow et al., 2015;
Garau et al., 2019; Rice et al., 2013). The upregulation of type | IFN and ISG expression has also
been observed in a number of pre-clinical models of AGS, including the samhd1 MO model (Kasher

et al., 2015). Therefore a similar result was also expected in the samhd1423/423 |arvae.

Pilot experiments using RNA from whole larvae, similar to the method performed in the samhd1l MO
model, did not exhibit any effect on ISG expression (data not shown). We hypothesised this may be
the result of the MO being a more severe model than the stable mutant. Therefore, a different method
was utilised to try and observe the presence of an ISG response.

The primary site of IFNa production in AGS patients is in the CSF, thus suggesting the CNS elicits a
greater type | IFN response and subsequent ISG signature, than the periphery. This finding may
begin to account for the severe neurological phenotypes observed in AGS (Lodi et al., 2021). In an
attempt to phenocopy this observation in the samhd1423423 model, we chose to subsequently
measure ISG expression in larval heads, allowing us to determine an ISG signature from a clinically
relevant location, and potentially removing out any ‘diluted effect’ from the previous RNA extraction

method utilising whole larvae.

RNA was extracted from larval heads, at 5 dpf, when the larvae are optimal size for head/brain
removal. The expression of the ISGs isgl5, rsad2 and statlb were previously shown to be
upregulated in either the MO model, AGS patients, or both. (Kasher et al., 2015; Rice et al., 2013).
isg15 is another ISG which followed a similar pattern to the other three, thus the rationale for looking
at the expression patterns of only these four ISGs is because they provided the most reliable and
comparable results compared to the other ISGs identified in the MO and patients.

Although not statistically significant, due to high levels of variation, a pattern was evident (Fig 3.2). It
appeared that a number of replicates within the samhd1423/423 group exhibited large upregulations in
ISG expression, resulting in excess of 200 fold increases for isg12 and statlb. However, these same
genes also possessed replicates with no difference in expression when compared to the WT group.
Therefore, these data highlights the heterogeneity observed within the zebrafish model, which
appears to mimic the human condition, where variations in symptoms and ISG signatures are readily
observed (Rodero and Crow, 2016).
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Figure 3.2- ISG expression in isolated samhd122¥ 423 |grval heads indicates a variable I1SG
phenotype.

a-d) RNA was extracted from WT and samhd142¥ 423 |grval heads at 5 dpf, requiring 30 heads per
biological replicate, repeated 5 times. A panel of ISG Tagman probes: isg12, isg15, rsad2 and statlb
were used and normalised to the housekeeper gene hprtl. Data analysed by a Mann-Whitney U
test between WT and samhd12% 423 groups for each gene, and was presented as median * IQR.
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3.2.3 samhd1423/423 embryos exhibit a number of clinically relevant neurological phenotypes

3.2.3.1 Loss of samhd1 expression causes microcephaly in samhd1423423 embryos

Aside from the substantial type | IFN response observed in AGS patients, severe neurological
manifestations are another important aspect of the disease. Patients can present with a range of
symptoms all affecting the CNS, which further play a vital role in the debilitating nature of the
condition (Crow et al., 2015; Livingston and Crow, 2016). To characterise neurological phenotypes
in the zebrafish model, we looked firstly at head size, as microcephaly is a common clinical
manifestation of AGS (Aicardi and Goutieres, 1984; Lanzi et al., 2002; Orcesi et al., 2009).
Microcephaly has been well characterised in a number of zebrafish models of disease using different
measurement protocols (Faundes et al., 2021; Jobst-Schwan et al., 2018; Stankiewicz et al., 2017).
The method used in this study was to measure the distance between the eyes after ventral imaging
of fixed embryos at 2 dpf, as indicated by the blue arrow in Fig 3.3a-b. Full body length was also
measured to determine a head to body length ratio, also referred to as a microcephaly index, which
was normalised to the mean of the WT group (Fig. 3.3e). This value was necessary to prove that the
mutants developed small heads, in the absence of shortened body length, thus ruling out ‘short
stature’ which is not characteristic of AGS. This microcephaly index was found to be significantly
reduced by 15% in the mutants (P<0.0001), indicating that loss of samhd1 causes smaller head sizes
in zebrafish.

3.2.3.2 samhd142%223 embryos present with enhanced cell death in the head

Previous studies have suggested that microcephaly can be attributed to an increase in neuronal cell
death (Stankiewicz et al., 2017). In order to determine the cellular basis of the microcephaly, TUNEL
staining was used to identify dead cells in the head region. Manual counting of dead cells in the
indicated region from the representative images revealed a significant increase in cell death in the
samhd1223/423 embryos, ~3X higher than what was observed in the WT embryos (P<0.001) (Fig.3.4).
This provided the first evidence that loss of the samhd1l gene in zebrafish increases cell death in the
head and could potentially explain the microcephaly. Moreover, the cell death could act as a measure

of cerebral atrophy, which also occurs in AGS patients, likely a result of neuronal loss.

3.2.3.3 samhd142¥223 embryos do not exhibit any alterations to the expression of brain specific
markers

After identifying the significant increase in cell death in the embryonic head, we next measured
expression levels of different brain cell markers, including for general cell proliferation (pcna), BBB
formation (clnd5) neurones (elavi3, nptx2a), and astrocytes (gfap). We found no difference between
the expression levels of the WT and samhd142%423 embryos at 2 dpf for any of the genes measured
(Fig. 3.5).
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3.2.3.4 Calcein staining of larval heads did not identify the presence of intracranial calcifications in
samhd122%A23 |arvae

The final brain specific phenotype we looked to characterise in the samhd1423423 model was
intracranial calcifications, which are often associated with type | interferonopathies, including all
subtypes of AGS (Livingston et al., 2014b; Uggetti et al., 2009). Calcein is a fluorescent chromophore
that specifically binds to calcium, and has been used in zebrafish research to study bone growth and
development (Hosen et al., 2013). A previous study observed ectopic calcification in the cranium
using calcein staining, indicating this dye may be useful to study brain calcifications in the context of
AGS research (Apschner et al., 2014). The larvae were anaesthetised with MS222 and live stained
with calcein at 5 hpf. Calcein only effectively stains from approximately 5 dpf, therefore we were
unable to stain the larvae at the same time point used for assessing the other neurological
phenotypes (2 dpf). In both the WT and samhd142%423 |arvae there were no ectopic calcifications
found within the brain region (Fig.6), suggesting either intracranial calcifications are not observed in
this model, or the calcein was ineffective.
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Figure 3.3-samhd12% 22 embryos exhibit a microcephaly phenotype

a-d) Representative images of fixed WT and samhd142%¥ 423embryos at 2 dpf, imaged ventrally.
Images were taken on a Leica M165FC light stereo microscope. All images processed on image J.
Blue arrows indicate the distance between the eyes measured (a-b) and total body length
measurements (c-d) .n=8 larvae per group, for 3 biological replicates. Scale bar = 100 um for heads,
and 250 um for full length e) Microcephaly index (ratio) determined by distance between eyes and
body length. Data analysed using unpaired t test (****P<0.0001) and presented as mean + SEM.
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Figure 3.4- samhd1 22¥ 22 empryos present with enhanced head cell death

a+b) representative images from WT and samhd142% 423 TUNEL stained embryos at 2 dpf, imaged
laterally on a Leica M205 FA upright stereomicroscope. . Blue dotted line indicates the area of interest
for cell counting: the forebrain to hindbrain region, excluding the eyes, mouth and ears. The dead
cells counted for analysis are represented by the red triangle. n= 6-8 larvae per group, with 3
biological replicates. Images processed and inverted on ImageJ. Scale bar = 100 um. c)
Quantification of the number of dead cells in the head of WT and samhd142% 423 embryos. Data
analysed using Mann Whitney test (***P<0.001) and presented as median = IQR.
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Figure 3.5- samhd12%¥22 embryos do not have altered expressions of brain cell markers

RNA was extracted from whole body WT and samhd142% 422 embryos at 2 dpf, n= 20 embryos per
sample, per biological replicate, repeated 5 times. A panel of brain cell marker Tagman probes: pcna,
elavl3, gfap, cind5a, nptx2a were used to identify any alterations in expression levels between WT
and samhd122¥ 223empryos, normalised to the housekeeper gene hprtl. Data analysed using an
unpaired t test between WT and samhd12¥ 423 for each gene and presented as mean + SEM
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Figure 3.6- Absence of intracranial calcifications in samhd142% 423 |arvae

Representative images from calcein staining of WT and samhd142%23 |arvae at 5 dpf. Larvae were
anaesthetised in MS222 and stained with calcein before being imaged dorsally on a Leica M205 FA
upright stereomicroscope. n=6-8 larvae per group, with 3 biological replicates. Scale bar= 100 pm

3.2.4 samhd1223/423 |grvae exhibit a locomotor deficit

3.2.4.1 samhd142¥%A23 |arvae present with a reduction in swimming time at 4 dpf

We next wanted to identify whether the microcephaly and increased cell death in the samhd1423/423
model led to functional defects. From a clinical perspective, a wide range of motor defects are
observed across all AGS subtypes (Crow et al., 2015). Swimming behaviour can be readily assessed
in zebrafish larvae as a readout for motor dysfunction, as observed in other zebrafish models of
disease (Crilly et al., 2018). We tracked swimming behaviour in the larvae between 3-5 dpf using
DanioVision software. Interestingly, the time course identified no difference in movement at 3 dpf
and 5 dpf between the genotypes. However, there was ~50% reduction in the swimming time at 4
dpf in the samhd142%423 |arvae (P<0.01), indicating that loss of samhd1 expression leads to a loss of

motor function (Fig. 3.7).

3.2.4.2 A subtle reduction in znp-1 staining could contribute to the swimming deficits in
samhd1423A23 |arvae

znp-1 is used as a marker of differentiating spinal motor neurons, and has been used previously in
zebrafish models of hereditary spastic paraplegias, whereby impairment of neuronal outgrowth was
identified (Butler et al., 2010). To examine the cellular contribution associated with the swimming
deficit, whole mount staining using an anti-znp-1 antibody was performed to characterise the spinal
motor nerves. Whilst there didn’t appear to be any impairment in the growth and development of the
motor axons between genotypes, the staining highlighted reduced fluorescence in the trunk region,

potentially indicating a small reduction in the number of primary motor nerves in the mutants
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compared to the WT group, but too subtle to observe structural impairments. As such, this difference
was not statistically significant (Fig 3.8). The number of motor nerve segments stained per embryo,
was also counted, to account for any neurodevelopmental delay. These counts showed a small
variation in segment numbers across both groups. However, a larger proportion of the samdh1423/423
embryos were found to possess smaller numbers of segments in their trunk region than the WTs,
alluding to a slight neurodevelopmental delay in the mutants, akin to what is observed in AGS
patients. These data suggest that the motor deficits observed in the samdh1423/423 |arvae may in part

be attributed to subtle differences within the spinal motor neurons.
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Figure 3.7- samhd142¥ 423 |arvae exhibit a locomotor deficit

a+b) samhd1 423/ 423 |gryae exhibited a significant decrease in cumulative duration of movement at 4
dpf, which was improved by 5 dpf. n=22-24 larvae per group, with 3 biological replicates. Data
analysed using a Mann Whitney U test between each time point (**P<0.001). 4 dpf movement
presented as median + IQR c) Representative examples of the swimming tracks obtained at 4 dpf
on the DanioVision software between WT and samhd1423/ 423 |arvae.
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Figure 3.8- A subtle reduction in znp-1 staining could contribute to the swimming deficits
seen in samhd12%/42 |arvae

a+b) Representative images from the trunk region of WT and samhd142%423 embryos at 2 dpf, stained
with a znp-1 antibody and imaged laterally on a Leica M205 FA upright stereomicroscope. Red dotted
line marks the area where fluorescence was measured, and also where the number of motor nerve
segments were counted. Red triangle indicates a motor nerve segment. n= 7-8 larvae per group,
with 5 biological replicates. Scale bar= 250 um. Images processed and inverted on Image J, after
the fluorescence was measured c) The CTTF was measured in WT samhd142%423 embryos. Data
analysed by an unpaired t test, and presented as mean £ SEM. d) Number of motor nerve segments
within marked area for WT and samhd142%423 embryos.

3.2.5 The Janus Kinase inhibitor ruxolitinib does not rescue microcephaly or brain cell death
phenotypes in samhd142%A23 embryos

The JAK pathway is activated following type | IFN binding to IFNAR receptors, and results in the
transcription of ISGs (see introduction Fig.1.1 for schematic of pathway). As a result, it is an ideal
pathway to target in AGS and other type | interferonopathies to block the signal transduction following
IFN binding to the receptor. This is the mechanism of action by which JAK inhibitors exert their
effects, and as such, JAK inhibitors have been identified as a potential treatment for a number of
type | interferonopathies, including AGS (Vanderver et al., 2020). Therefore, we assessed whether
the JAK inhibitor, ruxolitinib, was capable of rescuing the microcephaly and brain cell death
phenotypes observed in the samdh1423/423 embryos. Embryos were treated with 2 pM of ruxolitinib
via water bath incubation from 6-48 hpf. Embryos were subsequently fixed for either microcephaly
measurements or TUNEL staining. Ruxolitinib treatment did not affect either phenotype (Fig 3.9).
However, given that ruxolitinib treated WT embryos did not develop a significant increase in cell
death or microcephaly, it suggests that the drug was safely tolerated in the zebrafish embryos, but
did not exert any beneficial effects.
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Figure 3.9- The JAK inhibitor ruxolitinib does not rescue the cell death or microcephaly
phenotypes observed in samhd1 423423 |grvae

Ruxolitinib was added to E3 media from 6- 48 hpf. Afterwards embryos were fixed for microcephaly
measurements or TUNEL staining a) The microcephaly index was calculated based on distance
between eyes and full body length in 48 hpf fixed embryos. Data was analysed with a two- way
ANOVA with tukey post hoc analysis (**P=<0.01, ***P=<0.001, ****P=<0.0001) Data presented as
mean + SEM b) Number of dead cells determined by TUNEL staining of 48 hpf fixed embryos. Data
also analysed with a two way ANOVA with tukey post hoc analysis (*P<0.05, **P<0.01, ***P<0.001).
Data presented as mean + SEM.
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3.3 Discussion

The primary aim of this study was to generate and characterise a stable mutant zebrafish model of
AGS5 as a continuation of the work performed previously in the lab with the transient samhdl
morphant model. The morphant exhibited both classical AGS symptoms, with the increase in 1ISG
expression and type | IFN producing cells, whilst also producing a cerebrovascular phenotype
frequently observed in AGS5 patients (Kasher et al., 2015). (N.B: Identification and characterisation
of the sub-type specific phenotypes in samhd1423/423 js the subject of chapter 4.)

Prior to publication of the samhdl morphant, AGS modelling had been performed solely in mice,
resulting in a range of phenotypes across all sub-types. Samhd1’- mice appeared healthy, with only
a mild ISG phenotype in the spleen (Behrendt et al., 2013; Rehwinkel et al., 2013). Similarly Trex1
mice and Ifih19°" mice did not present with any neurological symptoms. They did, however, have
severe multi-organ inflammation, particularly myocarditis and nephritis respectively (Funabiki et al.,
2014; Gall et al., 2012; Morita et al., 2004; Stetson et al., 2008). On the opposite end of the severity
spectrum, Rnaseh2” and Adarl’ models were not embryonically viable. (Hartner et al., 2004;
Mannion et al., 2014; Pokatayev et al., 2016; Reijns et al., 2012; Wang et al., 2004).

As can be ascertained from these murine models, there is not one which manages to phenocopy
multiple aspects of the disease, thus making it difficult to utilise these models for translational AGS
research. Most importantly, the lack of neurological phenotypes observed questions their
effectiveness as true AGS models.

Whilst the aforementioned samhdl morphant model was novel in displaying neurological
phenotypes, there are many reasons why MOs are not used in the long term study of disease. Their
effects are transient as MOs cannot permanently integrate into the genome, thus can only be studied
during the first few days following injection. Furthermore, off-target effects are not uncommon, which
makes it difficult to state that phenotypes identified are directly correlated to the effect of one targeted
gene (Bedell et al., 2011). To increase the validity of these MO models, guidelines have been
published with the gold standard being to phenocopy a MO model with a stable mutant line (Eisen
and Smith, 2008; Stainier et al., 2017). This is the route we took to validate the model and to further

demonstrate that zebrafish represent the most useful model organism for pre-clinical AGS research.

The samhd1l line was generated using CRISPR-Cas9, where exon 4 was targeted. This exon is in
the same location of the splice site MO to maintain consistency. Several human mutations have also
been identified in exon 4 of the SAMHD1 gene, thus also providing clinical relevance (Rice et al.,
2009). The 23 bp deletion was successful in significantly reducing the expression levels of samhd1
in the homozygous mutant zebrafish larvae. Unfortunately, this loss in gene function was not able to
be confirmed in protein level, due to issues with the samhdl antibody, which had worked previously
for the samhd1 morphant paper (Kasher et al., 2015). This loss of effectiveness may be due to inter-
batch variation, and, as a result, we were unable to successfully measure samhdl levels in the

zebrafish larvae. Therefore we had to make the assumption that the significant reduction in transcript
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would also equate to loss in protein levels. Based on the amino acid sequence of the mutant samhd1
protein, a premature stop codon after the 23 bp deletion in exon 4 of the samhdl gene generated a
truncated amino acid sequence, further suggesting a loss in samhd1 protein. Moreover, the mutated
amino acid sequence does not contain the predicted HD domain, which is responsible for the
enzymatic properties of samhdl (Beloglazova et al., 2013). Taken together this implies that if any
truncated forms of the protein are produced, they would be non-functional. It would have been useful
to confirm this by measuring the dNTPase activity in the samhd142%/423 model.

Overall, the resulting mutant zebrafish were viable and healthy on appearance, with no breeding
issues observed in homozygotes.

The first phenotype characterised in the mutant was the type | IFN response, which is one of the
most important hallmarks of AGS, and was successfully phenocopied in the samhdl morphants. As
aforementioned, we used a different method of sample preparation in this study compared to the
samdl MO paper. This being the use of RNA extracted from larval heads instead of whole larvae,
thus we are unable to make direct comparisons between the models, due to the difficulties associated
with identifying an ISG response from whole larval RNA in the samhd1423423 model. Therefore, we
chose to isolate larval heads for the ISG measurements, which also established additional clinical
relevance, as evidence suggests higher levels of type | IFN are present in the CSF of AGS patients,
when compared to the periphery (Lodi et al., 2021).

Our data exhibited large variation across multiple replicates, and as such we were unable to confirm
a consistent and statistically significant ISG phenotype. However, it is obvious that a portion of the
larvae do express large quantities of a number of ISGs, when compared to the WT larvae. In the
future to look more closely at the expression patterns of individual larvae, we could perform in-situ
hybridisation of different ISGs, which would provide a more accurate picture of the intra-larval

variation.

The environment may contribute to the variation observed. A novel picornavirus has recently been
identified in multiple research aquaria around the world, including the Manchester Biological Services
Unit (Balla et al., 2020). The presence of a virus would undoubtedly affect any investigation into
antiviral immune signalling, as any infected fish would begin to mount an antiviral type | IFN response
(ifnphi in zebrafish). Thus this would act as a confounding factor for researching the samhd1423/423
model. It has not yet been ascertained whether any of the WT or samhd142%423 fish are infected, and

as such, further investigation is required.

Aside from environmental factors, one potential reason for the discrepancy observed between 1SG
expression in the mutant and morphant could be that the MO did induce a large ISG response as an
off-target effect. This is due to a large transcriptomic study researching the common genetic
signatures of MO injected zebrafish, which highlighted increased expression of several ISGs (Lai et
al., 2019). However, the only ISG in that study which was also measured in the samhdl MO was

isg15, and so does not account for the increase in other genes.
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Another possibility could be the result of a phenomenon known as genetic compensation. This
biological process accounts for the differences in severity of phenotypes between MO and mutant
models, with the MO generally producing a more severe response. It is hypothesised that this occurs
due to the presence of maternally provided wild-type mRNAs within the yolk sac, which may be able
to compensate for the loss of gene function. By contrast, the translation of these mRNAs can be
blocked by MOs, hence the more severe phenotypes, and could potentially explain why the samhd1
MO model exhibited a large ISG response in whole larvae, compared to samhd142¥423 |grvae
(Stainier et al., 2017).

Alternatively, the loss of gene function evoked by germline mutation can, with time, cause direct
upregulation of other genes to compensate for the loss (Rossi et al., 2015). This may be what we are
experiencing with the samhd142%423 model and rather than excessive uncontrolled ISG responses, a
negative regulator of type | IFN and ISGs is upregulated to control the levels. To further investigate
genetic compensation, there are several experiments which could be performed, including RNA
sequencing, to compare gene expression levels between the mutant and morphant. In particular, the
expression of SOCS genes could be examined. Alternatively, western blotting could be performed to
determine the presence of phosphorylated stat2 protein, which could also act as a negative regulator
of the type | IFN signalling pathway. However, finding a stat2 antibody which works in zebrafish may

be problematic.

Another difficulty associated with characterising the type | IFN phenotype was the inability to use the
Tg(ifnphil:mCherry) transgenic line (Kasher et al., 2015; Palha et al., 2013). This is due to the large
variation found in the number of ifnphil positive cells in WT untreated larvae, whereby within the
same clutch a single larvae could present with > 200 positive cells, and another larvae with <10, thus
guestioning the reliability of the line. However, this may also be related to potential picornavirus
infection, where further investigation is required.

Zebrafish possess four IFN genes equivalent to mammalian type | IFN: ifnphil-4, whereby ifnphil
and ifnphi3 are the only two expressed in zebrafish at the larval stages (Langevin et al., 2013). This
reporter line enables all ifnphil expressing cells to be identified through fluorescence as a result of
mCherry expression, thus generating a dynamic model, whereby the location and identity of the cells
can be established through live-imaging and FACS-sorting (Kasher et al., 2015; Palha et al., 2013).
This is an experiment which should be re-visited in the future on the samhd1423/423 mutant line.

Two neurological symptoms were successfully phenocopied from AGS patients to the samhd1423/423
model: microcephaly and enhanced brain cell death. Microcephaly is not unique to AGS, but is
commonly attributed to range of neurodevelopmental disorders, and can be measured in zebrafish
embryos (Faundes et al., 2021). The increase in brain cell death observed in samhd142%423 embryos

could be indicative of cerebral atrophy, or a more general readout for brain damage.

A link between microcephaly and brain cell death in zebrafish models of disease has been suggested
previously. It was hypothesised that observing both microcephaly and brain cell death is the result of

secondary microcephaly, whereby postnatal reduction of dendritic processes, myelination and
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synaptic connections cause microcephaly (Stankiewicz et al., 2017). This aligns with the phenotypes
found in the samhd1423/423 model, and also AGS patients who develop progressive microcephaly
after birth, rather than in utero (Crow et al., 2015) . This also fits with a cerebral atrophy phenotype,
despite not observing a reduction in the expression of a number of brain markers, especially elavi3
and nptx2a which are neuronal markers. It was hypothesised that a reduction in neurons, due to
excessive cell death, would reduce neuronal marker expression, alongside pcna expression, which
is a cell proliferation marker. Additional co-stains should be performed in the future with the TUNEL

stain to elucidate the cell type/s undergoing increased cell death within the brain.

One common way in which neurological disability can manifest is though motor skill deficits. In AGS
these can range from spastic paraparesis, to global developmental delay (Adang et al., 2020). To
assess motor function in the zebrafish, larval swimming was tracked over a 10 minute period using
the DanioVision software. A three day time course was initiated from 3- 5 dpf to determine whether
any effect on swimming was observed consistently. At 3 dpf there was no difference between either
group, likely a result of the lack of movement from both WT and samhd142%423 |arvae. At 4 dpf a
significant reduction in swimming was observed, suggestive of a motor deficit. Interestingly, this
deficit did not persist beyond this time point, suggesting motor dysfunction is transient and can
resolve quickly. One potential explanation could be a result of the regenerative capabilities of
zebrafish larvae, and whilst the larvae are continuing to develop, neurological disabilities may be
ameliorated. This would also provide rationale for why samhd142%423 zeprafish grow into healthy,
viable breeding adults. In the future, the TUNEL stain and microcephaly should also be measured
at later time points, such as 5 dpf, to determine whether other associated phenotypes resolve as the

larvae develop, which would indicate a very small window of pathology within this model.

Whilst the brain cell death and microcephaly may account for the motor deficits, we hypothesised
that spinal motor neurons may also be playing a role in the reduction of movement. The znp-1
antibody was applied to stain motor neurons along the spinal cord, and to also assess branching of
the caudal primary motor neurons, where several segments could be viewed from the areas
analysed. Whilst not significant, a trend towards a decrease in the fluorescence intensity in the
mutants was observed compared to the WTs, coupled with a higher number of mutants exhibiting
less motor neuron segments from the cloaca to the tip of the tail. However, this is not enough
evidence to suggest these subtle phenotypes are a cause for the locomotion deficits found at 4 dpf.
In the future, it would be useful to co-stain with TUNEL to see whether increased cell death was
found amongst the neuronal tracts of the mutants. Moreover, znp-1 staining was performed on 2 dpf
embryos, to corroborate with the other neurological phenotypes, therefore, staining at 4 dpf would
be useful to make direct comparisons between the significant reduction in movement and motor

nerve staining.

AGS has been referred to as the most common leukodystrophy which presents with intracranial
calcifications, thus representing another important diagnostic factor (Tonduti et al., 2018). However,
intracranial calcifications were not identified in the samhd1423/423 Jarvae. This could be due to some

issues with study design, which could be improved upon in the future. Firstly, calcification is not
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widespread in zebrafish until after 5 dpf, suggesting that the staining was not successful because
the levels of calcium in the cranium, if any, were too low to be detected. This could have been
confirmed further by performing other known calcium and mineralisation stains such as alizarin red
and van kossa to increase the chances of observing any form of ectopic calcifications at that early
time point (Apschner et al., 2014). Furthermore, calcein staining in larvae older than 5 dpf would be
useful to determine the presence of calcifications as the calcium levels in the fish increase. However,
we ultimately believe it is important to identify calcifications whilst the zebrafish are still in the
larval/juvenile stages, as clinically, intracranial calcifications are found in early childhood (Tonduti et
al., 2018).

Since the early 2000’s, zebrafish have been utilised as a pre-clinical model for drug screening, due
to the ease of drug administration and high reproductive capabilities (Parng et al., 2002). As a result,
there have been a number of compounds identified from zebrafish screens which are in/about to
enter clinical trials (Cully, 2019). In this study, there was no immediate requirement for a multi-
compound screen as JAK inhibitors are already approved clinically for the treatment of AGS and
other type | interferonopathies. This is, however, not to suggest that in the future broader drug
screens will not be utilised in the samhd1423/423 model.

The JAK inhibitors have generally been shown to possess beneficial effects in relieving multiple
symptoms in AGS- in particular the skin inflammation and ISG scores (Vanderver et al., 2020).
Neurological improvement is mixed, and likely a result of the heterogeneity of the condition which
can lead to differential disease progression (Hadjadj et al., 2021). Given this initial success of JAK
inhibitors in treating AGS patients, we sought to treat the samhd1223/423 embryos with JAK inhibitors.

Due to the samhd1423/423 model not possessing any skin lesions, or a consistent, robust I1SG
phenotype, it was the neurological phenotypes that the rescue experiments aimed to target, with the
knowledge that JAK inhibitor effectiveness was already varied with these phenotypes clinically.
Ruxolitinib was the JAK inhibitor used in this study, due to previous effective use in zebrafish
(although not for treatment of a type | interferonopathy) (Lim et al., 2016). The drug was not
successful in reducing head cell death or rescuing the microcephaly phenotype, however ruxolitinib
also did not exacerbate these effects, indicating that the drug is safely tolerated in zebrafish.
However, there are several limitations to this experiment. Firstly, there is no confirmation that the
drug was taken up successfully by the fish. Ideally, ISG expression between untreated and treated
embryos would have been measured as a control, however this wasn’t feasible due to the large
variation between ISG expressions observed in samhd1223/423 |arvae. Alternatively, we could have
measured the levels of different components downstream of JAK, such as the transcription factor
IRF9, and the ISGF3 complex, via western blotting.

Secondly, DNA damage rather than IFN signalling has recently been hypothesised to be the cause
of neural dysfunction in a neuro-progenitor conditional Rnaseh2b’- mouse model (Aditi et al., 2021;
Lavin and Yeo, 2021). RNASEH2B and SAMHD1 proteins work via different mechanisms, with

mutations resulting in an increase in cytosolic DNA-RNA hybrids, and an accumulation in dNTPs
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respectively. Despite these differences, (Aditi et al., 2021) provides the first evidence that the
neurological phenotypes identified may not be a direct result of excessive type | IFN release, perhaps
explaining why the neurological phenotypes may be so difficult to improve in AGS patients with JAK

inhibitor treatment.

To conclude, this study continued the work initiated by the samhdl MO model, which enabled us to
generate a stable mutant pre-clinical model of AGS. This model also exhibited several clinically
relevant phenotypes, with the most interesting being the identification of neurological differences, not
previously found in either the samhdl morphant, or pre-clinical rodent models, thus validating
samhd1423/423 zeprafish as a useful and effective pre-clinical model. Whilst ruxolitinib was unable to
rescue cell death and microcephaly, we believe this model has the potential to be utilised for other
treatment strategies, and for further characterisation of AGS, looking more specifically at the role
which samhd1l plays in the disease progression, and the development of cerebrovascular disease,

unique to AGS5 patients.
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Chapter 4: Investigating the presence of
cerebrovascular disease in the samhd1423/423
model
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4.1 Introduction

It is currently unknown why AGS patients can develop sub-type specific symptoms. All nine genes
possess specific intracellular roles, but, upon mutation, a similar antiviral response is initiated,
cumulating in excessive type | IFN production and downstream ISG expression, which is thought to
account for the symptoms observed in the disease (Rodero and Crow, 2016). Despite this, key
differences have resulted in the further categorisation of AGS1-7 subtypes into five phenotypic
groups, reinforcing the heterogeneity of the condition (N:B AGS8-9 are not included in this
characterisation due to the recent discovery of LSM11 and RNU7-1 as AGS causing genes). The
groups are: ‘classical’ AGS, found across all sub-types (characterised in the samhd122¥423 model in
chapter 3); spastic-dystonic syndrome, presenting after 1 year of life, causing neurological
regression, or a slower progressive disease development, also found across all sub-types; ADAR1-
related bilateral striatal necrosis; non-syndromic spastic paraparesis found in RNASEH2B, ADAR1
and IFIH1 patients; and SAMHDL1 related cerebrovasculopathy (Crow et al., 2020).

SAMHD1 related cerebrovasculopathy affects a significant proportion of AGS5 patients, and can
manifest in a multitude of ways, including ischaemic and haemorrhagic stroke, aneurysms, stenosis
and moyamoya, all of which present in childhood (du Moulin et al., 2011; Ramesh et al., 2010; Thiele
et al., 2010; Xin et al., 2011). The known function of SAMHD1 as a dNTPase helps to explain the
viral restriction factor and ISG capabilities of the protein, whereby the intracellular dNTP pool is
depleted upon viral entry as to not be utilised for viral replication. This function is also essential in
cellular homeostasis, necessary for cell cycle progression and cell division (Coggins et al., 2020;
Goldstone et al., 2011). However, these roles of SAMHD1 do not easily explain the early on-set
cerebrovascular disease identified in AGS5 patients. This alludes to a previously undefined
cerebrovascular function for SAMHD1 and a distinct genetic cause of childhood-onset stroke that is
not influenced by the common co-morbidities associated with non-syndromic stroke in the general
population. As such, studying the role of SAMHD1 within the cerebrovasculature may not only help
to elucidate AGS5 pathophysiology, but may provide new insight into genetic risk factors and

mechanisms associated with cerebrovascular disease in general.

Whilst a potential explanation for cerebrovascular disease in AGS5 patients could link the detrimental
effects of type | IFN and the ISGs to defects within the cerebral vessels, this does not easily explain
why these phenotypes are not observed in other AGS subtypes. Interestingly, cerebrovasculopathy
has been identified in other rare type | interferonopathies, such as the recently discovered STAT2
gain of function mutation, whereby haemorrhagic stroke was observed in both patients in the study
(Duncan et al., 2019).

Potentially also linked to type | IFN and activation of the innate immune system, a number of viral
infections have also been implicated as a risk factor for cerebrovascular disease. This includes CMV,
VZV, HSV, HIV and HCV (Adinolfi et al., 2013; Behrouz et al., 2016; D'Ascenzo et al., 2015; Fan et
al., 2020; Ji et al., 2012; Nagel and Gilden, 2014; Tseng et al., 2015). The mechanism behind

cerebrovascular disease following infection is poorly understood, but has been proposed to involve
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endothelial dysfunction, due to damage, inflammation and the activation of immune cells, although
further experimentation would help decipher a specific role of type | IFN and the downstream antiviral
signalling, which may be contributing to the development of cerebrovascular disease (Elkind et al.,

2020). This may also align with AGS5, if a similar mechanism of action is established.

The Samhd1 mouse models did not display any form of cerebrovascular disease, whilst a significant
proportion of samhd1 morphant zebrafish exhibited spontaneous ICH (Behrendt et al., 2013; Kasher
et al., 2015; Rehwinkel et al., 2013). The mechanism behind ICH in the samhd1 morphant was not
elucidated. However, additional zebrafish models of ICH exist, where the mechanisms have been
established, such as in notch3 and arhgef7b (encodes Bpix) mutants. Mutations in these genes
affects the BBB function and vascular stability respectively, cumulating in ICH (Liu et al., 2007; Wang
et al., 2014). In addition, a known chemical inducer of ICH in zebrafish larvae is atorvastatin (ATV).
ATV reduces de novo cholesterol biosynthesis by inhibiting the rate limiting enzyme HMGCR. A
reduction in cholesterol and other essential lipids such as geranylgeranyl pyrophosphate (GGPP)
reduces the activation of Rho GTPases, which are important regulators of vascular permeability and
tight junction formation. Thus, implying that low cholesterol acts to alter the cerebrovascular integrity

in the zebrafish model, generating an ICH phenotype (Eisa-Beyqgi et al., 2013).

Indeed, low cholesterol has been identified as a clinical risk factor for the development of ICH (Chen
etal., 2017; Phuah et al., 2016; Sun et al., 2019; Valappil et al., 2012; Wang et al., 2013). This is the
inverse of ischaemic stroke, whereby high cholesterol has long been established as a risk factor, as
cholesterol acts to facilitate the development of atherosclerotic plaques, resulting in occlusions and

blockages within the cerebrovasculature (Boehme et al., 2017).

The underlying mechanisms behind low cholesterol and ICH are unknown, but are proposed to be
related to the important structural roles that cholesterol plays within the cell membrane, as a vital
component of the phospholipid bilayer, maintaining the integrity and fluidity of the membrane
(Grouleff et al., 2015; Simons and Ikonen, 2000). In vitro studies have shown cholesterol to play a
role in the generation and stabilisation of adheren junctions, which act to regulate the permeability of
the endothelial layers, and thus the vasculature (Corvera et al., 2000). Therefore, a reduction in
cholesterol could lead to vessel weakness and an increased susceptibility to rupturing (Valappil et
al., 2012). Moreover, low cholesterol may promote arterial smooth muscle necrosis, further acting to

impair the integrity of the endothelium (Wang et al., 2013)

However, low cholesterol alone is unlikely to be the sole factor that results in ICH, more probable is
the presence of additional risk factors, such as hypertension. High blood pressure coupled with
weakened endothelium could provide a mechanism for how these patients develop ICH. This is
corroborated by >80% of ICH patients with hypocholesterolaemia also presenting with hypertension
(Chen et al., 2017; Phuah et al., 2016).

It has been proposed that a systemic inflammatory response prior to the stroke, such as an infection,
may contribute to cholesterol dysregulation (Phuah et al., 2016). The antiviral response initiated by

type | IFN can act to alter intracellular cholesterol as viruses alter cellular lipid metabolism to facilitate
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their replication within cells to meet the anabolic requirements of the viral lifecycle, and to evade host
defences (York et al., 2015). If the host can endogenously inhibit the pathway, it can protect the cell
and environment by preventing viral entry and replication (Cyster et al., 2014). This is suggested to
happen due to the actions of type | IFNs inducing specific ISGs that alter intracellular cholesterol
production, including inhibition of the major sterol transcription factor: SREBP to reduce de novo

cholesterol biosynthesis.

There appears to be a complex relationship between specific risk factors for cerebrovascular
disease, which include viral infection/antiviral signalling and cholesterol dysregulation. These factors
seemingly can work independently, or synergistically, to result in a stroke phenotype. By utilising the
monogenic form of cerebrovascular disease, as observed in AGS5 patients, we may begin to
elucidate these underlying mechanisms and start to understand how the more general

cerebrovascular risk factors of viral infection and hypocholesterolaemia, can manifest.

In this chapter, we aimed to firstly assess the presence of any cerebrovascular disease
manifestations in the samhd142¥423 model, and subsequently, to determine a potential mechanism
behind the development of cerebrovascular disease. This lead to the identification of a cholesterol
dysregulation in the samhd1423/423 figh,

Lastly, to establish whether cholesterol dysregulation was a samhdl specific relationship, which
could begin to provide a potential explanation for AGS5 specific cerebrovascular disease in the
patients, we next examined cholesterol biosynthesis gene expression across all AGS sub-types with

the aim to further understanding of the relationship between antiviral signalling and cholesterol.
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4.2 Results

4.2.1 samhd142%423 embryos do not exhibit gross cerebrovascular abnormalities

Following the characterisation of classical AGS symptoms (chapter 3), we next sought to investigate
the presence of AGS5 specific cerebrovascular phenotypes in the samhd1423/423 model. To begin to
establish the presence of these disease phenotypes in the mutant embryos, we first examined the

gross cerebrovasculature.

The samhd1423/423 mytation was crossed onto the endothelial cell specific transgenic reporter line:
Tg(flil:EGFP) to produce samhd1423/423; Tq(flil:EGFP) (Lawson and Weinstein, 2002). At 3 dpf, the
head regions of Tg(flil:EGFP) (WT) and samhd1423/423; Tg(flil:EGFP) positive embryos were imaged
dorsally using light sheet microscopy to identify the presence of any gross structural vascular
abnormalities (Fig 4.1). This analysis revealed considerable intra-larval variation in cerebrovascular
development across both Tg(flil:EGFP) and samhd1423/423; Tq(flil:EGFP) groups, making

subsequent comparative observations between genotypes difficult.

Interestingly, it appeared that the samhd142%/423; Tg(flil:EGFP) embryos possessed a higher density
of cranial vessels, when compared to Tg(flil:EGFP) embryos. However, this difference may be
attributed to subtle differences in developmental stages, whereby the Tg(flil.EGFP) embryos
appeared slightly delayed in comparison to the mutants. However, importantly, key cranial vessels
including the prosencephalic artery (PrA), the mesencephalic vein (MsV), and the metencephalic
artery (MtA) were observable and no clear differences were identified between genotypes. These
vessels were chosen as they are amongst the first to be developed and can be identified from 1.2
dpf (Isogai et al., 2001). As such, from these images alone, we conclude that no detectable gross
differences in cerebrovascular architecture exist between Tg(flil:EGFP) and samhd1423/423;
To(flil:EGFP) groups at 3 dpf.
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A23/ A23

Figure 4.1- No observable cerebrovascular abnormalities are present in samhdl 423423,
Tg(flil:EGFP) embryos

Tg(flil:EGFP) and samhd1423/423; Tg(flil:EGFP) embryos were imaged dorsally at 3 dpf using light
sheet microscopy to observe gross cerebrovascular structures, a-d are representative WT embryo
images, and e-h samhd1423/423 embryo images. n=8 embryos imaged per genotype. Scale bar is 100
um. The arrows denote a subset of vessels: white solid= prosencephalic artery (PrA), white dashed
= mesencephalic vein (MsV), Blue= metencephalic artery (MtA).

4.2.2 samhd1223/423 embryos do not have altered cerebral blood flow

Alongside morphological changes to the vasculature being a key indicator of cerebrovascular
disease, abnormal patterns of blood flow have also been implicated. It has been hypothesised that
high blood flow may be protective against the formation of vascular abnormalities, whilst low blood
flow can induce detrimental effects (Rodel et al., 2019). Furthermore, low blood flow can be indicative
of blockages within the blood vessels, representative of ischaemic stroke. The optical transparency
of zebrafish embryos facilitated cerebral blood flow measurements to be taken from live,
anaesthetised animals to investigate blood flow discrepancies at 3 dpf. The DanioScope (Noldus
version 1.1.) software was used to determine % flow activity from the DLV and heart rate over a 30
second period (Fig.4.2). We found no difference in blood flow rates across the two genotypes, which
was reinforced by the similar heart rates, acting as a global blood flow control. This indicates that the
mutant embryos do not exhibit an alteration to cerebral blood flow as a result of samhd1l mutation.
DLV was chosen as the MsV identified in Fig 4.1 drains into the DLV, therefore it acted to further

corroborate the lack of cerebrovascular abnormalities described above.
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Figure 4.2- samhd1°%/%2 embryos do not have altered cerebral blood flow

Cerebral blood flow was measured in samhd1423423 gnd WT embryos at 3 dpf. Embryos were briefly
anaesthetised with MS222, and light sheet microscopy was used to record blood flow from the DLV
for 30 seconds. a) Brightfield screenshot from light sheet microscope video recording, taken with
OBS studio. Embryos were recorded in lateral orientation. Red circle marks the recorded region
within the DLV. b) Videos from blood flow were analysed using the DanioScope software, where %
flow activity was calculated to correspond to cerebral blood flow. n=5 per group, with 3 biological
replicates. Scale bar is 100 um. Data analysed using an unpaired t test, and presented as mean *
SEM. c) Heart rate was obtained as a control for global blood flow. n=5 per group, with 3 biological
replicates. Data analysed using an unpaired t test, and presented as mean £ SEM.

4.2.3 A small sub-set of samhd142%423 embryos developed micro-thrombotic events in the brain

We next aimed to characterise the presence of any stroke phenotypes, as AGS5 patients can present
with both ischaemic and haemorrhagic stroke (du Moulin et al., 2011; Ramesh et al., 2010; Thiele et
al., 2010). Whilst no changes to cerebral blood flow were observed in the mutants (Fig 4.2), the
measurements were taken solely from one representative vessel (DLV), therefore ischaemia in other
brain regions could not be discounted. As such, to determine the presence of a wider ischaemic
stroke phenotype, we chose to examine the whole larval brain. To identify the presence of cerebral
thrombi, samhd142%/423 gnd WT embryos were stained with the haemoglobin stain o-dianisidine at 3
dpf (Fig 4.3). Although not observed in any WT embryos, we observed apparent cerebrovascular
blockages in 6% of samhd122%423 embryos. Blockages were determined when the staining was
thicker than that of individual blood cells within the vessels, as observed in a previously characterised
cerebral micro-thrombi zebrafish embryonic model (Zhu et al., 2020). Whilst only encompassing a
small percentage of the total embryos imaged, this could suggest a slight pre-disposition of

samhd122%/423 embryos developing thrombotic events, compared to WT.

94



b
WT 0/98 023/ 023 6/100

Figure 4.3- A small sub-set of samhd122¥423 embryos appear to develop micro-thrombotic
events

a+b) Live WT and samhd1423/423 embryos were stained with the haemoglobin stain o-dianisidine at 3
dpf, and subsequently post-fixed in PFA prior to imaging on the Leica M205 FA upright
stereomicroscope, Scale bar= 50 um. Red dotted line represents the area of interest, whilst the red
arrow denotes possible micro-thrombiin a samhd1423/423 embryo. n=98/100 embryos, per group, from
one independent experiment.

4.2.4 A small sub-set of samhd142%423 embryos develop spontaneous brain haemorrhages, and the
embryos also have an increased susceptibility to haemorrhaging with low dose statin treatment

Next, we sought to investigate the presence of brain haemorrhages in the samhd1423/423 model, as
ICH is another prominent cerebrovascular manifestation in AGS5 patients (du Moulin et al., 2011,
Ramesh et al., 2010; Thiele et al., 2010). Indeed, the samhd1l MO model exhibited ICH (Kasher et
al., 2015), and we too, observed a small proportion (~5%) of samhd1423/423 embryos that developed

brain haemorrhages under baseline conditions.

Pharmacological inhibition of the HMGCR pathway, using statins, has previously been shown to
induce brain specific haemorrhages in zebrafish embryos (Crilly et al., 2018; Eisa-Beygi et al., 2013).
The haemorrhages arise due to a reduction in de novo cholesterol biosynthesis, as described
previously. As only a small percentage of the embryos spontaneously haemorrhaged in the
samhd122%/423 model at baseline, we next tested whether the samhdl mutants may be more
susceptible to brain haemorrhage following exposure to a low concentration of ATV. Following water
bath incubation at ~30 hpf, ATV induced haemorrhages were consistently identified from ~52 hpf.
Overall, the incidence of haemorrhages increased in a dose-dependent manner for both groups, with
the highest dose of 1.5 pM causing bleeds in 100 % of embryos in both WT and samhd1223423 groups.
Interestingly, compared to WT, there was a significant increase in ICH rates in the samhd1423/423
embryos at the lower doses of 0.25 puM (P<0.05) and 0.5 pM (P<0.05) ATV: 17% versus 38 %, and
63% versus 87% respectively. These data suggest that the samhd12423/423 embryos possess an

inherent weakness in cerebral blood vessels that is exacerbated following ATV treatment.
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Figure 4.4- samhd122¥23 embryos have increased susceptibility to ICH with low dose ATV
treatment

a) WT and samhd122%/423 embryos were treated with increasing concentrations (0.25-1.5 uM) of ATV
added via water bath incubation, and scored based on the presence or absence of blood in the brain.
n=20 embryos treated per group, with the percentage of animals per group which developed
haemorrhages determined, repeated 3 times. Data analysed using a two-way ANOVA with sidak’s
multiple comparisons test (*P<0.05). b+c) Representative images taken on Leica M205 FA upright
stereomicroscope of dorsal (left) and lateral (right) larval heads without brain haemorrhages (b) and
with brain haemorrhages (c). Red arrow denotes haemorrhages. Scale bar is 50 um.
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4.2.5 A subtle cholesterol biosynthesis dysregulation is apparent in samhd1423/423 |arvae

We next sought to elucidate the potential mechanism responsible for causing increased susceptibility
to brain haemorrhage in the samhd1 mutant. Pharmacological inhibition of hmgcr using ATV alluded
to a potential involvement of the cholesterol biosynthesis pathway (Eisa-Beygi et al., 2013). This is
due to a significantly higher proportion of mutants developing ICH with lower, ‘sub threshold’
concentrations of ATV, indicating that the mutants may possess a baseline cholesterol deficiency.
We postulated that this deficiency could exceed the threshold required for cerebrovascular stability
when inhibited further following ATV treatment. We then suggested that samhdl may possess a
relationship with the cholesterol biosynthesis pathway, and upon absence/reduction of samhdl, as
found in the samhd1423/423 model, it could lead to cholesterol dysregulation, specifically within the
cerebrovasculature. To test this hypothesis, we measured the expression levels of a number of
cholesterol biosynthesis genes in samhd142%423 |arval heads (in order to more closely align with
specific cerebrovasculature expression). The cholesterol biosynthesis pathway is complex with
multiple arms and a large number of enzymes involved to generate the end product of cholesterol.
Therefore, we chose to examine the expression of a number of cholesterol-related enzyme genes

from all areas of the pathway as illustrated in Fig 4.5.

The expression levels of the chosen cholesterol biosynthesis genes (cyp51al, dhcr24, ebp, hmgcr,
msmo1l, sqgle, srebfl) were measured using RNA extracted from larval heads (5 dpf). Whilst the
expression levels varied between the different biosynthesis genes measured, dhcr24 expression was
significantly reduced in samhd1423/423 |arval heads by ~50% compared to WT larvae (P<0.05), with
hmgcer and sqlea also reduced by a similar amount, although not reaching significance. This
potentially reveals a subtle cholesterol biosynthesis dysregulation within the samhd1423/423 |arvae,

although we cannot confirm whether this is a samhd1 specific event.
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Figure 4.5- Schematic of the cholesterol biosynthesis pathway

The Mevalonate arm of the pathway is required to generate lanosterol, which then enters the
Kandutsch-Russel pathway or the Bloch pathway. The enzymes for cholesterol biosynthesis are
transcribed following activation of the master sterol transcription factor (SREBP1/2). Several cross-
over sites occur along between the Bloch and Kandutsch-Russel pathway, whereby DHCR24 is
utilised to enhance usage of the Kandutsch-Russel pathway (Mitsche et al., 2015). Figure adapted
from (Robertson et al., 2016).

Abbreviations: ACAT1/2: acetyl-coenzyme A acetyltransferases; HMGCS1: 3-hydroxy-3-
methylglutaryl-coA synthase 1; HMGCR: 3-hydroxy-3-methylglutaryl-coA reductase; MVK:
Mevalonate kinase; PMVK: Phosphomevalonate kinase; MVD: Mevalonate diphosphate
decarboxylase; FDPS: Farnesyl diphosphate synthase; FDFT1: Farnesyl-diphosphate
farnesyltransferase 1; SQLE: Squalene epoxidase; Lanosterol synthase; DHCR7: 7-
dehydrocholesterol reductase; SC5D: Stearoyl-CoA desaturase 5; EBP: 3beta-hydroxysteroid-delta
8, delta 7-isomerase; HSD17B7: Hydroxysteroid 17-beta dehydrogenase 7; NSDHL: NAD(P)
dependent steroid dehydrogenase-like; MSMO1: Methylsterol monooxygenase; TM7SF2: delta 14-
sterol reductase; CYP51A1: Cytochrome P450 family 51 subfamily A member 1.
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Figure 4.6- samhd122¥42% |arvae possess a subtle cholesterol biosynthesis dysregulation

a-g)- RNA was extracted from samhd1423/423 gnd WT larval heads at 5 dpf, with n= 30 heads per
group, per biological replicate, repeated 5 times. A panel of Tagman probes targeting a series of
cholesterol biosynthesis genes were used: cyp5lal, dhcr24, ebp, hmgcr, msmol, sqlea, srebfl.
Expression was normalised to the housekeeper gene hprtl. Data analysed using an unpaired t test
(*P<0.05) and presented as mean + SEM.
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4.2.6 RNA sequencing data reveals a cholesterol biosynthesis dysregulation in AGS patient whole
blood

We had proposed that cholesterol dysregulation may provide a novel mechanism for the
development of cerebrovascular disease in AGS5 patients, as observed in the samhd1223/423 model.
However, the relationship between type | IFN and cholesterol dysregulation has been well
established in immune cells in vitro whereby IFN treatment reduces cholesterol biosynthesis as an
antiviral mechanism to inhibit viral entry and replication (Blanc et al., 2011; York et al., 2015).
Interestingly, this relationship has also been observed clinically, in patients undergoing IFN treatment
for HCV, cancer and multiple sclerosis (MS) (Borden et al., 1990; Coppola et al., 2006; Shinohara et
al., 1997). Thus suggesting that cholesterol dysregulation may be IFN specific, not SAMHD1 specific,
and so could be identified across all AGS sub-types. This led us to investigate the relationship
between type | IFN and cholesterol in AGS1-7 patients, who suffer from excessive type | IFN

production and a subsequent ISG signature.

Following acquisition of AGS1-7 patient whole blood, RNA was extracted for RNA sequencing
analysis. The RSEM software was used to compute TPM values for each cholesterol biosynthesis
gene, across the AGS1-7 patients. All genes encode enzymes found across the entirety of the
cholesterol biosynthesis pathway (see Fig 4.5): ACAT2, CYP51A, DHCR7, DHCR24, EBP, HMGCR,
HMGCS, HSD17B, LSS, MSMO1, MVD, NSDHL, SC5D and SQLE. Of the 14 genes examined,
ACAT2, CYP51A, DHCR24, EBP, HSD17B, MSMO1, MVD, NSDHL and SC5D were all found to be
significantly upregulated in patients with ADAR1, RNASEH2A,2B,2C or SAMHD1 mutations (Fig 4.7
and Fig 4.8). Overall, SAMHD1 patients exhibited upregulation in eight genes, followed by
RNASEHB/C patients with seven genes, ADAR1 patients with six genes, and RNASEH2A with one
gene. Whilst IFIH1 patient data has been included in Fig 4.7 and 4.8, the small sample size (n=2),
meant it was excluded from any statistical analysis. Given what has been alluded to within the
literature, this upregulation of cholesterol biosynthesis gene expression is the inverse of what was

hypothesised to occur following chronic type | IFN exposure.
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Figure 4.7- RNA sequencing data reveals an increase in cholesterol biosynthesis gene
expression observed in AGS1-7 patients

RNA from AGS1-7 patient whole blood was analysed using the RSEM software to determine the
TPM of each cholesterol biosynthesis gene, for the AGS patients. Data was then normalised to an
age-matched control group, and transformed into log2 before plotting. a-n) box and whisker plots for
the expression of ACAT2, CYP51A, DHCR7, DHCR24, EBP, HMGCR, HMGCS, HSD17B, LSS,
MSMO1, MVD, NSDHL, SC5D, SQLE in AGS1-7 subtypes. Sample sizes for each AGS subtype,
n=5 control, n=8 TREX1, n= 8 RNaseH2B, n=6 RNaseH2C, n=3 RNaseH2A, n=8 SAMHD1, n=6
ADAR1, n=2 IFIH1. Data analysed using a one way ANOVA, with Dunnetts multiple comparison test,
only comparing each AGS gene with the control group. (*P <0.05, **P <0.01).
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Figure 4.8- Heat map of cholesterol biosynthesis gene expression across AGS1-7 patients

RNA sequencing Fold Change (Log2) data from Fig 4.6 was applied to produce a heat map for
visualisation of expression differences in each AGS subtype compared to age matched control group.
The median Fold Change (Log2) value was used to plot the heat map points for each cholesterol
biosynthesis gene from the AGS1-7 subtypes.
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4.3 Discussion

Cerebrovascular disease is frequently observed in AGS5 patients (Crow et al., 2015; du Moulin et
al., 2011; Ramesh et al., 2010; Thiele et al., 2010). As such, it has been hypothesised that this
phenotype reveals an uncharacterised role of the SAMHD1 protein relating to vascular homeostasis
(Kasher et al., 2015; Ramesh et al., 2010). The aim for this chapter was to assess whether
cerebrovascular defects were detectable in the samhd1423/423 zebrafish model, and if present, begin
to elucidate the mechanisms behind cerebrovascular manifestations by utilising the samhd1423/423

zebrafish model as a monogenic form of cerebrovascular disease.

Cerebrovascular abnormalities are identified clinically using angiograms, whereby stenosis,
aneurysms and moyamoya have been readily observed in AGS5 patients (Ramesh et al., 2010;
Thiele et al., 2010). To investigate whether these vasculature changes were also apparent in the
zebrafish embryonic vessels, the samhd142%423: Tg(flil:EGFP) transgenic line was employed and
imaged using light sheet microscopy. flil encodes for an endothelial cell marker expressed from early
developmental stages in zebrafish (Lawson and Weinstein, 2002). The gross cerebrovasculature of
the WT and samhd122%423 embryos was compared to that of the developing zebrafish neurovascular
anatomy atlas coupled with a study into larval hindbrain development (Isogai et al., 2001; Ulrich et
al., 2011).

Overall, we cannot provide firm conclusions based on the images obtained for two main reasons.
Firstly, it was apparent that the WT and samhd142%/423 embryos were at subtly different developmental
stages at the point of imaging, with the mutants appearing more developmentally advanced than the
WT embryos- likely attributed to slight differences in timing of egg fertilisation between the two
strains. From the rapid development of the cerebrovasculature described in the literature, a 1-2 h
delay between WT and samhd142¥223 embryos can result in obvious alterations within the

cerebrovasculature (Isogai et al., 2001; Ulrich et al., 2011).

Secondly, another experimental error involved the imaging. Rather than dorsally imaging the fish by
creating stacks through the whole brain, it would have been preferable to generate two independent
image stacks. This would have allowed for a separation between the dorsal and ventral vessels to
make them more easily identifiable. As the approach taken was to image the whole brain, from a
dorsal perspective, it resulted in the loss of a significant proportion of the ventral cerebrovasculature,
thus hindering the ability to directly compare WT and samhd1423/423 embryos. As such, future studies

should focus on further optimisation of the imaging techniques.

Accordingly, we chose to focus solely on the dorsal vasculature, and identified the PrA, MsV and
MtA in both WT and samhd1242%423 mutant groups, and noted no obvious abnormalities surrounding
these vessels. However, as discussed, more in-depth imaging, coupled with better aligned egg
fertilisation should be implemented and this experiment revisited to provide a more definitive answer

regarding cerebrovascular abnormalities in the samhd142%423 model.
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Following future studies, if a lack of apparent cerebrovascular abnormalities is maintained, there may
be a suitable explanation. An in vitro study determining the effect of AGS gene knock-down in brain
endothelial cells observed no changes in angiogenesis (Cuadrado et al.,, 2015a). The group
suggested that an intrinsic knockdown of SAMHD1 and the other AGS genes, was not sufficient to
affect the vasculature, instead the high levels of type | IFN within the environment is a more probable
explanation for changes observed in endothelial cells, due to the anti-angiogenic properties of the
cytokine (Cuadrado et al., 2015a). As discussed in chapter 3, we were unable to directly measure
type | IFN levels in the samhd1423/423 |gryae, and whilst the larvae exhibited a variable, but apparent
ISG response, ISGs can be expressed independently of type | IFN, so this indirect read-out may not
correlate exactly with type | IFN levels. As a result, it would be useful to revisit type | IFN
gquantification, to ensure the mutants are producing type | IFN that can interact with the

cerebrovasculature.

To assess cerebrovasculature function in the samhd1223423 model, cerebral blood flow was
measured, using the DLV as a representative vessel. The MsV identified in the gross
cerebrovasculature imaging drains into the DLV, thus we hypothesised that if any vascular
abnormalities were missed in the MsV, we would be able to identify them by recording cerebral blood
flow downstream of the vessel. Moreover, the DLV is a large, easily distinguishable vessel, and

readily identifiable on each embryo to facilitate continuity.

The results highlighted no differences in cerebral blood flow within the DLV. This corresponds to the
lack of cerebrovascular malformations observed. In a previous zebrafish model of cerebral cavernous
malformations, the abnormalities found in the larvae resulted in a slowing of blood flow, indicating
this method is a useful readout for cerebral malformations. (Rodel et al., 2019). However, a caveat
with this method was only using one representative vessel to take measurements. A more thorough
approach would have been to take multiple vessel measurements across the whole

cerebrovasculature to generate a more accurate representation of cerebral blood flow.

Following the lack of cerebrovascular abnormalities found in the samhd142%423 embryos, we next
aimed to test for a stroke phenotype. In an attempt to establish a full picture of any ischaemic events
in the larvae, the haemoglobin stain o-dianisidine was performed to identify any large accumulations
of blood within the vessels, which could be indicative of a micro-thrombi, as previously described in
a ponatinib- induced zebrafish larval model of ischaemic stroke (Zhu et al., 2020). Interestingly, a
small proportion of samhd142%/423 embryos did appear to have a blockage within the vasculature.
These blockages were characterised by consistent block staining of a section of a vessel, making it
appear thicker or bulging. Due to the small sub-set of the population which did go on possess these
thrombotic-like events, we cannot conclude that the samhd1423/423 embryos possess an ischaemic
stroke phenotype. However, this does suggest that what we observe in the zebrafish model is a large
level of heterogeneity, mirroring what is observed in the AGS5 patients with regards to a

cerebrovascular disease phenotype.
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Haemorrhagic stroke was the last cerebrovascular phenotype characterised. From the samhdl MO
model, it had been established that transient knock-down of the samhd1 gene in zebrafish embryos
did give rise to a spontaneous haemorrhaging phenotype (Kasher et al., 2015). Whilst a small
proportion of samhd122%423 embryos did haemorrhage under baseline conditions, this was a highly
reduced frequency than observed in the samhd1 morphants. However, as discussed in chapter 3, it
is not uncommon for MO models to produce more severe phenotypes in comparison to the stable
mutant counter-parts (Place and Smith, 2017).

We hypothesised that the stable mutants may possess a more subtle defect within the
cerebrovascular unit, which in isolation, is insufficient to cause spontaneous ICH, but may be
attributed to an increased proneness to haemorrhage. Following low doses of ATV, we observed an
increased susceptibility to developing ICH. ATV causes haemorrhages by inhibiting the rate limiting
enzyme in cholesterol biosynthesis (HMGCR), which acts to lower cholesterol and other lipid
synthesis within the nascent vessels as previously described, and the lipids have integral structural
roles within the vasculature, such as the formation of tight junctions between endothelial cells (Eisa-
Beygi et al., 2013). It would have been useful to confirm this mechanism of action in ATV treated
embryos in this study, by measuring either cholesterol biosynthesis gene expression, or cholesterol

at the lipid level.

As low dose ATV induced ICH occurred with increased frequency in the mutant embryos, it
suggested they already possess a weakened cerebrovasculature, potentially due to alterations within
the cholesterol biosynthesis pathway, which is exacerbated with the addition of low dose ATV. As a
result, we chose to look at gene expression of a number of cholesterol biosynthesis genes. Across
the panel of seven genes analysed, dhcr24 was significantly downregulated compared to WT larvae,
with hmgcr and sgle expression also reduced, although not reaching significance. dhcr24 has a very
important role in cholesterol biosynthesis, as it is the final enzyme that converts desmosterol to
cholesterol in the Bloch pathway, and also enhances usage of the kandutsch-Russel pathway to
generate cholesterol (Mitsche et al., 2015). Therefore, a significant reduction in this enzyme suggests
that less cholesterol is being produced and fits with the hypothesis of lower cholesterol increasing
the likelihood of vessel rupture and haemorrhaging in the samhd1423423 model. This should be

confirmed by measuring cholesterol lipid levels within the larval heads.

The relationship between low cholesterol and ICH has been identified clinically, where a significant
decrease in total cholesterol and LDLs have been measured in the serum of ICH patients (Phuah et
al., 2016; Segal et al., 1999; Sun et al., 2019; Valappil et al., 2012; Wang et al., 2013). As a result,
hypocholesterolaemia is now a readily accepted clinical risk factor for haemorrhagic stroke. The
reason behind the reduction in cholesterol is still unknown, but the main theories suggest either a
nutritional deficiency, or a systemic inflammatory response prior to the haemorrhagic event (Phuah
et al., 2016; Wang et al., 2013). Such an inflammatory response may be attributed to infection, and
interestingly, viral infections are an independent risk factor for ICH, whereby HIV, HCV, HSV and
VZV all increase the risk of ICH (Behrouz et al., 2016; Hauer et al., 2019; Nagel and Gilden, 2015;
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Nagel et al., 2010; Tseng et al., 2015). It is of note that other infectious agents can cause ICH, and
also all the viral infections mentioned can lead to ischaemic stroke. Therefore, the mechanisms
behind viral infection leading to stroke are still yet to be elucidated due to the multiple manifestations

the same virus can produce.

Viral infections as a risk factor for stroke also align with AGS, whereby the body responds as though
it is under constant viral attack- and in AGS5, this can result in both haemorrhagic and ischaemic
strokes, which are often fatal. We suggested that SAMHD1 may possess an as yet undiscovered
role relating to cholesterol biosynthesis to account for some of the cerebrovascular phenotypes,
which are not identified in the other AGS subtypes. However, given the recent identification of a
different type I interferonopathy causing ICH in patients (STAT2 mutation), coupled with the evidence
that the antiviral response initiated by type | IFN results in cholesterol dysregulation, it suggests that
this mechanism is not SAMHD1 specific. Alternatively, cholesterol dysregulation could be a type |
IFN specific event and so cerebrovascular disease in AGS5 patients may be attributed to a different
role of the protein (Duncan et al., 2019; Robertson and Ghazal, 2016; Robertson et al., 2016; York
et al., 2015; Zhou et al., 2020).

Conversely, cerebrovascular disease could arise due to the differential location of SAMHD1 within
the body compared to other AGS genes, causing location specific phenotypes (Rodero and Crow,
2016). Whole tissue microarray from human donors identified SAMHD1 within the vascular
endothelium in the CNS, which may provide an explanation for why mutations in SAMHD1 cause
cerebrovascular events, due to specific inflammation within the cerebrovasculature (Schmidt et al.,
2015). However, before this can be confirmed, the expression patterns of the other AGS genes
should also be established. We attempted to identify the expression patterns of samhd1 in both WT
and samhd1223/423 embryos using whole-mount in situ hybridisation, however the staining was not
successful, and thus is an experiment that should be revisited in the future, to confirm whether

samhd1 is found within the cerebrovasculature in the fish.

To confirm whether the cholesterol dysregulation was a SAMHD1-specific effect, or more widely
related to IFN signalling, we investigated cholesterol biosynthesis gene expression in AGS1-7
patients. RNA sequencing data from whole blood of AGS patients revealed a significant upregulation
in a number of cholesterol biosynthesis genes, this trend being consistently identified across all AGS
sub-types, except from TREX1 patients. Whilst this is an interesting observation, it is of note that the
samples sizes used were extremely low. The highest number of patient samples received was eight
from RNASEH2B, SAMHD1 and TREX1 patients, and the lowest was two from IFIH1 patients
(unable to form part of the analysis). Furthermore, only five age matched controls were obtained.
The low number of available patients highlights a significant limitation with research on rare diseases,
and reinforces the need to generate suitable in vivo models of AGS, which can help direct the

research and increase disease understanding in a larger sample size than what is available clinically.

The upregulation in cholesterol biosynthesis gene expression in whole blood of AGS patients was

the inverse of what was hypothesised to occur. The literature has shown that type | IFN responses
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result in a downregulation of cholesterol biosynthesis as an antiviral defence mechanism in vitro
(Cyster et al., 2014; York et al., 2015). Moreover, HCV patients treated with IFNa exhibited a
reduction in serum cholesterol and associated lipoproteins. Interestingly, in this study, there was a
significant acute decline in total serum cholesterol following 1-2 weeks of treatment, which then
steadily increased back to baseline levels for the remainder of the treatment (Shinohara et al., 1997).
This suggests that there may be a difference between acute and chronic time exposure to type | IFN,
coupled with differences between exogenous administrations and endogenous production of the
cytokine. Moreover, there may be differences between cholesterol biosynthesis gene expression and
how well that translates to cholesterol lipid levels, which also should be considered.

We believe this is the first study to have researched the effect of cholesterol biosynthesis in a type |
interferonopathy, and we hypothesise that the upregulation is most likely a result of a negative
feedback mechanism to ensure cells maintain their structural integrity and are not damaged by
chronically low levels of de novo cholesterol. This feedback process is well established and involves
the cholesterol sensing machinery in the ER. SCAP contains a sterol sensing domain, and, upon
depletion of ER cholesterol levels, it binds to the transcription factor SREBP and facilitates its
transportation from the ER to the golgi apparatus so SREBP can be processed by S1/S2P. Following
this, SREBP is activated and migrates to the nucleus to transcribe cholesterol biosynthesis genes
(Cyster et al., 2014). This cholesterol biosynthesis process may be facilitated by the downregulation
of specific ISGs, in particular CH25H, which is involved in reducing cholesterol biosynthesis as an

antiviral mechanism.

The upregulation of cholesterol biosynthesis gene expression observed across all AGS subtypes
(except TREX1 patients) suggests that SAMHD1 does not possess a specific function associated
with cholesterol biosynthesis, and thus we cannot conclude that this dysregulation results in AGS5
patients being more susceptible to cerebrovascular disease than other AGS subtypes. However, we
speculate that this novel finding may explain the mechanism behind one of the classical AGS
symptoms, observed in all subtypes: intracranial calcifications. It has been suggested that these
calcifications can arise as a result of increased levels of small dense LDL cholesterol causing the
hardening and calcification surrounding the intracranial vessels (Yao et al., 2020). However, this
was measured in adults following ischaemic stroke, whereby atherosclerosis is a common risk factor,
and calcification is readily associated with plaque formation (Boren et al., 2020). There is no literature
to suggest the aetiology behind calcifications in AGS and other type | interferonopathies, and it is
highly unlikely to be a result of the environmental influences which cause arterial calcification in
atherosclerotic patients’ e.g. high cholesterol diet. Therefore, it could suggest dysregulation in de
novo cholesterol biosynthesis may manifest in the same way. To help establish this, cholesterol lipid
levels could be measured in AGS patients to present a more accurate representation of how well

biosynthesis gene expression translates to the lipid level.

In this chapter we aimed to investigate the presence of cerebrovascular disease in the samhd1423/423
model. As with the classical symptoms, the embryos exhibited more subtle phenotypic changes,

which highlighted a neurovascular weakness, leading to a proneness to haemorrhaging with low
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dose ATV treatment. This observation enabled us to explore the possibility of a cholesterol
dysregulation within the samhd142%423 |arvae, which was present at the gene expression level. RNA
sequencing data from AGS patients did not correlate with cholesterol dysregulation being a SAMHD1
specific event. It did, however, lead us to discover a novel observation regarding cholesterol
biosynthesis dysregulation across multiple AGS sub-types, although the direction of the
dysregulation was the opposite of what was found in the samhd142%423 model. Understandably, we
are unable to make direct comparisons regarding the cholesterol dysregulation between the
zebrafish and AGS patient data, as cholesterol biosynthesis gene expression was determined from
different types of sample: zebrafish tissue, and patient whole blood. However, the samhd1423/423
model did play a pivotal role in identifying a different direction of cholesterol dysregulation in AGS
patients.

These findings will establish a new line of research to study the role of cholesterol in the type |
interferonopathies, with more focus on patient data, and how this dysregulation may account for, or
exacerbate, existing symptoms. Moreover, these findings propelled additional research on the
complex relationship between type I IFN, cholesterol dysregulation and stroke, focusing specifically
on brain endothelial cells (chapter 5).
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Chapter 5. An investigation into the effect of
Innate immune mediators on the sterol
metabolic network and functionality of human
brain endothelial cells
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5.1 Introduction

The risk factors associated with cerebrovascular disease are highly diverse, ranging from purely
genetic causes, as observed in AGS5 patients (Chapter 4) to environmental challenges. ICH is the
most severe form of cerebrovascular disease, resulting in 40% mortality rate at one month post ictus
(An et al., 2017).

VZV, HSV, HCV and HIV infection have all been associated with both ICH and ischaemic stroke risk
(Behrouz et al., 2016; Hauer et al., 2019; Nagel and Gilden, 2014; Nagel et al., 2010; Tseng et al.,
2015). Focusing on ICH, the mechanism behind vessel rupture is not fully understood. However,
each of these viruses can penetrate the BBB, and as such, one suggested mechanism of how
infection leads to ICH focuses on direct damage caused by the virus within the cerebrovasculature,
resulting in inflammation of the endothelium (vasculitis) and vasculopathy (Nagel et al., 2010).
Vasculopathy manifests as weakening of the neurovascular unit, due to increased permeability from
the collective actions of cytokines, chemokines and proteases released downstream of inflammation
(Hauer et al., 2019). Additionally, HCV is thought to cause ICH via a different mechanism, involving

the alteration of coagulation (Tseng et al., 2015).

Infection has also been proposed to contribute to hypocholesterolaemia (Filippas-Ntekouan et al.,
2017), which is an additional risk factor for haemorrhagic stroke (Phuah et al., 2016; Valappil et al.,
2012; Wang et al., 2013). Although the precise mechanisms underpinning hypocholesterolaemia as
a risk factor are not currently well understood, it is thought to link to cerebrovascular stability, due to
the vital role cholesterol plays within the plasma membrane in the endothelium (Valappil et al., 2012).
We hypothesise this may manifest via a similar mechanism as the ATV model of ICH in zebrafish,
as described in chapter 4 (Eisa-Beygi et al., 2013). Moreover, it has been proposed that low
cholesterol may promote arterial smooth muscle necrosis, also acting to impair the integrity of the
cerebrovasculature (Wang et al, 2013). There are multiple mechanisms by which
hypocholesterolaemia can occur, including active inflammation, in particular, through the actions of
IFNs. This is highlighted by the reduction in total serum cholesterol and various lipid fractions
observed in cancer, HCV and MS patients treated with IFN as a therapeutic (Borden et al., 1990;
Coppola et al., 2006; Shinohara et al., 1997).

Type | IFNs are produced following the detection of a virus by an intracellular PRR (see introduction
1.3), and can act in an autocrine, paracrine or systemic fashion to bind to IFNAR on the recipient
cell, and initiate a signalling cascade cumulating in the transcription of a humber of 1SGs, which
contribute to host defence, inflammation, signalling mechanisms, transcription and
immunomodulation (Lee and Ashkar, 2018) . Excessive induction of type | IFN and ISGs due to
mutations in a number of genes involved in nucleic acid metabolism, regulation or sensing can cause

AGS and other type | interferonopathies, as discussed in previous chapters.

CH25H is an ISG which encodes an enzyme that catalyses oxidation of cholesterol to 25HC. 25HC

belongs to a class of endogenous oxysterols, and exerts antiviral effects via actions on the
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intracellular sterol pathway (Liu et al., 2013). This is an important target as cholesterol is widely
utilised by viruses for entry into cells and for replication, thus, reducing the amount of cholesterol
available to the pathogen has a protective role by attenuating the infection (York et al., 2015). The
mechanisms by which 25HC manipulates sterol metabolism are through targeting the major sterol
transcription factor SREBP and rate limiting enzyme in sterol biosynthesis HMGCR, thus reducing
de novo biosynthesis. (Adams et al., 2004; Lu et al., 2015). Furthermore, 25HC redistributes existing
intracellular cholesterol, achieved by removing free cholesterol from the membrane, which is often
utilised by different infectious agents, such as viruses and bacteria, to enter the cells (Abrams et al.,
2020; S. Wang et al., 2020; Zhou et al., 2020). Lastly, 25HC activates the LXR transcription factors,
which are known to regulate the absorption, degradation, transport and excretion of cholesterol
(Lehmann et al., 1997; Liu et al., 2018b; Zhao et al., 2020). It has been proposed that within the
endothelium, cholesterol homeostasis is necessary for angiogenesis, barrier function and the shear
stress response, thus, alterations to intracellular cholesterol can impair these normal functions (Tan
et al., 2020; Yamamoto et al., 2020).

We hypothesise there is a complex relationship between viral infection leading to a type | IFN
response that results in cholesterol dysregulation. If this dysregulation manifests within the
cerebrovasculature, it may cause an endothelial weakness, increasing susceptibility to ICH. This
could occur in individuals who suffer from additional ICH risk factors, such as hypertension, whereby
the fragile cerebrovasculature is too weak to handle the increased blood pressure, resulting in
damage and rupture. Hypertension has been identified in >80% of ICH patients who were also found
to suffer from hypocholesterolaemia, providing rationale for this hypothesis (Chen et al., 2017; Phuah
et al., 2016).

As such, this chapter aimed to focus on the role of the type | IFN response and intracellular
cholesterol relationship within the cerebrovasculature. This has been poorly explored up to date, and
so these studies may provide new evidence regarding the interactions between infection,

hypocholesterolaemia and ICH.

This was achieved by firstly determining the response of human brain endothelial cells to type |
interferon stimuli (IFNB and 25HC), and whether subsequent alterations to intracellular cholesterol
could be observed. Following this, we aimed to establish a link between alterations within intracellular
cholesterol and the functional properties of brain endothelial cells, to observe any changes that may

arise, thus reinforcing the importance of cholesterol within the cerebrovasculature.
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5.2 Results

5.2.1 hCMEC/D3 cells respond to IFNB treatment through ISG upregulation

The presence of IFNAR receptors on the surface of endothelial cells has already been established
in vitro in a human umbilical vein endothelial cell line (HUVECS), thereby indicating that IFN can
directly interact with the endothelium in vitro, causing down-stream signalling effects (Jia et al., 2018).
However, as different vascular beds exhibit distinct gene expression and functionality, it was
necessary to treat human brain microvascular endothelial cells (hCMEC/D3) with type | IFN in order
to verify an antiviral response in a brain-specific endothelial cell type (Reynolds et al., 2014). This
has only been shown once previously in hCMEC/D3 cells, whereby poly I:C was used to activate toll
like receptor 3 on the cells, resulting in endogenous IFNB production and downstream ISG
expression (J. Lietal., 2013).

IFNB treatment of hCMEC/D3 cells did produce an antiviral effect, classified as an increase in ISG
expression. A concentration of 20 ng/ml was used, due to previous effective use whilst examining
the relationship between interferon and intracellular cholesterol within BMDMs (Zhou et al., 2020).

The expression of RSAD2, ISG15, CH25H and IFITM3 were measured, and IFNf treatment was
found to induce a significant upregulation in the expression of RSAD2 (P<0.0001) and ISG15
(P<0.0001), following a 4 h and 24 h treatment (Fig 5.1a-b), which equated to ~18 fold increase in
RSAD2 expression compared to Ctrl for both time points. CH25H (P<0.05) and IFITM3 (P<0.001)
expression was only significantly upregulated following 24 h treatment (Fig 5.1c-d), resulting in ~4
fold increase in gene expression compared to Ctrl. Together, these data indicates that brain

endothelial cells can directly respond to type | IFN by initiating the downstream expression of ISGs.
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Figure 5.1- hCMEC/D3 cells respond to IFNB treatment through ISG upregulation

a-d) hCMEC/D3 cells were seeded at a density of 92105 cells/cm? (4 h treatment) or 78947 cells/cm?
(24 h treatment) in a 24 well plate and left overnight prior to treatment of IFNB at a final concentration
of 20 ng/ml, or 0.1% BSA in PBS as a Ctrl for either 4 h or 24 h. Cell lysates were collected and RNA
extracted for qPCR analysis. The expression of RSAD2, 1ISG15, CH25H and IFITM3 were
determined, and normalised to the housekeeper genes 18S and HPRT1. Data presented as mean +
SEM from 5 biological replicates, and analysed by a two-way ANOVA followed by sidak’s post-hoc
analysis. *P <0.05, ***P<0.001, ****P<0.0001

5.2.2 25HC, but not IFN, alters sterol gene expression in hCMEC/D3 cells

As previously described, CH25H produces the oxysterol 25HC, which acts to decrease sterol
synthesis by inhibition of the master transcription factor SREBP. Due to the upregulation of CH25H
in hCMEC/D3 cells following IFN treatment (Fig 5.1c), we hypothesised this would be coupled with
a downregulation of sterol biosynthesis genes via actions on SREBP (see chapter 4, Fig 4.5 for
cholesterol biosynthesis pathway). This was not observed, with HMGCR, DHCR24 and SQLE all

exhibiting no changes in expression (Fig 5.2a-c).
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Additionally, 25HC activates the LXR transcription factors, which are known inducers of cholesterol
efflux pathways (Liu et al., 2018a). Therefore we also measured the expression of one of the
cholesterol efflux transporters: ABCG1, where no change in expression patterns were identified.
Together, these results suggest that the upregulation of CH25H was not sufficient to generate

adequate levels of 25HC, to alter the sterol pathway at the genetic level.

In other cell types treated with type | IFN, 25HC is produced and acts as a paracrine and autocrine
factor, to elicit alterations to cholesterol on different cells (Blanc et al., 2013). Due to the lack of effect
observed from IFN treatment on hCMEC/D3 cells, we next treated the cells directly with 25HC, to
mimic a paracrine response. We surmised this could more accurately represent the environment in
vivo, with 25HC being largely produced by immune cells responding to the actions of type | IFN, as
opposed to endogenous production of 25HC in endothelial cells (Blanc et al., 2013; Diczfalusy et al.,
2009). A concentration of 5 uM was used, a concentration within the upper levels of inhibition for a
number of different viral and bacterial infections, such as SARS-CoV-2, HIV and L.monocytogenes
indicating that this concentration of 25HC is highly effective for the antiviral and antibacterial
properties of the oxysterol (Abrams et al., 2020; Liu et al., 2013; S. Wang et al., 2020)

25HC did not significantly affect expression of RSAD2, ISG15, CH25H or IFITM3 (Fig 5.3). This is
the opposite of what has been observed previously, whereby 25HC treatment in a human hepatoma
cell line caused increased CH25H expression, via activation of the LXR pathway (Liu et al., 2018a).
RSAD2, ISG15 and IFITM3 resulted in a varied expression across all replicates, however these
followed a similar pattern as the Ctrl group, thus resulting in no difference.

Conversely, 25HC treatment significantly altered expression of all sterol related genes (Fig 5.4). This
was identified by a ~2 fold reduction in HMGCR expression following 4 h treatment (P<0.05), which
was further reduced to ~3 fold at 24 h (P<0.0001). DHCR24 (P<0.05) and SQLE (P<0.05) were only
significantly downregulated at 24 hr, also leading to a ~3-4 fold reduction in gene expression,
potentially as a down-stream effect from the reduction in HMGCR expression at the 4 h time point.
Moreover, there was a significant ~6 fold increase in ABCG1 expression at 24 h (P<0.01). Together,
gene expression changes suggest 25HC acts to decrease de novo cholesterol biosynthesis and
increase cholesterol efflux in hCMEC/D3 cells, although the actual alterations to cholesterol efflux

and overall cholesterol biosynthesis have not been fully elucidated.
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Figure 5.2— IFNB treatment on hCMEC/D3 cells has no effect on sterol related gene expression

hCMEC/D3 cells were seeded at a density of 92105 cells/cm?2 (4 h treatment) or 78947 cells/cm? (24
h treatment) in a 24 well plate and left overnight prior to treatment of IFNB at a final concentration of
20 ng/ml or 0.1% BSA in PBS as a Citrl for either 4 h or 24 h. Cell lysates were collected and RNA
extracted for qPCR analysis. The expression of HMGCR, DHCR24, SQLE and ABCG1 were
determined, and normalised to the housekeeper genes 18S and HPRT1. Data presented as mean +
SEM from 5 biological replicates, and analysed by a two-way ANOVA followed by sidak’s post-hoc

analysis.
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Figure 5.3- 25HC treatment has no effect on ISG expression in hCMEC/D3 cells

a-d) hCMEC/D3 cells were seeded at a density of 92105 cells/cm? (4 h treatment) or 78947 cells/cm?
(24 h treatment) in a 24 well plate and left overnight prior to treatment of 25HC at a final concentration
of 5 uM, or ethanol as a Ctrl for either 4 h or 24 h. Cell lysates were collected and RNA extracted for
gPCR analysis. The expression of RSAD2, 1SG15, CH25H and IFITM3 were determined, and
normalised to the housekeeper genes 18S and HPRT1. Data presented as mean = SEM from 5
biological replicates, and analysed by a two-way ANOVA followed by sidak’s post-hoc analysis.
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Figure 5.4- 25HC alters sterol related gene expression in hCMEC/D3 cells

a-d) hCMEC/D3 cells were seeded at a density of 92105 cells/cm? (4 h treatment) or 78947 cells/cm?
(24 h treatment) in a 24 well plate and left overnight prior to treatment of 25HC at a final concentration
of 5 uM, or ethanol as a Ctrl for either 4 h or 24 h. Cell lysates were collected and RNA extracted for
gPCR analysis. The expression of HMGCR, DHCR24, SQLE and ABCG1 were determined, and
normalised to the housekeeper genes 18S and HPRTL1. Data presented as mean = SEM from 5
biological replicates, and analysed by a two-way ANOVA followed by sidak’s post-hoc analysis
(*P<0.05, **P<0.01, ***P<0.0001).
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5.2.3 Both 25HC and IFNp alter sterol gene expression in human MDMs

To the best of our knowledge, this study is the first to investigate alterations in lipid metabolism
through the actions of the type I IFN pathway, specifically in brain endothelial cells. Previous literature
has focused on immune cells for this characterisation, and observed significant changes within the
sterol biosynthesis pathways following IFNB treatment, which widely differs from the expression
levels we measured in hCMEC/D3 cells (York et al., 2015). Therefore, we treated human MDMs with
IFNB and 25HC to verify their effect in immune cells, which we hypothesised would corroborate with

the existing literature.

MDMs were treated for 24 h, where a significant ~20 and ~16 fold increase in ISG expression was
identified in IFN treated cells, for both RSAD2 (P<0.0001) and ISG15 (P<0.0001) (Fig 5.5a-b). This
corroborated with the 1ISG expression levels previously determined in hCMEC/D3 cells treated with
IFNB. The exception was CH25H, which, whilst upregulated compared to the Ctrl group, did not reach
significance (Fig 5.5c). This suggested that sterol gene expression would also remain unchanged.
However, HMGCR, DHCR24 and SQLE all demonstrated a small, but persistent downregulation,
reaching significance in DHCR24 which presented with ~3 fold decrease in gene expression (P<0.05)
(Fig 5.6a-c). ABCG1 expression was not altered, potentially as a result of the small sample size,
coupled with the variation between the samples (Fig 5.6d).

Moreover, 25HC treatment elicited similar expression profiles as observed within hCMEC/D3 cells:
a lack of effect with ISG expression (Fig 5.5), coupled with a significant ~4 fold decrease in HMGCR
(P<0.01), DHCR24 (P<0.05) and SQLE (P<0.01). This was followed by a significant upregulation in
ABCG1, equating to ~8 fold increase in expression (P<0.05) (Fig 5.6). Thus, these data demonstrate
that IFNB and 25HC treatment in immune cells corroborates with expression patterns observed
previously within the literature, and further highlight the presence of cell type specific differences, as
identified between MDMs and hCMEC/D3 cells, in particular with sterol gene expression following
IFNB treatment.
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Figure 5.5- IFNB treatment of MDMs results in a strong antiviral response through ISG
upregulation

Human MDMs were seeded at a density of 214285 cells/cm? in a 12 well plate and left for 7 days to
differentiate prior to treatment of either IFNf or 25HC at a final concentration of 20 ng/ml or 5 pM for
24 h, a Ctrl group treated with ethanol and 0.1% BSA in PBS was also used. Cell lysates were
collected and RNA extracted for qPCR analysis. The expression of RSAD2, ISG15 and CH25H were
determined, and normalised to the housekeeper genes 18S and HPRT1. Data presented as mean +
SEM from 4 biological replicates, and analysed by a one-way ANOVA followed by Dunnett’s multiple
comparisons test (****P<0.0001).
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Figure 5.6- IFNB and 25HC treatment of MDMs alters sterol related gene expression

Human MDMs were seeded at a density of 214285 cells/cm? in a 12 well plate and left for 7 days to
differentiate prior to treatment of either IFN or 25HC at a final concentration of 20 ng/ml or 5 uM for
24 h, a Ctrl group treated with ethanol and 0.1% BSA in PBS was also used. Cell lysates were
collected and RNA extracted for gPCR analysis. The expression of HMGCR, DHCR24, SQLE and
ABCG1 were determined, and normalised to the housekeeper genes 18S and HPRT1. Data
presented as mean + SEM from 3/4 biological replicates, and analysed by a one-way ANOVA

followed by Dunnett’'s multiple comparisons test (*P<0.05, **P<0.01).

5.2.4 25HC treatment is protective against SLO induced cell death in hCMEC/D3 cells

Following the discovery that IFNB treatment does not generate a sufficient sterol response in
hCMEC/D3 cells, we continued to investigate the relationship between antiviral signalling and
cholesterol by focusing solely on 25HC treatment. A reduction in de novo cholesterol biosynthesis

suggests that intracellular cholesterol levels may also be reduced, although a previous study
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observed a modest increase in total cholesterol following IFNf treatment in macrophages, proposed
to be due to the actions of CH25H and 25HC (Zhou et al., 2020).

Measuring total cholesterol levels in hCMEC/D3 cells treated with 25HC, revealed no significant
change (Fig 5.7a). However, this lack of overall effect may be due to a variable response to 25HC,
as we detected the presence of two distinct groups, with both higher and lower cholesterol levels
than the Ctrl values, thus making it difficult to draw any conclusions regarding total cholesterol within

the cells, without further investigation with more sensitive lipid measuring approaches.

Whilst the total intracellular cholesterol levels produced an inconclusive result, previous studies have
shown that 25HC changes the accessibility and trafficking of cholesterol in the plasma membrane to
the ER and even acts to remove an accessible pool of cholesterol, thought to be targeted by
pathogens to enter cells (Abrams et al., 2020; S. Wang et al., 2020; Zhou et al., 2020). Thus, we
next wanted to determine if 25HC could deplete accessible cholesterol on the plasma membrane of
hCMEC/D3 cells, as these small perturbations would not be identified by measuring total intracellular
cholesterol levels.

Following a 4 h or 24 h treatment with 25HC, cells were incubated with SLO, a cholesterol-dependent
cytolysin (CDC) class of toxin. SLO exerts its effects through binding to free ‘accessible’ cholesterol
which is not tightly associated with sphinogmyelins and other phospholipids within the cell
membrane. Once bound, SLO oligomerizes and form pores, resulting in cell death (Zhou et al., 2020).
CDC toxins have commonly been utilised to identify free cholesterol within the plasma membrane of
cells, thus are an indirect measure of free cholesterol levels within the plasma membrane. Following
4 h of 25HC treatment, there was a 24% reduction in the percentage of SLO induced cell death,
although this has only been repeated twice, and thus requires additional replicates. Moreover, a 24
h stimulation generated a 68% reduction in SLO induced cell death (P<0.0001) (Fig 5.7b-d). This
has previously been hypothesised to be a result of 25HC altering the distribution of cholesterol within
the membrane to prevent SLO from binding to accessible cholesterol and forming pores (Abrams et
al., 2020; S. Wang et al., 2020; Zhou et al., 2020).

An interaction between the cholesterol storage pathway and 25HC has been described previously,
and suggested to be a mechanism by which 25HC reduces the accessible cholesterol pools within
the plasma membrane (Abrams et al., 2020). This pathway is mediated by the ACAT enzymes,
responsible for converting free cholesterol in the ER membrane to cholesterol esters which are stored
in lipid droplets. It is hypothesised this esterification triggers rapid cholesterol remodelling on the
plasma membrane (Abrams et al., 2020). To determine whether 25HC redistributes intracellular
cholesterol, we measured the amount of free cholesterol and cholesterol esters in hCMEC/D3 cells.
As observed with total cholesterol levels, there was too much variation between the free cholesterol
amounts. However, there did appear to be a slight trend towards an increase in intracellular
cholesterol ester levels (Fig 5.7e-f). Taken together, these data confirms that 25HC successfully
inhibits SLO induced cell death, although we have not been able to precisely determine the

downstream effects on intracellular cholesterol fractions following 25HC treatment, thus cannot fully
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state this rescue of cell death is attributed to a loss of free cholesterol within the cell membrane.
However, given the mechanism by which the SLO toxin exerts its effects, this hypothesised
mechanism is likely to have occurred, and through further experimentation on specific lipid fractions,
will confirm the membrane cholesterol altering effects of 25HC.
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Figure 5.7- 25HC treatment is protective against SLO induced cell death

To measure the different cholesterol fractions within hCMEC/D3 cells following 25HC treatment (a,e-
f) cells were seeded at a density of 41666 cells/cm? in a 6 well plate and left overnight, prior to a 48
h treatment with 25HC at a final concentration of 5 uM, or ethanol Ctrl. Cell lysates were taken for
different cholesterol measurements using a cholesterol/cholesterol ester detection kit from Abcam
according to instruction. Data presented as mean + SEM from 4 biological replicates, and analysed
by an unpaired t test. b-d) To determine the effect 25HC has on plasma membrane cholesterol,
hCMEC/D3 cells were seeded at 93750 cells/ cm? (4 h treatment) or 78125 cells/ cm? (24 h treatment)
in a black bottom 96 well plate, and left overnight, prior to the addition of 25HC at 5 uM for the
required time, or ethanol Ctrl. Before imaging, media was replaced with TO-PRO-3 and Opti-MEM,
in order to visualise the dead cells. Following a base line image at time 0, SLO (2 U/ul) was added
and the cells imaged 1 h later. Images were taken on the Incucyte zoom live cell analysis system
using a 120 10x/3.05 plan Apo OFN25 objective. b) Representative images of cell death following 1
h incubation with SLO in Ctrl vs 25HC. Scale bar is 200 pm c-d) Percentage cell death was
determined using the incucyte basic analysis software, and was a percentage of the cell death
established following 10% triton addition to the wells after 1 h incubation with SLO, which produced
100% cell death. Data presented as mean + SEM from either 2 or 4 biological replicates, and the 24
h treatment (n=4) was analysed using a 2 way ANOVA with sidak’s post hoc analysis. (P****<0.0001).
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5.2.5 The cholesterol altering effects of 25HC reduce brain endothelial cell migration

As already discussed, the intracellular cholesterol altering properties of 25HC are utilised as defence
mechanisms against pathogen entry. However, sterol metabolism is closely regulated within healthy
cells, thus any disruption to the homeostatic state is likely to have consequences on the normal
functioning of the affected cells (Tan et al., 2020). In endothelial cells, angiogenesis is one of the
primary physiological processes, required to establish new blood vessels. We therefore treated
hCMEC/D3 cells with 25HC to investigate any changes in cell migration, an essential component of
angiogenesis, following the resulting disturbances to intracellular cholesterol.

The scratch wound assay was implemented as a method to measure cell migration on hCMEC/D3
cells treated with 25HC either 3 h or 24 h prior to generation of the wound (Goodwin, 2007;
Lampugnani, 1999). Cell migration is characterised by the relative wound density, and a higher cell
migration equates to increased cell counts in the scratched zone of the well. Both incubation times
of 25HC resulted in a significant reduction in the relative wound density compared to control. This
was apparent from 10 h post scratch from the 4 h 25HC treatment, causing ~20% reduction in relative
wound density, which remained consistent until the end of the 24 h period (P<0.05, P<0.01). The 24
h pre-treatment resulted in a further reduction, manifesting first at 6 h post scratch, with a 20%
reduction in relative wound density, which increased to a 35% reduction compared to the Ctrl group
by the end of the 24 h period (P<0.05, P<0.0001) (Fig 5.8a-c). From this, we have revealed that

25HC treatment significantly reduces cell migration in brain endothelial cells.

Understandably, cell migration results can be affected by changes in cell proliferation rate, and
previous studies have presented with conflicting findings regarding the effect of 25HC on cell
proliferation. Treatment of 25HC has been found to reduce cell proliferation, thought to be attributed
to cholesterol altering properties, given the important role cholesterol plays in cell division (Wen et
al., 2018; Wu et al., 2018). Whilst another study found no effect on cell proliferation and apoptosis
following 25HC treatment (Wang et al., 2019). A reduction in the number of cells, in response to
25HC treatment (e.g. anti-proliferative), compared to Ctrl groups could manipulate the cell migration
result, as there would be less cells to migrate onto the scratched area, and thus the relative wound
density would remain lower for treated cells. In order to determine the effect of 25HC on hCMEC/D3
cell density, cell counts were established following 20 h 25HC pre-treatment. Whilst a small reduction
between Citrl cells and 25HC treated cell densities was found, this was not significant. The groups
were then seeded at the same density prior to generation of the scratch, which acted to ensure the
reduction in cell migration was not a direct effect of reduced cell proliferation (Fig 5.8d). Therefore,
although we cannot rule out that the small decrease in cell proliferation affects our final results, it is
unlikely that the decrease in migration is only due to a decrease in cell proliferation, as cell migration

is reduced from as little as 6 h post-scratch.
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Figure 5.8- 25HC treatment of hCMEC/D3 cells reduces endothelial cell migration

To measure cell migration, hCMEC/D3 cells were seeded at a density of 78125 cells/ cm2in a 24
well plate and left overnight prior to treatment with 25HC at a final concentration of 5 uM, or ethanol
Ctrl for 20 h. Following treatment, cells were re-suspended and re-seeded at a density of 125000
cells/ cm?in a 96-well Essen ImageLock plate before being left to adhere for 1 h prior to re-treatment
with 5 uM 25HC, or ethanol Ctrl. For 3 h pre-treatment, cells were seeded directly into the 96-well
plate. The cells were left to adhere for 1 h and treated with the above treatments. The 96-pin IncuCyte
WoundMaker Tool was used to create uniform cell-free zones. Phase contrast images were acquired
every 2 h on an IncuCyte Zoom Live Cell Analysis system using a 123 4x/3.05 Plan Apo OFN25
objective. a) Representative images of scratch wound at t=0 and t=24 for Ctrl and 25HC treated cells.
Blue indicates the initial scratch wound, and yellow denotes cells, scale bar is 200 um. b+c) The
Incucyte scratch wound assay analysis software was used to calculate relative wound density,
presented as a time course (b+c) from 0-24 h post scratch for the 4 h and 24 h pre-treatment of
25HC, analysed by a two-way ANOVA repeated measures with Sidak’s post hoc analysis (*P<0.05,
**P<0.01, ***P<0.0001). All data presented as mean + SEM, from 6 biological replicates d) prior to
the re-seeding of 25HC treated cells, cell counts were established to determine any antiproliferative
effects of 25HC. An unpaired t test was used to analyse differences between Ctrl and 25HC cells.
Data presented as mean = SEM, from 10 biological replicates.
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5.2.6 Cholesterol supplementation restores cell migration in 25HC treated hCMEC/D3 cells

It has been suggested that a disruption in membrane cholesterol acts to alter the actin cytoskeletal
organisation which reduces cell migration (Kumar et al., 2018). If 25HC decreases cell migration via
a reduction of membrane cholesterol, we hypothesised that supplementing 25HC treatment with
cholesterol would improve cell migration. Additionally, the cholesterol precursor desmosterol was
added as a co-treatment. Desmosterol has been shown previously to act as a replacement for
cholesterol in J774 cells (a cell line unable to produce the enzyme DHCR24, which is responsible for
converting desmosterol into cholesterol) (Rodriguez-Acebes et al., 2009). Therefore, we
hypothesised that desmosterol may also rescue cell migration alongside cholesterol in 25HC treated
cells. Finally, 25HC treated hCMEC/D3 cells were co-treated with the ACAT inhibitor SZ 58-035, in
order to inhibit the esterification of free cholesterol induced by 25HC within the cells. SZ 58-035 has
previously been shown to increase cholesterol levels within the plasma membrane of 25HC treated
cells (Abrams et al., 2020; S. Wang et al., 2020; Zhou et al., 2020), therefore we hypothesised this
would also increase cell migration.

Co-treatment of 25HC with cholesterol partially rescued the relative wound density, compared to the
no supplementation group, and resulted in ~19% increase in relative wound density (P<0.01),
suggesting that sufficient intracellular cholesterol levels are necessary for cell migration (Fig 5.9a).
Co-treatments of 25HC with both desmosterol and SZ 58-035 were unable to undergo statistical
analysis, due to the small N numbers associated with the no supplementation groups, thus no
comparisons could be performed. However, despite the small sample size, it appears that 25HC
treatment supplemented with desmosterol acts to increase the relative wound density, similar to what
was observed following cholesterol supplementation (Fig 5.9b). Interestingly, there was no difference
between 25HC treatment, and supplementation with SZ 58-035 (Fig 5.9c).
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Figure 5.9- Cholesterol supplementation restores cell migration in 25HC treated hCMEC/D3
cells

a-c) hCMEC/D3 cells were seeded at a density of 78125 cells/ cm? and left overnight prior to
treatment with 25HC at a final concentration of 5 uM for 24 h. Alongside 25HC treatment cholesterol
(50 uM), desmosterol (10 uM) or SZ 58-035 (10 uM) were also added to the wells as a co-treatment.
The no supplement Ctrl groups, were treated with ethanol as a Ctrl for cholesterol, and DMSO with
DMF for Desmosterol and SZ 58-035 treatment. After 20 h, the cells were re-suspended and re-
seeded at a density of 125000 cells/ cm?into a 96-well Essen ImagelLock plate, before being left to
adhere for 1 h prior to re-treatment with 25HC and the corresponding co-treatment. After 3 h following
re-treatment, the 96-pin IncuCyte WoundMaker Tool was used to create uniform cell-free zones.
Phase contrast images were acquired every 2 h on an IncuCyte Zoom Live Cell Analysis system
using a 123 4x/3.05 Plan Apo OFNZ25 objective. The IncuCyte scratch wound assay analysis software
was used to calculate relative wound confluence. This is shown as the final wound density value at
the 24 h time point. All data is presented as mean + SEM with 6 biological replicates for 50 uM
cholesterol data, which was analysed by a two-way ANOVA with sidak’s post hoc analysis (*P<0.05).
The other data sets did not contain enough N numbers for statistical analysis.

5.2.7 Sterol supplementation of 25HC treated cells has no effect on SLO induced cell death

Following the improvement in cell migration after cholesterol supplementation of 25HC treated
hCMEC/D3 cells, we hypothesised the addition of exogenous cholesterol may replenish the
proposed depleted free cholesterol within the plasma membrane of hCMEC/D3 cells treated with
25HC, and would further provide evidence that protection from the SLO assay is a result of altered
cholesterol within the plasma membrane. Exogenous cholesterol would provide adequate levels of
cholesterol for the SLO toxin to bind to and thus largely increase cell death, reversing the protection
gained by 25HC. The same co-treatments were utilised for the functional cholesterol rescue

experiment.

128



Interestingly, none of the co-treatments exhibited any significant effect on the 25HC treated cells (Fig
5.10). Cholesterol and desmosterol treatment generated a large variation across replicates, either
increasing cell death, or having no effect. Therefore, no conclusions can be made regarding
supplementation of cholesterol or its precursor desmosterol in exacerbating SLO induced cell death
in hCMEC/D3 cells (Fig 5.10a-b). Similarly SZ 58-035 exerted no effect on 25HC treated cells (Fig
5.10c). This was unexpected, as in macrophages, ACAT inhibition increases susceptibility to cell
death of cells treated with 25HC, following CDC mediated membrane damage (Zhou et al., 2020).
This potentially alludes to a cell type specific effect, whereby ACAT is not as widely utilised in brain

endothelial cells. However, further experimentation is required before this can be determined.

An important consideration regarding the in vitro experimentation with 25HC is the concentration of
exogenous oxysterol used. Whilst 5 uM and higher concentrations are widely described within the
literature, these are arguably supraphysiological. Moreover, the nanomolar range of 25HC also
generates profound effects in macrophages (Blanc et al., 2013; Robertson and Ghazal, 2016). Given
the lack of response with any of the co-treatments, we hypothesised that the 25HC concentration
may be too high, thus preventing any of the co-treatments from interfering with the 25HC response.
Therefore, we performed a dose-response experiment with the SLO toxin, to determine which
concentration of 25HC should be utilised in future experiments (Fig 5.10d). The lowest concentration
of 25HC (0.2 uM) halved the number of TO-PRO-3 cells compared to Ctrl (P < 0.01), which suggests
an adequate 25HC response can be attained with a much lower concentration than used in this
present study. Concentrations of 1, 5 and 25 uM also provided significant protection against cell
death (P <0.0001). In future studies, the SLO assay will be repeated with the co-treatments at the

lower dose of either 0.2-1 pM.
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Figure 5.10- Sterol supplementation with 25HC has no effect on SLO induced cell death

a-c) hCMEC/D3 cells were seeded at 78125 cells/cm? in a 96 black bottomed well plate and left
overnight, prior to treatment with 25HC at 5 pM. Alongside 25HC treatment cholesterol (10 pM),
desmosterol (10 uM) or SZ 58-035 (10 uM) were also added to the wells as a co-treatment for 24 h.
The no supplement Ctrl groups were treated with ethanol, DMSO and DMF. Prior to imaging, media
was replaced with TO-PRO-3 and Opti-MEM, in order to visualise the dead cells. Following a baseline
image at time 0, SLO (2 U/ul) was added and cells imaged 1 h later. Images were taken on the
IncuCyte zoom live cell analysis system using a 123 10x/3.05 Plan Apo OFN25 objective. Percentage
cell death was determined using the IncuCyte basic analysis software, and was a percentage of the
cell death established following 10% triton addition to the wells following the 1 h incubation with SLO,
to produce 100% cell death. Data analysed by a two-way ANOVA with sidak’s post hoc analysis.
Data presented as mean +SEM, with 3-6 biological replicates d) Dose response for 25HC. 0.2, 1, 5
and 25 pM 25HC was added for 24 h, prior to SLO assay. Cell death was quantified by the number
of TO-PRO-3 cells, determined using the IncuCyte basic analysis software, and was analysed by a
one-way ANOVA with Dunnetts multiple comparisons, compared to the control (**P<0.01,
****P<(0.0001). Data presented as mean + SEM with 4 biological replicates.
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5.3 Discussion

The relationship between type | IFN and cholesterol has been discussed in chapter 4, looking
specifically in the context of AGS. This chapter aimed to increase understanding of this association
by utilising both IFNB and 25HC which bridges the link between cholesterol and immunity. Through
in vitro modelling of hCMEC/D3 cells, we sought to investigate the effects of inflammation on
intracellular cholesterol distribution, and how modifications to cholesterol can act to alter endothelial

cell function, which we propose may play a role in cerebrovascular instability leading to ICH.

IFNB treatment of hCMEC/D3 cells resulted in the characteristic upregulation of a number of ISGs
observed after 4 h of stimulation, and maintained up to 24 h treatment. Although there are limited
reports in the literature, type | IFN has previously been shown to induce ISG expression in a human
aortic endothelial cell line, and in hCMEC/D3 cells following Poly I:C treatment (J. Li et al., 2013;
Reynolds et al., 2014). Whilst all four genes measured: ISG15, RSAD2, CH25H and IFITM3 are
canonical ISGs and act to exert antiviral effects following transcription, CH25H and IFITM3 perform
these effects through a relationship with intracellular cholesterol (Amini-Bavil-Olyaee et al., 2013;
Cyster et al., 2014).

CH25H is the enzyme responsible for producing 25HC, and was only found to be significantly
upregulated in hCMEC/D3 cells following IFNB treatment at 24 h. Interestingly, the expression of
CH25H has previously been shown to be rapidly upregulated within 30 minutes of IFN stimulation in
murine BMDMs (Blanc et al., 2013; Lu et al., 2015). This rapid upregulation corresponds to an
immediate proteosomal degradation of HMGCR, coupled with inhibition of the transcription factor
SREBP2, preventing its translocation to the nucleus (Robertson and Ghazal, 2016). These acute
effects downstream from CH25H in murine BMDMSs, suggests individual cell types have different
response times following IFN stimulation. We suggest it may be more efficient for a rapid immune
cell response to ensure sufficient production of 25HC, which is then released as a paracrine factor
to exert effects on sterol biosynthesis on neighbouring cells. This aligns with previous studies which
demonstrated the secretion of 25HC from immune cells following viral infection and IFN treatment
(IFNB and IFNy) (Blanc et al., 2013).

Upregulation of CH25H following IFN( treatment in hCMEC/D3 cells did not equate to a reduction in
cholesterol biosynthesis gene expression. Furthermore, the expression levels of the cholesterol
efflux transporter ABCG1 was unaffected. ABCGL1 is associated with the LXR family of receptors, an
additional mechanism by which 25HC can exert an antiviral response (Liu et al., 2018b). We
hypothesised the transporter would be upregulated following CH25H expression, as observed with
the cholesterol efflux transporter ABCA1 following HIV-1 infection (Cui et al., 2012).

In an attempt to elucidate the cause of discrepancies following IFNB treatment in brain endothelial
cells compared to the existing literature, we treated human MDMs with IFNB for 24 h. Interestingly,
CH25H was not significantly upregulated, whilst the other ISGs were. This could be attributed to the

rapid upregulation of CH25H, as previously described in murine BMDMs and we may have missed
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the time frame where the enzyme is upregulated acutely following type | IFN stimulation (Blanc et
al., 2013; Lu et al., 2015). Interestingly, despite this, a larger decrease in sterol related genes was
observed than found in hCMEC/D3 cells, with DHCR24 being significantly downregulated. This
suggested there was an additional mechanism capable of reducing biosynthesis gene expression
following IFN treatment. Alternatively the CH25H protein, but not the transcript, is still present and
able to catalyse the conversion of cholesterol to 25HC. Therefore, it would have been useful to
measure CH25H at the protein level by western blot, and not just at the transcriptional level.

Robertson and colleagues previously identified a reduction in cholesterol biosynthesis genes
following IFN-y treatment in Ch25h’- murine BMDMs. They further discovered a mi-RNA (miR-342-
5p) was upregulated following both IFNy and IFN treatment, which exerted antiviral effects through
SREBP-dependent and independent mechanisms. It has been proposed this miRNA is activated
following the acute response of CH25H, whereby it generates a more sustained response. As the
MDMs in this study were treated for 24 h, this suggests CH25H could have been upregulated at a
much earlier time point, and the effects on sterol biosynthesis observed are a result of an alternative

pathway, involving miR-342-5p (Robertson et al., 2016).

Notably, this further demonstrates the presence of cell type specific effects. There is a lack of
literature confirming the presence of miR-342-5p in the endothelium. Instead, this miIRNA has mainly
been identified in macrophages (Wei et al.,, 2013). This may provide an explanation for why no
changes in sterol biosynthesis or efflux were observed in hCMEC/D3 cells. For example, 25HC levels
are too low, following insufficient CH25H expression, and coupled with a lack of miRNA activation
could explain why no effect on sterol synthesis or efflux was observed. This hypothesis needs to be

confirmed by identifying the presence of miR-342-5p within the brain endothelium.

Based on the lack of effect on cholesterol metabolism observed following IFNB treatment on
hCMEC/D3 cells, we chose to focus on 25HC treatment, introduced as a paracrine factor,
downstream of type | IFN signalling. 25HC treatment did produce profound effects on hCMEC/D3
cells, implying that brain endothelial cells can be targeted by the oxysterol in order to prevent viral
entry into the vasculature. We observed a significant downregulation in all of the sterol biosynthesis
genes measured, confirming the known functions of 25HC on reducing expression of cholesterol
biosynthesis genes. This was coupled with an increase in ABCG1 expression, which may equate to
higher cholesterol efflux in the endothelial cells. Together, this revealed a dual pathway of activation,
with 25HC acting on both SREBP and the LXR pathways as previously described (Robertson and
Ghazal, 2016). An important future experiment would involve measuring the precursor and mature
forms of SREBP. From the literature, 25HC treatment reduces both forms of SREBP2, correlating to
a reduction of HGMCR at the protein level, alongside a loss in gene expression of HMGCR and other
cholesterol biosynthesis genes. Therefore it would be important to confirm this mechanism in brain
endothelial cells (Liu et al., 2018a; Wen et al., 2018).

Treating human MDMs with 25HC produced a similar pattern in sterol gene expression, as identified

in hCMEC/D3 cells. This finding confirms the ability of 25HC to directly affect sterol expression in
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brain endothelial cells, akin to what has been previously demonstrated other cell types (Nishimura et
al., 2005) . Whilst the apparent lack of 25HC production following IFNB treatment suggests brain
endothelial cells do not make large endogenous quantities of 25HC, these cells are still capable of
responding to the oxysterol, most likely attributed to paracrine signalling, whereby 25HC is secreted
from immune cells. To confirm this paracrine signalling, MDMs treated with type | IFN or a virus
should be co-cultured with hCMEC/D3 cells, and the sterol gene expression measured, which would
determine whether the amount of 25HC released is sufficient to exert effects on endothelial cells.

Alongside altering de novo cholesterol biosynthesis, 25HC has been strongly implicated in inhibiting
viral entry, alluding to a functional role within the structure and organisation of the plasma membrane.
(Liu et al., 2013). Previous studies have identified an accessible pool of free cholesterol utilised by
pathogens to facilitate entry into cells. 25HC acts to removes that pool (Abrams et al., 2020). This
hypothesis has already been shown in the context of the virus SARS-CoV-2, and also the bacteria
L.monocytogenes and S.flexneri (Abrams et al., 2020; S. Wang et al., 2020). Similarly, we too,
demonstrated the protective properties of 25HC against the bacterial toxin, SLO, which binds to this
free accessible pool of cholesterol within the plasma membrane and causes cell death through the

pore forming properties of the toxin.

Upon 25HC treatment, there was a significant reduction in cell death, and whilst we hypothesised
that the protective properties of the oxysterol arise from removing the free accessible cholesterol
pool within brain endothelial cells, issues with accurately measuring the intracellular cholesterol
fractions made this difficult to conclude. However, a previous study observing the effects of IFN
treatment on protection from different CDCs, including SLO, also saw no difference in the total
cholesterol within the cell, but instead identified a significant downregulation in cholesterol
biosynthesis genes expression, and also a small increase in cholesterol esters, thought to be
attributed to the actions of CH25H and 25HC (Zhou et al., 2020). This mimics what we observed in
this study, and as the SLO assay is considered an indirect measure of free membrane cholesterol, it
does suggest that 25HC is reducing the free accessible cholesterol within the cell membrane, to
prevent the toxin from binding and forming pores to result in cell death. More specific lipid detecting
methods within the plasma membrane, such as distinguishing between free cholesterol, and
cholesterol bound to sphingomyelin/other phospholipids would help to confirm this mechanism.
Moreover, to provide further clarity, a positive cell death control should be implemented that results
in cell death independent of cholesterol. If 25HC treatment with the positive control also inhibits cell

death, it would indicate that 25HC is acting via a different mechanism to protect the cells.

One additional mechanism which may be utilised by 25HC to protect against SLO induced cell death
is related to glycans. A number of CDCs, including SLO, can recognise and bind to multiple glycans
on the host cell membrane to also allow pore formation, independent of cholesterol (Shewell et al.,
2020). Similarly, 25HC has been shown to cause aberrant glycosylation of a viral glycoprotein from
the lassa virus, preventing host cell surface attachment and entry, thus indicating that 25HC can also
alter glycans, although it is not known whether the oxysterol can alter glycosylation within the host

cell membrane (Shrivastava-Ranjan et al., 2016).
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This potential decrease of plasma membrane free cholesterol within brain endothelial cells could
provide rationale for the relationship between viral infections and ICH. The actions of 25HC altering
the lipid composition of the cell membrane, could act to increase the fluidity, and reduce the structural
integrity of the endothelium, making it more susceptible to rupturing and causing a haemorrhagic
stroke. We hypothesise this antiviral mechanism induced by 25HC may partially explain the
development of ICH following certain viral infections, which could lead to the production of 25HC
downstream of type | IFN signalling (Nagel et al., 2010). Moreover, the degradation of HMGCR by
the actions of 25HC may induce ICH through a similar mechanism as examined in the ATV model of
haemorrhagic stroke used in zebrafish disease modelling (see chapter 4). However, we do
hypothesise this is unlikely to be a sole risk factor, and will most probably occur in combination with

other co-morbidities, such as hypertension.

We then hypothesised that supplementing 25HC treated cells with cholesterol would increase the
SLO-induced cell death, as observed in a Calu-3 cell line treated with SARS-CoV-2 (S. Wang et al.,
2020). No differences were detected, due to the large levels of variation observed between
replicates. This was also apparent for co-treatment with the cholesterol precursor desmosterol.
Ongoing studies will aim to determine why no effect was observed following sterol rescue. One
suggestion is that the concentration of 25HC is too high for the sterols to have any effect, due to the
strong response produced by 25HC not being reversed. Following a dose-response SLO experiment,
a significant reduction in cell death was observed from 0.2 uM 25HC, and as a result, future studies

will focus on utilising the lower concentrations to see if an effect can be established.

Interestingly, the ACAT inhibitor SZ 58-035 also exhibited no effect on SLO induced cell death. This
was more surprising, given the enzymatic properties of ACAT are suggested to be the primary
mechanism by which 25HC causes a reduction in accessible cholesterol within the plasma
membrane. ACAT converts free cholesterol into cholesterol esters, which are stored in cytoplasmic
lipid droplets, inaccessible for viruses. This loss of free cholesterol results in a re-distribution of
cholesterol on the plasma membrane (Abrams et al., 2020; S. Wang et al., 2020). SZ 58-035 is widely
used throughout the literature, for similar experiments with 25HC treatment. One difference between
this study and others is pre-treatment of the inhibitor, prior to the addition of 25HC, which appears to
generate the expected effects (Ormsby et al., 2022; S. Wang et al., 2020). This method will be utilised

in the future to determine whether ACAT inhibitors do rescue SLO induced cell death.

The relationship between ACAT and 25HC indicated that 25HC treated cells should exhibit higher
concentrations of cholesterol esters. Whilst a trend towards an increase in cholesterol esters was
detected following 25HC treatment, there was considerable variation within the free cholesterol
levels. As a result, no conclusions could be established, and further experimentation is required,
potentially utilising a more sensitive lipid measuring approach, such as mass-spectrometry.
Moreover, the activity of ACAT should have been established, through measuring the number of lipid
droplets found in cells following 25HC treatment, as we did not determine the activation of ACAT
within brain endothelial cells (S. Wang et al., 2020).
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A reduction in plasma membrane cholesterol in brain endothelial cells could be a contributing factor
for haemorrhagic stroke, as previously discussed. Furthermore, subtle changes may be apparent
within the homeostatic functions of these cells, which led us to measure aspects of brain endothelial
cell function, in particular, cell migration. Following 25HC treatment, there was a significant reduction
in cell migration, hypothesised to be a result of disruption in membrane cholesterol, which acts to
alter the actin cytoskeletal organisation (Kumar et al., 2018). A previous study also treated
endothelial cells with 25HC, and observed reduced cell migration, which they attributed to
dysfunction of the nitric oxide pathway, and the subsequent production of superoxide acting to inhibit
endothelial cell proliferation, migration, tube formation and vasodilation (Ou et al., 2016). Whilst this
pathway does possess a role in endothelial cell function, we also suggest that the alterations in lipid
metabolism, and the intracellular organisation of lipids induced by 25HC plays a role in disrupting the

functioning of endothelial cells.

To confirm this, we supplemented the 25HC treated cells with cholesterol in an attempt to rescue the
cell migration phenotype. Cholesterol co-treatment did significantly increase cell migration, thus
reinforcing the importance of intracellular cholesterol homeostasis for the normal functioning of brain
endothelial cells. The cholesterol precursor desmosterol also improved cell migration, although more
replicates are required to confirm this. Surprisingly, the ACAT inhibitor SZ 58-035 had no effect on
cell migration, akin to the lack of effect on SLO induced cell death. We hypothesised inhibiting ACAT
would retain free cholesterol in the plasma membrane and thus be used to aid cell migration. As this
wasn't observed, it suggests cholesterol leaves the membrane via other mechanisms independent
of esterification. There are several other proteins which interact with 25HC, and the oxysterol can
affect the properties of the plasma membrane independent of ACAT induction, through altering the
position, orientation and solvent accessibility of cholesterol (Olsen et al., 2011). Alternatively, a
reduction in membrane cholesterol may not be the sole reason why cells stop migrating, as observed
following nitric oxide pathway dysfunction (Ou et al., 2016). To further understand this mechanism,
it would be useful to fluorescently label the supplemented cholesterol and identify its intracellular
location. If the exogenous cholesterol does not affect the plasma membrane free cholesterol levels,
it would indicate that cholesterol is utilised in a different manner to facilitate cell migration.

Current work is focusing on other functional properties of brain endothelial cells, with particular
emphasis on tube formation, as a readout of angiogenesis. Furthermore, the effect of shear stress
is also being researched as levels of plasma membrane free cholesterol are relevant for shear stress
response, which is a highly relevant output that may help to provide additional insight into the
development of ICH, in response to low cholesterol levels (Yamamoto et al., 2020). Whilst beyond
the scope of this study, it would be interesting to examine the other roles of 25HC, independent from
the cholesterol altering antiviral properties, as the oxysterol has been implicated in both pro and anti-
inflammatory mechanisms (Dang et al., 2017; Jang et al., 2016; Liu et al., 1997; Reboldi et al., 2014;
Zhao et al., 2020). Thus this would enable further characterisation of the actions of 25HC on brain

endothelial cells, and begin to elucidate whether enhanced inflammation via 25HC can act to further
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damage the cerebrovascular endothelium, potentially underpinning different mechanisms for the

development of cerebrovascular disease.

This chapter aimed to increase understanding of the immune-cholesterol axis in a previously
undescribed cell type: brain endothelial cells. Whilst inflammation from IFN@ treatment did not
produce a 25HC response, utilising 25HC as a paracrine signalling factor exhibited comparable
effects to those identified in immune cells. We highlighted the protective properties of 25HC against
SLO induced cell death, likely through remodelling of cellular cholesterol by reducing the accessible
cholesterol pool within the plasma membrane, and additionally, via actions on reducing de novo
biosynthesis. Both methods are implemented as antiviral mechanisms and have been identified
previously in a number of other cell types, but this study was the first to demonstrate this relationship
in brain endothelial cells. Cholesterol dysregulation affected normal functional properties of
endothelial cells, such as cell migration. We suspect alterations to the endothelial plasma membrane
could have deleterious effects on the integrity of the endothelium, and result in vessel rupture and
haemorrhagic stroke. This may occur following inflammation, and be attributed to viral infection of
the cerebrovasculature, which leads to the involvement of 25HC on the endothelium. Further
experimentation, with regards to shear stress and other angiogenic processes will help to solidify this
hypothesis and further our understanding of viral-induced inflammation as a risk factor for ICH.
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Chapter 6: General Discussion
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6.1 Main Findings

The work presented throughout this thesis has addressed three primary aims:

1) To validate and further demonstrate zebrafish as a viable pre-clinical organism to model AGS
2) To characterise the cerebrovascular complications which arise in AGS5

3) To study the role of type | IFN signalling and cholesterol in human brain endothelial cells.

Through this work we have shown that a stable mutant zebrafish line (samhd1423423) phenocopies
specific symptoms of AGS patients, which have not been identified in previous pre-clinical rodent
models, including neurological phenotypes, such as microcephaly, enhanced brain cell death and
locomotion deficits. As such, these data further emphasises the usefulness of zebrafish as a model
organism to study AGS. Moreover, the quantifiable and reproducible phenotypes highlights the
potential for the samhd122%423 model to be utilised for pre-clinical drug screens, as observed following
JAK inhibitor (ruxolitinib) treatment. Whilst the treatment was unsuccessful at ameliorating the
microcephaly and brain cell death phenotypes, there will be additional opportunities to test treatments
for AGS and other type | interferonopathies in the samhd142%423 model, to complement clinical

studies.

Modelling a mutation in samhdl provided a unique opportunity to investigate a monogenic form of
cerebrovascular disease, commonly identified in AGS5 patients. We identified a subtle pre-
disposition to both ischaemic and haemorrhagic events at baseline conditions, whilst the mutant
embryos possessed an increased susceptibility to cerebral haemorrhaging following ATV treatment.
The mechanism by which ATV causes brain haemorrhage in embryonic zebrafish led us to identify
a cholesterol dysregulation in the samhd142¥423 model, whereby reduced cholesterol biosynthesis
gene expression was hypothesised to result in cerebrovascular weakness, and increase the risk of
vessel rupture and haemorrhage. This finding generated interest in the type | IFN and cholesterol
signalling axis within AGS patients. We observed a dysregulation of cholesterol biosynthesis genes
across the majority of AGS sub-types, although the genes were upregulated, rather than
downregulated as observed in the samhd142%223 model. Irrespective of the direction, we have shown
that AGS patients possess cholesterol dysregulation at the genetic level, and we propose that this
may help provide new mechanistic insight into the more ubiquitous phenotypes found across all AGS

sub-types.

The relationship between IFN signalling and cholesterol dysregulation was then examined in the
context of cerebrovascular disease in general. Human brain endothelial cells were used to identify a
relationship between the inflammatory modulator produced downstream of type | IFN signalling
(25HC), and intracellular cholesterol dysregulation. To our knowledge, it is the first time this
relationship has been observed in brain endothelial cells, and may begin to explain a link between a
complex mechanism involving viral infection, type | IFN signalling, hypocholesterolaemia and risk of
ICH.
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6.2 Zebrafish as a useful pre-clinical model organism to research AGS

Throughout this study, we have highlighted the lack of appropriate pre-clinical models of AGS, with
all rodent models of AGS1-7 failing to accurately recapitulate the many complex phenotypes which
arise in AGS patients, specifically the neurological phenotypes which are one of the hallmarks of the
condition (Rutherford et al., 2020). Previous generation of a transient samhd1 model in zebrafish
larvae (samhdl MO) managed to replicate a number of clinically relevant phenotypes, including
neurological involvement, with the generation of spontaneous ICH (Kasher et al., 2015). This model
provided rationale to further investigate the ability of zebrafish to be a useful and accurate pre-clinical
model of AGS, by generating a stable mutant via CRISPR-Cas9 technology. In this study, we aimed
to characterise and validate the samhd122%223 model, which was achieved via identification of a

number of classical symptoms associated with AGS.

The variable ISG expression was an interesting finding, as we had anticipated a significant increase
across all ISGs measured, as previously identified in the samhdl MO model (Kasher et al., 2015).
However, as previously alluded to, measuring ISGs and antiviral responses may be complicated in
zebrafish models by environmental factors, such as the presence of viruses within the aquaria
housing adult zebrafish. Recently, a novel picornavirus has been discovered, found to infect
zebrafish in multiple research facilities around the world (Altan et al., 2019; Balla et al., 2020). Whilst
the viral infection appeared to be relatively asymptomatic, RNA sequencing data revealed a large
upregulation of a number of ISGs, including statlb, mxa, rsad2 and isg15. Moreover, the generation
of a Tg(isg15:GFP) zebrafish line further highlighted the heightened antiviral response in WT larvae

infected with picornavirus (Balla et al., 2020).

Interestingly, a similar panel of ISGs that were found upregulated in the picornavirus study were also
measured in the samhd1423423 model, and the large variation between replicates could indicate that
some clutches of larvae were infected with picornavirus, and others were not, resulting in differential
ISG expression. In addition, this could also provide rationale for the increased ISG expression
identified in a number of WT larval replicates. However, no firm conclusions can be established, as
despite picornavirus being confirmed within the aquaria in the Manchester Biological Services Unit,
it remains unclear whether the samhd122%223 and WT stains have been affected. Furthermore, the
induction of the Tg(isg15:GFP) reporter line was not observed until 8 dpf, the same time point used
for RNAseq data (Balla et al., 2020). This suggests that if picornavirus is present in Manchester, it
may not have affected the larvae at the time point they were taken for ISG expression (5 dpf). To
combat this confounding factor, it has been suggested that bleaching embryos prior to hatching is an
effective way to remove the virus (Balla et al., 2020). Therefore, such an approach should be
repeated in the samhd142%223 model to remove any form of environmental exposure to viruses, and

to confirm that increased ISG response is primarily a result of a mutated samhd1l gene.

However, there are also drawbacks associated with the bleaching method. A ‘dirty’ environment
within zebrafish aquaria is more representative of the environment that humans live in, and it has

been proposed that infection and initiation of an antiviral response may act as a trigger for the
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generation of AGS symptoms, previously shown in ADAR1 patients (Crow and Stetson, 2021;
Livingston et al., 2014a). Rutherford and colleagues also proposed that a non-sterile aquaria
environment may offer an explanation as to why zebrafish models of type | interferonopathies have
been more successful at recapitulating phenotypes over rodent models, which are commonly placed
in sterile, pathogen free environments (Rutherford et al., 2020).

One aspect of the immune system not translated from humans to the developing zebrafish is the
adaptive immune system, which needs to be taken into consideration when characterising AGS. The
innate immune system is detectable and active in zebrafish embryos from 1 dpf, whilst the adaptive
is only morphologically and functionally mature from 4-6 weeks post fertilisation (Herbomel et al.,
1999; Herbomel et al., 2001; Lam et al., 2004). Therefore, all characterisation of the samhd1423/423
model was performed based on the response of an exclusively innate immune system. The antiviral
type | IFN response generated by mutations in the AGS causing genes are most likely initiated by
the innate immune system. However, the type | IFN producing cells in AGS within the periphery have
been poorly described in the literature, whilst the type | IFN produced within the CSF has been
suggested to be largely attributed to astrocytes (Cuadrado et al., 2013). Irrespective of the cells
producing type | IFN, specific adaptive immune responses have been identified in the disease. For
example, the presence of auto-antibodies in AGS patient brain tissue. It is unknown whether these
auto-antibodies play a causal role in disease pathology, or have a role in the more general process
of the immune dysregulation found across the disease (Cuadrado et al., 2015b). Moreover,
lymphocytosis within the CSF is a common diagnostic feature for AGS, and the resulting lymphocytes
have been shown to exhibit an upregulation in a proteolytic enzyme cathepsin D, which has been
identified as a myelin-degrading protease and may contribute to the generation of white matter
disease found in AGS patients (Cuadrado et al., 2013; lzzotti et al., 2009). Therefore, through
modelling AGS in zebrafish, we are missing a proportion of the combined immune response, thus
not completely mimicking the human condition.

There are advantages and disadvantages between modelling AGS in older and younger zebrafish
(i.e. juveniles versus embryos/larvae). The main advantage of the older ages is the presence of a full
immune system, whist one advantage of the younger ages is using a more pathologically relevant
time period for AGS, to more accurately mimic the development of symptoms. As previously
highlighted, a large proportion of AGS patients develop symptoms prenatally, or within the first few
months of life (Crow et al., 2015). Moreover, modelling AGS at earlier time points may be a more
effective way to identify AGS phenotypes, prior to any regenerative capabilities of the zebrafish
reversing existing phenotypes. We hypothesised this may have occurred following the locomotion
studies in the samhd142%423 model. A significant motor deficit was observed at 4 dpf, which was
quickly resolved by 5 dpf, indicating an intrinsic rescue mechanism present in the zebrafish. To
confirm this effect, a future experiment would include attempting to phenocopy the other neurological
effects, such as microcephaly and brain cell death in 5 dpf larvae to determine whether these
phenotypes persist in the older animals. The regenerative capabilities of zebrafish larvae has already

been demonstrated in zebrafish models of ICH, whereby loss of motility is improved from three days
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post injury, suggesting effective recovery processes are responding to brain cell death following ICH,
and we may be observing a similar mechanism with the samhd142%423 model (Crilly et al., 2018).

The identification of neurological phenotypes in the samhd142%423 strain demonstrated the
effectiveness of the model at recapitulating clinically relevant AGS phenotypes and also provides
exciting new avenues for future study. As this thesis focussed mainly on broad characterisation of
the samhd142%423 model, we were unable to identify mechanisms by which these neurological
phenotypes manifested. As such, future studies would involve utilising various transgenic reporter
lines to understand the cell types involved in the formation of these phenotypes. For example, the
Tg(ifnphil:mCherry) reporter line, previously discussed in chapter 3, should be crossed onto the
samhd142%423Jine to identify the number and location of ifnphil positive cells, to determine whether
a higher concentration of cells are observed within the CNS compared to the periphery (Kasher et
al., 2015; Palha et al., 2013). The ifnphil positive cells could be FACS sorted, followed by analysis
of their mRNA expression profile, by using specific cell markers, allowing the identity of the main cell
types involved in type | IFN production to be determined, as previously performed using the
Tg(ifphil:mCherry) line infected with chikungunya virus (Palha et al., 2013). Moreover, it would be
useful to co-stain TUNEL (which identified enhanced brain cell death) with brain cell specific markers,
to identify the exact cell types affected. Similarly, the TUNEL stain should be co-stained with the znp-
1 antibody, to elucidate whether the cause of the motor deficits in the samhd122%223 model is due to

enhanced motor neuron death.

The presence of classical AGS phenotypes, and subtle subtype specific phenotypes found in the
samhd1423423 |ine, presents zebrafish as an advantageous alternative to AGS disease modelling in
rodents. Alternatively, zebrafish modelling could be utilised in conjunction with the more recent CNS
specific conditional knock-out rodent models which have been generated, and have been found to
present with similar neurological phenotypes as AGS patients (Aditi et al., 2021).

We suggest that the additional AGS sub-types could also be modelled in zebrafish. An adarl MO
model was used alongside the samhdl MO model, and produced similar phenotypes, with regards
to ISG expression and developmental delay (Kasher et al., 2015). Therefore, we hypothesise that a
stable adarl mutant should be generated, alongside a gain of function ifihl model (a loss of function

model exists, but was not used to model AGS7) (Rajshekar et al., 2018).

There were a number of limitations associated with the generation and characterisation of the
samhd1423423 model. Firstly, we were unable to confirm that knock-down of samhdl following
CRISPR-Cas9 equated to a loss in protein levels, due to the lack of a reliable antibody. Therefore,
we had to make an assumption that a significant loss in gene expression would also lead to a
reduction in protein production. This may in part be confirmed by the presence of AGS specific
phenotypes in the samhd142%223 model which does suggest a link to loss of samhdl function.
However, it should also be confirmed that a mutation in samhd1 is the reason behind the phenotypes
observed, which could be achieved by injecting full length samhd1 mRNA into fertilised samhd142%423

eggs to determine whether the phenotypes are rescued. Additionally, the uncertainty regarding
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picornavirus infection within the aquaria is another limitation, as an infection could mask the true
effect of the samhd1423423 model, when compared to WT fish that are also infected with a virus. Care
should be taken in the future to establish ISG expressions between bleached and non-bleached

larvae to determine any differences.

6.3 The role of samhdl1 in cerebrovascular disease

The literature suggests that AGS5 patients suffer from cerebrovascular disease because SAMHD1
possesses an as yet undescribed role relating to neurovascular stability, distinct from the established
dNTPase activity of SAMHD1 (Ramesh et al., 2010). We attempted to elucidate this role in the
samhd1423423 model, however, this proved challenging as the fish possessed only a subtle
cerebrovascular disease phenotype, with a small percentage demonstrating a spontaneous
ischaemic or haemorrhagic stroke phenotype under baseline conditions. However, the samhd1425423
embryos did possess an increased susceptibility to brain haemorrhaging upon low dose ATV
treatment. As discussed in previous chapters, ATV results in ICH by causing cerebrovascular
weakness through the actions of reduced cholesterol on the structural components of the
endothelium, leading to vessel weakness and rupture (Eisa-Beygi et al., 2013). The findings that
samhd1423423 embryos were more susceptible to the vessel rupture indicated a pre-existing
cerebrovascular weakness, prior to the addition of ATV. Due to the mechanism by which ATV exerts
its effects, we hypothesised the weakness observed in the samhd142%423 embryos was a result of a
cholesterol dysregulation, alluding to a functional role of samhd1 within the cholesterol biosynthesis
pathway. Such a link would also fit with the presence of both ischaemic and haemorrhagic stroke in
AGSS5 patients, as both high and low cholesterol are risk factors for both stroke sub-types within the
general population (Prospective Studies et al., 2007). Analysis of cholesterol biosynthesis gene
expression revealed a downregulation in samhd142%423 |arval heads, furthering our hypothesis of

samhd1l involvement with cholesterol.

However, we then suspected a different relationship may have confounded this result. Over recent
years, an immune-cholesterol axis has been established, with particular focus on the interaction
between type | IFN signalling and intracellular cholesterol, as an antiviral response mechanism.
Therefore, this suggested that what we observed in the samhd142¥423 model, may not be specifically
attributed to samhdl, rather a general type | IFN effect. This was reinforced by clinical studies
observing a reduction in total cholesterol and other lipid fractions following IFN treatment for a
number of different conditions, including cancer, HCV and MS (Borden et al., 1990; Coppola et al.,
2006; Shinohara et al., 1997). RNA sequencing data of whole blood from AGS1-7 patients confirmed
that cholesterol dysregulation was not a SAMHD1 specific event, as a significant upregulation of a
number of cholesterol biosynthesis genes was identified across all sub-types (excluding TREX1
patients). This finding was interesting, and opposed our original hypothesis, from a directional
perspective at least. However, there is one key difference between the results obtained in this study

and the IFN treatment studies. As previously mentioned, we measured cholesterol biosynthesis gene
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expression in whole blood, whilst the other studies measured cholesterol and other lipids fractions at
the lipid level, to more accurately determine the concentrations of cholesterol within the plasma.
Gene expression does not necessarily equate to lipid levels, therefore, we are unable to make full
comparisons between the studies. However, we have suggested that the discrepancies observed
within cholesterol upregulation (patient blood) and downregulation (zebrafish model) may be
accounted for by a negative feedback loop in AGS patients. Due to the chronic activation of the type
I IFN pathway in AGS patients, there may be a mechanism to override the consistent downregulation
of de novo cholesterol biosynthesis. This could include suppression of particular 1ISGs, such as
CH25H, by the actions of ATF3 (Gold et al.,, 2012). CH25H encodes the enzyme responsible
generating 25HC, the oxysterol that acts to specifically reduce de novo cholesterol biosynthesis as

an antiviral mechanism.

Therefore, we believe that the RNA sequencing data set should be more widely utilised in future
studies to look more in depth at interactions between other pathways affected by excessive type |
IFN production. It would also be interesting to compare gene expression between chronic type | IFN
exposure, and more acute exposure, as occurs following viral infection. This would further help to
elucidate feedback mechanisms that may be in place depending on the exposure time for type | IFN.
One caveat with this data set was the lack of additional information regarding the AGS patients. Most
importantly, we did not possess knowledge of external factors that may contribute to cholesterol
dysregulation at the genetic level, for example any drug treatment which could interfere with
cholesterol biosynthesis.

Moreover, in the future, it would be useful to measure cholesterol and other lipid concentrations in
both the periphery and the CSF. This would be to first determine the relationship between cholesterol
biosynthesis gene expression and total cholesterol concentrations. Secondly, we hypothesise that a
cholesterol dysregulation is also apparent within the CSF, as a result of the CSF being the primary
site of type | IFN production in AGS patients (Lodi et al., 2021). As brain cholesterol is synthesised
locally, peripheral samples do not directly indicate the levels within the brain and CNS, thus separate
measurements should be produced (Bjorkhem and Meaney, 2004). However, this is not to discredit
the usefulness of peripheral measurements, which are much easier to obtain than CSF. The literature
has previously identified direct correlative relationships between plasma cholesterol levels and stroke
(both ischaemic and haemorrhagic). Moreover, there are associations between increased plasma
LDL levels, resulting in intracranial calcifications, and also dysregulated cholesterol homeostasis
leading to chronic neurodegenerative disorders (Vance, 2012; Yao et al., 2020). Therefore, by
identifying this novel dysregulation of cholesterol biosynthesis genes, it could lead to greater
understanding regarding a number of the more common classical symptoms found in AGS, such as
intracranial calcifications, white matter disease and brain atrophy, where cholesterol may be a key
contributing factor (La Piana et al., 2016).

Limitations associated with chapter 4 are similar to those discussed regarding chapter 3. Additionally,
the identification of cerebrovascular abnormalities could be greatly improved, as described in chapter

4. Technical limitations made it difficult to identify any gross structural issues within the
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cerebrovasculature. Given the subtle nature of a number of phenotypes observed in the
samhd1423423 model, there is a chance that any subtle differences between the WT and samhd142%423
vessels were missed. Thus, this experiment should be revisited again following future optimisation
of the imaging techniques, to more accurately depict abnormalities within the cerebrovasculature.
Moreover, time also limited further evaluation of the cholesterol dysregulation identified in the
samhd1223423 model. As discussed, cholesterol biosynthesis gene expression was measured in
larval brains, and it would have been useful to also measure cholesterol lipid levels within the larval
brains to further support the hypothesis regarding cerebrovascular weakness as a result of reduced
cholesterol. We have also discussed the need to measure cholesterol levels in AGS patients,
following the finding of cholesterol biosynthesis dysregulation in whole blood, which may improve our
understanding of the disease pathology.

6.4 Type | IFN and cholesterol relationship within the brain endothelium

The immune-cholesterol axis previously described, has been identified in a number of different
immune cells and other cell types, highlighting the ability of type I IFN signalling to directly alter
intracellular cholesterol, as an antiviral response (Lee and Bensinger, 2022; York et al., 2015; Zhou
et al., 2020). This has been shown to occur predominantly through the actions of CH25H/25HC
(Abrams et al., 2020; Cyster et al., 2014; Liu et al., 2013; Liu et al., 2018a). One cell type where this
response had not been elucidated was in brain endothelial cells, leading us to investigate the effect
of type I IFN on intracellular cholesterol, and the downstream effect on brain endothelial cell function,
which we aimed to relate to cerebrovascular disease.

Whilst IFNB treatment in brain endothelial cells highlighted the ability of the endothelium to respond
to type I IFN by upregulating a number of ISGs, there was no effect on cholesterol biosynthesis gene
expression. This suggested the presence of cell type specific effects, whereby the levels of 25HC
produced by CH25H were not sufficient to reduce cholesterol biosynthesis gene expression in brain
endothelial cells. As a result, we focussed on direct 25HC treatment in brain endothelial cells, which
we hypothesised would represent a paracrine signalling factor produced downstream of type | IFN.
This is more likely to mimic the situation in vivo, as immune cells are capable of secreting 25HC

which then act on neighbouring cells (Blanc et al., 2013).

25HC treatment on brain endothelial cells correlated with 25HC treatment in other cell types that
highlighted a significant reduction in cholesterol biosynthesis gene expression, coupled with a loss
of free cholesterol from the plasma membrane (Abrams et al., 2020; Liu et al., 2018a; Zhou et al.,
2020). As described previously, there are other important mechanisms by which 25HC exerts its
effects, and thus should also be established in future studies, to determine the full effect of 25HC in
brain endothelial cells. These include measuring levels of the precursor and mature SREBP2 protein,
as both forms have been shown to be reduced following 25HC treatment. Moreover, the protein
levels of HMGCR and other enzymes involved in cholesterol biosynthesis should be established,
given the role 25HC plays in facilitating proteasomal degradation of HMGCR (Liu et al., 2018a; Wen
et al., 2018).
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We proposed that the protection against SLO induced cell in 25HC treated cells was a result of the
loss of free unesterified cholesterol within the plasma membrane of brain endothelial cells. We
hypothesised that this loss of membrane cholesterol was responsible for a reduction in cell migration,
subsequently rescued upon the addition of exogenous cholesterol administration (Kumar et al.,
2018). We also suggest intracellular cholesterol dysregulation may be responsible for altering other
functional properties of brain endothelial cells, such as tube formation and shear stress, which future
experiments will determine. Moreover, the alteration to membrane cholesterol has allowed us to

propose a potential mechanism for the development of ICH.

A small number of viral infections have been associated with an increased ICH risk (VZV, HSV, HCV
and HIV) (Behrouz et al., 2016; Hauer et al., 2019; Nagel and Gilden, 2014; Nagel et al., 2010; Tseng
et al., 2015). Recent preliminary studies now also indicate a potential association with COVID-19
and risks of ICH (Varatharaj et al., 2020; H. Wang et al., 2020). The resulting mechanism behind
infection leading to vessel rupture remains poorly understood, but has been suggested to occur due
to infection of the cerebrovasculature causing inflammation of the endothelium and vasculopathy. As
described in chapter 5, this manifests as a weakness of the cerebrovasculature, making it more
susceptible to rupturing (Nagel et al., 2010). It has been proposed that a number of cytokines
(including IFN-y), chemokines and proteases all released as a result of the inflammation can reduce
cerebrovascular integrity, as observed in HSV patients (Hauer et al., 2019; Kamei et al., 2009). We
suggest that following infection, IFNs (type | and Il) are produced and initiate the downstream
transcription of CH25H, which acts to generate 25HC. If viruses are directly infecting the
cerebrovasculature, then 25HC may exert effects on the brain endothelium to try and prevent viral
entry and replication. As we hypothesised that 25HC reduces free cholesterol from the plasma
membrane, this could act to weaken the structural integrity of the endothelium, and when coupled
with additional inflammatory insults targeting the endothelium, may result in vessel rupture. Indeed,
we hypothesise that the sole actions of 25HC on the plasma membrane are not sufficient to cause
ICH, as this would suggest a much larger proportion of the public would suffer from ICH following
viral infection than has been identified. However, when coupled with additional risk factors and/or co-
morbidities (such as hypertension), this could create the ideal environment for vessel rupture and
the generation of an ICH.

Moreover, this may provide additional links with another risk factor for ICH: hypocholesterolaemia. A
reduction in serum cholesterol and corresponding lipids has been associated with increased ICH risk
(Phuah et al., 2016; Valappil et al., 2012; Wang et al., 2013). Hypocholesterolaemia can occur due
to a plethora of reasons (Olsson et al., 2017), however of greatest interest to us is a systemic
inflammatory event prior to the generation of the ICH (Phuah et al., 2016). However, as with AGS
patient data, we cannot confirm that a reduction in plasma cholesterol equates to the cholesterol
levels within the brain. Nevertheless, direct correlations have been established between these

measurable cholesterol levels, and the onset of ICH.

The mechanisms that explain how hypocholesterolaemia can cause ICH are not well understand,

but have been hypothesised to relate to the important structural role cholesterol plays within the
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plasma membrane of the endothelium (Valappil et al., 2012). We hypothesise this would work
mechanistically in a similar way as to how ATV causes ICH in zebrafish embryos (Eisa-Beygi et al.,
2013). Alternatively, if hypocholesterolaemia occurs as a result of viral infection, then we propose
the 25HC driven mechanism described above could effectively result in ICH, similarly based on the

structural integrity of the plasma membrane.

The link between viral infections and hypocholesterolaemia is yet to be fully explored, and as
aforementioned, we believe vessel weakness itself is not capable of directly causing a haemorrhagic
event. Hypertension was present in >80% of hypocholesterolamic patients who went on to develop
an ICH, and is also commonly identified in HIV patients, thus may provide an additional risk factor
necessary to generate a vessel rupture (Fahme et al., 2018; Phuah et al., 2016; Wang et al., 2013).
A weakened cerebrovasculature, coupled with increased blood pressure, could produce the right
environment to result in ICH. Understandably, research into hypocholesterolaemia and viral
infections as risk factors for ICH are in their infancy, hence there are a large number of unanswered
questions and hypotheses which need to be addressed. As such, it would be useful for future clinical
ICH studies to obtain information on cholesterol levels of the patient, and also establish any recent
infection, similar to what was described in a study that identified an increased risk of ICH 24 h

following flu-like disease or fever (van Etten et al., 2021).

The primary limitation associated with the in vitro experimentation in Chapter 5 was the concentration
of 25HC used to treat the brain endothelial cells. Whilst 5 uM has commonly been implemented in
the literature, other studies argue that using supraphysiological concentrations is not an accurate
representation of the in vivo environment (Robertson and Ghazal, 2016). Additionally, 25HC may
have altering pro or anti-inflammatory effects, depending on the dosage used (Zhao et al., 2020).
We suggested that the high concentrations may provide an explanation for why the cholesterol
rescue experiment was not successful following the SLO assay. As a result, lower concentrations

are currently being tested in the lab, as discussed in chapter 5.

Moreover, we have suggested that the SLO assay revealed a reduction in free cholesterol within the
plasma membrane of 25HC treated cells, and upon cholesterol supplementation (for both the SLO
assay and cell migration assays) it would have been useful to have fluorescently tagged the
exogenous cholesterol, to observe its location within the cell, to confirm that cholesterol entered the
plasma membrane. Additionally, a more specific technique should have been utilised to measure the
cholesterol fractions within the cell. The results obtained were largely variable, and we did not use a
method sensitive enough to directly measure free cholesterol specifically from the plasma
membrane, thus the SLO assay was utilised as an indirect measure of the free membrane
cholesterol. It would also be important to confirm that 25HC reduces free cholesterol, and also
increases cholesterol esters, via the actions of ACAT. These actions of ACAT were not established
in the brain endothelial cells, but we had anticipated that the enzyme was responsible for converting
free cholesterol into cholesterol esters, as had been identified in other cell types (Abrams et al., 2020;
Zang et al., 2020). Therefore, it is apparent that a number of these limitations throughout chapter 5

were based on making assumptions that brain endothelial cells would act in a similar manner to other
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cell types previously described in the literature, and it is necessary to confirm the mechanism by
which 25HC exerts its effects within brain endothelial cells specifically, as they could differ between

cell types.

6.5 Future directions

With regards to the samhd142%423 model, we have attempted to thoroughly characterise the presence
of clinically relevant phenotypes. However, we have not elucidated the mechanism by which these
phenotypes arise, and as discussed, for future studies, we aim to utilise a number of cell-specific
transgenic reporter lines to try and understand the cell types involved in the generation of these
phenotypes, and whether this correlates with AGS patients. Excessive type | IFN production within
the CNS has long been proposed to be responsible for the neurological phenotypes found in AGS,
corroborated by rodents treated with IFN within the CSF which generated similar neurological
manifestations as found in AGS patients (Akwa et al., 1998; Campbell et al., 1999). However, a
recent brain specific conditional knock-out of the Rnaseh2 gene in mice proposed that DNA damage
may explain the presence of the neurological phenotypes (Aditi et al., 2021). Furthermore, we
suggest the samhd142¥%223 model can also be used to determine the cause of the neurological
phenotypes, by crossing the line onto a ifnphil-3 knockout, which has recently been obtained from

Dr Jean-Pierre Levraud’s research group.

Moreover, we anticipate that due to the presence of neurological phenotypes in the samhd1423/423
model, multiple drug screens can be performed, with phenotypic rescue as a favourable outcome.
Whilst ruxolitinib was not successful at preventing microcephaly, or brain cell death, there are other
drugs, such as RTIs, which have been found to be effective in a small clinical trial involving AGS
patients that could be tested in the samhd1223423 model (Rice et al., 2018).

The in vitro aspect of the project researching the immune-cholesterol axis in brain endothelial cells
is largely ongoing, and as such there are a number of exciting experiments in the pipeline which will
hopefully increase our understanding of the relationship between type | IFN and intracellular
cholesterol within brain endothelial cells. As alluded to, we have shown that through the actions of
25HC, a reduction in cholesterol biosynthesis expression and also a reduction in free cholesterol in
the plasma membrane is observed. This reduction in free cholesterol has been shown to alter the
functional properties of brain endothelial cells, by reducing cell migration, an essential part of
angiogenesis. We also hypothesise that this reduction in cholesterol may affect further properties,
such as tube formation, and how the cells respond to shear stress. If shown that these properties are
affected by 25HC treatment, and rescued upon the addition of exogenous cholesterol, it would be a
novel discovery, and highlight the importance of intracellular cholesterol homeostasis within brain
endothelial cells, in particular within the plasma membrane. This may also lend previously unknown
insight into a potential mechanism for the generation of ICH following viral infection,

hypocholesterolaemia, and also AGS5, as previously described.
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Further characterisation is also required to accurately measure the different intracellular lipid
fractions, which was not successfully determined previously. Gas chromatography- mass
spectrometry has previously been used to specifically measure total cholesterol and plasma
membrane cholesterol levels previously, and could be utilised in the future (Zhou et al., 2020).
Moreover, the brain endothelial cells should be imaged and the effect of 25HC treatment on the
formation of adheren junctions, which contribute towards endothelial integrity can be determined, as
has been identified in HUVEC cells overexpressing SQLE (Tan et al., 2020). Together this will help
increase understanding of the intracellular lipid composition and how it affects the structural

properties of brain endothelial cells.

Additionally, future studies should include experimentation in a transwell, co-culture system of brain
endothelial cells and immune cells, as have been utilised in other studies (Noonan et al., 2019). This
would more accurately depict an in vivo environment, allowing for the complex interplay between
immune cell stimulation with a virus, and the downstream type | IFN response on brain endothelial
cells to be established. Importantly, it would help to determine the physiological concentrations of

25HC produced from the immune cells, and the resulting effects on brain endothelial cells.

Aside from in vitro studies, in vivo work should also be implemented to increase understanding of
hypocholesterolaemia, viral infections and ICH. One avenue of this PhD project which was halted
due to COVID-19, was the effect of hypocholesterolamia on haematoma volumes. Mice lacking the
enzyme proprotein convertase subtilisin/kenin type 9 (PCSK9) possess a significant reduction in
circulating lipoproteins and plasma cholesterol levels. PCSK9 acts to enhance degradation of LDL
receptors (LDLR) on cell surfaces, and upon mutation, increased LDLR presence leads to increased
clearance of the lipoproteins and cholesterol, reducing lipid levels in the plasma (Rashid et al., 2005).
We hypothesised that Pcsk9” mice would produce higher haematoma volumes with low dose
collagenase injection, due to increased fragility of the cerebrovasculature. However, whilst we were
unable to answer this question, another group performed a similar study, and observed no difference
in haematoma volume (Schlunk et al., 2020). Understandably, collagenase injection is not an
accurate representation of ICH generation in patients. Therefore, we propose crossing Pcsk9- mice
with a hypertensive strain, and using MRI imaging to determine the presence of spontaneous
haemorrhages within the cerebrovasculature. Moreover, a similar method could be implemented
whereby hypertensive mice could be infected with a virus, to see if similar effects are observed, which

would indicate a similar mechanism of action.

6.6 Conclusion

In conclusion, a new pre-clinical model of AGS5 in zebrafish larvae validated the use of zebrafish to
model type | interferonopathies more successfully than existing rodent pre-clinical models. Through
characterisation of the model, we identified a novel relationship between excessive type | IFN
signalling and cholesterol dysregulation in AGS patients, which lead to more general understanding
regarding the antiviral response from type | IFN signalling, cholesterol dysregulation and the

development of cerebrovascular disease in an in vitro setting. We have demonstrated that studying
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the cause of monogenic cerebrovascular disease, such as AGS5, can facilitate understanding of
more common forms of cerebrovascular disease, such as ICH associated with viral infections and

hypocholesterolaemia, which will help to direct future research and potential treatment strategies for
patients.
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Appendix 1

Translational stroke research article entitled:
‘A Multi-Model Pipeline for Translational Intracerebral Haemorrhage Research’

This review article discusses the existing pre-clinical models involved in ICH research, ranging from
in vitro systems, small mammalian models, zebrafish models, larger mammalian models and post-
mortem/ex vivo studies. We highlight the main advantages and disadvantages associated with each
model, and proposed a multi-model pipeline would be of great benefit to the ICH research community.
This pipeline should be multidirectional, allowing for both a feedforward and feedback loop to
determine the validity of new findings in multiple model systems. Moreover, the use of post-
mortem/ex vivo tissues have not been widely utilised, and we believe there is a large need for an
increase in studies using this precious clinically relevant source of material, which can also help to
direct future pre-clinical research, whilst maintaining clinical relevance. Overall, we hypothesise that
future collaboration and cross-talk between studies using different ICH models, may facilitate more
successful translation in the future, and increases the chances of producing a specific medical
treatment for ICH, which is currently lacking, and undoubtedly contributes to the high mortality rates

associated with ICH.
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Abstract

Apart from acute and chronic blood pressure lowering, we have no specific medications to prevent intracerebral haemorrhage
(ICH) or improve outcomes once bleeding has occurred. One reason for this may be related to particular limitations associated
with the current pre-clinical models of ICH, leading to a failure to translate into the clinic. It would seem that a breakdown in the
‘drug development pipeline’ currently exists for translational ICH research which needs to be urgently addressed. Here, we
review the most commonly used pre-clinical models of ICH and discuss their advantages and disadvantages in the context of
translational studies. We propose that to increase our chances of successfully identifying new therapeutics for ICH, a bi-
directional, 2- or 3-pronged approach using more than one model species/system could be useful for confirming key pre-
clinical observations. Furthermore, we highlight that post-mortem/ex-vivo ICH patient material is a precious and underused
resource which could play an essential role in the verification of experimental results prior to consideration for further clinical
investigation. Embracing multidisciplinary collaboration between pre-clinical and clinical ICH research groups will be essential
to ensure the success of this type of approach in the future.

Keywords Pre-clinical - Intracerebral haemorrhage - Disease models - Drug discovery

Introduction

Stroke is the second highest cause of death worldwide,
surpassed only by ischaemic heart disease [1]. The most devas-
tating sub-type of stroke, intracerebral haemorrhage (ICH), ac-
counts for 10-20% of all strokes in high-income countries,
whilst incidences increase in central and East Asia and sub-
Saharan Africa [2]. ICH has a mortality rate of 40% at 1-
month post-ictus, coupled with a higher loss of disability
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adjusted life years, exceeding that of ischaemic stroke despite
lower prevalence [1, 3]. Knowledge of the molecular pathophys-
iology surrounding haemorrhagic stroke has vastly increased in
recent years, with a plethora of reviews describing the primary
and secondary injury phases [4-9]. Key modifiable risk factors
for ICH are well recognised, and addressing these can reduce
incidence [3, 10-14]. There is still, however, a complete lack of
specific treatments available to improve outcomes following
ICH, despite many drugs showing efficacy in preclinical models
[18]. Therefore, ICH treatment is focussed on quick diagnosis
followed by reversal of anticoagulants, blood pressure manage-
ment and surgery in carefully selected patients as determined by
guidelines for the management of spontaneous ICH [15-18].
One reason for the current lack of specific treatments in ICH
may be due, in part, to specific limitations associated with the
most commonly used existing pre-clinical models of the disease,
including constraints related to generating spontaneous brain
haemorrhages, difficulties in observing brain pathologies in live
animals and sub-optimal experimental study design [19]. It
would seem, therefore, that a breakdown in the current ‘drug
development pipeline’ exists for [CH. As such, there is an urgent
requirement to rethink our strategies for translational ICH re-
search so that we can investigate new therapeutic avenues for
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future patient treatments, as highlighted in the Haemorrhagic
Stroke Academia Industry (HEADS) initiative [20].This review
reinforces some of the priorities raised by HEADS, and how
these may be implemented within preclinical ICH research, with
our main focus highlighting the need for a more efficient, multi-
directional pipeline. A more strategic approach to ensure the
most appropriate models/systems are selected for each phase
of the pre-clinical pipeline (such as studying the occurrence of
bleed/risk factors, injury responses or treatments) would be ben-
eficial (Fig. 1). To aid with this decision, the current pre-clinical
ICH models will be discussed, including their advantages, dis-
advantages (see Table 1) and how translational ICH research
may be potentially strengthened by adopting multiple models
in parallel and embracing multidisciplinary collaboration.

In Vitro Models

In vitro studies dominate the start of the pre-clinical pipeline,
where they are commonly used to complement the work from
in vivo studies, especially when a pharmacological agent is
being tested in rodents. The in vitro work can provide vital
information on the mechanism of action, and the effects of the
compound on a particular cell type, thus demonstrating the
advantages of drug screening in vitro [21-28]. Typically, pri-
mary cortical neurons, microglia, astrocyte, mixed glia cul-
tures or endothelial cell cultures are used to emulate the effects
of blood on various brain specific cells that are affected fol-
lowing ICH. This can be beneficial for characterising the sub-
sequent response to blood molecules in individual cell types,
but less useful for identifying interactions between different
brain resident cells. Further advantages of using cell-based

s

systems include the relative ease of genetic manipulation, by
using siRNA, gene editing, adenoviruses or plasmid transfec-
tions to knock down or over-express various anti- or pro-
inflammatory genes or receptors, thus enabling further char-
acterisation of the neuroinflammatory response in a relatively
small time period [23, 25-27, 29].

The most conventional approach to producing an in vitro
model of ICH is by stimulating the cells with a blood compo-
nent to mimic the effects of intraparenchymal haemorrhage on
brain resident cell types. The serine protease thrombin is acti-
vated during coagulation, and has been used to stimulate
microglial cultures to determine their response to transforming
growth factor 31 (TGF-31) [30]. Oxyhaemoglobin (oxyHb)
and haemoglobin (Hb) have been used to increase understand-
ing of less common cell death mechanisms, such as
necroptosis and ferroptosis [23, 24]. Furthermore, whole
blood from donor mice has been used with the aid of a porous
membrane insert to stimulate primary cortical neurons to al-
low observation of the full haemotoxic response, specifically
erythrocyte lysis and haemoglobin release [31]. However, the
most widely used method utilises haemin, the oxidised form
of haem, which upon erythrocyte lysis is released from
haemoglobin and has been shown to contribute to secondary
brain injury following ICH [21, 22, 24-29, 32-34].

One challenge associated with these in vitro models is
maintaining relevance to the complexity of the human condi-
tion. Following ICH, brain tissue is exposed to approximately
10 mM of haemin, whilst the concentrations used in vitro
rarely exceeds 100-uM haemin [29]. Furthermore, individual
cell types can exhibit differences in their sensitivity to haemin.
This may potentially confound downstream analyses, but
could also provide interesting insight into specific functions

L 4
Occurence of Development of injury Treatment
Bleed/Risk factors phase- Immune response
Zebrafish In vitro In vitro
Spontaneous rodent models Zebrafish Zebrafish

Surgical rodent models
Spontaneous rodent models
Large animals

Surgical rodent models
Spontaneous rodent models
Large animals

Ex-vivo
Post-mortem

Fig. 1 ICH timeline. This timeline represents the major factors which can
be studied in pre-clinical ICH models/systems. Mechanisms that underpin
ICH risk can be explored in spontaneous ICH models, such as hyperten-
sive rodents and zebrafish models. Secondary injury progression can be
readily observed in all the pre-clinical models, and observations can also
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be verified in patient tissue such as serum and post-mortem brains. Lastly,
potential treatments can be tested across all pre-clinical animal and cell
models, where novel candidate therapeutics could be identified through
high-throughput screens (e.g. in vitro, zebrafish) and subsequently veri-
fied in a mammalian system
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of particular cell types. For example, microglia are less vul-
nerable to haemin due to their ability to upregulate inducible
nitric oxide synthase and haem oxygenase-1 [33]. Goldstein
and colleagues hypothesised that in an intact central nervous
system (CNS), the toxicity propagated by haemin could be
dampened by endogenous antioxidants or other compounds
which are not present in these specific cultures, thereby allud-
ing to why such low concentrations of haemin has to be used
experimentally [34]. Moreover, only stimulating cells with
one blood component do not allow for the full effects of
haemotoxicity to be observed, and the time course by which
the brain resident cells become affected. Ultimately, simple
cell models cannot accurately portray the haematoma expan-
sion or many of the complex mechanisms of primary and
secondary injury, hence why they are so often performed
alongside in vivo rodent studies.

Small Mammalian Models

The most widely used animals for experimental ICH research
are rodents. Although rabbit models also exist, they are pre-
dominantly used for subarachnoid haemorrhage research, and
as such, will not be discussed here [35-38]. A PubMed as-
sessment of the literature using the search terms ‘intracerebral
haemorrhage in rats’ and ‘intracerebral haemorrhage in mice’
identified 497 studies published since 2015. These studies
could further be divided into two categories: those
characterising the pathophysiology of ICH (n=303); and
those evaluating candidate therapies (n = 194). Despite a large
number of the latter reporting beneficial effects, none of the
treatments have as yet translated successfully to the clinic.
Based on these observations, it would appear therefore that
the current translational pipeline is not working. The vast ma-
jority of rodent ICH models are non-spontaneous and involve
invasive techniques to generate a bleed, through stereotaxic
injection of autologous blood or collagenase, and thus do not
precisely mimic the human disease, as described below.

Autologous Blood Injection Model

The autologous blood injection model was developed as a
controllable and reproducible animal model of ICH, and has
undergone many cycles of optimisation since its introduction
in 1984. Previously, Ropper et al. had used arterial blood from
a donor rat injected into the right caudate nucleus of a recipient
rat in order to observe differences in regional blood flow [39].
The use of donor blood quickly became obsolete, leading to
the advent of autologous blood taken from the femoral artery
before injection into the caudate nucleus [40]. Currently, the
most successful model involves a stereotactic injection of au-
tologous blood at two stages into the caudate nucleus. This
double injection, first implemented in 1996, was used to allow
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a small amount of blood to clot, in order to prevent backflow
along the needle track, enabling the remaining volume of
blood to emulate the haematoma [41]. Following its success
in rats, the model has also been implemented for use in mice,
where similar effects have been elicited [42—44].

This model is useful at recapitulating a single bleed, which
is easily reproducible, and mimics many of the key traits ob-
served in the human condition, such as mass effect, brain
oedema, neurological deficits and neuroinflammation [42,
43, 45, 46]. The neuroinflammatory response includes innate
immune cell infiltration, activation of brain resident immune
cells, oxidative DNA damage and pro-inflammatory cytokine
release, all of which have been identified as potential thera-
peutic targets [43]. However, the autologous blood model
lacks the spontaneous nature of haemorrhage, and cannot be
used to research haematoma expansion, which is present in 1/
3 of patients during the first 24-h post-ictus [7]. Therefore, the
primary use of the autologous blood model is to investigate
the direct effects of haemotoxicity on the brain.

Collagenase Injection

The collagenase model is the most commonly employed tech-
nique for inducing ICH in rodents. This involves the injection
of collagenase, a metalloproteinase that degrades interstitial
and basement membrane collagen, into the brain via stereo-
tactic injection [47]. Collagenase causes disruption of the bas-
al lamina of the desired cerebral arteries, resulting in blood
leaking through the vessels, first achieved in rats by
Rosenberg and colleagues in 1990 [47]. Bleeding was ob-
served from 10-min post-injection, with the haematoma vol-
ume correlating to the concentration of collagenase used.
Various alterations to this model can be made depending on
the research question. For example, different brain locations
can be injected, although the most commonly used is the right
basal ganglia, which reflects the high proportion (35-70%) of
patients who develop a ‘deep’ bleed [48, 49].

As with the autologous blood injection, there are caveats
associated with the collagenase model, primarily revolving
around the potential neuroinflammatory properties of the en-
zyme [50, 51]. However, in vitro studies have demonstrated
that collagenase alone does not activate microglia, alter pros-
taglandin E2 production or induce apoptosis [51, 52].
Furthermore, in comparison to the autologous blood model,
there is not an increased neuro-immune response attributed to
collagenase, as both models display comparable temporal pat-
terns of inflammation [52, 53]. Another disadvantage with the
collagenase model is the difficulty in obtaining a relevant
sham. Current practice uses a sham model where saline is
injected into the brain [54]. However, one could argue that a
better sham would be through injection of inactivated colla-
genase into the brain, thus controlling for potential
collagenase-induced inflammation.
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Comparative studies between the autologous blood and
collagenase model have several key findings. The collagenase
injection produces a greater primary injury, most likely attrib-
uted to the haematoma expansion which can occur in this
model. Interestingly, despite autologous blood generating a
more concentrated blood volume and greater initial mass ef-
fect, the collagenase model still induces more cell death, oe-
dema and inflammation [45, 55]. There is conflicting literature
regarding neurological impairment, which is suggested to be
more sustained in the collagenase model, thus rendering it
advantageous when observation of long-term deficits of ICH
is desirable [45]. Contrastingly, another group saw more long
-term motor impairments in the autologous blood model [55].
Ultimately, choice of model depends on the research question
being asked. However, the translational relevance of these
models has been called into question, thus reiterating the need
to develop less invasive and more spontaneous techniques, or
coupling these models with other experimental methods in an
attempt to more closely recapitulate human ICH [20].

Spontaneous Haemorrhage Models

Although less common, there are rodent models that haemor-
rhage spontaneously, thus negating the need for surgery, and
potentially mimicking the clinical risk factors of ICH more
closely. As such, these may be considered as more
translationally relevant pre-clinical models, although the loca-
tion of the bleed and haematoma size cannot be controlled and
are often inconsistent between animals, as opposed to the sur-
gically induced ICH models. The main models discussed in
this section represent major risk factors for ICH in patients:
hypertension, cerebral amyloid angiopathy (CAA) and cere-
bral small vessel disease (CSVD). The HEADS committee
also highlighted the need to develop models of modifiable
and non-modifiable risk factors, such as alcoholism and age-
ing to further understand how ICH can be prevented in these
populations, as there are relatively few papers which utilise
these risk factors [20, 56-63].

Hypertension

In the 1970s, Okamoto and Aoki generated the spontaneously
hypertensive stroke prone (SHRSP) rat model, associated with
cerebral lesions that encompassed a wide range of
microinfarcts, petechial haemorrhages and larger haemorrhages
in locations such as the cerebellum [64, 65]. Furthermore, after
the addition of a high salt diet or inhibitor of nitric oxide syn-
thase Nw-nitro-L-arginine methyl ester hydrochloride (L-
NAME), the SHRSP rats exhibited larger haemorrhagic events,
which were coupled with ischaemia in the L-NAME-treated
animals [66, 67]. Ahmad found that after L-NAME treatment,
angiotensin receptor antagonist delayed the onset of stroke,

thus identifying a potential pathway which may be implement-
ed in hypertension-induced stroke [67].

Following on from the SHRSP rats, Lida and colleagues
were the first group to engineer a model of spontaneous ICH
in hypertensive mice, where the location of the bleeds identi-
fied were similar to those found clinically, such as the brain
stem, cerebellum and basal ganglia [65]. Chronic hyperten-
sion was achieved by creating a double mutant, overexpress-
ing the human renin and angiotensinogen genes. The mutants
were also fed a high salt diet, coupled with L-NAME. A ca-
veat with this study was the survival rates of these mice, which
all died within 10 weeks, thereby preventing the ability to
observe full recovery following ICH.

The same group then modelled hypertension using a non-
transgenic approach by adding L-NAME to the drinking water
to induce chronic baseline hypertension, followed by infusion
of angiotensin II or norepinephrine to generate an acute hy-
pertensive spike, which was successful at inducing ICH in
similar clinical locations to their previous study [65, 68].
This spontaneous model has been valuable in increasing the
mechanistic understanding of hypertensive ICH, with partic-
ular focus on the role of superoxide and lysyl hydroxylase 3,
and how targeting these may act as an intervention to prevent
ICH in hypertensive populations [69, 70]. Furthermore,
RNAseq analysis from the cerebral vessels of this hyperten-
sive mouse model identified potential key biomarkers for
hypertension-induced ICH, including cancer-related path-
ways, mitochondrion and MHC II proteins, which may help
with ICH diagnosis, although these observations need to be
confirmed in hypertensive ICH patients [71].

CAA

Rodent models of CAA differ predominantly in the mutated
region of the amyloid precursor protein (APP) gene, but they
all develop amyloid deposits that bind to the blood vessels and
disrupt neurovascular integrity. CAA is a large risk factor for
ICH patients above 70 years old; therefore, to mimic the clinical
scenario, older animals are utilised in these studies. [14,
20].Winkler et al. were the first group to show that mutations
in APP23 mice overexpressing APP,s; with the Swedish double
mutation (K670N/M671L) under the control of a neuron-
specific-Thy-1 promoter, exhibited evidence of brain haemor-
rhage in 27-month old mice [72]. The haemorrhage sites corre-
lated with the CAA vessels, providing rationale for CAA being
the driving force behind vessel rupture and bleeds in these trans-
genic mice. Similarly, a Dutch mutation mouse (E693Q) was
generated in the same way, also using APP;s;. These mice
exhibited haemorrhages at 29 months, although the location
and frequency of bleeds were not described [73]. Following
on from this, a Swedish, Dutch and Iowa (D694N) triple-
mutant A3PP-;9 mouse was produced, also developing
microbleeds [74]. Whilst the frequency of these bleeds was
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low, this could be due to the mice being sacrificed at 12 months,
and so with a longer life span, it is possible that occurrence of
bleeds would have increased. Another study using the Swedish
double mutation highlighted the significant increase in the num-
ber of microbleeds between 15- and 24-month old mice, further
reiterating the need to prolong experimentation when using
these models [75].

Some groups have explored the combination of CAA mice
and hypertension, which illustrates the importance of investi-
gating multiple risk factors for ICH together, as a patient will
often present with a number of comorbidities which can work
synergistically to cause a bleed. Over-expression of APPgos
with the Swedish mutation replicated Alzheimer’s pathology,
whilst L-NAME treatment and a brief angiotensin II infusion
created chronic hypertension. Subsequently, transient acute
hypertension was generated by daily doses of angiotensin II.
The resulting hypertensive CAA mice had an increased sus-
ceptibility to spontaneous ICH at 15 months old [76]. Whilst
this is very successful at producing an all-encompassing spon-
taneous model, major caveats are associated with increased
technical demand of generating sufficient hypertension,
coupled with the prolonged study time.

Col4a1

Collagen type IV is an integral part of the basement mem-
brane, and is pivotal in providing structural support to tissues.
Mutations in the isoform COL4AI have been identified in
CSVD, haemorrhagic stroke (particularly in younger individ-
uals), familial porencephaly and aneurysm formation of the
carotid artery [77]. Newborn mice with mutations in Col4al/
a2 also exhibit haemorrhage phenotypes. Similarly, older
mice experience structural defects in large calibre arteries, as
observed in the descending aortae, where focal separation of
the endothelium from the media altered the vascular smooth
muscle and endothelial cell function. It is hypothesised this
may also occur in other large calibre arteries such as the ca-
rotid, and may provide rationale for the increased likelihood of
ICH in these animals [77]. Another group recreated different
Cola4al/a2 mutations in mice to understand the genetics and
mechanisms that can lead to bleeding, in the hope to improve
patient prognosis and treatment for the specific mutations
[78]. They also identified several modifiable risk factors
which may increase the risk of developing an ICH in this
population, such as anticoagulant treatment, acute exercise
and vaginal delivery at birth, although these factors would
need to be considered on an individual basis, rather than a
blanket statement for all COL4AI patients [78]. Recently, a
Col4al mutant mouse model has been used to mimic deep
spontaneous haemorrhages which can occur in patients [79].
A novel segment (transitional segment) was identified be-
tween arterioles and capillaries which was hypermuscularised
in the mutant mice, thought to play a role in the development
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of ICH due to subsequent increased intravascular pressure in
the upstream feeding arteriole. This study also utilised post-
mortem (PM) brain tissue from deep ICH fatalities to corrob-
orate the mouse data. Therefore, this study is a prime example
of how using different systems (i.e., mouse models + PM
material) can increase confidence in the translational rele-
vance of pre-clinical discoveries.

Despite poor clinical translation in terms of new treatments,
the usefulness of both surgical and spontancous ICH models
cannot be disputed, as they have proven vital in studying the
multi-faceted effects of ICH within a whole organism. Rodent
ICH models have provided the ability to investigate the effects
of neurotoxic insults from blood, the infiltrating immune re-
sponse, neurological deficits and behavioural alterations.
However, with the autologous blood and collagenase model,
the surgical procedures required to do this are highly invasive
and have limitations on how well they truly mimic the clinical
scenario. Indeed, the side effects relating to the stress associ-
ated with anaesthesia and surgery will undoubtedly confound
some aspects of downstream outcome analysis. Moreover, in
the past, a disadvantage of rodent models was the presence of
the mammalian skull preventing observation of the patho-
physiology in real time. However, now various imaging tech-
niques can be implemented such as MRI, PET and laser-
speckle. Whilst MRI is commonly used following ICH-
induced surgery to view haematoma expansion and/or resolu-
tion, and laser speckle to characterise the dynamic changes in
blood flow, they are not utilised in identifying bleeds in spon-
taneous models [55, 80-84]. This is especially apparent in the
long-term studies associated with CA A, where the brain is not
observed until the animal is 2-3 years old. Prussian blue stain-
ing of hemosiderin in the brain is the sole marker used for
identifying cerebral bleeds, so the timing of the vessel rupture
is largely unknown [72—75]. Furthermore, spontaneous
models are rarely used for drug testing, which would be useful
to find preventative treatments, or to alleviate symptoms fol-
lowing a bleed, especially as a large proportion of ICH pa-
tients suffer from the risk factors modelled in these animals.

Zebrafish Models

Some of the limitations associated with the in vitro and rodent
models can be compensated for by the emerging use of
zebrafish (Danio rerio) models, which can be thought of as
an intermediate between in vitro and higher order in vivo sys-
tems. Zebrafish possess many benefits as an in vivo model,
such as rapid development, transparency of embryos and lar-
vae, non-invasive in vivo imaging and ease of genetic manip-
ulation [85]. Furthermore, as a vertebrate species, the
zebrafish genome shares ~70% homology with humans thus
making them an advantageous system to complement mam-
malian models [86]. We recognise that zebrafish larvae are
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developing animals, and different disease mechanisms may
exist in comparison to adult humans. However, we have
shown that key characteristics associated with the pathological
response to blood in the brain are apparently conserved be-
tween young fish and adult humans, suggesting they can be
reliably used to model aspects of ICH [87, 88].

In terms of ICH, one of the primary benefits of using
zebrafish larvae is that the haemorrhage is produced in a
non-invasive manner, thus arguably mimicking the spontane-
ous nature of human ICH more closely than the surgical ro-
dent models. Several different genetically modified lines exist
where haemorrhages are established in this way, whilst chem-
ical induction is another common approach for inducing a
brain bleed. There are 2 primary mechanisms by which a
bleed can be induced: blood brain barrier (BBB) defects and
weakness in the developing blood vessels. With the former,
mutations in notch3, a regulator in brain pericyte proliferation
can result in impaired BBB function and increased frequency
of brain haemorrhages [89]. As such, this model may also be
useful for studying aspects of CSVD.

Nascent cranial vessel weakness is induced by targeting
components important in the stabilisation and development
of the cerebrovasculature. 3Pix is a protein encoded for by
the gene arhgef7bh, thought to play a role in vascular
stabilisation. Mutation of 3Pix results in ICH and hydroceph-
alus in zebrafish larvae, thus generating the nickname ‘bub-
blehead’ for these fish/alleles [90]. Similarly, mutation of the
Pak2a protein results in a different, though comparable
zebrafish model of ICH, known as the ‘redhead’ mutant
[91]. Defects in primary cilium attached to endothelial cells
have been shown to disrupt cerebral-vascular integrity,
resulting in ICH in the intraflagellar transport mutant [92].

Aside from genetic alterations to evoke weakness in the
neurovasculature, pharmacological agents can be utilised to in-
duce a haemorrhage in zebrafish larvae via water bath incubations
and absorption. Statins are most commonly used for this and act
by inhibiting the cholesterol biosynthesis rate limiting enzyme 3-
hydroxy-3-methylglutaryl-coA reductase (HMGCR). This leads
to altered signalling via geranylgeranyl pyrophosphate (GGPP)
and reduces activation of Rho GTPases, which act to regulate
vascular permeability [93, 94]. Importantly, transient gene knock-
down of hmgcra using a morpholino (MO) phenocopies, the
haemorrhages were observed with statin treatment [94].
Targeting HMGCR not only provides a quick and reliable meth-
od of inducing ICH in zebrafish larvae, but may also afford in-
sight into the clinical association between hypocholesterolaemia
and increased ICH risk [95-99]. However, statin treatment has
been shown to alter myogenesis in developing zebrafish larvae
alongside reducing locomotion and heartbeat, which could poten-
tially confound other mechanistic studies which aim to focus
solely on the effects of ICH on the larvae [100].

Furthermore, there are rare genetic conditions associated
with ICH which cannot be accurately represented in rodents,

but can be in zebrafish. An example of this is the rare autoso-
mal recessive interferonopathy: Aicardi-Goutieres syndrome
subtype 5 (AGSS5). Mutations in the viral restriction factor
protein SAM and HD domain containing Deoxynucleoside
Triphosphate Triphosphohydrolase 1 (SAMHD1) produce
an exaggerated type I interferon (IFN) response and cerebro-
vascular disease in some patients [101-105]. Rodent models
of AGSS exist, but these mice lack any overt physical pheno-
type [106, 107]. Contrastingly, a MO knockdown of the
samhdl gene in zebrafish larvae resulted in spontaneous
ICH and a significant upregulation of type I IFN [108].
Similar to AGS, another genetic autoimmune disease has been
characterised in zebrafish: deficiency of Adenosine
Deaminase 2 (ADA2). ADA2 encompasses systemic inflam-
mation and a vascular phenotype arising in childhood, which
can result in ischaemic or haemorrhagic cerebral events. A
mouse orthologue of the gene encoding ADA2 (CECR1) does
not exist; however, zebrafish express two paralogues of the
CECRI gene: cecrla and cecrlb. Following MO knockdown
of cecrlb, these morphants exhibited intracranial bleeding,
thus alluding to a role of ADA2 in cranial vessel development
or integrity [109].

The use of zebrafish as a disease modelling tool is increas-
ing, and as previously mentioned, they possess several key
benefits for studying ICH. However, this is not to suggest that
zebrafish should replace any of the well-established models,
rather we propose that they should be utilised alongside other
in vitro and in vivo studies. For example, using zebrafish for
large-scale drug screens, and taking forward the positive hits
to interrogate further in mammalian models may increase ef-
ficiency of drug development. Furthermore, this approach
may also have ethical implications by reducing the numbers
of mammals used for primary drug screens. Zebrafish repre-
sent a powerful model system for large drug screening studies
because of their relatively high-throughput nature, and the
high conservation of drug binding sites [110]. There are, how-
ever, some caveats associated with zebrafish larval models,
such as the lack of skull preventing changes in intracranial
pressure and mass effect to be observed following ICH. In
addition, as recovery rates are so rapid in zebrafish larvae as
demonstrated by Crilly et al., it poses questions on how this
may differ to recovery in adult humans. However, understand-
ing these types of processes following ICH during develop-
ment may provide clues into how we might consider recover-
ing the aged human brain in the future [87].

Larger Mammalian Models
One recurring issue with the animal models described above is
their size in comparison to humans, and thus it is difficult to

assure accurate translation because of obvious structural differ-
ences between rodents, zebrafish and human brains. One
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approach to address this is through the use of larger animal
species, with brains more comparable to humans, in terms of
size, white:grey matter ratios and the presence of gyri. The only
2 species discussed in this section are ovine and swine models;
however, this is not to purposefully ignore any additional large
mammalian models of ICH. The use of monkeys, canines and
cats to study ICH has become largely obsolete, due mainly to
ethical considerations [111, 112]. As the main premise of this
review is to encourage collaborations between different ICH
disciplines, it was thought best to include only those species
which are widely used and more broadly accessible.

Boltze and colleagues [113] recently replicated the autolo-
gous blood model in adult sheep, observing similar histopath-
ological observations as found in rodent models, such as brain
resident cell recruitment and axonal damage. Whilst this pre-
liminary study was used to demonstrate how ovine models can
be used as a successful pre-clinical model of ICH, in the future,
it is hoped that they will provide additional translational bene-
fits when studying surgical interventions, for example like those
performed in the MISTIE and STITCH trials [113-118]. Such
candidate intervention techniques are infrequently implemented
in other pre-clinical models, and due to the small size of brain
and skull, it may be more desirable to perform these types of
surgical intervention techniques in an animal model with a larg-
erhead [37, 119, 120]. Furthermore, as an aside, this was one of
the few pre-clinical ICH studies to include both male and fe-
male animals, which as determined by the HEADS initiative
needs to be performed more frequently across species, as it is
unethical to automatically exclude half of the world’s popula-
tion because female experimental outcomes may differ from
males [20]. The other existing pre-clinical studies
experimenting on female animals have been used to mainly
view hormonal differences between sexes and also how various
treatment alters outcome following ICH [82, 121-125].

Swine models of both autologous blood and collagenase
injection are implemented for many of the same reasons as
ovine models, most notably when characterising the primary
injury phase, as comparable haematoma volumes to humans
can be produced, making it more beneficial to study mass effect
and the mechanism of oedema formation in these larger ani-
mals [126—128]. In addition, drug treatments can also be tested
in swine models, such as the iron chelator deferoxamine, where
it was shown to reduce perihaematomal iron accumulation,
neuronal cell death and white matter injury, comparable to its
effects in a rat model of ICH [129]. However, the recent i-DEF
clinical trial on deferoxamine gave rise to neutral results, thus
we should utilise these larger mammalian models to optimise
treatment protocols before clinical trials, such as determining
the most effective way to administer a drug [130].

Surgical intervention has already been tested in a swine
model, whereby following an autologous blood injection, tis-
sue plasminogen activator (tPA) was added to lyse the clot,
and the haematoma was aspirated out of the brain, resulting in
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a significant reduction in oedema [131]. Aside from primary
injury, functional changes which occur during ICH can also
be measured in the swine model, including alterations within
the primary somatic evoked potentials and the resulting corti-
cal spreading depression, which were found to be similar to
what was found in a rat model previously [132].

Use of farm animals in ICH research is extremely impor-
tant to understand the pathophysiology that occurs in a larger
brain. However, one limitation of these models in comparison
to rodents relates to a relative lack of behavioural assays cur-
rently available for measuring neurological outcomes.
Furthermore, due to most pre-clinical research being directed
towards rodents, it means there is a scarcity of species-specific
reagents available for other models, such as sheep, pig and
zebrafish, perhaps hindering the ability to look at the second-
ary injury response as thoroughly as can be observed in mice
and rats [128]. The experimentation time is often longer than
that of rodent work due to the use of older animals, leading to
increased costs, and imaging capabilities are essential. The
latter requires infrastructure and resources that few centres
currently have.

Post-Mortem/Ex Vivo Studies

Ex vivo studies using PM brain tissue from patients who have
died from ICH are surprisingly infrequent, but represent a
precious and most clinically relevant source of material.
Fortunately, in some instances, what is observed in human
samples is comparable to findings in pre-clinical models, as
seen in a small proportion of studies [79, 133, 134]. Aside
from comparative studies, Wu and colleagues looked at the
expression levels of nuclear factor-kappa B (NF-«B), macro-
phage inflammatory protein-2 (MIP-2) and matrix
metalloproteinase-9 (MMP9) using immunohistochemistry.
This was successful in enhancing understanding of the time
course of brain inflammation following ICH in PM tissues
[135]. Furthermore, the robust nature of PM tissue means it
can be used for purposes other than just viewing the morpho-
logical and cellular characterisation of ICH brains, as demon-
strated by a group who performed RNAseq analysis on the
frontal and occipital lobes to understand gene expression in
hereditary cerebral haemorrhage with amyloidosis-Dutch type
(HCHWA-D) [136].

Whilst researching the effect of stroke on the brain is par-
amount, studies which utilise stroke patient blood can be ex-
tremely useful for immune profiling and ‘omics-based analy-
ses. This was recently performed by Stamova and colleagues
who used RNA from both ischaemic and haemorrhagic stroke
patients to reinforce the molecular differences between each
condition [137]. Moreover, examining serum from ICH pa-
tients has identified the dysregulation of various pro and anti-
inflammatory proteins, which have also been confirmed in
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rodent ICH models [70, 138, 139]. Additionally, Taylor et al.
used ICH patient plasma to determine the role of TGF-31
following haemorrhage. This ex vivo approach was coupled
with both in vitro and in vivo experiments, demonstrating the
power of using multiple models/systems, to corroborate dis-
coveries and increase confidence in their validity [30].
Similarly, Lu et al. have recently utilised these three pre-
clinical model systems when investigating the effects of the
microRNA miR-181c following ICH [140].

There are, however, some problems with PM brain tissue,
dependent on factors outside of the researchers’ control, such
as the availability of particular brain regions, and also the time
that the brain is fixed following death [135, 141]. The latter
was shown to cause potential exaggeration of glial cell swell-
ing, which is thought to be attributed to the fixation process in
devitalised tissue, also seen in delayed fixation in rat brain
[141]. Ultimately, the number of studies using PM and
ex vivo tissue is minimal. Future work should focus on incor-
porating these valuable resources into studies, which may be-
come more accessible if cross-discipline collaborations devel-
op, for example, between basic scientists and brain banks.

Conclusion

In this review, we have discussed the multiple models of ICH
that exist to inform about a highly disabling condition, current-
ly with no specific medical treatment. To facilitate successful
translation in the future, it is clear that there needs to be greater
collaboration within the pre-clinical ICH research community
to enable cross-talk between studies using different models and
by utilising the advantages of each system. The most common

multi-model papers exhibit experimentation on rodent and
in vitro systems. Moving forward, we suggest a bi-directional
2- or 3-pronged approach for pre-clinical ICH research. For
example, using the autologous blood injection rodent model,
the thrombin in vitro model, and also incorporating an ex vivo
element to the study, as so elegantly illustrated by both Taylor,
Lu and colleagues recently [30, 140]. These studies illustrate
the power of using multiple systems to investigate a particular
question, an approach that will hopefully become more fre-
quently adopted for translational ICH research. Moreover, as
one of the key criteria identified by the HEADS committee, we
also believe it is essential for pre-clinical findings to be tested
and verified in at least two different species (and not both
rodents) [20]. By replicating the effect of a drug or compound
identified in a smaller animal model in a higher order species
such as sheep or pig, it increases the confidence that such a
treatment may be efficacious in humans and worthy of consid-
eration for clinical investigation. Furthermore, it is also appar-
ent that the use of brain banks for PM tissue has not been
utilised enough for ICH research. Human PM tissue is ideal
to validate data obtained from animal models whilst also ad-
vancing our understanding of the human pathology and how it
may be targeted. Therefore, the use of PM tissue should be
implemented when possible, and can work in conjunction with
any of the other models (see Fig. 2). Similarly, serum from ICH
patients is also understudied, again reinforcing the need for
increased cross-talk between pre-clinical scientists and clini-
cians to obtain this type of material, and to understand key
differences which may be observed between comorbid popu-
lations which go on to develop an ICH and those that do not.
This work would feed into the other pre-clinical work taking
place, and can provide validity for the other models, if similar

Fig. 2 Multidirectional pipeline Cellular Non-invasive, Most well Large Most
of preclinical ICH research. In haemotoxic drug established gyrencephalic relevant
this pipeline, there is both a response screening mode] brain ussue
feedforward and a feedback loop, I
to ensure any new findings are
valid and observed across l b fi
multiple models. In addition, the AN 2

. . «— > «—> & A
use of post-mortem and ex vivo e /) «— ) KL ¥
tissue should feedback into all S ) / y y
other pre-clinical models in an in vitro Zebrafish Rodent Larger mammal Post-mortem tissue

attempt to maintain clinical rele-
vance. Fostering multi-discipline
collaborations increases the like-
lihood of creating a drug which
will be successful in humans, es-
pecially if it is shown to exert
positive effects across the pipe-
line. Maximal advantages are de-
noted above each model/system
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trends are observed. By fostering collaborations with different
disciplines, it will strengthen the depth and breadth of ICH
research, and will increase the chances of finding new treatment
options for ICH patients in the future.
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