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Thesis Abstract

Neurodevelopmental disorders (NDD) are heterogenous neurological conditions affecting
brain development between the window of early gestation and early adulthood.
Neurodevelopmental disorders encompass a range of conditions including intellectual
disability, Autism spectrum disorders (ASD), Attention-Deficit/Hyperactivity Disorder
(ADHD), and tic disorders such as Tourette syndrome, and neuropsychiatric conditions such
as Obsessive-compulsive disorder (OCD). These conditions are highly comorbid, where
individuals with one NDD often suffer from one or more neurodevelopmental conditions.
Paediatric Acute Neuropsychiatric Syndrome (PANS) is a neurodevelopmental disorder
phenotype, dominated by OCD and is often accompanied with ASD and tic symptoms. The
hallmark of PANS is an infection-provoked and abrupt, sudden onset of symptoms. It is
agreed that a complex interplay of genetic, epigenetic and environmental influences
contribute to the expression of neurodevelopmental disorders. A large body of evidence,
including pre-clinical and clinical studies, support the involvement of maternal immune
dysregulation during gestation as a risk factor for neurodevelopmental and neuropsychiatric
conditions (Chapter 1), and the role of the immune system in neurodevelopmental disorders

more generally.

This thesis aimed to investigate the immune and inflammatory dysregulations in
individuals with NDDs. The first study utilised publicly available brain transcriptome data of
individuals with ASD and Tourette syndrome (Chapter 2). Given the shared genetic
heterogeneity and comorbidity of NDDs, there is an increasing need to investigate common
disease pathways. As inflammation has been reported in brain transcriptomics in both ASD
and Tourette syndrome, we examined for shared gene expression between the two
conditions, in order to improve our understanding of the pathophysiology of NDDs and
provide future potential therapeutic targets. Transcriptome data was obtained from the
original authors and analysed through a pipeline investigating sample clustering, differential
expression and pathway analysis. The findings from this chapter bring new evidence of

shared immune signalling in ASD and Tourette syndrome brain transcriptome.



My second aim was to investigate the NDD proteome in immune cells: I performed
a proteomic investigation of peripheral blood cells from two cohorts of children with PANS
compared to controls. We hypothesised a dysregulated immune response within the
proteome of children with PANS, using peripheral blood mononuclear cells. From this
work, we highlighted dysregulated pathways involving the immune response, translation
(ribosomal) and epigenetic mechanisms. This work is the first to investigate the proteome of
children with PANS and sets the path for further proteomic investigations of complex

NDDs.

Finally, my goal was to further investigate the immune profile of these children, and
NDDs as a whole. I established a functional TLR assay to assess immune responses of
peripheral blood cells from children with PANS compared to cells from neurotypical control
children. Firstly, the assay was developed using control peripheral blood mononuclear cells
to optimise the dosage and stimulation duration of LPS; a TLR4 bacterial agonist. Through
measurement of IL-6 and TNF at the mRNA (qPCR) and protein (ELISA) level, I
determined that a 500ng/ml dosage at 0, 30-minutes, 3 hours and 24 hours yielded a profile
suitable for testing. Our assay highlighted a repressed immune system in children with PANS,
identified by lower levels of mRNA and protein IL-6 and TNF compared to controls. This
functional assay has the potential to expand and include other immune biomarkers, and

explore future therapeutics, in PANS and other complex NDDs.

The work presented within this thesis overall highlights a dysregulated immune
response in individuals with NDDs such as ASD, Tourette syndrome, OCD and PANS. In
addition, proteomic investigations of peripheral blood cells of children with PANS has
highlighted immune, translational (ribosomal) and epigenetic dysregulations. Utilising the
methods and results within this thesis, with future advancements, may provide future
therapeutic opportunities. Further research developing strategies presented within this body
of work will streamline targeting identified dysregulated pathways in a more personalised

approach to help individuals with NDDs.
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Chapter 1

General Introduction

1.1  Neurodevelopmental and neuropsychiatric disorders

Neurodevelopmental disorders (NDD) are heterogenous neurological conditions affecting
brain development and function during the developmental window. The Diagnostic and
Statistical Manual of Mental Diseases V (DSM-V) associates neurodevelopmental disorders
with developmental deficits or differences within brain processes resulting in impairments
of personal, social, academic, or occupational functioning.' Neurodevelopmental disorders
encompass a range of conditions including intellectual disability, Autism spectrum disorders
(ASD), Attention-Deficit/Hyperactivity Disorder (ADHD), tic disorders such as Tourette

syndrome, and neuropsychiatric conditions such as obsessive-compulsive disorder (OCD).

These neurodevelopmental conditions are highly comorbid, where individuals with
one NDD often suffer from one or more neurodevelopmental conditions.” As such,
classifications of neurodevelopmental disorder symptoms and conditions is done on a
continuum, where individuals may satisfy criteria for more than one diagnosis based on the
symptoms exhibited. Symptoms of neurodevelopmental disorders include impairment in
behaviour, emotional and social communication, memory, and learning.”” The cutrent
treatment plans of these conditions can be described as ‘symptom based’, where symptoms
are managed through pharmacological, educational, and psychotherapeutic interventions.

The current limited understanding of these conditions hinders the development of targeted



management plans. Another layer of complexity is presented by the high phenotypic and
aetiologic heterogeneity within individuals classified under the same disorder. Individuals
diagnosed with the same NDD may exhibit a wide range of symptoms and traits, resultant
from diverse genetic, epigenetic and environmental liabilities.
The cases presenting to Professor Dale’s (supervisor’s) clinic include children presenting with
complex NDDs, where the most common comorbid diagnoses are Tourette syndrome,
OCD, ASD (and ADHD). Therefore, the focus of this thesis will be on ASD, Tourette

syndrome and OCD.

1.1.1 Autism spectrum disorders
ASD is an overarching term describing a neurodevelopmental disorder with heterogenous
presentations, characterised by persistent deficits in cognitive symptoms, social
communication, and social interaction. ASD is described with high heritability and
comorbidity to other neuropsychiatric disorders.' Children with autism expetience persistent
deficits in social interaction and communication including social-emotional reciprocity,
alongside repetitive patterns of behaviour. Autism spectrum disorders has a male to female
ratio of at least 3:1, and onset of ASD symptoms described to present as early as 6-24 months
of age, although a diagnosis can be delayed until adolescence or adulthood.*” The diagnosis
of ASD, based on the DSM-V criteria necessities a) persistent deficits in social
communication and interaction including verbal, non-verbal and relationship
communications. b) presence of repetitive patterns of behaviour, interests, and/or activities.
c) presence of symptoms during development. d) impairment of symptoms on social,
occupational, and other areas of function. €) impact of disorder is not better explained by

intellectual disability.'



1.1.2 Tourette syndrome
Tourette syndrome is a neurodevelopmental disorder characterised by repetitive and rapid
non-rhythmic motor movements or vocalisations that are often preceded by premonitory
urges.” The urges are defined as feelings of energy or tension that are relieved by tic
performance. Tourette syndrome is a chronic tic disorder in which tics (both motor and
vocal tics) last for more than 12 months and is reported to have an onset between 4-8 years
of age,' with a male to female ratio of 3:1.""® The severity of disease is unpredictable, as
symptoms often peak between the ages of 8-12, and gradually decrease during adulthood.”
Symptoms can span weeks or months and vary in occurrence and intensity based on factors
such as psychosocial stress. Diagnosis of Tourette syndrome is challenging as symptoms are
often showcased in a familiar environment, and commonly wax and wane in severity, which
not only introduces hurdles in its diagnosis, but the disorder’s overall management.”" The
DSM-V criteria for Tourette syndrome diagnosis comprises a) the presence of motor tics
and = 1 vocal tics, b) persistence of tics for = 1 years, ¢) onset before 18 years of age, d) not

be attributable to physiological effects of a substance or another medical condition.'

1.1.3 Obsessive-compulsive disorder
OCD is a neuropsychiatric and neurodevelopmental condition governed by persistent
obsessions and/or compulsions, presenting as repetitive thoughts and behaviours.' The main
symptoms of this condition present as recurrent, intrusive thoughts, urges, or images
(obsessions) which can be satisfied by performing actions to reduce the anxiety associated
with the obsessions (compulsions). Typical OCD symptoms include excessive washing,
repetition in checking door locks and/or electrical appliances, and thoughts of loved ones
harmed. While attempts at classifying individuals with OCD based on symptoms (washing,
harmful thoughts) were ineffective, an important variable for differentiation is the age-of-

onset, as identified by a meta-analysis."' Individuals diagnosed with OCD can be stratified as



cither early-onset (mean onset of 11 years) or late-onset (mean onset of 23 years). Early-
onset OCD is linked with higher male rates, greater disease severity and prevalence of
obsessive compulsive symptoms, and associated with poorer treatment responses. In
addition, those with eatly-onset OCD were found to exhibit comorbid tic, other OCD,
anxiety, and mood disorders. The patients seen in the Dale clinic (supervisor) typically fall
within the early onset-group. The diagnosis of OCD based on the DSM-V criteria necessities
(a) the presence of obsessions and/or compulsions, (b) the obsessions ot compulsions
consume >1 hour per day, cause distress or impairment in important areas of functioning,
(c) symptoms not be attributable to effects of a substance, and (d) symptoms not be better

explained by those of another mental disorder.'

1.1.4 Prevalence and overall burden
It is estimated that 10% of children under the age of five suffer from one or more types of
neurodevelopmental disorder.”” In 2022, ASD have been reported to affect around 290,900
Australians,” a number which has greatly increased in recent years possibly owing to
advancements in diagnosis and awareness. A data linkage study estimated the prevalence of
autism spectrum disorders in New South Wales, Australia to be 1.1% by the age of 6, and
1.3% by the age of 12 years."* This can be compared to a study which utilised Medicare data
to estimate the autism spectrum disorder prevalence in Australian 4 year olds to be 1.1%."
Reported from parents and teachers, an Australian prospective cohort study identified the
prevalence of autism spectrum disorders to range from 2.6%-4.4% in 12 year old children'.
Tourette syndrome is estimated to affect 1% of all school-aged children, with a male to
female ratio of 4:1."" The national study of mental health and wellbeing (2022) estimated

that roughly 3% of individuals over 16 years old are affected by OCD in Australia."

These conditions are debilitating, and often carry burdens not only on the developing

child but the caregivers. Neurodevelopmental disorders cause significant impairment to daily



functioning, as well as personal, social and economic strain on families. In Australia, the
diagnosis of autism spectrum disorders costs a family ~$35,000 annually.” The impediment
of these conditions extends past the affected families, and into the healthcare where a total
burden cost of $1 billion was estimated for autism spectrum disorders in Australia.”’ In
addition, a study examining OCD admissions in the largest provider of children’s health

services in Australia estimated the admission cost of all OCD diagnoses to be over $10

billion.*

1.1.5 Comorbidity
Owed to the highly complex interactions of genetics, epigenetics and the environment, the
comorbidity rates of neurodevelopmental disorders are high. Up to 85% of individuals with
Tourette syndrome have comorbid neurodevelopmental conditions such as ADHD, OCD,
and ASD.” Studies have shown that 22-83% of children with autism spectrum disorders
satisfy requirements for an ADHD diagnosis.” Individuals with these conditions present
with overlapping clinical symptoms, further consolidating the shared aetiologies of the

conditions.

In addition, the comorbid nature of these conditions extends past NDD symptoms
and comprise neuropsychiatric comorbidities such as stress, depression and anxiety. School
attendance is a vital part of a developing child’s life, and children exhibiting anxiety and
depression symptoms were shown to miss out on more school days when compared to their

4

peers.”* Sleep problems are a prominent comorbidity for children with autism spectrum

disorders, where up to 80% of children are affected.”*’

1.1.6 Aetiology and pathophysiology
While some conditions can be traced back to a single factor, most chronic health conditions
ate complex and can often be explained by an aggregate of influences.”® Our genetics is

intricate, where inherited genetic variations can either trigger disease pathogenesis or act as



an underlying basis for development when combined with additional factors. Instead, a
synergistic or antagonistic combination of influences contribute to development of disease

risk, often referred to as gene - environment interactions.

This notion is crucial for neurodevelopmental disorders where its agreed upon that
a complex interplay of genetic, epigenetic and environmental influences contribute to disease
development.””" Although there are monogenic forms of neurodevelopmental disorders,
such as Rett Syndrome, and Fragile X syndrome — these monogenic cases are often associated
with significant disease risk, linked with genes highly vulnerable to disruptive variants.”
Instead, majority of cases are now recognised to be attributed to vulnerability genes with low
penetrance.” A large genome-wide meta-analysis identified loci with pleiotropic and
antagonistic effects on multiple complex psychiatric disorders such as ASD, ADHD,
Tourette syndrome, OCD, along with schizophrenia, bipolar disorder, depression and
anorexia.” This meta-analysis shed light on the genetic influences of psychiatric conditions,
mentioning genes with broad liability to the disorders by acting on early neurodevelopmental
processes such as brain circuitry formation within the second trimester. That is, the same
vulnerability genes can cause multiple types of neurodevelopmental or neuropsychiatric
conditions. In addition, the authors hypothesised the development of these genetic risks
into discrete psychiatric conditions may be linked to interactive effects of common/rare loci

and environmental factors mediated by epigenetics.

Environmental perturbations to the mother during development of the foetus is a
vital area of research within the field of neurodevelopmental and neuropsychiatric
conditions. Inflammation during the gestational period is thought to result in increased
expression of these conditions.” A review by our group recently covered the relevance of
inflammation, including maternal infection during gestation, to development of

36

neurodevelopmental disorders.” The shared aetiology between these disorders may explain



the high comorbidity rates between neurodevelopmental and neuropsychiatric conditions. A
neurodevelopmental continuum has been proposed to better model the distinct disorders,
where shared genetic and environmental risk often co-existing within the same individuals.
This models psychiatric conditions such as schizophrenia and neurodevelopmental disorders
on a continuum, taking into account shared symptoms which present during development

such as cognition impairment, male predominance and developmental delays.>”’

1.2  The immune system in neurodevelopmental disorders

1.2.1 Introduction to neurodevelopment
Neurodevelopment is a highly orchestrated active timeline of events, beginning form the
third gestational week, and extending postnatally throughout late adolescence.” The
development of the brain is extremely organised and consists of gene expression and

epigenetic processes impacted by environmental factors.”

The levels of connectivity and processing within the developing brain are high, and
throughout development synapse levels are reduced or “pruned” to maintain a functional
relationship that exists within neuronal and non-neuronal cell types. The adult human brain
contains around 86 billion neurons, with an equal number of non-neuronal glial cells.”
Neurons are the messengers of the central nervous system (CNS), forming connections and
networks to process information starting at 42 days post conception (mid-first trimester).
Neurons oversee the rapid proliferation and overproduction of synaptic connections within
early brain development, a process known as synaptogenesis lasting past the first year of
life.* 'This overproduction is followed by a process of pruning and decrease of unused and
overabundant synapses, occurring at different points of life within different brain regions.
Proper circuit function is reliant on a balanced and correct numbers of neurons and synapses
— overproduction of cortical neurons may impact the balance of excitatory and inhibitory

neurons.”’ The division of neural progenitor cells in distinct proliferative zones during this

10



period switch from symmetrical (two identical neural progenitor cells are produced), to
asymmetrical (one neural progenitor cell and one neuron are produced). This balance is vital
in neurodevelopmental disorders, with dysregulations observed in human post-mortem
tissue from children with autism,* as well as a mouse model.* Concert and interconnected
connections amongst cells of the CNS are made possible by productive and appropriate
synapses. The neurons migrate to their final destination, the developing neocortex, while the
remainder of the neural progenitor cells continue to generate vital cells of the CNS such as
oligodendrocytes and astrocytes. Finally, the resident immune cells of the brain, the
microglia, are derived from early erythromyeloid precursors within the yolk sac and migrate
the parenchyma prior to closure of the blood brain barrier (BBB).*"* With the development

of the CNS nearing its end, microglia adapt to resume distinct sets of physiological functions.

Coordinated teamwork from the nervous, endocrine and the immune systems are
vital for proper development of the offspring.* The immune system is fundamental for
protection from a range of insults such as infections, playing a crucial role in the development

of the central nervous system by maintaining homeostasis and promoting inflammation.**"

1.2.2 Overview of the immune system’s involvement
Initial concepts has painted the brain as an ‘immune-privileged’ organ, isolated from the
peripheral immune system by the BBB. However, many research efforts have proved
otherwise, by finding immune cells within the CNS, and the permeability of the BBB.*
While the brain reserves a certain degree of immune privilege vital for limiting damage, it is
not unaffected. The immune system is able to reflect environmental alterations and prepare
for changes which may occur in the future as a form of defence. The initial programming of
our defence system within development influences how we respond to environmental insults
during a lifetime.” Development #z utero is a critical period where the gestational environment

can have major consequences on the developmental outcome of the offspring.” A large body
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of evidence, including pre-clinical and clinical studies, support the involvement of maternal
immune dysregulation during gestation as a risk factor for neurodevelopmental and

neuropsychiatric conditions such as ASD.>

The innate immune system contributes to neurodevelopmental processes such as
regulation of cell proliferation, migration, and synaptogenesis through many molecules.
Inflammation is a vital, protective mechanism against infection and injury, defined by
increase of pro-inflaimmatory cytokines, recruitment and activation of cells to sites of
inflammation, and local tissue damage.”’ Cytokines are signalling proteins secreted by many
immune cells in response to their environment.” The production of cytokines matks a
cascade of signalling events, and in the developing CNS are responsible for mediating

neurogenesis, gliogensis and other vital processes.”

Cytokines such as Interleukin 1 beta
(IL-1B) are diversly expressed during neurodevelopment, where levels were reported to be
increased during development and steady within adulthood.”* The innate immune system’s
sensor for danger are conserved receptors within the developing brain expressed by microglia
and neuron progenitor cells known as Toll-like receptors (TLRs)." The expression levels of
TLRs and their signalling adaptors vary during different developmental timeframes. For

instance, animal studies have shown that the expression of TLR4 gradually increases from

the embryonic period and stabilises at high levels within the adult brain.”

1.2.3 Microglia and synaptic pruning
Glia are non-neuronal cells within the CNS, responsible for vital roles such as myelination,
providing support to neurons, and maintaining homeostasis. Chief amongst them are the
primary immune cells of the CNS, microglia. Microglia are tissue resident macrophages,
fundamental players of innate immunity originating from the yolk sac.”” Microglia is the most
play y orig 8 y 8
dominant immune cell type within the brain, comprising 80% of brain immune cells, and

localising near blood vessels.” Increasing prominence and recognition of the importance of

12



microglia was made possible by recent discoveries outlining the cells’ multiple critical
functions. In addition to the common roles in meditating inflammation, and clearing cellular
debris by process of phagocytosis, microglia are involved in complex neurodevelopmental
processes such as regulating cell death, promoting synaptogenesis and functional neuronal
circuits.”™ Microglia ate also major surveyors of their environment within the CNS even in
their resting state, where they can scan the volume of the brain over a course of few hours
in adult mice.” In addition, microglia regulate myelination, the process of wrapping neurons
with a layer of insulation to facilitate neuronal activity and communication,” through
promoting the survival of oligodendrocyte precursor cells and their maturation into

oligodendrocytes."’

A vital process of neurodevelopment is synaptogenesis, the formation and pruning

of points of contacts between cells of the CNS known as synapses.*

Synaptic connections
are formed exuberantly by neurons during early development of the brain, many of which
are pruned necessarily to achieve appropriate brain connectivity. Early studies have
emphasised the importance of microglia, where functional loss alters the excitatory and

inhibitory synaptic activity, along with long-term potentiation.”’

Synapse formation and
maturation are influenced by microglia and their secretion of key factors such brain-derived
neurotrophic factor (BDNF) and interleukin 10 (IL-10), found to be vital for the formation
of inhibitory and excitatory synapses within the hippocampus of rat models.”"** The process
of pruning synapses is dependent on microglia, the resident immune cells of the brain.
Microglia have been proposed to mediate the microglia-synapse interactions within
development by utilising the complement cascade.*" Early neurons bind molecules such as
complement components Clq and C3, where they’re ushered into synaptic compartments to

mediate synaptic pruning.” Subsequently, these complement proteins are phagocytosed by

the resident phagocytes of the CNS, microglia. Thus, the hypothesis is that complement
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proteins are able to act as a “tag” for synapse removal, to then be found by microglia

expressing complement receptor 3 on the surface.**

Another way that microglia facilitate and maintain homeostasis is through their title
of a professional phagocytes. Phagocytosis involves the recognition, engulfment and
digestion of large particles including bacteria, apoptotic cells and cell debris. This processes
is majorly mediated by microglia, the professional phagocytes within the CNS, however
astrocytes and oligodendrocytes are also able to carry on the job.” Areas of the brain
containing neural progenitor cells such as the sub granular zone and the subventricular zone,
microglia can be found to phagocytose apoptotic cells from development throughout the

lifespan of the organism.”

1.2.4 Maternal immune activation
Inflammation in the mother is a well-established insult during gestation with links to
development of neuropsychiatric symptoms in the offspring, by affecting the vulnerable
process of neurodevelopment.” Maternal immune activation (MIA) is a phenomena that has
circulated the literature of neurodevelopmental disorders, where an active immune response
during pregnancy as a result of genetic and environmental interplay in the mother, can
contribute to increased risk of NDDs. This was first associated with increased rates of ASD
and schizophrenia in mothers infected by the rubella virus, and further validated by additional

viral outbreaks.®’

Epidemiological data has linked various infections during pregnancy to an increased
risk of neurodevelopmental disorders in the offspring. A cohort study of children in the
United States named the Rubella Birth Defect Evaluation Project (RBDEP) identified an
early link between development of ASD and rubella infection.”® An increased risk of ADHD
in offspring was linked to genitourinary (genital and urinary) infections during 33-36 weeks

of pregnancy in a Danish cohort study.” To add, a case-control study identified a significant
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association between ASD risk in offspring and bacterial infections during third-trimester

hospital stays.”

A meta-analysis found that maternal infections, in particular bacterial
infections, during the second and third trimester in particular, was associated with ASD in
offspring.” When compared to influenza risk, the evidence in neurodevelopmental disorders
is limited. While a risk of ASD was associated to influenza infections during the second
trimester in a United States cohort study, this was contingent on the mother not taking
antibiotics during pregnancy.” Fever concomitant to prenatal infection during gestation has

been proved to be associated to ASD in offspring in a meta-analysis examining the

relationship of ASD diagnosis to prenatal immune activation.”

A chronic inflammatory state in pregnant mothers coupled with genetic and
epigenetic risk factors, can result in cellular stress and further inflammation.” An activated
immune system results in a concert of cytokine and chemokine production, which can cross
the placental barrier during pregnancy and have affect on the developing foetus.” A United
States case-control study acknowledged that increased levels of interferon-y (IFN-y) , IL-4
and IL5 in maternal serum during mid pregnancy were associated with increased risk of ASD

in offspring.”

In addition to the evidence outlined above, our group has provided numerous studies
focusing on maternal inflammatory states and neurodevelopmental disorder outcomes in
offspring. Firstly, we reviewed the current clinical evidence associating maternal
inflammatory states such as infection during pregnancy and development of childhood

neurodevelopmental disorders.*

History of chronic immune system activation during
pregnancy was associated with severe social impairment in children with ASD in a cohort
study by our group.” To add, a systematic review by our group presented association

between crucial maternal risk factors such as obesity, gestational diabetes, pre-eclampsia,

depression, autoimmune disease and neurodevelopmental outcomes such as ASD, ADHD
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and Tourette syndrome.” There was a statistically significant increase in offspring NDD
associated with the above maternal pro-inflaimmatory factors. Furthermore, previous work
by the group has similarly identified that mothers of children with OCD and tics have higher

rates of maternal autoimmune conditions when compared to mothers of controls.””

1.2.5 Animal evidence of maternal immune activation
A plethora of animal models have been generated to investigate maternal immune activation
and have contributed vastly to what we now understand regarding NDD risk and an activated
immune response during pregnancy. Injection of immune stimulants into pregnant dams
during mid and late gestation produces offspring with cognitive impairments, learning
defects, amongst other behaviours that mimic neurodevelopmental symptoms in humans.*
Observation of offspring in these studies have identified febrile symptoms, along with brain
inflammation, where long-lasting pro-inflammatory cytokines dysregulations such as 1L-6,
TNF and IL-1B were observed in the serum of mothers and offspring.*® Epidemiological
studies of humans modelling maternal immune activation refer to an external immune
challenges during pregnancy such as infection, autoimmune conditions or psychiatric
symptoms. Animal models of MIA typically utilise two main immunogenic agents to mimic
an  activated  immune  response  in  pregnant  dams: (1)  wiral-like
Polyinosinicpolyinosinic:polycytidylic ~ acid ~ (Poly I:C), and (2) bacterial-like
lipopolysaccharide (LPS). These immunogens stimulate the toll like receptor pathway, and
induce a well-defined response controlled by the timing and dosage. In rodents, the effect of
a immunogen challenge encompasses the broad perinatal period — during gestation and ~2
weeks after birth.”® This is due to the first few weeks of the neonatal rodent development
being equivalent to the third trimester in human fetal development.” The timing of immune
stimulation is crucial, as processes such as synaptogenesis, apoptosis, and immunogenesis

occur during the third trimester.™
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One of the most widely used immunogens to model maternal immune activation is
Poly:IC — a synthetic double-stranded RNA, stimulating a viral inflammatory response

90

through activation of toll-like receptor 3 (TLR3).”™ This agonist is recognised by TLR3, and
results in the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
#B), AP-1 and IRF3. These transcription factors induce the expression of inflaimmatory
cytokines and type 1 interferons. Within animal models utilising mice or rats, the dose of
Poly:IC ranges from 250ug/kg to 20 mg/kg. The timing of injection within these animal
models ranges from embryonic days 9-19, with the most reported bring E12.5 and E15.*"'
Another common immunogen utilised to model MIA is LPS — a cell wall component of
gram-negative bacteria such as Escherichia coli, stimulating an immune response through
activation of toll-like receptor 4 (TLR4).” LPS leads to the activation of TLR4 through help
of CD14 and LPS binding protein (LBP), and results in a cascade of inflammatory cytokine
and interferon gene expression. Dosage of LPS within rodent and rat animal models ranges
from 25ug/kg to 1mg/kg. Similar to Poly:IC, the timing of LPS administration varies from
E9 — E19, with the most reported timing being E15 and E18.**”' Both of these immunogens
have been described to be administered to animals multiple times, however, the response to
the immunogens is often attenuated following a second administration, but not a third or
fourth.” To illustrate this, Poly I:C challenge in pregnant dams mid-gestation (gestational day
9) identified methylation alterations within the WIN'T signalling pathway of adult offspring, a
conserved pathway crucial to development of the CNS. On the other hand, methylation
changes of the gamma-aminobutyric acidergic (GABAergic) in adult offspring were linked

3

to late (gestational day 17) Poly I:C challenge of pregnant dams.” These findings provide

evidence that the timing of the challenge may influence the type of effect in offspring.

Environmental perturbations during sensitive periods of development may alter
neurodevelopmental trajectories and increase risk of NDDs. MIA is thought to act as a

‘disease primer’ for neuropsychiatric symptoms, increasing susceptibility to effects of other
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risk factors later in life.” The effect of the environment must be taken into consideration
when recapitulating MIA risk factors that lead to an NDD phenotype in animal models.
Environmental influences such as social stress, diet, allergens and pollutants have been
shown to induce an inflaimmatory response with ability to disrupt neural and behavioural
development in NDD children.”” A “two-hit” model exists within the MIA literature,
considering the combination of environmental, genetic and epigenetic “hits” which occur
during development, and increase the risk of NDD.** These models have demonstrated
transgenerational effects of prenatal environmental challenges, where epigenetic alterations
within the brains of second and third generation MIA offspring were linked to behavioural

abnormalities such as sociability and motivation.”*”

It is important to mention that findings from different animal models can be
multifarious, attributed due to the lack of gold standard techniques and condition that may
lead to variations in offspring effects. The timing of injecting a viral or bacterial mimetic
along with the route of administration can play a significant role in the outcomes of studies,
particularly in abortion rates of offspring. In addition, batch differences in immunogens even
from the same manufacturer can produce variabilities in outcomes, in addition to the of
preparations. For example, the method of purification of LPS is important due to the down-
stream effects it produces, whereby a standard preparation has the ability to co-activate TLRs

2 and 4, while ultrapure LPS is specific to TLR4 only.”

1.2.6 Paediatric Acute Neuropsychiatric Syndrome
Within human studies, environmental influences such as infections during the postnatal
period have been linked to worsening of neuropsychiatric symptoms within children.” In
addition, our group reviewed the current literature associating maternal inflammation and
36

infection during pregnancy and linked these inflammatory states to increased risk of NDDs.

In 1998, Swedo et al., coined Paediatric Autoimmune Neuropsychiatric Disorders Associated
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with Streptococcal infections (PANDAS) to describe a cohort of children presenting with
acute prepubertal onset of OCD and tic disorders triggered by group A B-haemolytic

97

streptococcal infections (GABHS).”" These children presented with sudden-onset tic and
obsessive compulsive symptoms, along with psychiatric comorbidities such as anxiety, night-
time fears and cognitive deficits exacerbated by infection. The introduction of this entity
sparked controversy within the scientific community due to the lack of clear described
disease mechanisms and markers of diagnosis, as well as inability to distinguish with
symptoms with the prototypic post-streptococcal neuropsychiatric disease, Sydenham’s
Chorea.” The authors suggested that GABHS resulted in autoimmune or immunological
responses triggered due to molecular mimicry, which result in eatly-onset OCD or tics,
however there has never been definitive proof of such an autoimmune mechanism. In
addition, problems with the PANDAS hypothesis were encountered with tic disorder
patients, where tics are known to wax and wane- this made it hard to discriminate patients
with Tourette syndrome from patients with PANDAS who have “abrupt onset and episodic
course”. To add to this challenge, Group A streptococcal infections are highly prevalent in

school aged children, which can result in ‘false positive’ associations when using

streptococcal serology in the context of children with tics and OCD.

The inclusion criteria of streptococcal infections resulted in many misdiagnoses as
well as missed diagnoses of PANDAS. To try to improve this diagnostic challenge, a distinct
clinical subgroup that included children with abrupt onset neuropsychiatric conditions was
coined. The inclusion criteria of Paediatric Acute Neuropsychiatric Syndrome (PANS)
include (1) abrupt, dramatic onset of OCD or severely restricted food intake, (2) concurrent
presence of additional neuropsychiatric symptoms, and (3) symptoms are not better
explained by a known medical or neurologic disorder such as Sydenham’s Chorea (Figure

1.1).” Children with PANS present with extreme compulsions such as licking shoes, barking,
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motor and phonic tics such as whooping and wringing hands, behavioural aggression and
episodes of extreme anxiety. While the definition of this clinical syndrome has undergone
refinement, PANS is still considered contentious within the field. Early descriptions of
PANS suspected the condition of autoimmune origins, however the evidence for an
autoimmune diathesis is lacking. Our group’s hypothesis is that PANS is part of the NDD
continuum, a phenotype representing the complex interactions between gene and
environment- this interaction can result in infection triggered exacerbation of
neuropsychiatric symptoms. There is a lack of studies exploring the underlying disease
mechanisms of PANS, combined with the lack of biomarkers at present- these factors feed

into the contentious nature of PANDAS and PANS within the field.
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1. Abrupt and dramatic onset

of either:
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Figure 1.1 Diagnosis criteria of Paediatric Acute Neuropsychiatric Syndrome
Diagnostic criteria of Paediatric Acute Neuropsychiatric Syndrome (PANS). Criteria were utilised from Chang
et al.,®® Figure generated using Biorender.

Due to the limited understanding of the PANS entity, our group set out to investigate
the underlying mechanism of PANS through multiple omic strategies and a functional assay.
Chapter 3 of this thesis focuses on utilising mass spectrometry based proteomic analyses to
investigate two cohorts of this clinical subgroup and identify dysregulated proteins and
work, the aim is to better understanding the biology of PANS and
identify abnormal networks and pathways that may lead to further insights and future
investigations. In addition, Chapter 4 of this thesis utilises a cohort of children with PANS

to assess the immune system in response to a bacterial challenge in a functional toll-like
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receptor assay. The investigations within these two chapters aim to better our understanding

of the PANS clinical entity and pave the way for further studies.

1.2.7 Clinical evidence of inflammation
Bidirectional communication of the immune system and the central nervous system are
recognised as vital processes which contribute to normal brain development. As such,
interactions of the two systems are implicated in the pathophysiology of neurodevelopmental
disorders such as ASD, Tourette syndrome and OCD.'" Preclinical studies have
demonstrated multiple pathways are utilised for crosstalk of the immune and central nervous

101

system. Following an insult to the CNS, an immune response is initiated resulting in

19219 where signalling cascades are

activation of peripheral macrophages and CNS microglia,
communicated to the BBB, leading to further changes within inflammatory, phagocytic and

oxidative stress pathways.'"*

Common pro-inflammatory cytokines mentioned in this section include I1L-18, IL-6
and TNF. IL-1p is a pro-inflammatory cytokine released as a result of activated peripheral
monocytes and tissue macrophages (including microglia) and promotes inflammation by
indirect promotion of lymphocyte function and macrophage activation. Release of IL-13
induces the expression of mediators such as cyclooxygenase-2 (COX-2) and nitric oxide
synthase (iINOS). In addition, IL-18 is a potent stimulator of IL-6 production in endothelial
cells. IL-6 is a pro-inflammatory cytokine produced by immune cells including B cells, T cells
and macrophages (as well as endothelial and fibroblast cells) and is vital for microglia and
astrocyte neuroinflammation. In addition, TNF is similarly produced by macrophages, T cells
and natural killer cells, responsible for mediating the inflammatory response by recruitment
of phagocytes and lymphocytes to sites of injury. These pro-inflammatory cytokines induce
an acute-phase reaction whereby the body attempts to respond to local inflammation and

limit damage through fever and production of protease inhibitors and corticosterone.'”
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1.2.8 Inflammation in the brain
Evidence of dysregulated cytokine expression within the CNS of individuals with NDDs
supports the role of immune mediators in these complex conditions. The resident immune
cells of the brain, microglia, are the primary source of cytokines and other immune molecules

released within the brain.!’

One of the earliest studies to implicate the innate immune
response in post-mortem brains of individuals with ASD highlighted neuroglial responses
characterised by microglial and astroglia activation compared to controls. In addition, these
immune activations were associated with increase of cytokines expression, particularly a
global increase was identified for MCP-1."" Later studies investigating post-mortem brains
in individuals with ASD has similarly reported microglial activation and

5 0 . .
LI Tn Tourette syndrome, post-mortem analysis revealed increased

neuroinflammation.
microglia coupled with morphological changes consistent with activation, within the striatum
of cases compared to controls.""’ Similarly, region-specific microglial activation was reported
in positron emission tomography (PET) studies of individuals with ASD,""" and similarly

identified in children with ADHD and Tourette syndrome when compared to controls.'"

Many studies implicate neuroinflaimmation in NDDs post-mortem tissue, where
dysregulated levels of pro-inflammatory cytokines within CNS of individuals with ASD are
reported.” Investigations utilising post-mortem brain tissue of individuals with ASD
identified elevated levels of pro-inflaimmatory cytokines TNF, I1L-6 and IFN-y in patients

4116 1n  addition, NF-«B was observed to be elevated in the

compared to controls.

orbitofrontal cortex of individuals with ASD compared to controls. Interestingly, increased

NF-»B, a mediator of the immune response responsible for expression of inflaimmatory

cytokines and chemokines, was observed in mature microglia and astrocytes relative to
117

neurons.” ' An increase in proinflaimmatory cytokines such as IL-2, IL-12, monocyte

chemoattractant protein 1 (MCP-1) and TNF have similatly been found in a post-mortem
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brain analysis of Tourette syndrome patients during symptom exacerbations.'® Another early
transcriptomic investigation of Tourette syndrome post-mortem brains utilising microarrays
identified an increase in the protein tyrosine phosphatase family and TNF-ligand superfamily
within the putamen region.""” Furthering the dysregulation of the neuro-immune crosstalk
in NDDs, the authors validated the microarray findings through real time PCR and western
blot analyses and showed 3/5 proteins had discrepancies in protein levels when compared

. 0
to gene expresslon.“)

1.2.9 Inflammation in the periphery
Circulating cytokines in peripheral samples such as blood, plasma or serum are a great
alternative to the otherwise inaccessible brain, when investigating the underlying mechanisms
of the immune response in NDDs. There have been many studies to explore the effects of
the immune response by measuring circulating cytokines in peripheral samples of ASD
patients. Following in the footsteps of MIA models, stimulation of peripheral blood
mononuclear cells from patients with ASD stratified patients based on symptom severity
through increased production of pro-inflammatory cytokines following an immune
challenge.” Studies have also attempted to correlate the severity of ASD symptoms to levels
of pro-inflammatory cytokines, where increased plasma IL-1§3 and IL-6 were associated with
more impaired behavioural and communication symptoms.'”” A recent meta-analysis of
circulating pro-inflammatory cytokines in ASD studies has confirmed the activated immune
response evidence and reaffirmed higher concentrations of pro-inflammatory cytokines such
as IFN- vy, IL-1B, IL-6, and TNF in patients compared to controls.” In addition, the authors
performed meta-regression analyses in order to explore sources of heterogeneity within the
studies included, and identified an interaction of age, gender and latitude. For example,
differences in proportion of male patients included had a positive effect on IL-18, but a

negative effect on TNF levels.
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An imbalance in pro-inflammatory cytokine levels within the periphery have been
reported in individuals with OCD, with some studies describing elevated levels compared to
controls and others describing decreased levels.'">'*'* Interestingly, a systematic review and
meta-analysis of 16 studies investigating the peripheral immune response failed to identify
differences in pro-inflaimmatory cytokines including IL-6, TNF, IL-13 in OCD patients

compared to controls.'

More recently, a review of the literature of paediatric patients with
OCD and movement disorders highlighted TNF, IL-18 and IL-17 to be altered in patients
when compared to controls.'”” These findings are interesting, and spark the question of
immune differences in OCD patients between a paediatric and adult cohort potentially
having epigenetic influences in early life. In addition, comorbidities that may arise in life
could alter the immune signature identified in early life, along with modifiers such as
medications. Of interest, within the OCD meta-analysis described above, differences in IL-

1B levels were only established in drug-naive patients compared to controls.'*

Within studies exploring the peripheral immune system in Tourette syndrome, a skewing
towards pro-inflammatory findings is also present.'”® However, similar to findings from other
NDDS such as ASD and OCD, there remains discrepancies on the direction of inflammation
within Tourette syndrome studies. Serum concentrations of proinflaimmatory cytokines IL-
12 and TNF were elevated in patients with Tourette syndrome when compared to controls
in a prospective longitudinal study.” In addition, plasma levels of pro-inflammatory
cytokines such as IL-6, IL-18 and IL-17 were increased in Tourette syndrome patients
compared to controls.”™ A cross-sectional study attempted to investigate markers of
inflammation in a cohort of children, adolescents, and adults with Tourette syndrome and
identified increase levels of C-reactive protein (CRP) and neopterin, sensitive markers for
inflammatory processes."”' However in a further study, individuals with Tourette syndrome
showed lower serum concentrations of TNF, soluble interleukin-1 receptor-antagonist (IL1-

ra) and monocyte-derived soluble CD14, in addition to high levels of monocytes when
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compared to controls. This section provided some evidence of inflaimmation and immune
dysregulation reported within the literature of NDD syndromes, with a generally increased,

but sometimes decreased, trend in cytokine levels.

1.3 Genetics and epigenetics in Neurodevelopmental disorders

1.3.1 Genetics
The complexity of neurodevelopmental disorders can be partly owed to the heterogenous
actiology within individuals. A systematic comprehension of NDD aetiology and
comorbidity is yet to be understood. Despite the recognised hereditary contribution of
various neurodevelopmental conditions, the genetics undetlying these disorders are still
unclear. While monogenic forms of neurodevelopmental disorders exist, they are often
associated with genes highly vulnerable to disruptive variants.”>” Genetics play a crucial part
in the aetiology of NDDs, with studies reporting higher rates of ASD in siblings of affected
individuals, alongside high heritability rates in twins."”>"*> Analogous to ASD, the rates of
Tourette syndrome in first-degree relatives are higher when compared to second-degree
relatives or controls."”* A meta-analysis of twin and familial risk OCD risk recently conducted
revealed first-degree relatives of individuals with OCD were 7.18 times at risk of OCD

compared to controls."”

Genome wide association studies (GWAS) aim to identify genes and alleles which
contribute to the risk of developing complex traits. By searching the genome in an unbiased
fashion, regions harbouring common genetic variants such as single nucleotide
polymorphisms (SNPs) are tested for statistical significance to identify associations between
genotype and phenotype. SNPs are substitutions of a nucleotide at a specific location within

the genome, present in a large portion of the population.'

The genotypes of individuals
displaying a trait of interest, and controls that don’t have the trait, are investigated using

dense microarray sequencing to search for frequences of SNP markers. A meta-analysis of
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ASD GWAS have identified a significant loci spanning genes such as PITX3 (transcription
factor), CUEDC?2 (regulates cytokine production), HDAC# (histone deacetylase) and
MACROD? (deacetylase).”” Through familial and GWAS, genes such as SLITRK7, NTN4,
and HDC, which are involved in neurite growth and neurotransmission, have been
implicated in Tourette syndrome.”®'*" A meta-analysis of two OCD GWAS studies failed
to identify genome-wide significant findings, however genes such as CASCE/CASC11 (long
non-coding RNAs), GRIDZ (glutamate receptor), KIT (receptor tyrosine kinase) have been

implicated.""!

Despite multiple studies performed to try and understand the genetics of these
complex disorders, no one gene is believed to cause NDDs. Monogenic forms of
neurodevelopmental disorders account for 10% of cases (such as Rett syndrome and Kabuki
syndrome). Instead, small dysregulations within multiple interacting genes and pathways
combined with epigenetic and environmental effects is thought to be operating. It is critical
to emphasise that the associated highly penetrant genes only elucidate a minority of patients
with complex NDD such as ASD, Tourette syndrome and OCD. Environmental factors are
also implicated in the aetiology of NDDs, with pre/perinatal conditions such as maternal

psychosocial stress, as well as epigenetics being predominant considerations.

1.3.2 Epigenetics
Neurodevelopmental disorders are now considered to arise from a multifactorial interplay of
genetic, epigenetic and environmental influences that result in expression of these symptoms.
Distributions to neurodevelopment due to these various influences may have dire
consequences on NDD expression.”* The flow of biological information moves from DNA
to RNA and is translated to proteins. Many cellular processes orchestrate the regulated
transition of information to reach a functional protein, and epigenetic processes operate in

this transition.'"” Neurodevelopment, where development of the central nervous system and
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its many vital cell types is made possible by epigenetic mechanisms that allows proliferation

or differentiation.!®

The concept of epigenetics was first described by Conrad Waddington, where he
showed the effects of environmental stimuli (such as temperature) can be observed
phenotypically in offspring, and continue across generations, without the external stimuli.'**
Now, our definition of epigenetics refers to phenotypic heritable variations arising from

142,144,145

environmental difference without changes in genomic sequence. Epigenetics

represent vital mechanisms whereby environmental effects leave their mark through
profound changes in gene expression or function, without altering the genomic sequence.'*
Epigenetics is incredibly important for complex conditions such as neurodevelopmental
disorders, where a link between environmental influences and genetic expression can be
drawn. The focus of many epigenetic studies is DNA methylation, where integration of the
microarray technology allowed for a first grasp of how this field can be explored in a high-

7

throughput fashion.""” Investigations of epigenetic signatures are tissue-specific,' a fact

requiring substantial consideration within the field of NDDs.

Epigenetic mechanisms can also rely on changing chemical moieties in chromatin to
exhibit genomic expression, through cross talk of DNA methylation, histone and chromatin
modifications, micro-RNA expression, and protein post-translational modifications (Figure
1.2). Post-translational modifications can be in the form of methylation, phosphorylation,
acetylation, ubiquitylation and sumoylation. Histone proteins are basic proteins acting as
spools where ~ 147 base pairs of DNA wind around an octamer of histone proteins (two
copies each of histones H2A, H2B, H3, H4), referred to as a nucleosome. Packed units of
nucleosomes are known as chromatin, existing as euchromatin (lightly packed), or
heterochromatin (densely packed). Tightness of DNA around histone proteins has impacts

on accessibility of DNA to be transcribed.
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Figure 1.2 Epigenetic mechanisms

Epigenetic modifications are reversible and heritable gene expression changes that don’t alter DNA sequences.
The figure highlights a short region of DNA, which is wrapped around histones (histone octamer configuration
is shown on the right). The addition of epigenetic modifications such as DNA methylation and acetylation are
shown as markers attached to nucleosomes, associated with open and closed chromatin respectively. Chromatin
units are known as nucleosome, which assemble into chromatin. Loosely packed chromatin is associated with
active transcription, while densely packed chromatin is associated with inactive transcription. Figure generated
using Biorender.
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DNA methylation was the first discovered epigenetic mechanism and entails the
addition of a methyl group to cytosine bases of DNA with the help of methyltransferase
enzymes."” DNA methylation, particularly occurs within CpG islands (regions with repeats

of cytosine followed by guanine)."’

Next, histone modification consists of post-translational
modifications specifically within histone proteins, where they have a role in how tightly DNA
is wrapped around histones, and thereby influence accessibility of DNA for transcription.'”’
Another form of epigenetic modifications involves RNA, both coding and non-coding RNA
(ncRNA). Within ncRNAs, mictoRNAs guide gene expression post-transcriptionally by
binding to the untranslated regions of mRNAs and disrupt translation.” Finally, post-

translational modifications to proteins following the process of translation have the ability

to alter function, conformation and stability of proteins."

Development of the CNS is a complex process requiring regulated gene expression,
fulfilled by transcriptional factors and epigenetic processes.'” Coordination of key epigenetic
processes including DNA methylation and histone modifications throughout
neurodevelopment, form the basis of epigenetic trajectories critical for cell maturation and
subsequent cell fate"*'** The effects of MIA extends past changes outlined in Section 1.3,
where animal models have pointed long-lasting epigenetic alternations such as DNA
methylation, histone modifications, and mictoRNA changes within offspring brains."**!**
Within human studies, maternal risk factors of NDD in offspring outlined prior such as
anxiety, depression and smoking during gestation have been associated with epigenetic

modifications within the placenta, umbilical cord and peripheral blood of offspring.”””"**

30



1.4  Impact of multi-Omic approaches in Neurodevelopmental
disorders

The flow of genetic information is stored in the form of genes as DNA, which are then
transcribed into RNA, and finally translated into proteins. Researchers have been
investigating the various levels of biology for decades, however in-depth analyses of one or
multiple of these levels was not possible until exploration of the genome started with The
Human Genome Project in late 1980s.” Utilisation of high-throughput technologies such
as RNA sequencing, and mass spectrometry have become a standard within current times,
where there is increased instrument accessibility and improved protocol development which

100 Tnclusion of the suffix “omics” to the end of a

account for various models and samples.
molecular term infers an inclusive and global assessment of a set of molecules.'” The
transcriptome examines the complete set of transcripts in a sample, including mRNAs, non-
coding RNAs and small RNAs, with the aim of quantifying changes in expression levels of
each transcript. The proteome involves the study of peptides in a sample, including the
peptide’s quantification, abundance, modification and interactions. Ultilisation of complex

explorations into various levels of biology is needed when investigating complex conditions

such as neurodevelopmental disorders.

1.4.1 Investigating the transcriptome using RNA-sequencing
Researchers have investigated gene expression for a long time with the utilisation of
molecular biology techniques such as polymerase chain reaction (PCR).'*> However, these
explorations often involved single transcripts, and genes previously known to be implicated,
leaving little room for novel discoveries. The introduction of high-throughput sequencing
allowed for an in-depth global search into samples or organisms of interest. Transcriptomics
is the study of all transcripts in a given sample, including mRNA, non-coding RNAs and

small RNAs.'” TInitial work within the field saw the utilisation of hybridisation-based
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microarray assays, followed by sequence based approaches, both of which bear many caveats

16

and problems.''** Development of next-generation sequencing technologies such as RNA

sequencing revolutionised transcriptomics b roviding in-depth sequencing of
q g p y P g p q g

complementary DNA to explore gene expression on a global scale within samples.'®

RNA sequencing involves the preparation of a sequencing library from
complementary DNA isolated from RNA, which is then sequenced on a next generation
sequencing platform (Figure 1.3).">'® As with other experiments utilising biological samples,
careful planning and consideration of proper controls is required for optimal results and
analysis while balancing time and resources. These include the use of biological and technical
replicates, the depth of sequencing (total number of reads sequenced), and the transcriptome

coverage (breadth of coverage based on depth) needed.'*
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Figure 1.3 Transcriptomics by RNA sequencing

RNA sequencing protocol from sample preparation to transcriptome analysis figure examples. (1) The protocol is
initiated with isolation of RNA from the sample of interest, fragmentation of RNA samples (of the different RNA
types), and synthesis of complementary DNA (cDNA). (2) Following cDNA synthesis, the sequencing library is
generated by synthesising adaptors to the 5’ and 3’ ends of cDNA and amplifying the sequences through polymerase
chain reaction (PCR). (3) The generated library is then RNA sequenced on a next generation sequencing machine
(eg, Illumina) and the reads are pre-processed by aligning to a reference transcriptome. The final section of this step
involves quality control measurements of the samples. (4) Finally, the transcriptome is analysed, often starting with
clustering analyses to identify trends within samples and differential expression analysis to identify genes with
distinctive expression in group(s) of interest in comparison to controls. Finally, pathway analysis can be performed
to identify biological pathways enriched in the differentially expressed genes. Figure generated using Biorender.
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Transcriptomic analyses of neurodevelopmental disorders have provided a robust
collection of inflammatory and immune evidence. Studies utilising post-mortem brain
samples from individuals with neurodevelopmental disorders have provided an insight into
brain transcriptomic changes, a vital and implicated region otherwise inaccessible.
Transcriptomic studies utilising post-mortem brain samples of individuals with ASD have
pointed towards an up-regulated immune pathways and activated microglial markers, along
with a down-regulated synaptic and neuronal signals.'”” This signalling pattern of an up-
regulated immune response and a down-regulated neuronal message has been repeatedly
identified in subsequent studies investigating the ASD brain transcriptome.'®®'" In addition,
He et al., performed an integrated transcriptomic analysis of ASD datasets including post-

mortem brain samples, peripheral blood samples and patient cell lines'”

. The integration of
multiple dataset types identified a larger up-regulated gene expression pattern in brain
samples when compared to peripheral datasets of ASD, along with enriched pathways
involved in inflammation, oxidative stress, and mitochondrial dysfunction. To add, a recent
profiling of the ASD brain transcriptome — focusing on RNA sequencing studies, identified
previously implicated pathways involved in the immune response and osteoclast
differentiation, along with novel differentially expressed genes.”” An RNA sequencing
analysis performed on blood samples of adults with ASD identified an enriched immune
signal when compared to controls, adding further to the immune evidence associated with
NDDs."™

Similarly, transcriptomic analyses of OCD post-mortem brain samples revealed
global synaptic signalling dysregulations and enrichment of neuronal genes.'” Initially, Lisboa
et al., explored three striatal areas including the putamen, caudate nucleus and accumbens
nucleus in six cases and eight controls and identified commonly enriched synaptic signalling,

along with distinct signatures within each region investigated. In addition, the authors

identified an enriched immune response and inflammatory signature within the caudate
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nucleus region only consisting of cell adhesion molecules and microglial enrichment.'” The
most recent transcriptomic analysis of OCD post-mortem brains attempted to explore the
orbitofrontal cortex along with two striatal regions (caudate and nucleus accumbens)
compared to controls. This analysis highlighted the majority of the differentially expressed
signal to arise from the striatal region, and implicated pathways in OCD such as synaptic

neurotransmission and glutamatergic synapses.'

The only RNA sequencing study of
individuals with Tourette syndrome utilised post-mortem brain samples, and pointed
towards genes and pathways down-regulated interneuron signalling, and up-regulated
immune response including microglial an astrocyte inflammation.'"” Lisboa et al., compared
their OCD transcriptome analysis to the Tourette syndrome analysis, and identified that
while similarities were present in the DEGs, the direction of expression was comparable in
the caudate nucleus only, while lower levels were observed in the other brain areas.'”
1.4.2 Investigating the proteome using mass spectrometry

Proteomics refers to large-scale investigations of all sets of proteins within a cell type or
tissue. " Much like investigations of genes, initial studies of proteins involved explorations
of single proteins by means of two-dimensional gel electrophoresis. The field of proteomics
evolved from gel analyses to sequencing by Edman degradation and finally with the
development of mass spectrometry (Figure 1.4). Utilisation of mass spectrometry allows for
sensitive, accurate and quantitate protein information by detecting the presence and
abundance of peptides. Analysing the proteome of a sample through mass spectrometry
requires digestion of samples into peptides, and further ionisation depending on sample
complexity.'” Liquid chromatography (I.C) is commonly utilised to charge and dry molecules
in complex samples and deliver to the mass spectrometer, while matrix assisted laser
desorption ionisation (MALDI) is utilised for simple peptide mixtures (<100 proteins) and

involves subjecting samples to laser irradiation. 7817
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I Proteomics by Mass Spectrometry
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Figure 1.4 Proteomics by mass spectrometry

Proteomics protocol by mass spectrometry from sample preparation to proteome analysis. (1) The protocol is initiated with lysis of
proteins from sample of interest, and the digestion of the sample into peptides. (2) Following this, the peptides ate labelled for multi-
plexing by mass tandem tags, and undergo desalting to purify from impurities such as salts. (3) The purified sample is then passed
through liquid chromatography mass spectrometry for analysis, the reading intensities are analysed and samples are passed through
quality check measurements. (4) Finally, the proteome is analysed, often starting with clustering analyses to identify trends within
samples and differential expression analysis to identify proteins with distinctive expression in group(s) of interest in comparison to
controls. Finally, pathway analysis can be performed to identify biological pathways enriched in the differentially expressed proteins.
Figure generated using Biorender.
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Explorations of specific proteins in a simple protein mixture is best done through
top-down proteomics, which allows for high coverage and characterisation of proteins.
However, this technique lacks sensitivity and high-throughput capacity. In contrast, bottom-
up (otherwise known as shot-gun) proteomics utilises liquid chromatography-mass
spectrometry LC-MS/MS for a greater coverage of proteins within a sample, with the
increased sensitivity required for a global analysis."”” However, a disadvantage of the shot-
gun approach is the favouring of more abundant proteins, with bias against low abundance

proteins.

High-throughput experimental designs require careful consideration of sample
numbers, as a method of reducing batch differences in multiple experiments. For this reason,
multi-plexing was made possible by protein labels or tags to quantify and identify proteins, a
more common choice in the field due to current instrumental errors and variability within
runs (Figure 1.4B)."" The utilisation of chemical or metabolic tags allows for a homogenous
analysis of samples and quantification in a single experiment, reducing variability and batch
effects. An example of commonly used tags is tandem mass tags (TMT) reagents, consisting
of an amine-reactive group used for labelling and identifying each sample, attached with a
mass normalization group and a reporter ion group. While the structure and mass of each
TMT reagent is identical, the difference is in the distribution of five heavy isotopes within
the reporter ion and normalisation groups, measured as the reported ion size during mass

spectrometry.'®

Proteomic investigations in the field of neurodevelopmental disorders are biased towards
ASD, with a handful of studies examining OCD and no current study exist for Tourette
syndrome. The majority of ASD proteomic studies have utilised plasma — while this sample
type is challenging to use in mass spectrometry due to the large rage in protein expression,

current development in technologies and workflows is able to circumvent these challenges.'
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Proteomic analyses of ASD plasma samples has implicated inflammation and complement
system, and the cytoskeletal system."™"*” Serum provides another sample type to explore the
proteome of individuals with ASD, where it reflects systemic changes occurring throughout
the body at relatively stable levels."®® Proteomic investigations in serum of ASD patients
compared to controls have implicated the immune response including the complement

189-1

system, and lipid metabolism. '*'' Similarly, proteomic analyses of saliva samples from ASD

192,193

patients enriched immune response and inflammatory signals, and stratified patients

194

based on severity.”" The currently available proteomic explorations of OCD patients have

utilised serum samples to implicate immune pathways including phagocytosis B cell receptor

195,196

signalling.

1.5 Program of research

So far, this thesis has established a framework of justification for investigation of
inflammation and epigenetics within neurodevelopmental disorders. The current section will
summarise the literature discussed above and provide an overview of the contents of this

thesis.

Neurodevelopmental disorders are neurological conditions with high comorbidity
rates of other neuropsychiatric conditions and NDDs.” An estimated 10% of children under
the age of five are diagnosed with a NDD."” NDDs cause significant impairment to daily
functioning, as well as personal, social and economic strain on families. In Australia, the
diagnosis of ASD costs a family ~$35,000 annually.” A complex interplay of genetic,
epigenetic and environmental influences contribute to NDD development.”
Inflammation during the gestational period is thought to result in increased expression of
these conditions.” A neurodevelopmental continuum has been proposed to better model the
distinct disorders that exist, due to the high comorbidity and the shared genetic and

environmental risk.>”” Neurodevelopment is a highly orchestrated active timeline of events,
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beginning from the third gestational week, and extending postnatally throughout late
adolescence.” Gene expression and epigenetic processes can be affected by environmental

factors which impact the extremely organised development of the brain.”

Coordinated teamwork from the nervous, endocrine and the immune systems are
vital for proper development of the offspring.* The immune system is fundamental for
protection from a range of insults such as infections, playing a crucial role in the development
of the central nervous system by maintaining homeostasis and promoting inflammation.*"’
Development in utero is a critical period where the gestational environment can have major
consequences on the developmental outcome of the offspring.” A large body of evidence,
including pre-clinical and clinical studies, support the involvement of maternal immune
dysregulation during gestation as a risk factor for neurodevelopmental disorders and
neuropsychiatric conditions such as ASD.” Epidemiological data has linked various
infections during pregnancy to an increased risk of neurodevelopmental disorders in the
offspring. A chronic inflammatory state in pregnant mothers coupled with genetic and
epigenetic risk factors, can result in cellular stress and further inflammation.” A plethora of
animal models have been generated to investigate maternal immune activation and have
contributed vastly to what we know understand regarding NDD risk, and an activated

immune response during pregnancy. MIA is thought to act as a ‘disease primer’ for

neuropsychiatric symptoms, increasing susceptibility to effects of other risk factors later in

life.”™

Paediatric Acute Neuropsychiatric Syndrome (PANS) is a clinical entity describing
children who present with abrupt onset emotional changes and OCD symptoms.
Bidirectional communication of the immune system and the central nervous system are
recognised as vital processes contributing to normal brain development. As such, interactions

of the two systems are implicated in the pathophysiology of neurodevelopmental disorders
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such as ASD, Tourette syndrome, OCD, as well as PANS."" Genetics play a crucial part in
the aetiology of NDDs, with studies reporting higher rates of ASD in siblings of affected
individuals, alongside high heritability rates in twins."”>"” While monogenic forms of
neurodevelopmental disorders exist, they are often associated with significant disease risk,

associated with genes highly vulnerable to disruptive variants.”>”

Coordination of key
epigenetic processes including DNA methylation and histone modifications throughout
neurodevelopment, form the basis of epigenetic trajectories critical for cell maturation and

specification subsequently."”*">

Utilisation of high-throughput technologies such as RNA
sequencing, and mass spectrometry have become a standard within current times, where
there is increased instrument accessibility and improved protocol development which

account for various models and samples.'”

1.5.1 Aims of thesis
The program of research within this thesis aims to further investigate the role of
inflammation and epigenetics within neurodevelopmental and neuropsychiatric disorders.
The first aim is to utilise high throughput experimental techniques such as RNA Sequencing
and Proteomics by mass spectrometry to explore biological pathways underlying the
mechanism of disease within neurodevelopmental disorders. This is examined firstly in
Chapter 2, where publicly available RNA Sequencing datasets utilising postmortem brain
samples of individuals with ASD and Tourette syndrome are investigated. Firstly, the datasets
are analysed separately to pinpoint dysregulated biological pathways, and further examined
conjointly to identify a common signal within these comorbid conditions. In addition,
Chapter 3 will focus on two cohorts of children with PANS and examine proteomic changes
in peripheral blood mononuclear cells compared to cells from neurotypical controls.
Recruitment of two cohorts of children with the PANS phenotype will allow for exploration

of proteomic changes within peripheral cells of two NDD groups, in the hopes of replicating
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a proteomic signal. Through utilising current high-throughput technologies such an RNA-
sequencing and proteomic advances, biological samples from individuals with

neurodevelopmental disorders are explored.

The second aim of the work presented in this thesis underly exploring the functional
aspect of the immune dysregulations presented within Chapter 4. This exploration utilises
peripheral blood mononuclear cells of children with the PANS phenotype, and applied
molecular biology techniques to underpin the immune aberrations present within this cohort
that differ from those in a control group. A functional assay is developed, which assess
immune response through measurement of pro-inflammatory cytokines at the mRNA and
protein level following a bacterial challenge. The novelty of the work described lies within
utilising several timepoints of LPS stimulation in the cells of PANS patients and controls.
Through assessment of key cytokine markers in functional analysis of the immune response
in PANS patients compared to controls, a clearer landscape of the biology of PANS may be

uncovered.
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Chapter 2
Common targetable inflammatory pathways in brain
transcriptome of autism spectrum disorders and Tourette

syndrome

Alshammery, S, Patel, S, Jones, H. J., Han, V. X,, Gloss, B. S., Gold, W. A., Dale, R. C.

(2022). Frontiers in Neuroscience, doi: 10.3389/fnins.2022.999346

This publication has been adapted and reformatted for presentation in this thesis. The

published version of this manuscript can be found in Chapter 7.1 Appendix.

2.1 Preamble

Amongst the consistently emergent literature of neurodevelopmental disorders, each new
study within the field sparks more questions in our journey of understanding these complex
conditions. As highlighted in Chapter 1, investigations utilising high-throughput sequencing
data from precious tissues are a resource that can be tapped into using various tools to deepen
our understanding of disease. The utilisation of these datasets, increasingly becoming publicly
available, not only encourages reproducibility of results, but may enable novel discoveries
when combined with other findings. The study presented in this chapter utilises RNA
sequencing datasets of post-mortem brain tissues from individuals with ASD and Tourette

syndrome, to explore dysregulated genes and pathways. While these individual studies in
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ASD and Tourette syndrome exist as solitary studies, the focus of these studies was on the
down-regulated neuronal message. In contrast, our investigation focuses on the up-regulated

enriched immune findings.

Transcriptomic analyses of individuals with NDDs have pointed towards down-
regulated dysregulations involving neuronal and synaptic function, and GABA
neurotransmission.''™’"""" On the other hand, the up-regulated findings generally consisted
of inflammation and microglial dysregulation. The neuronal down-regulated signal is
associated with the genetic variation of NDDs, while the up-regulated findings have been

HOTOIT The study presented within this

suggested to be secondary to environmental factors.
chapter will analyse publicly available RNA sequencing datasets from the PsychENCODE
Consortium with the aim of identifying dysregulated genes and biological pathways.
Identification of dysregulated pathways in ASD and Tourette syndrome can help shed light
on the underlying pathophysiology on these CNS conditions. In addition, the shared genetic

heterogeneity and high comorbidity rates of NDD conditions employed us to identify

commonalities between the ASD and Tourette syndrome datasets.

Within this chapter, I performed all primary and secondary analyses as described below, using
open source datasets from the PsychENCODE Consortium. The bioinformatic workflow
along with all supplementary material can be found at

https://github.com/sarahalshammery/ASDTS.

2.2  Abstract

Neurodevelopmental disorders (NDDs), including autism-spectrum disorders (ASD) and
Tourette syndrome (TS) are common brain conditions which often co-exist, and have no
approved treatments targeting disease mechanisms. Accumulating literature implicates the

immune system in NDDs, and transcriptomics of post-mortem brain tissue has revealed an
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inflammatory signal. We interrogated two RNA-sequencing datasets of ASD and TS and
identified differentially expressed genes, to explore commonly enriched pathways through
GO, KEGG and Reactome. The DEGs (FDR < 0.05) in the ASD dataset (n=248) and the
TS dataset (n=156) enriched pathways involving inflammation, cytokines, signal transduction
and cell signalling. Of the DEGs from the ASD and TS analyses, 23 were shared, all of which
were up-regulated: interaction networks of the common protein-coding genes using
STRING revealed 5 central up-regulated hub genes: CCL2, ICAMT1, HMOXT1, MYC and
SOCS3. Applying KEGG and Reactome analysis to the 23 common genes identified
pathways involving the innate immune response such as interleukin and interferon signalling
pathways. These findings bring new evidence of shared immune signalling in ASD and TS
brain transcriptome, to support the overlapping symptoms that individuals with these

complex disorders experience.

2.3 Introduction

Neurodevelopmental disorders (NDDs), such as autism-spectrum disorders (ASD) and tic
disorders including Tourette syndrome (TS), are neurological conditions which commonly
co-exist and have shared genetic contributions.”” ASD is characterised by social
communication and language deficits, and repetitive stereotypical behaviour. Tics are
repetitive stereotyped movements (motor tics) or vocalisations (vocal tics), and when present
for more than 12 months, fulfill a diagnosis of TS. Tics are present in 11-22% of children
with ASD, while ASD is present in 12% of children diagnosed with TS."**" Limited disease
specific treatments are currently available for NDDs, and management focuses on symptom

mitigation and developmental support.**”'

The genetic aetiology of neurodevelopmental disorders is thought to be due to variants in

34,2(

multiple genes that converge on common pathways.”**”” However genetic aetiologies in these

disorders are unable to explain the wide phenotypic heterogeneity, instead, the interaction
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between environmental and genetic factors are proposed to play an important role in
pathogenesis of NDDs. In addition, immune dysregulation and inflammation have long been
suggested to contribute to the pathophysiology, where early insults during gestation, such as
maternal immune activation (MIA), can impact the development of the foetal brain.**'****3"
" MIA, encompassing maternal conditions such as infection, asthma, obesity, autoimmune
disease, and psychosocial stress, are associated with increased incidence of NDDs in
offspring, such as ASD and TS.*”*" MIA is thought to act as a disease primer, which in
addition to genetic predisposition, results in increased expression of neurodevelopmental
disorders.” Studies have also shown dysregulation in proinflammatory cytokines such as IL-

12, TNF, monocyte chemoattractant protein 2 (MCP-2), and IL-2 in the brains and

peripheral blood of individuals with ASD and TS.'""!!%!211%

Transcriptomic analyses (RNA sequencing) of post-mortem brains from individuals
with ASD have shown upregulated genes involved in inflammation and microglial
dysregulation."™'"" Similarly, analysis of post-mortem brain striatum from individuals with
TS identified up-regulated genes in immune and inflammatory pathways, and implicated
microglial activation as a primary source of inflammation.”” In both the ASD and TS brain
transcriptome studies, the downregulated genes were enriched in pathways involved in
synaptic function and GABA neurotransmission, aligning with the genetic variation found

110,170,171

in these disorders. By contrast, the upregulated inflammatory findings were

considered more likely to be due to environmental factors or secondary.'""""!"!

Given the shared genetic heterogeneity and comorbidity of NDDs, there is an increasing
need to examine common disease pathways. As inflammation has been reported in brain
transcriptomics in both ASD and TS, we examined for shared gene expression between ASD
and TS in order to improve our understanding of the pathophysiology of NDDs and provide

future potential therapeutic targets.'*""!"!
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2.4 Methods

2.4.1 Data availability, and open-source bioinformatic analysis
Human brain transcriptome data (RNA-seq) from two independent published studies were
obtained with authors permission from synapse.org and analysed for differential gene
expression and pathway enrichment analysis."™"" Unlike TS, where only one study
interrogating the brain transcriptome exists, there are a number of studies investigating ASD

170172208209 The current ASD dataset was chosen as it presented the largest

brain transcriptome.
cohort of samples.'”'"" The ASD data were downloaded from synapse.org (ID: syn8234507)
as count files, and RNA-seq metadata of 42 ASD cases were matched with 43 neurotypical
controls (NC).""" The pre-frontal cortex (PFC) region was chosen for the ASD analysis given
the large sample size with matched controls. The TS data was downloaded as BAM files from
synapse.org (ID: syn3158906), which included putamen and the caudate nucleus regions

11(

from 9 TS cases and 9 normal controls.'"” The bioinformatic workflow, including all utilised

code, quality control figures, and supplementary figures and tables can be found at

https://github.com/sarahalshammery/ASDTS.

2.4.2 Demographic and clinical variables of cases and controls
2.4.2.1 Autism spectrum disorder
A total of 42 ASD cases and 43 normal control PFC samples were utilised in this analysis

171

(Supplementary Table 1)."" The ASD cohort selected (n=42) consisted of nine female cases
(21.43%) and 33 male cases (78.57%), with mean age of 26.38, median of 22.5 and range of
2 — 67 years. The normal control cohort selected (n=43) comprised of nine females (20.93%)
and 34 males (79.07%), with mean age of 28.63, median of 24, and range of 4 — 60 years. A
Mann-Whitney test indicated no significant difference (U = 831, P value = 0.5295) between

the ages of the ASD and normal control cohorts. The full demographic data can be accessed

from https://doi.org/10.7303/syn12080241.
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2.4.2.2 Tourette syndrome
A total of 9 TS cases and 9 normal control caudate nucleus and putamen samples were
included (Supplementary Table 1).""” The TS cohort (n=9) entailed four female cases
(44.44%), and five male cases (55.56%) with mean age of 62.77, median of 52, and range of
29 — 84 years. The normal control (NC) cohort (n = 9) consisted of four (44.44%) females
and five males (55.6%) with mean age of 58, median of 52, and range of 4 — 60 years. The
full demographic data is in the supplementary material of the original study (See their
Supplementary Table 2''%). There was no statistical differences in the age of the TS cases in

comparison to normal controls.""

2.4.3 Data quality control
The  ASD dataset  was prepared and sequenced as described
(www.doi.rog/10.7303/syn4587615), reads were mapped against the Genome Reference
Consortium Human Build 37 (GRCh37, otherwise known as hg19). The TS dataset were
mapped against GRCh37 (hg19), and gene level counts for reference sequence (RefSeq)
genes were assessed using HTSeq-count.'’ The raw counts for each dataset were converted
to the counts per million (cpm) scale and filtered by expression using the filertbyexp
function.”” The data was normalised as per the EdgeR guide using Trimmed Mean of M-

values (TMM) normalisation.””

2.4.4 Differential gene expression analysis
Genes with an FDR of < 0.05 following differential gene expression analysis of each dataset
were considered differentially expressed genes (DEGs) in this investigation. The DEGs were
identified by a quasi-likelihood (QL) negative binomial (NB) generalised log-linear model
(elmQLF). Genes with a logFC >= 0 were considered to be up-regulated, and those below
0 were down-regulated. DEGs were visualised through a volcano plot using the ggplot 2

package.”"!
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2.4.5 Pathway and Network entichment analysis
Enrichments of the DEGs were identified through an over-representation analysis using
Gene Ontology (GO) Biological Process, Reactome and the Kyoto Encyclopedia of Genes
Genomes (KEGG), through the ClusterProfiler package (False Discovery Rate (FDK) <
0.05).”"**'* These are databases which allow genes to be grouped based on their relationships
(GO), or the participation in pathways (Reactome and KEGG). For the main individual
analyses, pathways enriched by less than 10 genes were excluded. Given the perceived more
significant mechanistic insights of the Reactome results, they are presented in the main text,

whereas GO and KEGG are presented in the supplementary material.

The protein-coding DEGs which were common to both the ASD and the TS DGE
analyses, were visualised using a protein-protein interaction (PPI) network through the
Search Tool for the Retrieval of Interacting Genes/Proteins (STRING; https://string-
db.org/), with an interaction score > 0.4, and default active interaction sources.”* The PPI
network from the DEGs common to both ASD and TS datasets were further imported into
Cytoscape.””” CytoHubba, an app for Cytoscape was used to identify hub genes by ranking
nodes by network features through the MCC method.” The expression of the hub genes in
the disease cohorts compared to controls were visualised using the ggplot 2 package.”' A

Shapiro-Wilk test was utilised to test normality of the hub genes’ counts.

2.5 Results

2.5.1 Transcriptional signatures
To identify relationships within the cases and their respective controls, we set out to explore
differences based on transcriptome signatures. The ASD and TS cases were not observed to
be transcriptionally distinct from their respective controls using hierarchal clustering analyses

(Supplementary Figure 1 and Supplementary Figure 2; Github).
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2.5.2 Differential gene expression

2.5.2.1 Autism spectrum disorders
The DEGs within the PFC of ASD cases compared to neurotypical controls consisted of
239 up-regulated genes and 9 down-regulated genes, represented through a volcano plot
(Figure 2.1A). Results of the DGE analysis can be accessed in supplemental material

(Supplementary Table 2A-B; GitHub).
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Figure 2.1 Volcano plot of differentially expressed genes in ASD and T'S

Differential gene expression analysis was performed on the transcripts of A) Autism spectrum disorders (ASD)
cases and neurotypical controls and B) Tourette syndrome (TS) cases and neurotypical control samples. The
y-axis represents statistical significance (-loglOFDR) and the x-axis represents gene expression log fold change
(logFC). The top 20 differentially expressed genes were labelled for ease of viewing, all of which had an up-
regulated expression in both the ASD and TS datasets.

2.5.3 Tourette syndrome
The DEGs within the striatum of individuals with TS compared to neurotypical controls

consisted of 143 up-regulated genes and 13 down-regulated genes, as shown in the volcano
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plot (Figure 2.1B). Results of the DGE analysis can be accessed in supplemental material

(Supplementary Table 3A-B; Github).

2.5.4 Immune pathways are enriched in ASD and TS brain transcriptome

2.5.4.1 Autism spectrum disorder
To explore enriched terms and pathways in the ASD DEGs, over-representation pathway
analyses were conducted through three databases (FDR <0.05). The GO analysis revealed
337 terms, consisting mainly of up-regulated DEGs, and involved many immune response
and inflammatory signalling, along with epigenetic terms (Supplementary Table 2C,
Supplementary Figure 3; Github). The top 3 GO terms were “humoral immune response”,
“leukocyte mediated immunity” and “lymphocyte mediated immunity”. Over-representation
analysis using KEGG revealed 9 pathways, majority of which were enriched by up-regulated
genes (Supplementary Figure 4; Github). The top 3 KEGG pathways (based on FDR) were
“Systemic lupus erythematosus”, “Neutrophil extracellular trap formation” , and
“Staphylococcus aureus infection” (Supplementary Table 2D; Github). Enrichment of the
DEGs using Reactome revealed 9 pathways, mostly enriched by up-regulated DEGs (Figure

2.2A, C). Of the 9 pathways, the top 3 Reactome pathways (based on FDR and count) were

¥ ¢
b

“Interleukin-4 and Interleukin-13 signalling”, “Signalling by interleukins”, and “Interferon
signalling”. Overall, 4/9 Reactome pathways were involved in the immune response
consisting of cytokine signalling, innate and adaptive immune response pathways, 2/9
pathways were involved in signal transduction, 2/9 pathways were disease related, and 1/9

pathway belonged to gene expression and transcription. A full list of pathways from the three

databases can be found in supplemental material (Supplementary Table 2Cf-E; Github).
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sm spectrum disorders (ASD) and Tourette syndrome (T'S).
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Figure 2.2 Pathway enrichment analysis

individuals with ASD compared with controls (A,C) and the DEGs of individuals with TS compared with controls (B,D).

Panels (A,B): ASD enrichment results (A) and TS enrichment results (B) presented as bar plots of the top 10 pathways (y-axis),
with the statistical significance of the pathways presented by the x-axis. Panels (C,D): Connectivity network (CNET) plots of the

top 5 enriched pathways and the interactions of genes that make up the pathways, represented by each gene’s fold change. The

Reactome enrichment analysis (FDR < 0.05) of the differentially expressed genes (DEGs) in the brain transcriptome of
enriched pathways in ASD (C) and TS (D) are represented by a colour.



2.5.4.2 Tourette syndrome
The DEGs within the TS analysis enriched several terms and pathways from the three
databases (FDR <0.05). GO over-representation analysis revealed 135 terms, majority of

which were enriched by up-regulated genes (Supplementary Table 3C, Supplementary Figure

2 <<
bl

5; Github). The top 3 enriched GO terms were “immune response”, “cell activation” and
“leukocyte activation”. Over-representation analysis using KEGG did not enrich any

pathways. Enrichment of the DEGs using Reactome revealed 7 pathways, most of which

were enriched by up-regulated DEGs (Figure 2.2B, D). Of the 7 pathways, the top 3

» n
b

Reactome pathways (sorted by FDK) were “Interleukin-4 and Interleukin-13 signalling
Innate Immune System" " Cytokine Signalling in Immune system” . Overall, 5/7 Reactome
pathways were involved in the immune response consisting of cytokine signalling, innate and
adaptive immune response pathways, and 2/7 pathways were involved in the homeostasis
pathway. The full list of pathways can be found in supplemental material (Supplementary
Table 3C-D; Github).
2.5.5 Differentially expressed genes common to ASD and TS

Of the DEGs from the ASD analysis, and the DEGs from the TS analysis, 23 DEGs were
found to be shared. In both the ASD and TS datasets, 23/23 of the common genes had an
up-regulated expression. The common protein-coding DEGs were mapped into a PPI
network, and their expression in the ASD and TS cohorts was visualised (Figure 2.3). From
this network, we identified the top five hub genes using Cytoscape and CytoHubba, which
consisted of C-C Motif Chemokine Ligand 2 (CCL2) , Intercellular Adhesion Molecule 1
(ICAMT), Heme Oxygenase 1 (HMOXT), MYC Proto-Oncogene (MYC), and Suppressor
Of Cytokine Signalling 3 (SOCS3; Table 2.1).>"?*" The raw data are presented in log scale for
the five hub genes in cases compared to controls, shown for ASD and TS (Figure 2.3B). A
full list of the common DEGs can be found in supplemental material (Supplementary Table

4; Github).

52



Control
SOCS3
Hokx
| —
Conluol

SOCS3
ASD

+

wdozdog

MYC

ASD

Control
MYC
ko
1
.
.
Control
B3 1s B3 TS Control

Control
HMOX1
*
1
S Control

HMOX]1
Diagnosis [l AsD Il ASD Control

SD

Al
*
*’
-
-
S

.l ©°
wdoz3o[ wdoz3oy

Control

ICAMI1
xRk

7-
T‘S Con‘lml

ICAM1

ASD

1
.-
Control

ASD  Control

CCL2
CCL2
ok

2 “

25
0.0 -
2.

75+
0.0 -

?

o
2 wdoz3o| wdozdo|
"
&
2
[€)
®. ;:
& g
A o \ 3 § %
S % 2 = % o
g s 3] & @ S
& g |
= o (a
® ®
-~
<

Figure 2.3 Protein network of common differentially expressed genes and expression of hub genes in autism
spectrum disorders (ASD and Tourette syndrome (T'S).

(A) Protein-protein-interaction (PPI) network of genes found to be commonly differentially expressed in ASD and TS. The
network consists of nodes (circles) and edges (lines) representative of predicted functional associations of the common protein-
coding genes. Edge thickness is indicative of the strength of predicted evidence. (B) Hub genes central to the network were
identified using Cytoscape, and the expression (log2cpm; y-axis) of the five hub genes in cases and neurotypical control (NC)
cohorts. Expression of the five hub genes in ASD cases (n = 42; red) against neurotypical controls (n = 43; blue) and TS cases
(n = 9; purple) and neurotypical controls (n = 9; yellow). The median is shown as the black line in each group’s box, with the
small black dots representing each sample. The whiskers on either side of the boxes represent the minimum (Q1-1.5¥*IQR) and
maximum (Q3 + 1.5*IQR) log2cpm excluding outliers. The big black dots represent potential outliers (***p < 0.001, **p <
0.01, *p < 0.05, NS, non-significant, Mann—Whitney—Wilcoxon Test). Network generated using STRING.



Table 2.1 Up-regulated hub genes in ASD and T'S
Up-regulated hub genes in autism spectrum disorders (ASD) and Tourette syndrome (TS).
Gene Gene Name Type of protein Protein Function Reference

118,221

Produced by microglia,
neurons, astrocytes and

C-C Motif )

Chemokine Ligand 2 ﬁfnomftc ear o
CCL2 | MCP-1 / Monocyte  Chemotactic cytokine. phagocytes,

Chemortactic and recruits monocytes to

the site of infection
during  inflammatory
events.

Activating Factor 1

Injury to the blood 222
brain barrier results in

Immunoglobulin-like rm;rogy]sa o dirrlld
Intercellular transmembtrane astrocytes surrounding
ICAM1 - . . the capillary endothelial
Adhesion Molecule 1 glycoprotein expressed in
the endothelial Tumen cells, where release of
’ ICAM1 is responsible
for eliminating
antigens.
223

Rate limiting enzymes that As a by-product of

Heme oxygenase 1 catalyses degradation of catabolising heme,

HMOXT1 heme into  biliverdin, HMOXI has protective
ferrous ion, and carbon effects in  vascular
monoxide. inflammation.

224225
Involved in the
regulation of immune
. . checkpoints  such as
Myelocytomatosis Transcr'lptlon factor, b11.1ds CD47 and PD-1.1, and
MYC DNA in a non-specific .
Proto-Oncogene regulates expression of
mannet. . .
cells within the innate
and adaptive immune
responses.
226
Regulates cytokine
SuBDPrEssor Of Suppressor Of cytokine — signal transduction
SOCS3 ppressor . signalling family, part of a  through STAT3
Cytokine Signalling 3 . e .
negative feedback system  activation, using the
¢p130 receptor.
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2.5.6 Common differentially expressed genes in ASD and TS enrich immune
pathways
As many of the enriched dysregulated pathways in ASD and TS overlapped, we set out to
explore enriched pathways from the 23 DEGs common to both disorders, using
overrepresentation analyses through Reactome. The Reactome analysis revealed up-regulated

genes enriched in 6 pathways in ASD and 6 pathways in TS, with the top three common

2> [13
b

pathways involved in “Interleukin-4 and Interleukin-13 signalling”, “Interferon gamma
signalling” and “Signalling by Interleukins” (Figure 2.4). The full list of pathways can be

found in the supplementary material (Supplementary Table 4).
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Figure 2.4 Overrepresented Reactome pathways common to autism spectrum disorders (ASD) and Tourette
syndrome (T'S).

Reactome enrichment analysis (FDR < 0.05) of the common differentially expressed genes (DEGs) in the brain
transcriptome of individuals with ASD compared with controls (A,C) and individuals with TS) compared with
controls (B,D). Panels (A,B): ASD enrichment results (A) and TS enrichment results (B) presented as bar plots of the
top 10 pathways (y-axis), with the statistical significance of the pathways presented by the x-axis. Panels (C,D):
Connectivity network (CNET) plots of the top 5 enriched pathways and the interactions of genes that make up the
pathways, represented by each gene’s fold change. The enriched pathways in ASD (C) and TS (D) are represented by a

colout.
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2.6 Discussion

In this study we investigated enriched immune and inflammatory pathways in post-mortem
brain tissue of individuals with ASD and TS, as well as pathways common to both disorders.
As the focus of our hypothesis was to explore the immune response present in the seminal
datasets, the paper’s focal point will be the inflaimmatory findings. Differential gene
expression of the PFC region in ASD revealed that the majority (239 genes) of the 248 DEGs
were up-regulated compared to normal controls. Analogous to this, in the striatum of TS,
the majority (143 genes) of the identified 156 DEGs were also up-regulated compared to
controls. This analysis validates the previous studies of up-regulated genes in post-mortem
brains of individuals with ASD and TS."*!"

The identified dominant signal of immune response and inflammation from the ASD
GO enrichment analysis aligns with studies investigating brain transcriptome and pathology
of individuals with ASD, and supports the involvement of astrocytes and activated
microglia.'”>'""**" Of interest, the top 3 GO terms (by FDR) involved the humoral immune
response and leukocyte mediated immunity. These terms were enriched by genes including
IL.7b, TL.RS, complement genes (CTQB, C1R,C2), and chemokines (CXCL5, CXCLS) — all
of which are involved in inflammation.

The enriched pathways established by the KEGG and Reactome analyses in the ASD
cases identified major cellular pathways with therapeutic potential. The differential
expression of central immune genes comprising cytokines, and CD cell markers (such as
I.1B, CD14, CD44), support the reports of dysregulated cytokine levels in brains of
individuals with ASD.""**® Next, involvement of complement genes vital in phagocytosis
(C19A, C10B, C1QC, CT1K), which play a central role in immunity, response to infection, as
well as synaptic pruning, further implicate the involvement of the immune system in ASD.*”"

»' In addition, the enrichment of histone subunits fundamental to gene expression and
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epigenetic regulation (H3C73, H3C7, H2BC11, H2BC3), supportts the concept of potential
association between epigenetic regulation and inflammation.*”

Analysis of the TS differentially expressed genes using GO identified numerous
enriched immune response and inflammatory signalling terms. The enriched pathways
highlighted by the Reactome analysis in TS identified up-regulated DEGs involved in the
immune response such as cytokine signalling (CXCLS8, CXCIL.10, CCL.2).""® In addition,
pathways involving genes within major histocompatibility complexes II (i.e., ICAMT7, HI.A-
DRBT) and the S100 family (§700A49, S100A711, $§100A412) were enriched. These findings

were similarly observed in the original analysis of these TS cases.””

Given the substantial comorbidity and overlap between NDDs, we identified genes
and pathways common to both ASD and TS. We identified 23 common DEGs, all of which
were up-regulated in both disorders. From the 23 common genes, five were determined hub
genes: CCL2, ICAMT1, HMOXT, MYC, and SOCS3, all of which are involved in the immune
response.

Our investigation has confirmed immune and inflammatory pathways are commonly
enriched by up-regulated genes in ASD and TS. To further explore these intersecting
findings, the 23 genes common to ASD and TS were analysed separately, which repeatedly
identified enriched inflammatory pathways involving interleukin and interferon signalling.
These pathways were enriched by the hub genes, which have a role in the immune response.
We utilised this approach as it allowed for comparison of the same genes within both
disorders, while employing the distinct FDRs from each analysis, offering insight into the
strength of each disorder’s signal.

Our current study identified commonly enriched inflammatory pathways, however,
several questions regarding the involvement of the immune response in ASD and TS remain

unanswered. The cause of the identified inflammatory signals is still ambiguous, in addition
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to its nature. Research investigating the source of inflammation in NDDs has suggested it is

an environmental or secondary component, rather than genetic''*'"’

. In particular, the
influence of MIA, which could create a neuroinflaimmatory environment in offspring, may
alter immune signalling pathways and epigenetic control of cell function during the critical
periods of development.” In addition, the identified inflammatory signal might be casual
and pathogenic, or alternatively reactive or protective in origin, which cannot be deduced
from the current investigation. Further functional and mechanistic explorations of tissue
from individuals with NDDs might elucidate the nature of this inflammation.

Despite our findings, this study has several caveats. Firstly, our analysis involved
different brain regions from the two disorders, prefrontal cortex for ASD, and caudate and
putamen for TS, as corresponding brain region data was not available for the two disorders
at the time of analysis. Secondly, the majority of the samples within the two datasets were
not children, as cohorts of paediatric post-mortem brain samples are scarce. Therefore, our
analysis represents late-stage disease, and it is unclear if the findings will be reflected in
younger cohorts. It is not known whether the inflaimmatory signal seen in ASD and TS
accumulates over the course of life or is present in childhood. Inflaimmation and the
involvement of a dysregulated immune response is present in brain transcriptome data of
both ASD and TS. Although classified as clinically distinct disorders, ASD and TS have
common genetic aetiologies, along with overlaps in symptoms and comorbidities. We
provide biological evidence that there is shared dysregulation of immune response and
inflammatory signalling pathways in NDDs. Further studies to understand the cause and
potential gene-environmental contribution to this inflammatory signal in these complex

disorders is warranted.
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Chapter 3
Investigating the proteome: peripheral blood
mononuclear cells of children with

Paediatric Acute Neuropsychiatric Syndrome

3.1 Preamble

Chapter 2 of this thesis utilised publicly available RNA sequencing datasets of post-mortem
brain samples from individuals with ASD and Tourette syndrome. The analysis performed
yielded an up-regulated inflammatory signal when the two datasets were analysed separately
as well as together. From these findings, our exploration of the immune response within
individuals with NDDs, particularly children with Paediatric Acute Neuropsychiatric
Syndrome (PANS) was kickstarted using high-throughput technologies. PANS is a
neurodevelopmental disorder phenotype, dominated by OCD and often presents with ASD
and tic symptoms. The hallmark of PANS is an infection-provoked, abrupt onset of
symptoms. Our group utilised high-throughput bulk and single cell RNA sequencing within
peripheral blood mononuclear cells of children with NDDs and identified an immune
response signature, coupled with translation defects when compared to controls. Our group’s
hypothesis is that PANS is an epigenetic neuro-immune disorder, and therefore was selected
for our investigation. Thus, the natural next step in exploring neurodevelopmental disorder

biology was to investigate the proteome of children with PANS compared to that of controls.
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We recruited two cohorts of PANS to identify differentially expressed proteins in peripheral
blood cells and the corresponding enriched biological pathways, in the hope of improving

our understanding of children with PANS.

3.2 Abstract

Neurodevelopmental disorders (NDDs) are heterogenous brain conditions characterised by
impaired development of the central nervous system, and include Autism spectrum disorders
(ASD), Attention-Deficit/Hyperactivity Disorder (ADHD), obsessive-compulsive disorder
(OCD) and Tourette syndrome. These disorders often co-exist within individuals and have
been shown to exhibit high clinical variability in symptom presentation. One subset of these
disorders is termed Paediatric Acute Neuropsychiatric Syndrome (PANS), a clinical diagnosis
given to children presenting with abrupt neuropsychiatric symptoms including obsessive-
compulsive disorder and eating restriction. PANS is a condition which is less studied than
NDDs such as ASD or OCD. Little is known about the cause of this disorder, but it is
thought to be triggered by infections, metabolic disturbances and other inflammatory
reactions. While highly regulated gene expression is important to the intricate processes of
neurodevelopment, such as control at transcriptional and translational levels, proteins
represent a molecular intermediary, providing vital insight into the complex processes within
our cells by linking phenotype and underlying mechanisms. With modern high-throughput
proteomic technologies, clinical investigations in complex conditions such as PANS are now
able to identify proteomic changes in patient samples compared to controls. Proteomic
investigations focusing on idiopathic neurodevelopmental disorders are lacking, with those
currently available mostly within the field of ASD. The aim of this chapter was to investigate
the proteome of peripheral blood mononuclear cells of children with PANS and identify
differentially expressed proteins to aid our understanding of this complex

neurodevelopmental disorder. To the best of our knowledge, this this is the first study to
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investigate the proteome of children with PANS. In this study we identified three key
dysregulated pathways in the blood proteome of children with PANS, namely translational
(ribosomal) dysregulation, metabolic processes and the immune response. The work within
this chapter highlights the dysregulations within the blood proteome of children with PANS,
opening the doors for future studies to explore these pathways and to identify biomarkers

and potential therapeutic targets for this condition.

3.3 Neurodevelopmental disorders

Neurodevelopmental disorders are heterogenous brain conditions characterised by impaired
brain development, with complex interplay of genetic, environmental, and epigenetic
regulators.>”>" Neurodevelopmental disorders include a range of conditions such as
intellectual disability, communication disorders, Autism spectrum disorders (ASD),
Attention-Deficit/Hyperactivity Disorder (ADHD), tic disorders such as Tourette
syndrome, and other neuropsychiatric conditions such as Obsessive-compulsive disorder
(OCD). These conditions often co-exist within individuals and have been shown to exhibit
high clinical variability.” An estimated 10% of children under the age of five are diagnosed
with a neurodevelopmental disorder.”” A minority of children with neurodevelopmental
disorders harbour a rare pathogenic DNA variant. However, for the majority of children
with neurodevelopmental disorders, there are no biomarkers,” potentially owed to the wide
heterogeneity within individuals and syndromes, coupled with a lack of mechanistic

understanding.

While there is a genetic component for neurodevelopmental disorders evidenced
from twin, familial and genome-wide association studies, only a minority of cases exhibit
highly penetrant monogenic aetiologies.” Instead, susceptibility is more likely to arise from

vulnerability alleles with low penetrance. For example, the Simons Foundation Autism
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Research Initiative (SFARI) database lists ~1000 genes linked to ASD, which include

translation components, regulators and genes involved in translational control.”**

A condition termed Paediatric Acute Neuropsychiatric Syndrome (PANS) described
a subset of children present with abrupt onset emotional changes such as obsessive-
compulsive disorder and eating restriction, sometimes in the context of other
neurodevelopmental symptoms, or pre-existing autism.” The literature on this subgroup of
children with neurodevelopmental disorders is divided on whether to classify PANS as a
separate autoimmune condition, a “discrete biological entity”, or a clinical phenotype within
the ‘neurodevelopmental disorder’ spectrum. Our group hypothesises that PANS is not a
‘discrete autoimmune entity’ but instead a ‘clinical phenotype’, demonstrating the ongoing
interaction between the immune response and central nervous system in some children with
neurodevelopmental disorders.” We hypothesise that the complex interplay of genetic,
epigenetic and environmental influences linked to neurodevelopmental disorders are

believed to converge on common molecular pathways.***”

3.4 Introduction to the field of proteomics

Proteins represent a critical link between translated genetic code and cellular activities,
providing vital insight into the complex processes within our biology. Proteomics is the study
of dynamic protein products in a cell at a given time which collectively dictate cellular
function, by use of high-throughput technologies.” Preliminary introductions of the term
emphasised the static nature of the genome, and focused on the expectation that the
proteome is dynamic due to the ability of cells to respond to perturbations.” The field
initially utilised two-dimensional gel electrophoresis, further coupled to mass spectrometry
to assess changes in protein. However, accurate, quantitative, and reproducible measurement
of protein abundance, along with variations and modifications can be performed by utilising

high-throughput technologies such as shot-gun mass spectrometry.
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Mass spectrometry involves the digestion of samples into peptides, which are then
analysed depending on their complexity: liquid chromatography (LC) is used for complex
samples, and matrix assisted laser desorption ionisation (MALDI) is utilised for simple

peptide mixtures (<100 proteins).'™

When wanting to explore specific proteins in a simple
protein mixture, top-down proteomics allows for high coverage and characterisation of
proteins within a given sample. However, this technique lacks sensitivity and high-
throughput capacity. In contrast, bottom-up(shot-gun) proteomics utilising liquid
chromatography-mass spectrometry LC-MS/MS allows for a greater coverage of proteins
within a sample, with the increased sensitivity required for a global analysis."* One

disadvantage of utilising the shot-gun approach is the favouring of more abundant proteins,

with bias against low abundance proteins.

Clinical investigations into complex conditions such as NDDs require comparisons
between a number of different patients and samples types as dysregulations of individual
genes or proteins are often small compared to controls, adding an element of difficulty to

'7* Multi-plexing was made

early proteomic explorations later solved by multi-plexing.
possible by introducing the use of protein labels to quantify and identify proteins, a more
common choice in the field due to current instrumental errors and variability within runs.™
The utilisation of chemical or metabolic tags allows for a homogenous analysis of samples
and quantification in a single experiment, reducing variability and batch effects. An example
of commonly used tags is tandem mass tags (TMT) reagents, composed of an amine-reactive
group employed for labelling and identifying each sample, attached with a mass
normalization group and a reporter ion group. While the structure and mass of each TMT
reagent is identical, the difference is in the distribution of five heavy isotopes within the

reporter ion and normalisation groups, measured as the reported ion size during mass

spectrometry.'®
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3.5 Translational dysregulations in neurodevelopmental disorders

As discussed in Chapter 1.2, neurodevelopment is a highly orchestrated active timeline of
events, beginning form the third gestational week, and extending postnatally throughout late
adolescence.” Highly regulated gene expression is important to the intricate processes of

neurodevelopment, controlled at transcriptional and translational levels.””

The first step in gene expression is transcription, initiated by unravelling the double
helix of DNA. This exposes the base strands that are utilised as a template to generate the
mRNA molecule, where a protein is then translated from the mRNA. The principal
components of protein synthesis are ribosomes, small dense particles of ribonucleoproteins
consisting of 80 ribosomal proteins (RP) and 4 ribosomal RNAs (rRNAs) arranged into a
small (40S) and a large (60S) subunit.””** These are collectively referred to as the 80S in
eukaryotes. Assembly of the ribosomal complex at the nucleolus, where copies of the 47S
pre-tRNA gene (rDNA) are transcribed by RNA-Polymerase-1 (Poll), initiate the process of
ribosomal production (Figure 3.1). Within the majority of cells, only half of these rDNA
genes are transcriptionally active, playing a structural role within chromatin organization and
genomic integtity preservation.”” The newly transcribed 8S, 5.8S, and 28S tRNA are acquired
into the nucleus along with the required ribosomal proteins, where the 60S subunit is formed,
while the 40S ribosome subunit is formed from the 18S rRNA and ribosomal proteins.”"**

Following on, the two pre-cursor ribosomal subunits are exported from the nucleus to the

cytoplasm for final assembly.
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Figure 3.1 Translation and ribosomal biogenesis

Figure outlines Translation and ribosomal biogenesis. In brief, the outlined box illustrates the process of
generating the principal components of protein synthesis, the ribosomal subunit. The 47S pre-rRNA gene
(tDNA) is transcribed by RNA-Polymerase-1, initiating the process of ribosomal production. The transcribed
8S, 5.8S, and 28S rRNA are acquired to form the 40S and 60S subunits. Next, the numbered processes illustrate
the process of translation. This begins with formation of the 43S preinitiation complex, where initiator Met-
tRNA (Met-tRNAiMet) is delivered to the 40S subunit by eukatyotic initiation factor(elF)2-GTP (#1 and #2).
Recognition of the 5-cap (m7Gppp) of mRNA molecules by the eIF4F complex starts initiation (#3), where
43S subunit moves along an mRNA molecule to find the AUG start codon (#4), where the 60S unit then joins
to form the elongation-competent 80S ribosome (#5). Elongation is commenced by the ribosome (bound to
the Met-tRNA) moving down the mRNA in the 5’ to 3’ direction to form a polypeptide chain (#6). Figure
generated using Biorender.
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Protein synthesis, otherwise known as translation, is comprised of initiation,
elongation, and termination.**”**" The process of canonical translation is commenced by
formation of the 43S preinitiation complex, where initiator Met-tRNA (Met-tRNAiMet) is
delivered to the 40S subunit by eukaryotic initiation factor(elF)2-GTP (Figure 3.1B).
Initiation is commenced by recognition of the 5’-cap (m7Gppp) of mRNA molecules by the
elF4F complex, consisting of elF4E, elF4G, and elF4A. A vital and rate-limiting
component, elF4E recruits the 43S preinitiation complex once binding of the cap end of
mRNA is initiated. During the process of protein synthesis, the 43S subunit moves along an
mRNA molecule to find the AUG start codon, where the 60S unit then joins to form the
elongation-competent 80S ribosome. The process of elongation is commenced by the
ribosome (bound to the Met-tRNA) moving down the mRNA in the 5’ to 3’ direction to
form a polypeptide chain. The order of which tRNA bind to the nucleotide codons is
determined by the sequence of the mRNA strand, where each three nucleotides constitute a
specific peptide. Upon recognition of a stop codon (UAG, UGA, or UAA) the termination

process is initiated, and the polypeptide chain is released.

Translation is a highly regulated process, where dysregulations in proteins’
expression or quality may disrupt normal cellular processes, and contribute to disease
pathogenesis.”*’ Disturbances to this process have been implicated in neurodevelopmental
disorders, where dysregulation of the mTOR pathway was correlated with severity of ASD
in children.*” In addition, syndromic forms of neurodevelopmental disorders have been
associated with mutations in translation factors such as elFs, and ribosomal proteins.”"**
Furthermore, environmental disruptions to ribosomal biogenesis can impact translational

processes, where they are vital for neurodevelopmental processes such as morphogenesis

and synapse formation.””
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3.6 Clinical investigations of the proteome

As mentioned in Chapter 1.5, the field of proteomics allows for large-scale explorations of
protein expression within various cell types and tissues. Similar to other high-throughput
methods, proteomics utilising mass spectrometry allows for a thorough investigation of the
cellular protein composition to enable a deeper understandings into disorders such as PANS.
Our hypothesis is that PANS is a disorder of immune dysregulation, and thus utilising

peripheral blood mononuclear cells is of great value to uncovering immune dysregulation.

The field of neurology and neuroscience have utilised a plethora of animal models to
investigate the proteome.'”” However, specific animal investigations focusing on idiopathic
neurodevelopmental disorders such as PANS are lacking, with those currently available only
within the field of autism. One study investigated the brain proteomes of five mouse models
by utilising known genetic syndromes within these conditions, and identified dysregulated
pathways involved in synaptic signalling, cell transport, and epigenetic terms such as
phosphorylation. Although this study focused on genetic models of autism, the terms and
pathways identified have been implicated within the clinical literature of ASD in various

levels of biology.**

The clinical literature on proteomic investigations within neurodevelopmental
disorders is scarce, with the majority of studies conducted within autism spectrum disorders
(Table 3.1). Within the literature investigating the peripheral proteome of individuals with
NDDs, a common theme involving inflaimmation and the immune response was present,
including elevated inflammatory proteins (immunoglobulins, complement, SERPINE),
along with kinases, transcription factors and heat shock proteins. Proteomic investigations
of autism spectrum disorders utilising peripheral samples have pointed towards an
involvement of the immune response and inflaimmation, corroborating with previous

findings within the transcriptome (See Chapter 2 of this thesis). Multiple sample types have

68



been utilised to investigate the proteome of individuals with these neurodevelopmental
conditions. Corbett ¢z a/, identified differentially expressed proteins in the plasma of children
with autism spectrum disorders; the proteins were involved within the complement system
and apolipoproteins, further reinforcing the inflaimmatory evidence present within these
conditions."” In addition, a number of studies (majority in ASD) have utilised other

peripheral sample types such as plasma, urine, saliva and peripheral blood cells.

To add, post-mortem brain tissue analysis has provided insight into synaptic
signalling and scaffolding within two different brain regions in autism spectrum disorders
and pointed towards dysregulations within protein expression.”” However, it is important to
question the state of proteome stability in these post-mortem samples considering the
dynamic range of the proteome along with the brain and its structures. A recent Mendelian
randomisation analysis tested the association of plasma protein and neurodevelopmental
disorders in children, causally associating higher levels of MAPKAPKS3 (involved in kinase
signalling) and MRPL33 (involved in ribosomal function) to an increased tisk of ASD.** The
literature of ASD implicates the major pathways that these two mentioned proteins are
involved in. While the authors of the above study associated an increase of MANBA
(Iysosomal protein linked to NDD abnormalities) levels to a lower risk of ADHD, no
proteins of risk were identified for Tourette syndrome. To the best of my knowledge, there
is no study to have investigated the proteome in children with PANS, providing a gap within

our understanding of this complex subgroup of neurodevelopmental disorders.
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Table 3.1 Mass spectrometry proteomic studies in periphery of individuals with neurodevelopmental

disorders
Reference Condition Method Results

Corbett et al.,'s? ASD LC-MS/MS performed on the serum of  Identified TFHR1, 1C1Q, 1FN1, |APOB-100
69 ASD and 35 controls

Castagnola et al,** ASD LC-MS/MS performed on the saliva of  Identified STATH, HIN1, PRP
27 ASD and 24 controls

Tanrines et al.?* ASD MALDI-TOF MS on serum of 16 ASD  Identified peaks which differentiated the ASD group from controls, and
and 16 controls (males) linked their findings to dysregulations in serotonin, norepinephrine and

neurotrophic factor pathways.

Momeni et al., *# ASD MALDI-TOF MS on plasma from 32  Identified peptide fragments of the C3 complement protein differentially
ASD and 31 controls expressed in the ASD group compared to controls.

Ngounon Wetie et al.,’” LC-MS/MS on serum of 7 ASD and 7 TAPOA1, APOA4, PON2
controls (males)

Steeb et al.,’’ ASD LC-MS/MS on serum from 30 ASD and  Differentially expressed proteins generated by splitting by gender.

29 controls Enriched pathways involved lipid metabolism, cell growth and
inflammation.

Ngounon Wetie et al.,'” ASD LC-MS/MS performed on saliva of 6  TFRAT1, KIF14, ITGA6, and |[AMY1A, CREBBP, TF, and enriched
ASD and 6 controls (Males) pathways involve oxidative stress, lipid metabolism, immune response

and inflammation

Ngounon Wetie et al.,’” ASD LC-MS/MS petformed on saliva of 6  {PIP, LTF, IGKC, IGHG1, and | HTN1, STATH, PRH, and enriched
ASD and 6 controls (Males) pathways involve the immune response and inflammation

Suganya et al.,”" ASD MALDI-TOF MS performed on urine  TKNG1, IGHG1 and MASP2
samples from 30 ASD and 30 controls

Cortelazzo et al.,'$ ASD LC-MS/MS on plasma from 30 ASD  1A2M, SERPINA3, HP, and | TF, TTR, RBP4, and enriched pathways
and 30 controls involving the acute phase response

Feng et al.,'$> ASD MALDI-TOF following other  TCB8A and IGKC, and enriched pathways involving the immune
experimental techniques on 15 ASD  response
plasma samples and 15 controls

Shen et al.,'5¢ ASD LC-MS/MS  performed on pooled Differential expression of complement proteins. Enriched pathways
plasma of 30 ASD and 30 controls. involved the complement system, the cytoskeleton cell migration and

synaptogenesis.

Shen et al., ! ASD LC-MS/MS  performed on pooled 1 HSPD1, HSPAS5, ACO2, and |[ANXA11, UGCRC2, STOM, and
samples  from  peripheral  blood  enriched pathways involved within mitochondrial activation, metabolic
mononuclear cells of 30 ASD and 30  processes, endoplasmic reticulum stress and the immune response.
controls.

Mota et al.,’** ASD LC-MS/MS performed on saliva from  Stratified analysis based on degree of severity.

34 ASD and 41 controls.

Zbang et al.,'s ASD Data independent acquisition LC-MS on 45 differentially expressed proteins involved in the complement cascade,
plasma from 45 ASD children and age  extracellular matrix organisation and inflammation, amongst others.
and gender-matched controls. Machine learning techniques identified early diagnostic biomarkers of

ASD in the proteins BTD and CA1.

Zamanian-Azodi et al.,'” OCD MALDI-TOF performed on serum  Decreased IG kapa chain C region (IGKC), enriched pathways involved
from 35 women with OCD washing in phagocytosis and B cell receptor signalling.
subtype undertaking Fluoxetine therapy
and 20 healthy women.

Zamanian-Azodi et al.,'”® OCD MALD-TOF on serum from 12 OCD  Differential proteins include GC, HP, HPX and IGKC, gene ontology

ASD = Autism specttum disorder, OCD = Obsessive-compulsive disorder, LC-MS/MS =

washing  subtype, 12 OCD with
fluoxetine and 20 healthy controls (all
females)

performed on genes of interest, of which is inflammation.

Liquid

chromatography mass spectrometry, MALDI-TOF = Matrix assisted laser desorption/ionisation.
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3.6.1 Investigating the proteome of children with PANS
Chapter 2 of this thesis involved analysing publicly available RNA sequencing datasets of
post-mortem brain samples of individuals with ASD and Tourette syndrome. The analysis
performed yielded an up-regulated inflammatory signal, which was further explored by the
group in the context of neurodevelopmental disorders. Our group also utilised high-
throughput bulk and single cell RNA sequencing performed on peripheral blood
mononuclear cells of children with neurodevelopmental disorders and identified an immune

response signature, coupled with translation defects when compared to controls.

The central dogma of biology explains the flow of genetic information in a species
from DNA to RNA to protein. Therefore, perturbations at each step may have detrimental
effects and consequences on the one after it.”* Proteomic expression levels can be
determined by multiple factors of which are translation rates, protein synthesis delay and
transport of proteins. Assessment of correlation between mRNA and protein levels is
typically done by two methods: (1) across gene-correlations, where concentrations of several
proteins are measured under the same condition, and (2) within gene-correlations, where one
protein can be correlated with the variation of its coding mRNA across different conditions,
tissues, and individuals.”” From our group’s work, the natural next step in exploring
neurodevelopmental disorder biology is to investigate the proteome. While transcriptomic
analysis provides insights into transcriptional regulation of individual genes, genes may give
rise to multiple protein isoforms as a result of alternate splicing, further aiding the exploration
of the proteome within these conditions. The multi-factorial origin of neurodevelopmental
disorders, along with the results described above pointed towards a need to explore the
proteome within these conditions. Thus, the goal of this chapter was to develop a pipeline

of analysing the proteome of peripheral blood mononuclear cells of children with PANS, to
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identify differentially expressed proteins when compared to controls. The design of the study

is highlighted in Figure 3.2 below.

Proteomics in PANS
Study overview
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Figure 3.2 Study overview

Study overview of the proteomic investigation utilising peripheral blood mononuclear cells of children with
Pacdiatric Acute Neuropsychiatric Syndrome (PANS) compared to a control group. The disease origin of
neurodevelopmental disorders includes environmental, genetic and epigenetic factors, which contribute to
disease pathogenesis. The aim of this study involves investigating variation in protein level through mass
spectrometry. The workflow involves utilising bioinformatics to investigate protein reads to perform clustering
analysis, differential expression, and pathway analysis. Out group’s hypothesis is that differentially expressed

proteins will enrich biological pathways which will have commonality in patients with neurodevelopmental
disorders. Figure generated using Biorender.
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The overall hypothesis of this study focuses on a dysregulated innate immune
response present in children with PANS. In Chapter 2, a transcriptome inflammatory signal
was identified in post-mortem brain samples of individuals with ASD and Tourette
syndrome. Therefore, we wanted to focus our next investigation to investigate the proteome
of NDDs, and assess the immune response at the protein level. The inaccessibility of the
brain necessitates the application of peripheral cells in understanding the pathophysiology of
neurodevelopmental disorders. As the hypothesis involves an abnormal immune system, our
group has utilised peripheral blood cells to investigate this signature as a valid sample type.
Therefore, the aim of this chapter was to investigate the proteome of peripheral blood
mononuclear cells of children with PANS to identify differentially expressed proteins. From
this, sample enrichment of dysregulated pathways between patients and matched controls

will aid our understanding of these complex neurodevelopmental disorders.

3.7 Method

3.7.1 Cohorts
Children clinically diagnosed with PANS with atypical, abrupt-onset symptoms relating to
these conditions and aged and sex matched controls were recruited from a specialist

neurodevelopmental disorders clinic at the Children’s Hospital at Westmead.

Two cohorts (each n=4 per cohort) of children with PANS were recruited along with age
and sex matched controls. Children with PANS fulfilled criteria as per section 1.2.6. Briefly,
PANS criteria are fulfilled (i) abrupt, dramatic onset of OCD or severely restricted food
intake and (ii) concurrent presence of additional neuropsychiatric symptoms, (with similarly
severe and acute onset). The samples were collected during the chronic phase of the disorder,
rather than the acute phase, and no case was experiencing a flare up. In addition, patients
and controls were screened to ensure they had no infections in the two weeks preceding

sample collection. Each cohort’s patient and control demographics are shown in tables
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below. Within cohort 2, a patient sample (PANS3) failed to reach QC and was therefore
excluded from the analysis. The demographics and clinical variables of the patients in Cohort

1 and Cohort 2 are presented in sections 3.7.1.1 and 3.7.1.2, respectively.
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3.7.1.1 Cohort1

ID PANS1 PANS2 PANS3 PANS4
GENDER M M M F
Anxiety .
FAMILY HISTORY NDD OR . N Anxiety,
PSYCHIATRY Nil depression depression (mat) ASD (pag
(mat)
FAMILY HISTORY Encephalitis ?;Sflglfgo Hashimoto
AUTOIMMUNE OTHER (bro) Ya\zat) s i thyroiditis (Mat)
Mild
PRECEDING NDD NP Tics separation ASD -
anxiety
AGE AT FIRST PANS 10 10.5 3 12
TRIGGER OF FIRST EVENT URTI (one URTI (one Infection, mouth )
week) week) ulcer
OCD Separation anxiety,
PREDOMINANT PANS OCD (confessional), OCD, emotional eating restriction,
SYMPTOM separation dysregulation, rage OCD, repetitive
anxiety movements
DURATION FIRST PANS
EVENT 1 month 3 months 1 month 4 months
TIMING OF SAMPLE 2 vear 2 vear 6 vear 8 months
RELATIVE TO FIRST EVENT years years years
DURATION FOLLOWUP 5 years 4yr 10 years 4 years
4/year, an 3/yeat,
FURTHER NO. PANS EVENTS /YeAh A infected skin 2-3 per year 1 per year
infection .
triggers
Tourette OCD,
CURRENT NDD NP OCD, separation ASD, Tourette, OCD, anxicty
DIAGNOSTICS depression anxiety, OCD, rage,
epressio ADHD
f?ftttal;ne, Ser;rahine, Ritalin, fluoxetine, —
CONVENTIONAL TX oxetne, dquetiapinac, quetiapine, antacc,
quetiapine, clonidine, Atipibrazole fluvoxamine
lithium, ECT  Ritalin LA PP
IVIg, o
IMMUNE TX IVIg . . IVIg, ruxolitinib IVIg
azithromycin

ADHD = Attention deficit hyperactivity disorder. ASD = Autism spectrum disorders. ECT = . IVIg =

Intravenous immunoglobulin. NDD = Neurodevelopmental disorders. NP = Neuropsychiatric. OCD
Obsessive compulsive disorder. Tx = Treatment. URTI = Upper respiratory tract infection.
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3.7.1.2 Cohort 2

ID PANS1 PANS2 PANS3 PANS4
GENDER F M F M
FAMILY HISTORY NDD OR Schizophrenia Anxiety, ADHD
PSYCHIATRY (pat) - - (Mat)
FAMILY HISTORY Natural killer Vitiligo and
AUTOIMMUNE OTHER fertili g CVID (May Hashimorto )
ertility (Mag) thyroiditis (mat)
PRECEDING NDD NP . Mild speech - -
delay
AGE AT FIRST PANS 4.5 4.5 3.8 45
Gastro then . .
TRIGGER OF FIRST EVENT consillitis,  Viral infection "+ 2c¢ine MR and Perianal strep
tonsilitis infection
then URTI,
Regression,
confusion,
OCD, .
PREDOMINANT PANS : Separation OCD, sensory OCD
SYMPTOM ABGIESSION, ) iety, OCD issues
tics, cognitive
decline,
anxiety
DURATION FIRST PANS
EVENT 4 months 2 months 2 months
TIMING OF SAMPLE 2 vear 8 vear 6 vear 4 vears
RELATIVE TO FIRST EVENT years years years Y
DURATION FOLLOWUP 5 years 5 years 7 years 7 years
2 per year,
FURTHER NO PANS EVENTS infection 3peryear,all 4 per year, 23 per year,
infections infection provoked  infection provoked
provoked
ASD, mild .
’ Word finding,
CURRENT NDD NP 1D, O(;D, ADHD, OCD, OCD, sensory ADHD, OCD
DIAGNOSTICS aggression, . issues
. depression
tics,
CONVENTIONAL TX Lamotrigine, - Sertraline Sertraline
aripiprazole
IMMUNE TX IVIg IVIg IVIg, ruxolitinib IVIg

ADHD = Attention deficit hyperactivity disorder. CVID = combined variable immune deficiency. NDD
Neurodevelopmental disorders. ID = Intellectual Disability. IVIg = Intravenous immunoglobulin. MR

Mumps Rubella. NP = Neuropsychiatric. OCD = Obsessive compulsive disorder. Tx = Treatment. URTI =

Upper respiratory tract infection.
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3.7.2 Sample collection
The objective of this investigation was to measure the chronic immune profile of peripheral
blood mononuclear cells (PBMCs); thus, sample collection was conducted from patients in
the chronic state and not acute phase (on average, sample collection was performed 2 years
after a PANS diagnosis). Fresh peripheral blood was drawn into sodium citrate tubes, and
peripheral blood mononuclear cells (PBMCs) were processed within 6 hours of sample
collection. PBMC isolation was performed using density gradient centrifugation. Firstly,
blood was diluted 1:1 with wash buffer (phosphate buffered saline and 10% fetal bovine
serum) and layered on 4.5ml of ficoll paque (Merck) in 15ml SepMate tubes (Stemcell). The
blood was then centrifuged at 1200g for 15 minutes, and careful pipetting of the clear band
(which contains the PBMC faction) was extracted into a separate tube. This cell population
was washed twice with wash buffer and counted, before resuspending in 200ul of 1x lysis
buffer (contents in Box 1). Lysed proteome samples was then vortexed briefly and heated at

85C for 10 minutes before storing in -80C.

BOX 1 - Lysis buffer used to lyse peripheral blood mononuclear cells.

REAGENT PURPOSE

Detergent utilised to break open the cell

0.8% Triton X-100
and expose cellular components.

50mM HEPEs 7.5 pH, with NaOH To maintain pH.
Serine protease inhibitor which prevents
2mM phenylmethylsulfonyl (PMSF) the degradation of proteins during cell lysis

from proteases.

Chelating agent utilised to prevent protein

EDTA free protease inhibitor degradation.

Phosphatase inhibitor cocktail, stops the
PhoSTOP de-phosphorylation of proteins during cell
lysis.
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3.7.3 Sample processing
This section describes the processing of the lysed PBMC proteomic samples at the
Proteomics facility at the Children’s Medical Research Institute. Sample handling, and mass
spectrometry were performed by Dr Mark Graham at the proteomic facility. A summary of
the protocol is seen in Figure 3.3. Secondary analysis following the normalisation steps were

performed by me (the student)

Lysed
PBMCs Individual
peptides
@ i o Transfer Tandem Mass Tag Combination ‘
g = = to CMRI % N (TMT) labeling %N equal amounts
5 - NS —
N nS
;----» | Global protein profiling
; R >
' LC-MS/MS Data analysis 2
' — — O
: 2
: Peptide fractionation ¢
: m/z

Figure 3.3 Method overview
An overview of the methods utilised for the proteome analysis performed. Generated using Biorender.

The lysed proteomic fraction from peripheral blood mononuclear cell samples
(performed by myself) were sent to the proteomic facility at CMRI once each cohort was
completed. Firstly, nucleic acids within the samples were degraded by thawing at 37 °C for
30 min, followed by the addition of 10 units of benzonase. Next, Sodium dodecyl sulphate
(SDS) was added to each sample to make up to 2% concentration, along with 10mM of
tris(2-carboxyethyl)phosphine to denature proteins and disrupt proteins bonds. A second
incubation at 85 °C for 10 min to aid with protein denaturation was performed, followed by

cooling of each sample and addition of iodoacetamide (20mM) for 30 minutes at room
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temperature. This step allowed for extra protein stability and prevented the re-formation of
protein bonds. Next, precipitation of the samples was performed following the chloroform-
methanol method, whereby proteins were concentrated, resulting in a pellet for each sample.
From there, pellets were dried at 37 °C for 1.5 h to ensure all solvent was evaporated. Protein
digestion was initiated by the addition of 20 uL of 7.8M Urea with 100 mM HEPES (8 pH)
solution, as well as 3ug of LysC for 12 hours at 28 °C. As multiple enzyme digestions atre
recommended in proteomic analyses, the samples were subjected to another two steps of
digestion using 3 pg of trypsin each, for 8 hours at 28 °C. Next, to measure peptides within

each sample, UV absorption was read at 280nm.

While there are many methods to the measurement of protein abundance within a
given sample using quantitative techniques, this study utilised the tandem mass tags
(TMTpro) 16plex reagents for each of the two cohorts described.'” There are 16 tags
composed of an amine-reactive group utilised for labelling and identifying each sample,
coupled with a mass normalization group and a reporter ion group. These tags differ in
distribution of five heavy isotopes found within the reporter ion and normalisation groups,
responsible for the reported ion size during mass spectrometry. As such, these reagents allow
for simultaneous quantifications across multiple samples in a single experiment. For clinical

studies such as the one conducted here, this is crucial to reduce variability and batch effects.

The TMT-labelled samples were then prepared for down-stream analyses by
desalting through utilising solid-phase extraction (Sep-Pak 3cc tC18 cartridges). This is a
crucial step within the protocol, whereby removing salts, detergents, and other impurities
can have a major impact on the quality of down-stream analysis. Next, separation of
compounds within samples was performed by hydrophilic interaction liquid chromatography
separation using a Dionex UltiMate 3000 HPLC system. Collection of the fractions was done

in a 96-well plate at 30 second intervals using a Probot. The fractions were then combined
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and dried to remove any remaining solvent and reconstituted in 0.1% formic acid to ensure

peptide solubility and ionisation.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis is a
technique whereby analytes of interest (such as peptides, metabolites) are separated from
each other within samples. This technique first utilises liquid chromatography, where
separation of analytes is done based on strength of interaction with the mobile and stationary
phase, reliant on chemical properties such as the size and charge of the protein. To start
separating the samples, the analytes first interact with the stationary phase. When the
interaction of analytes is stronger with the mobile phase (the solvent flowing through the
chromatographic column), they are eluted.”* The samples and fractions were analysed using
a data-dependent acquisition LC-MS/MS. This is where the mass spectrometers then selects
ions to fragment dependent on abundance within the precursor ion scan. The following

parameters were utilised for each MS/MS scan:

Table 3.2 Data dependent acquisition
Parameters set for the data-dependent acquisition LC-MS/MS.

PARAMETER SETTING
Resolution of MS/MS scans 35,000
Automatic gain control 200,000
Max ion time 115 ms
Loop count 12
Isolation window 1.1m/z
First mass Fixed at m/z 120
Normalised collision energy 30
Dynamic exclusion 35s
Ion charge exclusion rate 8
Data Pre-processing Processing of raw LC-MS/MS data for each batch was

performed at the proteomic facility using the MaxQuant software (version 1.6.7.0). The

parameters utilised are in the table below (Table 3.3), with those not mentioned left as default.
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Table 3.3 Proteomics MaxQuant parameters
The parameters used in version 1.6.7.0 of MaxQuant, where the raw proteomics data was processed.

PARAMETER SETTING

Variable modifications Oxidation (M), acetyl (protein N-terminus),
deamidation (NQ), phospho (STY)

Fixed modifications Carbamidomethyl (C)

Digestion Trypsin/P (Max of 3 missed cleavages)

TMTpro Correction Factors Lot Vj313476

Minimum Reporter Peptide Ion 0.6

Reference Proteome Homo Sapiens, 78,120 Entries And 20,600
Genes (Downloaded 19/07/2021)

Minimum Peptide Length 6 Da

Maximum Peptide Length 6000 Da

Second peptide search Enabled

Dependent peptides search Enabled

Peptide Spectrum matching 1%

Protein discovery rate 1%

Minimum score for modified peptides 40

Normalisation The raw data was imported into the R environment, where a

log 2 transformation was performed. Next, as an initial normalisation step, the scaled
normalisation function from the limma package was utilised between the samples. While the
prominence of data normalisation is acknowledged, there is no standardised technique or
gold standard. In order to remove batch effects and other biologically irrelevant artifacts
between samples, the remove unwanted variation (RUT/) R package was utilised.” The RUV
IIT method employed in this analysis applies a list of control or “housekeeping” proteins,
those with minimal change in abundance between the samples analysed, in this case the cases

256

and controls.” This is done by having a design matrix that lists the case and control samples,

as well as the list of control proteins.

Differential expression Similar to Chapter 2, where differential expression was
performed on transcriptomic data, we employed similar methods to identify differentially
expressed proteins from proteomic analyses. Differential expression analysis of proteins was
performed using linear modelling, where the cases of each cohort were compared to their

matched controls. The limma R package was utilised, with the linear model for comparison
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performed by the /zFit function and the p-values calculated using the empirical Bayes
method eBayes function.”” As with utilising high-throughput data, many statistical tests would
result in false-positives. This is why a false discovery rate (FDR) was utilised, by accounting
for false discoveries when testing thousands of proteins, known as multiple-hypothesis
testing, we can be more confident of each p value generated. The false discovery rate
correction was applied to the moderated p-values by calculating the g-values (also known as
adjusted p values).”® Differentially expressed proteins were identified by filtering for proteins

with FDR < 0.05.

3.7.4 Data processing
This section and those after were performed by me (the student). The unfiltered and filtered
counts were imported into the R environment to explore the data and visually represent the
effect of normalisation and filtering. A box-and-whisker plot was generated on the unfiltered

and filtered data as using the ggplot package.”’

3.7.5 Data exploration
Data exploration is a vital part of analysing high-throughput studies, as it allows for methods
of quantifying variances or differences within samples analysed. Data analysis in this thesis
were performed in the R environment (version 3.5.1, https://www.t-project.org/) with

260,

RStudio for ease of viewing.*"**' Clustering analysis such as hierarchal dendrogram was

utilised to explore the data and identify variations between cases and controls. The

dendrogram was generated using the Ac/ust function,”

using euclidean distances, which are
mathematical distances between two points, within a multidimensional space that explain

how similar or dissimilar points are. In the case of interpreting these distances, the shorter

the distance is, the more similar two samples are.

In addition, another form of data exploration utilised is dimensionality reduction, a

technique that simplifies high-throughput data into the form of principal component
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analysis. The protein expression values (counts) of each dataset were utilised to calculate
principal components, which allow groupings of samples to be easily identified. Principal
component analysis was performed on the logged normalised counts of each dataset, by
utilising the preomp function. First, a variance histogram was generated using the ggplot2
package, which identified the percentage of variance explained by each principal

1

component.”’  Next, a scatter plot was generated, plotting the samples against the two

components with the highest variability. The dendrogram and principal component analysis

plots were combined using the ggarrange function from the ggpubr package.*”

3.7.6 Pathway analysis
Pathway analysis was a vital next step in the workflow, as the goal of this study was to explore
dysregulated interactions of proteins between cases and controls, which may give novel
insight into complex connections in neurodevelopmental disorders. The pathway analysis
results have the potential to aid our understanding of these complex disorders, as well as
elucidate future mechanisms to focus therapeutics on. The following cutoff threshold were
applied in each pathway analysis performed: A minimum of 10 proteins per enriched
pathway, a maximum of 500 proteins per enriched pathway, and an FDR threshold of <
0.05. The first cutoff ensures that pathways with <10 proteins are not included in the result,
whereby their presence may not provide enough biological information. In addition, the
cutoff of <500 proteins per pathway similarly ensures exclusion of common (broad)
biological themes which are not meaningful to the results, such as the process of metabolism.

Two types of pathway analysis methods were utilised.

Firstly, an over-representation test (ORA) was performed; An over-representation
analysis utilises a list of differentially expressed proteins (which are significant after FDR) to
identify themes and pathways over-represented within a dataset, compared to what would be

expected to by chance. For that reason, the list of differentially expressed proteins is utilised
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against a list of all proteins included in the analysis. ORA utilises Fishet’s exact test to assess
if lists of proteins are significantly enriched within pathways from the databases tested. To
identify enriched pathways from the differentially expressed proteins in each cohort, the first
over-representation analyses using Gene Ontology (GO) and Reactome through the
ClusterProfiler package were performed (FDR) <0.05.**'**'® These are databases which
allow genes to be grouped based on their relationships (GO), or the participation in pathways
(Reactome). The GO database further divides into three subsections: Biological processes,
Cellular compartment and Molecular function. The ClusterProfiler functions enrichGO and

enrichPathway were utilised for the GO and Reactome analyses respectively.

The second type of pathway analysis performed was gene set enrichment analysis
(GSEA), conducted for all three cohorts to identify enriched pathways. This type of pathway
analysis identifies sets of proteins distributed together based on ranking. This study utilised
a summary statistic to rank proteins in a descending manner comprised of the expression
direction of the fold change (FC) * - log10(FDR) of each protein. This statistic is then used
for the analysis, with the expectation that the weight of proteins correlates with the
phenotype, yielding an enrichment score for each pathway. The enrichment score is based
on the cumulative weights of the ranked proteins within a list; proteins clustered at top of
the ranked list (i.e. those most differentially expressed) signal an up-regulated expression, and
those at the bottom of the list (least differentially expressed) signal a down-regulated
expression. A normalised enrichment score is utilised to account for variability within size of
each pathway’s set list of proteins. The ClusterProfiler functions gseGO and gsePathway were

utilised for the GO and Reactome analyses.
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3.8 Results

This section will describe the findings from proteomic investigations of two PANS cohorts.
The aim of this research project was to identify dysregulated proteins and biological pathways
between children with PANS compared to age and sex matched controls. We utilised two
cohorts for this investigation in the aim of validating and replicating our findings, in

anticipation of the heterogenous nature of NDD presentation in children.

3.8.1 Quality control and normalisation
Filtering and normalisation are central steps in analysing high-throughput experiments such
as proteomic analyses, by accounting for external factors that don’t have biological relevance

on the resultant expression levels.
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3.8.1.1 Cohort 1
The effect of filtration and normalisation can be observed in Figure 3.4, where box-and-
whisker plots compare the counts before and after normalisation . The first part of the figure
shows the counts of each sample prior to filtering and normalisation, where the second part
highlights the counts post filtering and normalisation steps. As part B illustrates, the counts
of all samples have similar means (white dots), centring around the median of all samples
(black line). From this figure, we can be confident that the data can be carried down for

further analysis.
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Figure 3.4 Cohort 1 Count comparison pre and post quality control

Quality control visualising the proteome counts from the first cohort of children with Paediatric Acute
Neuropsychiatric Syndrome (PANS; Orange) vs neurotypical controls (NC; Blue). Boxplot of the counts (y-
axis), against the samples (x-axis). The y-axis scale differs between the two panels due to data skewing following
normalisation and filtering. A) Counts prior to filtering and RUV III normalisation. B) Counts after filtering
and RUV III normalisation. The black line represents the median of all samples, while the white dots represent
the mean of each sample.
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3.8.1.2 Cohort 2
Similarly, effect of filtration and normalisation on cohort 2’s data can be observed in Figure
3.5, where box-and-whisker plots compare the counts before and after pre-analysis steps.
The effect of normalisation is observed by all samples having similar means and medians,

which allows us confidence to utilise the data for further analysis.
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Figure 3.5 Cohort 2 Count comparison pre and post quality control

Quality control visualising the proteome counts from the second cohort of children with Paediatric Acute
Neuropsychiatric Syndrome (PANS; Orange) vs neurotypical controls (NC; Blue).. Boxplot of the counts (y-
axis), against the samples (x-axis). The y-axis scale differs between the two panels due to data skewing following
normalisation and filtering. A) Counts prior to filtering and RUV III normalisation. B) Counts after filtering
and RUV III normalisation. The black line represents the median of all samples, while the white dots represent
the mean of each sample

3.8.2 Exploratory data analysis
Investigating a dataset using exploratory methods allows for an idea of what to expect prior
to performing statistical investigations such as differential expression and pathway analyses.
To explore relationships within the cases and their respective controls based on proteomic

output, I utilised exploratory data analysis techniques. The first technique explored was a

87



hierarchal clustering dendrogram, which plots the samples of an analysis and is read from
the bottom up. Next, a principal component analysis was performed as another step to
explore the data, therefore generating two figures (see Figure 3.6 and Figure 3.7 below). This
method visualises the data by reducing the dimensionality, expressed as principal
components that account for variations within the data. The variance histogram graphically
represents how much of the variation between samples can be explained by each principal
component, when is then shown as a dot pot of the samples against the two highest principal

components.

3.8.2.1 Cohort 1
To investigate how the samples in Cohort 1 differ based on proteomic readings, I employed
data exploration methods such as a hierarchal cluster dendrogram and a principal component
analysis (Figure 3.0). First, the dendrogram (upper part of the figure) highlighted great
distinction between the patients and controls where a clear separation is seen within the two
groups. Samples PANS2 and PANS3 were most similar to each other, followed by PANS1
and PANS4. Similarly, NC1 and NC3 were most similar to each other, followed by NC4 and
NC2. The variance histogram indicated that principal components PC1 and PC2 accounted
for the highest variability within the cohort, reporting for 71.6% and 13.83% of the variance,
respectively. These components were then utilised to generate a scatter plot of the first

cohort, where the samples in cases segregated clearly from the controls.
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Figure 3.6 Cohort 1 Exploratory data analysis

Exploratory data analysis of the first cohort generated to identify how the children with Paediatric Acute
Neuropsychiatric Syndrome (PANS; Orange) vs neurotypical controls (NC; Blue) cluster relative to each other
based on the counts. A) Hierarchal clustering dendrogram. B) Variance histogram that identifies how much of
the variance within the data can be explained by multiple dimensions. C) Principal component analysis of
samples clustering relative to each other in the first (PC1; x axis) and second (PC2; y axis) components. There
is clear separation of the PANS samples from the NC samples.

3.8.2.2 Cohort 2
Similar to the steps employed above, clustering analyses such as hierarchal clustering and
principal component analysis were utilised to explore the relationship between samples of
Cohort 2 (Figure 3.7). From cohort 2, one patient samples (PANS3) failed quality control
criteria, and thus there are only three samples utilised in this cohort’s analysis. The
dendrogram showed segregation of the PANS cases from their respective controls. From the
figure, it can be observed that PANS4 and PANS1 were most alike, followed by PANS2. For
the controls, NC1 and NC2 were the most correlated, followed by NC3 and NC4. Next, the
variance histogram showed that principal component PC1 and PC 2 accounted for the

majority of variability within Cohort 2. The principal component analysis plot emphasised
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the separation between the cases and controls particularly within the first dimension as

expected.
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Figure 3.7 Cohort 2 Exploratory data analysis

Exploratory data analysis of the first cohort generated to identify how the children with Paediatric Acute
Neuropsychiatric Syndrome (PANS; Orange) vs neurotypical controls (NC; Blue) cluster relative to each other
based on the counts. A) Hierarchal clustering dendrogram. B) Variance histogram that identifies how much of
the variance within the data can be explained by multiple dimensions. C) Principal component analysis of
samples clustering relative to each other in the first (PC1; x axis) and second (PC2; y axis) components. There
is clear separation of the PANS samples from the NC samples.

3.8.3 Differential expression

3.8.3.1 Cohort 1
Differential expression to identify significant proteins was performed as per Section 3.7.3 of
methods. The analysis identified 4,591 proteins, 2973 of which were recognised as
differentially expressed proteins at FDR < 0.05. From this, 1,450 proteins had an up-
regulated expressions and 1523 proteins had a down-regulated expression. A volcano plot
shows the distribution in Figure 3.8. The top up-regulated proteins included a heat shock

protein (HSPB1), a tissue inhibitor of Metalloproteinases (TIMP3) and a glycosyl
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phosphatidylinositol-linked glycoprotein (CDD109). The down-regulated proteins included a
major histocompatibility complex (HLA-DRB1), a histone (H4Cl), and a

NADH:ubiquinone oxidoreductase (NDUFAF4).
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Figure 3.8 Cohort 1 Volcano plot

Volcano plot of differentially expressed proteins in the first cohort. Differential expression analysis (FDR <
0.05) was performed on the proteins of children with Paediatric Acute Neuropsychiatric Syndrome (PANS)
and neurotypical controls. The y-axis represents statistical significance (—loglOFDR) and the x-axis represents
gene expression log fold change (logFC). Differentially expressed proteins with up-regulated expressions are
shown in red, while those with down-regulated expression are in blue. The top 20 differentially expressed
proteins were labelled for ease of viewing,.

3.8.3.2 Cohort 2

Out of the 5,708 proteins identified in the second Cohort, 2380 were recognised as
differentially expressed proteins at FDR < 0.05. From this, 1,416 proteins had an up-

regulated expressions and 964 proteins had a down-regulated expression. A volcano plot

shows the distribution in Figure 3.9. The top up-regulated genes included myosin proteins
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(MYH9, MYL12A, MYL12B, MYL6 and MYH14), a cytoskeletal protein (VCL) and a kinase
(DOCKY7). The top down-regulated proteins included a lipoprotein (APOC3), a histone

(H2BC14), and an RNA polymerase (POLR2L).
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Figure 3.9 Cohort 2 Volcano plot

Volcano plot of differentially expressed proteins in the second cohort. Differential expression analysis (FDR <
0.05) was performed on the proteins of children with Paediatric Acute Neuropsychiatric Syndrome (PANS)
and neurotypical controls. The y-axis represents statistical significance (—loglOFDR) and the x-axis represents
gene expression log fold change (logFC). Differentially expressed proteins with up-regulated expressions are
shown in red, while those with down-regulated expression are in blue. The top 20 differentially expressed
proteins were labelled for ease of viewing,.

3.8.4 Pathway analysis
Although the focus thus far has relied on individual proteins and their regulation, we know
that genes or proteins don’t work alone. Particularly within the context of such complex
conditions such as neurodevelopmental and neuropsychiatric disorders, where the presumed

culprit is a complex interplay of proteins and genes. This is why a pathway analysis approach
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is crucial to uncover and understand the mechanisms of these disorders in peripheral blood

mononuclear cells of children with PANS.

As mentioned above in Section 3.7.6, the first type of pathway analysis performed
involved utilises over-representation analysis for the Gene Ontology database and the
Reactome database. Following from this, a Gene Set Enrichment Analysis was performed
using the two databases. Figures will show the top 10 up-regulated and top 10 down-

regulated pathways.

3.8.4.1 Cohort 1

3.8.4.1.1 Over-representation analysis
Gene Ontology Enrichments of the 2,973 proteins identified 60 up-regulated, and 30
down-regulated terms through utilising an over-representation analysis of the gene ontology
database (Figure 3.10). Within the gene ontology database, there are three ontologies or
sections which genes and proteins are grouped into: biological processes, cellular
compartment, and molecular function. The biological processes ontology focuses on the
biological routes genes and proteins contribute to. The cellular compartment ontology aims
to describe the locations of where genes and proteins are active within the cell. Finally, the
molecular function ontology encompasses the biochemical activity of a gene or protein at a
molecular level. The top up-regulated terms were “blood coagulation” in biological
processes, “platelet alpha granule” in cellular compartment and “signalling receptor binding”
in molecular function. The top down-regulated terms were “RNA processing” in biological
process, “ribonucleoprotein complex” in cellular compartment and “DNA binding” in

molecular function.
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Figure 3.10 Cohort 1 Over-representation analysis: Gene Ontology

The differentially expressed proteins (FDR <0.05) were utilised to perform over-representation analysis using
the Gene Ontology database. In the bar charts, the y axis depicts the top five enriched pathways split by
ontology. The x axis shows the -log10(false discovery rate) of each pathway. The ontology results are presented
on each row: the top row is biological processes (BP), the middle row is cellular compartment (CC), and the
bottom row is molecular function (MF). A) Enrichments of the up-regulated proteins. B) Enrichments of the
down-regulated proteins. Expression (Red = Up-regulated, blue = down-regulated).

Reactome  Next, I utilised the Reactome database to also perform an over-
representation analysis and identified 92 up-regulated and 181 down-regulated pathways
(Figure 3.11). The top up-regulated pathways were involved in haemostasis, with the top
pathway being “Haemostasis”. The top down-regulated pathways were involved in RNA

processing, with the top pathway being “Metabolism of RNA”.
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Figure 3.11 Cohort 1 Over-representation analysis: Reactome

The differentially expressed proteins (FDR <0.05) were utilised to perform over-representation analysis using
the Reactome database. In the bar charts, the y axis depicts the top ten enriched pathways split. The x axis
shows the -log10(false discovery rate) of each pathway. A) Enrichments of the up-regulated proteins. B)
Enrichments of the down-regulated proteins. Expression (Red = Up-tegulated, blue = down-regulated).

3.8.4.1.2 Gene Set Enrichment Analysis
Gene Ontology GSEA utilises a ranking approach to identify enriched pathways,
where the most differentially expressed proteins carry more weight based on the direction of
change. Analysis of cohort 1’s proteins using the GSEA technique identified 42 up-regulated
and 27 down-regulated enriched terms (Figure 3.12). Of the biological processes
enrichments, the top up-regulated term was “coagulation” and the top down-regulated term
was “RINA processing”. The cellular compartment ontology identified “blood microparticle”

as the top up-regulated term, while “ribonuclear protein complex” was the top down-



regulated terms. Of the up-regulated molecular function enrichments, the top up-regulated
term was “calcium ion binding” while “structural constituent of ribosome” was the top

down-regulated term.
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Figure 3.12 Cohort 1 Gene Set Enrichment Analysis: Gene Ontology

The differentially expressed proteins, ranked by signed logfc x log(false discovery rate) were used to perform
Gene Set Enrichment Analysis (GSEA) using the Gene Ontology database. In this bar chart, the y axis depicts
the top five enriched pathways split by ontology. The ontology results ate presented on each row: the top row
is biological processes (BP), the middle row is cellular compartment (CC) and the bottom row is molecular
function (MF).The x axis shows the normalised enrichment score, with a positive number shows inclination of
genes within the pathway to be found at the top of the inputted list (Red = Up-regulated), while a negative
number shows that genes within the pathway can be found at the bottom of the list (Blue = Down-regulated).
The up-regulated and down-regulated proteins are illustrated together due to the nature of the GSEA analysis,
where all proteins are analysed as one combined list based on the ranking.

As the findings from the ORA and GSEA aligned, a connectivity network plot
(CNET) was generated to highlight proteins within the enriched pathways from the GSEA.
Within Figure 3.13, the top biological processes terms are observed in panel A (up-regulated)

and panel B (down-regulated). The up-regulated proteins involved within coagulation



included protein kinases (PRKG1, PRKCQ), serine protease inhibitors (the SERPINE
family), and heat shock proteins (HSBP1). The down-regulated proteins within RNA
processing included methyltransferases (METTL10), ribosomal proteins (RPS14, RPS6), and

the deadbox protein family of RNA helicases (DDX1, DDX47) .

[ ] 7 *
MMRN1 PROST ERKG1 SignedFC * ~log10(FDR)
PIK3CB, LMANT 7
SERPINB2
STXBP1 FI1R 6
PAPSS2 5
FGB UBASH3B Vel
4
SERPIND1
DGKZ CSRP1 KNG HRG 3
HPSE
SERPINF2 MPL
[ ]
VAV3 F5 DGKG FBLN1
ADAMTS18 PF4
F2 ®
F1o MYL9
7 APOE
coagulation
APOH DMTN
LYN
ey PLA2G4A ANOG °
ILK TREML
[ ] GP1BB F13A1
SERPINE1
ITGB3 LK ®
{ ] ALOX12
grwea CD36 JAK2 Count
ITGA2
aPo @ =
VWF
GP1BA - ® . 40
SERPINC1
SRC . 60
FLNA s roa P8
¢ SLC4At
SERPINE2 [
HSPBY FCER1G
B oL SignedFC * -log10(FDR)
ADAR RBMBA PHF5A
omneur VTP & e s -2
avsL RS | @ $) CELF1
FRG1 ACIN® SNRPD1
° ® UTP4 _WDR75 3
utPao @ SR3B4 PRMTS RBM39 -
FUS Coorf78 p rreo,
NRNPM o ELP3 YBX1 RPL35A don P A,
TRA2B PRPF8 WDR46 -4
RBMS HEATRI WDR43
cant e SF3A3 LRSS WDR18 SRSF3
HNRNPU
HNRNPK SF3B2
[ ] EIFAA:A. e o ° 78 ® -
PDCD11 THOCS SRSF, RPS19 b RPS28 _cpcsL LSM3 SNIP1
THOC2 wst 'SNRPD2 RPL7. TRNTH. MPHOSPH10. INTS5 d
UTPts ALKBHS Don CosF1 PPILT @ AAR2 AIYREF
° @ONAJGT Lsvr @ DKC1
- U2AF2 @ RPsia MFAP TRAA INTS8 POP1 WDR3
PRPF3BA
DIS3. DDX54. INTS2. { L )
i — T » SNUT3 EXOSCT CPSF6 P3
[ ] DHX38 SMNDC1- g DDX39A
PRPF19  SF3B5  RPSI6 @ 22 snmrc — DDX39B SREK1 WBP11 BRIKT ® oot
SRPK2 NOP2
HNRNPF RNASEL ®: HNRNPH1 INTS1 HNRNPR ° CDKWZ. USPa0 @
[ 3 SFaA2 THOCS
PPPIRS HNRNPULT ~ RBM28 ® i E— RNA processing ~ CIR1 20cHCe
PHEFT — UzSURP—HSD17B0 = EMGH PRKRIPT  RPL14 SRKDG POLR2A
CHERD LSM6 HNRNPA3
RBM15 cLACe NVL @ FALY 7 CSTF3 — NATIO PPIE THUMPD1
e @ PSP ™ HNRNPA2B1 srapt @ Rewn
PPIG
smu1 _ PNN NSREY sNAnPao @ L)
P;P2H1A PARN ORI EFTUD2  NUP98  TFIP11
PRPF4 SEPQ
SF3A1 DDX18 SCAF1 SARS1
° WDR74 . RBM25 N ZNF326 THADA WDR36
LuerLs gane TARDBP GPATCH1 GCFCa/ LASIL SNRPB2. piixis CDK13 DDX1
RTRAF PRPF38E
° : @ RPRD2 rs bathd NSUN2 vom HNRNPD DHX16
DAZAP? ( ] ) Count
PRPF40A  “ZNF638 1K TCEHG1. ® poxss & DHX9. o o2 RPS6
MTREX @~ EXOSC10 TARBP2 SRR FAMOSB @ s
NUP155, NOP58 INTS6 ~ SF3B3 hd
- TAF15__RRP12 [ [ BUD31 SRSF7 Y . 100
- ® DDX21 @ RPL27 RBM36. EXOSCB ® g SucP2
oNBF RABM10/ gf g Lol rrce) @ weept ® SYMPK 15N . 150
s ® 7 P Givce PP ues | OSaER, sm® RPS24
SNRPA [ ] HNRNPAO 18G20 SRRM1 . 200
MRTO%  yimma swe @M yo TG
SUPT7L METTL16 . 250

Figure 3.13 Cohort 1 Gene Set Enrichment Analysis: Gene Ontology CNET

Connectivity network (CNET) plots of the top up-regulated (A) and down-regulated (B) enriched pathways
from the Gene Ontology database through Gene Set Enrichment Analysis (GSEA). The GSEA analysis was
petformed on a list of proteins from an analysis of children with Paediatric Acute Neuropsychiatric Syndrome
(PANS) compared to controls. The CNET plots highlight the interactions of proteins that make up the
pathways, represented by each proteins rank [signed logfc x log(false discovery rate)].
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Reactome  Similarly, I utilised a gene set enrichment analysis method using the Reactome
database for cohort 1. The analysis identified 124 up-regulated and 203 down-regulated
pathways (Figure 3.14). The top up-regulated pathways were involved in haemostasis, with
the top pathway being “Platelet degranulation”. The top down-regulated pathways were

involved in RNA processing, with the top pathway being “Metabolism of RNA”.
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Figure 3.14 Cohort 1 Gene Set Enrichment Analysis: Reactome

The differentially expressed proteins, ranked by signed logfc x log(false discovery rate) were used to perform
Gene Set Enrichment Analysis (GSEA) using the Reactome database. In this bar chatt, the y axis depicts the
top five enriched pathways. The x axis shows the normalised enrichment score, with a positive number shows
inclination of genes within the pathway to be found at the top of the inputted gene list (Red = Up-regulated),
while a negative number shows that genes within the pathway can be found at the bottom of the gene list (Blue
= Down-regulated). The up-regulated and down-regulated proteins are illustrated together due to the nature of
the GSEA analysis, where all proteins are analysed as one combined list based on the ranking.
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Figure 3.15 Cohort 1 Gene Set Enrichment Analysis: Reactome CNET
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Connectivity network (CNET) plots of the top up-regulated (A) and down-regulated (B) enriched pathways
from the Reactome database through Gene Set Enrichment Analysis (GSEA). The GSEA analysis was
performed on a list of proteins from an analysis of children with Paediatric Acute Neuropsychiatric Syndrome
(PANS) compared to controls. The CNET plots highlight the interactions of proteins that make up the

pathways, represented by each proteins rank [signed logfc x log(false discovery rate)].
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A connectivity plot highlighting the proteins within the enriched pathways is
observed in Figure 3.15, where the top pathways are observed in panel A (up-regulated) and
panel B (down-regulated). The up-regulated enrichments of platelet degranulation involved
proteins such as serine protease inhibitors (the SERPINE family), cell adhesion molecules
(PECAM1,CD36) and matrix metalloproteinases (TIMP3) . The down-regulated
enrichments of metabolism of RNA involved proteins such as ribosomal proteins (RPL30,
RPS8), small nuclear ribonucleoproteins (SNRPA, SNU13), and eukaryotic translation

initiation factors (EIF4A1,EIF4A3).

3.8.4.1.3 Summary of pathway results
The pathway analysis of cohort 1 utilised two techniques, over-representation analysis and
gene set enrichment analysis. These two methods yielded similar findings, where the up-
regulated enrichments pointed towards haemostasias, immune and cell signalling influenced
by serine protease inhibitors, protein kinases, and cell adhesion molecules. To contrast, the
down-regulated enrichments were involved in RNA processing and splicing with dominant

involvement of ribosomal proteins, methyltransferases and demethylases.

3.8.4.2 Cohort 2

3.8.4.2.1 Over-representation analysis
Gene Ontology As with the first cohort, commencement of pathway analysis will be
through utilising an ORA approach. Firstly, the differentially expressed proteins were utilised
to enrich over-represented terms from the three ontologies. Following filtering, 22 up-
regulated biological processes terms were identified, along with nine cellular compartment
terms, and 15 molecular function terms (Figure 3.16 highlights the top five pathways). The
top up-regulated terms were “actin filament-based process” in biological processes, “actin
cytoskeleton” in cellular compartment and “cytoskeletal protein binding” in molecular

function. Following from that, we explored enrichments of the 964 down-regulated proteins.
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The top down-regulated terms were “proteolysis involved in protein catabolic process” in
biological processes, “proteosome complex” in cellular compartment, and “structural

constituent of a ribosome” in molecular function.
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Batch 2 proteomics: Top 5 GO Down-regulated Pathways
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Figure 3.16 Cohort 2 Over-representation analysis: Gene Ontology

The differentially expressed proteins (FDR <0.05) were utilised to perform over-representation analysis using
the Gene Ontology database. In the bar charts, the y axis depicts the top ten enriched pathways split by
ontology. The x axis shows the -log10(false discovery rate) of each pathway. A) Enrichments of the up-regulated
proteins. B) Enrichments of the down-regulated proteins. Expression (Red = Up-regulated, blue = down-
regulated).
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Reactome  Similarly to the steps taken prior, the 1,416 up-regulated proteins were
applied to enrich 137 pathways within the Reactome database (Figure 3.17). The up-regulated
pathways were involved in haemostasis and cell signalling, where the top pathway was
“Hemostasis”. Enrichment of the down-regulated proteins were involved in DNA

replication and chromatin, where the top pathway was Assembly of the re-replicative

complex”.
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Figure 3.17 Cohort 2 Over-representation analysis: Reactome

The differentially expressed proteins (FDR <0.05) were utilised to perform over-representation analysis using
the Reactome database. In the bar charts, the y axis depicts the top ten enriched pathways split. The x axis
shows the -loglO(false discovery rate) of each pathway. A) Enrichments of the up-regulated proteins. B)
Enrichments of the down-regulated proteins. Expression (Red = Up-tegulated, blue = down-regulated).
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3.8.4.2.2 Gene Set Enrichment Analysis
Gene Ontology To assess enrichments of the same set of proteins using the GSEA
method, I then performed a second set of pathway analysis for Cohort 2. This is depicted in
Figure 3.18, where the top five enrichments within each ontology is visualised. The biological
processes ontology identified 25 up-regulated terms and 17 down-regulated terms. The
cellular compartment ontology identifed 7 up-regulated, and 6 down-regulated terms. The
molecular function ontology enriched 17 up-rgulated and 10 down-regulated terms The top
up-regulated enrichments were “actin filament-based process” in biological processes, “actin
cytoskeleton” in cellular compartment and “cytoskeletal protein binding” in molecular
function. The top down-regulated enrichments were “cytoplasmic translation” in biological
processes, “peptidase complex” in cellular compartment and “structural constituent of

ribosome” in molecular function.
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Batch 2 proteomics: GO GSEA
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Figure 3.18 Cohort 2 Gene Set Enrichment Analysis: Gene Ontology

The differentially expressed proteins, ranked by signed logfc x log(false discovery rate) were used to perform
Gene Set Enrichment Analysis (GSEA) using the Gene Ontology database. In this bar chart, the y axis depicts
the top five enriched pathways split by ontology. The ontology results ate presented on each row: the top row
is biological processes (BP), the middle row is cellular compartment (CC) and the bottom row is molecular
function (MF).The x axis shows the normalised enrichment score, with a positive number shows inclination of
genes within the pathway to be found at the top of the inputted list (Red = Up-regulated), while a negative
number shows that genes within the pathway can be found at the bottom of the list (Blue = Down-regulated).
The up-regulated and down-regulated proteins are illustrated together due to the nature of the GSEA analysis,
where all proteins are analysed as one combined list based on the ranking.

Similar to the steps undertaken for the first cohort, a connectivity plot was utilised
for the GSEA section to shed light onto the proteins driving the enriched pathways. In Figure
3.19 the top biological processes terms are observed in panel A (up-regulated) and panel B
(down-regulated). From panel A, the up-regulated enrichments are driven by protein kinases
(PLEK, PIK3CB), Integrins (ITGB3a) , serine protease inhibitors (the SERPINE family),
and myosin (the MYH and MYL families, TLN1). For the down-regulated enrichments, the

CNET plot shows that the signal is driven by ribosomal proteins (RPS29, RPS20, RPL35A),
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methyltransferases (METTL3), and
EIF4A1, EIF2D).
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Figure 3.19 Cohort 2 Gene Set Enrichment Analysis: Gene Ontology CNET
Connectivity network (CNET) plots of the top up-regulated (A) and down-regulated (B) enriched pathways
from the Gene Ontology database through Gene Set Enrichment Analysis (GSEA). The GSEA analysis was
petformed on a list of proteins from an analysis of children with Paediatric Acute Neuropsychiatric Syndrome
(PANS) compared to controls. The CNET plots highlight the interactions of proteins that make up the
pathways, represented by each proteins rank [signed logfc x log(false discovery rate)].

Reactome

EIF3A

RPL11
L ]

g
RPS24
EIF3E

RPS15A
®

eukaryotic translation initiation factors (EIF3M,

SignedFC * -log10(FDR)

STXBP3

[ ]
MPIGEB

ITGB3
L ]

Count
@ »
@ «
. 60

VPS338

SignedFC

-1.0

-1.5
-2.0
-2.5
-3.0

RPL32
L]

EIF4A1

RPS14

RPLI3
RPLPO

RPL23A count
@ =
@ «
@ «

®-

Further, I explored enrichments of the differentially expressed proteins

* -log10(FDR)

using the Reactome database (Figure 3.20). The gene set enrichment analysis identified 226

up-regulated and 303 down-regulated pathways. The up-regulated pathways were involved
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in haemostasis, with the top pathway being “Platelet activation, signalling and aggregation”.
The down-regulated pathways were involved in translation and DNA replication, with the

top pathway being “Assembly of the pre-replicative complex™ .

Batch 2 proteomics: Top 5 GSEA REAC Pathways
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Figure 3.20 Cohort 2 Gene Set Enrichment Analysis: Reactome

The differentially expressed proteins, ranked by signed logfc x log(false discovery rate) were used to perform
Gene Set Enrichment Analysis (GSEA) using the Reactome database. In this bar chart, the y axis depicts the
top five enriched pathways. The x axis shows the normalised entichment score, with a positive number shows
inclination of genes within the pathway to be found at the top of the inputted gene list (Red = Up-regulated),
while a negative number shows that genes within the pathway can be found at the bottom of the gene list (Blue
= Down-regulated). The up-regulated and down-regulated proteins are illustrated together due to the nature of
the GSEA analysis, where all proteins are analysed as one combined list based on the ranking.

A connectivity plot highlighting the proteins within the enriched pathways of cohort
2’s Reactome GSEA is observed in Figure 3.21 the top pathways are observed in panel A
(up-regulated) and panel B (down-regulated). The up-regulated enrichments were driven by

kinases (PIK3CB,PIK3R1), glycoproteins (GP6, GP9), and serine protease inhibitors (the
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SERPINE family). The down-regulated enrichments consisted of proteins such as histones
(H4C5,H2BC14), proteasome components (PSMD12, PSMB7), and mini-chromosome

maintenance proteins (MCM4, MCM7).
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Figure 3.21 Cohort 2 Cohort 2 Gene Set Enrichment Analysis: Reactome CNET
Connectivity network (CNET) plots of the top up-regulated (A) and down-regulated (B) enriched pathways
from the Reactome database through Gene Set Enrichment Analysis (GSEA). The GSEA analysis was
petformed on a list of proteins from an analysis of children with Paediatric Acute Neuropsychiatric Syndrome
(PANS) compared to controls. The CNET plots highlight the interactions of proteins that make up the
pathways, represented by each proteins rank [signed logfc x log(false discovery rate)].
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3.8.4.2.3 Summary
The pathway analysis of cohort 2 utilised two techniques, over-representation analysis and
gene set enrichment analysis. These two methods yielded similar findings, where the up-
regulated enrichments pointed towards haemostasias, immune and cell signalling influenced
by serine protease inhibitors, protein kinases, and myosin molecules. To contrast, the down-
regulated enrichments were involved in RNA processing and splicing with dominant
involvement of ribosomal proteins, and eukaryotic translation initiation factors,

methyltransferases and histones.

3.9 Discussion

The work within this chapter investigated the proteome of peripheral blood mononuclear
cells within two PANS cohorts compared to controls. These parameters were utilised in this
investigation to assess dysregulated proteins and pathways within peripheral blood
mononuclear cells, and further our understanding of neurodevelopmental disorders at a
proteome level. Investigations of the transcriptome within the brain of individuals with
neurodevelopmental disorders in Chapter 2 of this thesis, combined with bulk and single cell
RNA sequencing efforts by our group prompted the exploration of the proteome within this
subgroup of NDDs as the natural next step. Previous findings of inflammation, translational
machinery, and epigenetics within PANS from the subgroup meant for a need to explore

proteins within these conditions.

Peripheral blood mononuclear cells from children with PANS were subjected to
mass spectrometry to identify differential proteins compared to controls. Following from
data exploration within each cohort, which pointed towards clear distinction between the
proteome of the PANS subgroup when compared to controls, differential expression of
proteins was performed. Within cohort 1, the top differentially expressed proteins included

a heat shock protein (JHSPB1), a tissue inhibitor of Metalloproteinases (1 TIMP3) along with
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a major histocompatibility complex (|HLA-DRB1), and a histone (|H4C1). From cohort 2,
the top differentially expressed proteins included myosin proteins ({MYH9, MYLI12A,
MYL12B, MYL6 and MYH14), a cytoskeletal protein (}VCL), along with a lipoprotein
(JAPOC3), a histone (JH2BC14), and an RNA polymerase (JPOLR2L). Taken together,
these findings suggest immune molecules, histones and RNA processing are involved.
However, choosing the most abnormal molecules is one way, our group’s hypothesis is that
a “pathway-driven” approach is arguably more informative of the whole picture of

dysregulated proteome, rather than a small number of the most significant proteins.

Due to the complexity and multifactorial origins of these neurodevelopmental
disorders, the main results within this chapter lie within the enriched dysregulated pathways
that resulted from the identifications of differential proteins in the cases compared to the
controls. Within cohort 1, an up-regulated signal was identified involved within haemostasis
and blood coagulation, along with cell signalling, driven by proteins such as protein kinases
and cell adhesion molecules. In addition, the down-regulated enrichments involved RNA
processing, and translation, influenced by proteins such as methyltransferases, ribosomal
proteins and eukaryotic translation initiation factors. A similar signal was observed in the
enriched pathways from cohort 2, where gene ontology and Reactome investigations
identified an up-regulated signal within haemostasis, the cytoskeleton, and cell signalling
involving proteins such as protein kinases, and myosin molecules. To add, the enriched
down-regulated pathways involved mitochondrial, cell activity and translational themes

driven by ribosomal proteins, eukaryotic translation initiation factors and histones.

These similar findings within the two cohort are a great foundation step to
uncovering proteomic dysregulations within PBMCs of children with PANS compared to
controls. To start, the findings within the two cohorts presented corroborate with previous

reports within the literature of neurodevelopmental proteomics in the periphery (Table 3.1
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above). However, it is important to mention the bulk of this previous literature is within
ASD, and only two studies were found to be published in OCD. A proteome analysis of
peripheral blood mononuclear cells from ASD cases identified enriched mitochondrial and
ER stress pathway findings, and associated these enrichments to an inflammatory response,

Tt s

further implicating inflammation found within the proteome in ASD pathogenesis.”
important to note that the literature on proteomics within these psychiatric conditions is
lacking, and that reduces our ability to compare our findings. Our group has consistently
identified an immune response dysregulation within peripheral blood mononuclear cells of
children with NDDs. The enriched blood coagulation terms and pathways may be an
indication of a systemically activated immune response within the cells of these children.
Inflammation and haemostasis rely on an interdependent relationship, whereby thrombo-
inflammatory processes are linked to an imbalanced coagulation system and excess platelet

activation.”

’ In addition, the enriched findings might be a result of crosstalk between the
CNS and the peripheral immune response, where cytokine release within the CNS can
aggravate haemostasis pathways within the periphery. As a result of this, peripheral immune

cells can respond to inflammation through platelet activation,”

a pathway which consistently
appeared in our results. Finally, investigation into a range of sample types from these children

including plasma or saliva might yield diverse findings or confirm the results identified within

this work.

Dysregulation within translational machinery have also been implicated within
neurodevelopmental disorders across various biological levels such the transcriptome and
proteome. For example, highly penetrant variants in ribosomal proteins (RP) and eukaryotic
translation initiation factors (EIF) genes can cause NDD.”” However, most individuals with
neurodevelopmental disorders do not have highly penetrant DNA variants.”>” To add,

external factors such as stress may impact translational processes through disruption of
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%% The ribosome is a highly energy-intensive organelle, and its control

ribosomal biogenesis.
is vital particularly when cells are under stress. These notions taken together with the

dysregulated ribosomal proteins in the PANS cohort, point towards ribosomal and

translational control acting as a marker of cellular stress.

To add, cohort 1 has enriched pathways involving RNA polymerase II, one of three
enzymes responsible for transcribing all protein-coding genes, as well as many noncoding

266

RNAs within eukaryotes.” Cytoskeletal organisation was a reoccurring theme within the two
cohorts within this study. While actin is a major component of the cytoskeleton and is
involved in cell motility and transport, the literature points towards a regulatory role within
gene transcription. Nuclear actin is vital for all RNA polymerases, of interest however is its
role in the pre-initiation complexes of RNA polymerase 11, where it’s been found to play a
role within active transcription.””” In addition, actin has been implicated in chromatin
remodelling complexes, a vital class of nuclear enzymatic complexes with consequence on

DNA accessibility that influence transcription, replication and repair.****’

Furthermore, current findings of metabolic dysregulation reported within the blood
of children with these complex conditions corroborate with a brain proteomic study of ASD,
where proteins involved in energy metabolism along with synaptic function, and myelination
were observed.” A recent metabolomic study investigated the plasma metabolic profile
within children with PANS and identified changes within metabolic pathways induced by
inflammation and dysregulation within energy metabolism — consistent with results identified
in this thesis.””" This is relevant to the groups work as recent metabolic investigations have

similarly identified inflammation and metabolic dysregulations.

To the best of our knowledge, this this is the first study to investigate the proteome
of children with PANS. The results presented within this chapter are generated from two

separate batches of proteomic investigations, performed on cells from children with
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neurodevelopmental disorders, and in particular PANS diagnoses. Of interest within these
two findings is the commonality within the results identified, acting as confirmation of the
signatures identified. The work within this chapter is vital as it points to dysregulations within
the blood proteome of children with PANS, opening the doors for future studies to explore
ribosomal dysregulations, metabolic processes and the cell signalling as biomarkers and

potential therapeutic targets within these conditions.

Although this work adds a plethora of knowledge into our understanding of complex
neurodevelopmental disorders, there are many caveats that need to be mentioned. Firstly,
the same size within each cohort was small (n=4), future work investigating complex
neuropsychiatric conditions such as PANS should utilise larger sample sizes where available
for a comprehensive investigation. To add, the patients included in this work were receiving
intravenous immunoglobulin therapy on a regular basis as treatment for psychiatric
symptoms resulting from recurrent infections. The proteomic signature of children with
PANS not receiving treatment may have a different effect when compared to those on this
therapeutic. In addition, future studies investigating PANS should explore if PANS as an
entity is different to OCD and Tourette syndrome. Currently, the proteomic investigations
presented within this chapter have been individually analysed. Future efforts into
understanding the biology of these complex conditions should focus on integrating multiple
batches of children with neurodevelopmental disorders to cover the heterogeneity
presentation within these conditions. Furthermore, integration of multiple types of high-
throughput experimentations such as RNA sequencing and proteomic data of the same
patients through utilising data integration techniques such as the MixOmics package, may
allow for a deeper dive into the biology of these complex disorders. MixOmics is a
collaborative project allowing a holistic view of a system through combination of omic

analyses and utilising a multivariate method.*”
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Chapter 4
Characterising the innate immune response in peripheral blood
mononuclear cells of children with
Paediatric Acute Neuropsychiatric Syndrome

through the toll-like receptor pathway

41 Preamble

The immune response plays a crucial role in regulating the highly orchestrated strides of
neurodevelopment, and thus has been implicated in neurodevelopmental conditions such
as ASD, Tourette syndrome and OCD. The literature has pointed towards immune
morphological dysregulations, as well as the presence of aberrant inflammatory markers in

OIOSI07.10123-125129.23 - The recurrent infections, immune

individuals with these disorders."
dysregulation and developmental regression in children with the PANS phenotype
potentially suggests immune dysregulation peripherally and within the CNS, that warrants
turther exploration. Work within the group, including results described in Chapter 3 of this
thesis, have identified a dysregulated immune signature within the transcriptome and the
proteome of peripheral blood of children with PANS.”™”*" Thus, to validate the functional
immunological dysregulations, I developed a functional stimulation assay to characterise

the innate immune response in peripheral blood mononuclear cells of children with PANS

compared to neurotypical controls following LPS stimulation. Together with the previous
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two chapters analysing the transcriptome and proteome of neurodevelopmental disorders,
this assay will enable us to better understand the immune dysregulation in children with

PANS and neurodevelopmental disorders on a molecular and cellular level.

4.2  Abstract

The association of inflammation and the immune response has been proposed to be involved
in neurodevelopmental disorders for a long time. The activation of Toll-like receptors has
been implicated in these conditions through preclinical, ex viwo and 7n vitro studies, mainly
within autism spectrum disorders. The aim of this chapter was to develop a stimulation assay
to assess optimal time and dosage of stimulation using the TLR4 agonist, lipopolysaccharide,
in peripheral blood mononuclear cells, with the overall goal of utilising this assay to assess
immune difference between children with Paediatric Acute Neuropsychiatric Syndrome and
neurotypical matched controls. The assay was developed by culture of peripheral blood
mononuclear cells were from healthy donors in 96-well U bottom plates and treated with
LPS at 500ng/ml and 1000ng/ml for 30 minutes, 3 hours, 6 houts, and 24 hours. The main
objective was measurement of proinflammatory cytokines Interleukin-6 and tumour necrosis
factor, by utilising reverse transcriptase quantitative polymerase chain reaction and enzyme
linked immune assays. I observed that the 500ng/ml dose yielded optimal stimulation of the
TLR pathway for the 30 minute, 3 hour and 24 hour durations. Specifically, a peak response
at 3-hours was observed for II.-6 mRNA, which declined over the 24 hour period. In
contrast, TNF mRNA levels were highest at 30 minutes post stimulation and declined over
the subsequent timepoints tested. Next, I utilised the optimised assay on a cohort of children
with PANS compared to controls, where peripheral blood mononuclear cells were stimulated
with 500ng/ml of LPS for 30 minutes, 3 hours, and 24 hours. Investigation of gene
expression identified a repressed immune response in PANS compared to controls, marked

by lower expression of the proinflammatory cytokines II.-6 and TINF at an RNA level. In
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addition, analysing the secreted cytokines following cell stimulations similarly yielded an
aberrant immune response, where lower levels of the proinflammatory cytokines I1L-6 and
TNF (measured by ELISA) were observed in patients when compared to controls. The work
described in this chapter is the first to assess the immune response of peripheral blood
mononuclear cells from children with PANS following a bacterial challenge, compared to
controls at various timepoints. The assay provides a valuable platform to investigate the
effect of LPS stimulation on cells of children with PANS at the specified dose and timings.
In addition, there is potential for extension of this work to include a range of cytokines and
inflammatory molecules activated downstream, as a result of LPS stimulation. Finally,
characterisation of the functional immune response in children with PANS through this assay
can lead to further efforts to improve our understanding of other neurodevelopmental

conditions.

4.3 Introduction

Neurodevelopment is a highly orchestrated active timeline of events, where cells and neural
structures within the central nervous system are formed through processes such as
neurulation and neurogenesis.” The developmental period from gestation throughout the
early years of life is critical due to the rapid development of the central nervous system —
influenced by genetic, epigenetic, and environmental factors.”” The developing brain is
vulnerable to environmental influences which impact genetically determined developmental
processes. Neurodevelopmental and neuropsychiatric conditions such as autism spectrum
disorders, and schizophrenia have been linked to disturbances of early CNS such as maternal

infection.’>*”

Neurodevelopmental disorders is an over-arching term which describes a group of
heterogenous conditions with onset in the critical developmental period.” These are complex

neurological conditions, encompassing autism spectrum disorders (ASD), Tourette
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syndrome, obsessive compulsive disorder (OCD), intellectual disabilities and learning
disorders. Currently, 10% of children under the age of five are affected by one or more
neurodevelopmental disorder, often presenting with ovetlapping symptoms and diagnoses."
A plethora of genetic, epigenetic, and environmental influences are now recognised to
contribute to the development of these conditions®”'. The involvement of genetics within
these neurodevelopmental conditions is attributed to common vulnerability genes with low
penetrance, where only a minority of cases have rare highly penetrant genetic variants.” The
current lack of understanding of neurodevelopmental disorders’ biology, coupled with the
complex presentations of these heterogenous conditions, presents challenges for patient

diagnosis and treatment.

4.3.1 The immune system in neurodevelopmental disorders
The biological course of neurodevelopment is dynamic and dependent on synaptogenesis,
where synapses are formed from mid-gestation throughout the eatly years life, and pruned
up to 21 years of life by the resident immune cells of the CNS, the microglia.””® While the
immune system is vital for protection from infections and other insults, it also plays a
fundamental role in CNS development by maintaining homeostasis and promoting

40,

inflammation.**"” The involvement of the immune response in neurodevelopmental

disorders is increasingly recognised, with reports of inflammation within the brain and the

105,107,118,123-125,129,175,207

periphery of individuals with these conditions. Consistent with the

727 work within our group has shown that children with neurodevelopmental

literature,
disorders exhibit higher rates of infections (throat infections, ear infections and mouth

ulcers) in the first five years of life, and the last 12 reported months when compared to

typically developing controls (Under review, Appendix 7.2).

Inflammation during the gestational period is thought to affect early central nervous

system formation, and result in increased expression of neurodevelopmental vulnerability
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genes.” Our group reviewed the current clinical evidence associating maternal inflaimmatory
states such as infection during pregnancy and the association with childhood

neurodevelopmental disorders.*

The link between an activated immune response during
gestation and offspring autism spectrum disorders and schizophrenia, was recognised in
mothers infected by the rubella virus, and further validated by additional outbreaks.”” Other
than infections, additional maternal conditions linked to chronic inflammation including
obesity, gestational diabetes, pre-eclampsia, depression, autoimmune disease, have been
shown to increase the risk of offspring neurodevelopmental outcomes such as ASD, ADHD
and Tourette syndrome.” These risk factors result in cellular stress and further inflammation
within the pregnant mother, and are associated with an increased risk of neurodevelopmental
disorders within the foetus. Furthermore, our group highlighted that cumulative maternal
inflammatory factors were associated with increased risk of neurodevelopmental disorders
in offspring.” To illustrate this, a single autoimmune disease in the mother had an adjusted
odds ratio of 1.25 in the child developing autism spectrum disorder by age nine. When this
maternal risk factor is combined with childhood infection, the risk of ASD in the child is
increased to 1.72.** 'To add, previous work by the group has similarly identified that mothers
of children with obsessive compulsive disorder and tics have higher rates of maternal
autoimmune conditions when compared to mothers of controls.” Interestingly, hospital
admissions due to maternal viral infection (within the first trimester), and bacterial infections
(within the second trimester), have shown association with offspring autism diagnosis.”
Prospective birth cohort studies offer great insight into an otherwise inaccessible area of
research — An increased risk of autism in offspring was associated with elevated levels of
inflammatory cytokines such as interferon y (IFN- y), Interleukins 4 and 5, and TNF in
maternal serum and amniotic fluid."** In addition, maternal C-Reactive protein (CRP)
levels, a marker of systemic inflammation, was associated with an increased risk of offspring

autism spectrum disorder within a Finnish birth cohort study.””

117



Paediatric Acute Neuropsychiatric Syndrome Environmental  influences
such as infections during the postnatal period have been linked to worsening of

neuropsychiatric symptoms within children.”

As discussed in Chapter 1.2.6, a subset of
children present with abrupt onset emotional changes such as obsessive-compulsive disorder
and eating restriction, a condition termed Paediatric Acute Neuropsychiatric Syndrome
(PANS).” This condition is often referred to as a “diagnosis of exclusion” whereby other
neurological conditions must be eliminated beforehand.”® Currently, the literature is divided
on whether to classify PANS as a “discrete biological (autoimmune) entity”’, or a clinical
phenotype which is part of the neurodevelopmental disorder spectrum. It is our groups’
hypothesis, that PANS is not a ‘discrete autoimmune entity’ but instead a ‘clinical phenotype’
that demonstrates the ongoing interaction between the immune response and central
nervous system within individuals with neurodevelopmental disorders.” This controversy
behind PANS is partly due to the unknown aetiology and pathogenesis, and lack of specific
biomarkers. Numerous reports within the literature, along with studies produced by our
78,79,203,205,284,285

group, have documented an autoimmune maternal history in PANS cases,

supporting the concept of a heritable or environmental form of immune dysregulation.

4.3.2 Clinical studies
The literature of NDDs has demonstrated immune abnormalities within the CNS and
periphery of affected individuals compared to controls, through assessment of inflammatory
cytokines, morphological and functional abnormalities. Live brain tissue is difficult to access
for research, studies utilising post-mortem brain samples offer great insight into complex
neuroanatomical disease, and biological insights in to people suffering from
neurodevelopmental disorders. Reports employing post-mortem brain have identified
morphological abnormalities consistent with activation within the CNS resident immune

cells, the microglia, in those with neurodevelopmental disorders compared to controls using
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cytokine measurements and high-throughput transcriptomic sequencing.
addition, studies have observed increased expression of inflammatory factors within the

brains of individuals with autism, OCD and Tourette syndrome.'"®

Dysregulated cytokine and interferon levels have been detected in the periphery
(blood, serum, and plasma) of individuals with neurodevelopmental disorders, further
implicating an aberrant immune response in these conditions.'’>'*"*'* A review focused on
evidence of immune dysregulation within the autism spectrum disorder literature, covering
cytokines and their potential use as biomarkers:** Of interest, increased cytokine expression
including IL-18 and IL-6 within the plasma of children with autism was found to be
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associated with symptom severity and impaired communication.”= Although these findings

provide support for the role of inflammation in neurodevelopmental disorders, there is

significant heterogeneity in findings and methodological variables.”

4.3.3 Toll-like receptor pathway
Toll-like receptors (TLRs) are one of many pattern recognition receptors utilised by the

7 As discussed above, animal models of

innate immune system to detect microbes.
neurodevelopmental disorders modelling maternal immune activation utilise TLR ligands to
induce an innate immune response. These animal models demonstrate that activation of the
TLR pathway induces neurobehavioural perturbations in offspring akin to neuropsychiatric
symptoms. Work from our group identified toll-like receptor activation as a common feature

to many maternal inflammatory risk factors associated with neurodevelopmental disorder

development in offspring.**

The TLR family is comprised of 10 transmembrane proteins (1-10) in humans, which
can be found on the cell surface or within intra-cellular compartments such as endosomes.
The structure of TLRs consists of three main components (Figure 4.1). Firstly, at the N-

terminus, a folded structure comprising of 19-25 leucine-rich repeats (LRRs) recognise both
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exogenous and endogenous molecular signals. The middle section involves a single
transmembrane domain essential for anchoring on the cell surface. Finally, the endodomain
is the site of interaction for adaptor molecules leading to signal transduction. Upon ligand
binding, TLRs dimerise to form hetero- or homodimers, with the addition of accessory

molecules such as CD14 and MD2.%72%-21

I Toll-like receptors (TLR)

Structure

N-terminal
ectodomain
containing leucine-
rich repeats (LRRS)

Ligand binding
leads to

Transmembrane — | dimerisation

domain (TM)

C-terminal Toll/
interleukin-1 receptor
(TIR) endodomain

Figure 4.1 Structure of a toll-like receptor
Figure highlights the structure of a toll-like receptor. Generated using Biorender.

TLRs detect pathogens by recognition of molecular signatures specific to microbes
known as pathogen-associated molecular patterns (PAMPs), as well as signals produced as a
result of cell death, known as damage-associated molecules patterns (DAMPs). Stimulation
of these pathways results in signalling cascades that lead to the production of cytokines and

interferons.

Peripheral blood mononuclear cells express a wide range of TLRs. Peripheral blood
mononuclear cells are consist of lymphocytes (70-90%), monocytes (10-20%), and dendritic
cells (1-2%).””* The monocyte subset is important in this research due to (1) their high
expression of TLR expression, (2) monocytes and microglia being from the same cell lineage,

and (3) the ability of monocytes to travel from the periphery and infiltrate the CNS, with the
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goal of differentiating into a microglia-like subset in response to inflimmation and
injury.””*”*** Of interest, Ashwood e# al, have demonstrated that a subset of children with
autism have discordant numbers of immune cell types when compared to controls, where
they highlighted 20-25% higher levels of B cells in cases, which may have a role in explaining

5

the involvement of the immune tesponse within neurodevelopmental disorders.”” In

addition, children with OCD have also been identified to have enrichment of monocytes

when compared to controls.”

Activation of toll-like receptors by agonist such as lipopolysaccharide (LPS) results
in signalling cascades which produce pro-inflammatory cytokines. LPS stimulation in PBMCs
increases mRNA expression of interleukins II-7f, IL8, I -15, interferons IFIN-§ and IFN-yp,
TNF and I1.-6.*" Figure 4.2 highlights the toll-like receptor pathway, where activation by
LPS induces TLR4 homo-dimerisation, and the resultant initiation of the two parts of the

pathway: The MyD88-dependent and/or the TRIF-dependent pathway(s).

Myeloid differentiation primary-response protein 88 (MyD88) is a signalling adaptor
recruited to the cytosol by TIRAP following TLR4 activation.***”” This is referred to as
the myddosome, the formation of which leads to the autophosphorylation of IRAK 1, 2 and
4. The recruitment of TRAFO, resulting in the activation of TAKI is crucial for initiation of
the Ix kinase (IKK) complex. A cascade of ubiquitination events then occurs, rendering the
nuclear factor - 3 (NF-»@) complex active. This activation results in the translocation of
NF-»$ to the nucleus, where it is able to promote gene expression of pro-inflaimmatory

cytokines such as IL-6, TNF and IL-1§.

On the other hand, the TRIF-dependent pathway is triggered by either TLR3
activation, or by the delayed activation of TLR4 with the assistance of the adaptor molecule
TRAM.®> First, TRIF is recruited to the cytosol following dimerisation of the toll like

receptor. Following translocation of TRIF, it binds to the adaptor protein TRAF3, which
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results in TBK and IKK activation, crucial kinases for IRF3 phosphorylation.
Phosphorylation of IRF3 then results in its translocation to the nucleus, where its able to

promote gene expression of type I interferons such as INF-o and INF-f3.
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Figure 4.2 Toll-like receptor pathway

Toll-like receptor signalling cascade. Figure directs into two main pathways, the MYD88-dependent and the
TRIF-dependent pathway to translocate transcription factors into the nucleus. The results response is increased
gene expression of inflammatory genes and type I interferons. Figure generated using Biorender.
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4.3.4 Functional TLR assay in neurodevelopmental disorders
The inaccessibility of the brain means utilisation of the peripheral tissue (blood) becomes of
utmost importance in understanding the pathophysiology of neurodevelopmental disorders.
The cell type most equipped for this task is monocytes, which have the ability to recognise
PAMPs and differentiate into macrophages to further sustain the immune response. This
recognition can then lead to proinflammatory cytokine production, which as discussed
above, can alter developmental trajectories. Another reason for utilising peripheral blood
mononuclear cells, is that LPS greatly regulates intracellular and secreted cytokine production

in monocytes when compated to T lymphocytes, even at very low concentrations.™

To date, there have been no studies to assess the optimal dose and time of LPS
stimulation on peripheral blood mononuclear cells, and utilise an LPS stimulation assay in
neurodevelopmental disorders, and in particular, children with a PANS phenotype. Table 4.1
below summarises the literature of peripheral blood mononuclear cells or monocytes
stimulated with LPS in individuals with neurodevelopmental disorders. These studies
reported an increased pro-inflammatory cytokine expression in stimulated patient cells
compared to controls. To note, the majority of the studies utilised samples from individuals
with autism spectrum disorders. Jyonouchi ez 4/, initially tested 3 LPS concentrations on a

subset of their cohort, however no timepoints were mentioned.””
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Table 4.1 Literature of Toll-like receptor PBMC stimulation in neurodevelopmental disorders
Note: Presence of * refers to information omitted from this table as it is not relevant to the current work.

Reference

Cohort

Methodology

Findings

Juonouchi, et al.’02

Children (n=59) with
ASD and
developmental
regression, compared
to typically
developing siblings
(n=23) and controls
(n=17)

Stimulated PBMCS with 0.1
ug/ml LPS. Measured the
supernatant for cytokine
release of TNF, I1.-6 and IL-
1B along with other regulatory
markers.

Increased cytokine
expression of TNF,
IL-6 and IL-B.

Enstrom, et al.’93

Children (n= 17) with
ASD and typically
developing controls

Stimulated monocytes isolated
from PBMCS with 10 ng/uL
LPS and other ligands.
Cytokines were measured in
supernatants using Luminex
assays.

TLR4 stimulation
yielded increased
cytokine expression
of TNF, IL-6 and
IL-B.

[yonouchi, et al. >0

Children (N=19 with
ASD, and n= 19/26
with ASD +
recurrent infections,
and controls (19
amongst other
groups.

Stimulated PBMCS with 0.1
ug/ml LPS overnight. Pre-
treatment was also performed
with LPS overnight as another
condition. Cytokine
measurements were performed
by ELISA kits.

II.-23 expression
was increased in
patients compared
to controls
following LPS
stimulation. LPS
pre-treatment
revealed lower 1L.-
1B production in
patients compared
to controls.

[yonouchi, et al. >

Children (n= 24) with
ASD, children with
PANS (n=10),
controls (n=106) along
with food allergy
cohorts. *

Stimulated monocytes isolated
from PBMCS with 0.1 ug/ml
LPS along with other TLR
agonists. Levels of secreted
pro-inflammatory cytokines
were measured ELISA Kkits.

Increased IL-6 and
IL-1B production in
patients compared
to controls.

Hughes, et al?0¢

Children (N=206) with
ASD or pervasive
developmental
disorder and typically
developing controls
(n=22)

Stimulated monocytes isolated
from PBMCS with Tug/ml
LPS and a TLR2 agonist for 24
hours. Gene expression was
measured using RNA
sequencing

Activation of TLR
genes, and up-
regulation of
pathways involved
in the immune
response using

KEGG and GO.

ASD = Autism spectrum disorders. ELISA = enzyme-linked immunosorbent assay. GO = Gene Ontology. IL =
Interleukin. KEGG = Kyoto Encyclopedia of Genes and Genomes. LPS = Lipopolysaccharide. PANS = Paediatric acute
neuropsychiatric disorders. PBMCS = Peripheral blood mononuclear cells. RNA = Ribonucleic acid. TLR = Toll-like
receptor. TNF = Tumour necrosis factor.
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Previous chapters of this thesis have highlighted cellular dysregulation in children
with neurodevelopmental disorders, chiefly within the PANS phenotype. In particular,
Chapter 3 describes a proteomic investigation of a PANS cohort, where we found
dysregulation of translation (ribosomal) and immune signalling pathways. To add, work
within the group utilising single-cell RNA Sequencing technologies using the same cohort of
patients has similarly recognised immune and translational (ribosomal) findings, along with
other dysregulations within mitochondrial and endocytosis signalling pathways. In addition,
these children have been shown to have higher rates of childhood infections when compared

to neurotypical controls.

The recurrent infections in children with PANS suggests an aberrant immune
response, the cause of which is still unclear. In addition, the literature on functional assays in
PANS is scarce. To address this abnormality, I developed an assay to measure production of
vital pro-inflammatory cytokines in peripheral blood mononuclear cells after stimulation of
the toll like receptor pathway. Original studies exploring the immune response using a TLR
agonists have historically utilised Poly:IC to mimic viral infection, and LPS for bacterial
insults. In my assay, LPS was chosen as the TLR agonist of choice due to its ability to recruit
the MyD88 and TRIF pathways within the TLR signalling cascades. Currently, there is no
consensus on the optimal dosage and treatment time of LPS to induce activation of vital
proinflaimmatory cytokines such as IL-6 and TNF. Nor is there previous work that has
measured down-stream effects of TLR stimulation at various timepoints. Thus, an assay
measuring the expression levels of vital cytokine levels in stimulated cells is important. In
addition, this chapter adds to the literature of peripheral blood mononuclear cells by detailing
methods of working with a minimal number of cells — a consequence of paediatric clinical

samples.
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Therefore, the first aim of the current study is to develop a protocol to culture
peripheral blood mononuclear cells and assess the TLR response following stimulation with
LPS at two different doses at various timepoints. Furthermore, the second aim was to utilise
the developed assay to evaluate gene expression and cytokine production of IL-6 and TNF
in peripheral blood mononuclear cells of children with PANS compared to controls. Thus,
the hypothesis of this chapter is that stimulation of peripheral blood mononuclear cells with
lipopolysaccharide will be time and dose dependent, and we hypothesise there will be a
dysregulated immune response in the cells of children with PANS when compared to

controls.

4.4 Assay development and optimisation

This section defines the steps taken to develop the TLR assay described in this chapter, and
the optimisation steps performed prior to using patient samples. 4.4 details the development
of best methods for culturing peripheral blood mononuclear cells previously cryopreserved,
as well as working out the best dosage and time points for the TLR stimulant used to
showcase a change in expression of genes of interest. A graphical summary is presented in

Figure 4.3.
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4.4.1 Isolation and culture of control peripheral blood mononuclear cell
Method Human buffy coat, obtained from healthy donors (Red Cross Australia,
Alexandria), was used to isolate peripheral blood mononuclear cells for assay development.
Bufty coat was diluted 1:1 with wash buffer (phosphate buffered saline supplemented with
2% fetal bovine serum; FBS - Cat SH30084.03, Cytiva), and layered on 12 mlL of Ficoll-
Paque (Cat #GE17-5446-52, Merck) in 50mL SepMate tubes (Cat #85450, Stemcell). Next,
the blood was centrifuged at 1200g for 15 minutes, and the PBMC fraction was extracted.
This cell population was washed twice with wash buffer and counted, before aliquots were
resuspended in dimethyl sulfoxide (DMSO) supplemented with 10% FBS. Aliquots were
frozen in a Mr. Frosty™ Freezing Container (Cat #5100-001, Thermo Fisher) and kept in -
80C for 24 hours, and transferred to liquid nitrogen for long term storage. Utilising the

freezing container allows for optimal cell preservation as it cools cells -1°C/minute.

Culture of control peripheral blood mononuclear cells  Cryopreserved control
PBMC aliquots were thawed by gentle immersion in a water bath until cells appeared to
resemble a slurry-like solution. The thawed PBMCs were added to 10mL of pre-warmed
culture media (RPMI, supplemented with 10% FBS and 1x Glutamax; Cat #350500061,
Thermo Fisher) and centrifuged at 250g for 10 minutes. PBMCs were then resuspended in
media and incubated with DNase I for 15 minutes RT. This treatment step was included in
the protocol to combat the cell clumping that arise due to low temperature storage in FBS.
Environmental stressors and handling can impact cells and result in cell death, which results
in the release of DNA that clumps cells together. Cells were counted, and 8mL of media was
added for another spin at 1200g for 10 minutes. Cells were then resuspended in appropriate
volume of media for culturing, based on cell count. Sterile 12-well plates were prepared by

adding 1ml. of media prior to the addition of 1x10° of cells. All experiments utilised 1x10°
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cells per well to standardise across samples and conditions. Cells were allowed to rest

overnight in 37 °C, 5% CO; set incubators prior to any further handling.

Challenge  The current practice in the lab was utilising a centrifuge speed of 250g for
cell pelleting. When thawing previously cryopreserved cells, I observed that approximately
only 2/3 of the initial starting cell count remained for culture, which means a significant
number of cells were lost. This is vital within the current samples required for the assay, as
there is a limited number of starting cells that can be obtained from paediatric cases and

controls.

Troubleshooting An experiment with the help of Dr Brooke Keating and Dr Hiroya
Nishida was performed to assess the effect of centrifuge speed on cell yield following thawing
steps described above. Two cryopreserved aliquots of peripheral blood mononuclear cells
from the same control individual were thawed according to the steps describe above.
Centrifuge speed was changed at each wash step, and cell counts were performed following

each centrifugation step (Figure 4.4).
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2 2
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Figure 4.4 Troubleshooting centrifugation speed
Figure generated using Biorender.
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Results Initial cell counts of both Aliquot A and Aliquot B were recorded at 10 x10¢
cells (Table 4.2). Following thawing, I observed that Aliquot A had more cells than Aliquot
B. For the first step in this experiment, Aliquot A was centrifuged at 250g, and Aliquot B
was centrifuged at 450g. Following from this first centrifuging, Aliquot A lost 26.97% of
cells, while Aliquot B lost 36.18% of cells. The second centrifugation step saw a 25.22%
decrease in cells in Aliquot A, compared to the 13.4% decrease in cells of Aliquot B. While
both aliquots had a similar number of cells after the second centrifugation step, it can be

observed that more cells were lost in the supernatant of Aliquot A, when compared to

Aliquot B.

Table 4.2 Cell count following peripheral blood mononuclear cell washes at various centrifuge speeds

Alignot A Alignot B
Sample Supernatant Sample Supernatant
Starting cell count 10 x106 cells - 10 x106 cells -
Count after thawing 7.6 x106 cells - 7 x100 cells -
C"””i;f;”ﬁ’” 555x106cells  12x106cells 485 x10¢ cells 200,00 cells
Count ‘gz ond |4 15106 cells 50,000 4.2 x106 cells 0

From this experiment, a low centrifuge speed can be observed to result in a large number
of cells lost. Thus, an increase in centrifuge speed was applied to all future protocols, from
the initial 250g to 700g for the two wash steps. This centrifuge speed increase allowed for
optimal cell count within the pellets of samples, and minimised loss in the supernatant

following washes.

4.4.2 RNA extraction of cryopresetved control peripheral blood mononuclear cells
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Method RNA extraction of control PBMC pellets was performed using multiple spin-
column kits, according to manufacturer’s instructions (Figure 4.5). These kits included the
RNeasy Mini Kit (Cat # 741006, Qiagen), as well as two Zymo Research kits, Direct-zol mini-
prep and Quick-RNA mini-prep kits (Cat # R2051, Cat # R1054). Sample pellets were
resuspended in 350ul of TRL buffer (Qiagen) or 800ul Trizol (Zymo Research) and
homogenised 5-10 times using a 22g syringe before 70% ethanol was added to each sample.
Complete homogenisation of samples prior to extraction is crucial to allow RINA release
following disruption of cell membranes. Next, the samples were subjected to multiple washes
and spins to purify the RNA in the silica spin column. The purpose of the multiple washes
is to reduce contaminants (salts, proteins) within samples, which are spun down in the flow-
through and discarded, with the RNA remaining bound to the column membrane. A DNase
I treatment was then performed for 15 minutes (RT) to eliminate genomic DNA
contamination from each sample. This is crucial for PBMCs as I wanted to guarantee the
highest quality of RNA, as well as removing any impurities that may interfere with down-
stream gene expression. RNA concentrations were measured using a Nanodrop

spectrophotometer (Cat #ND2000, Thermo Fisher).
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[7] TRIzol or Wash #2
RLT lysis buffer DNase
| treatment
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70% 65°C RNase
T Ethanol free water
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“v._ Cell pellet / \/“J \ /
/ / \Y/

© @ ® ® ®

Cell lysis and Addition of Wash steps to remove Elution of RNA is
sample preparation 70% Ethanol contaminants (will be RNA isolated
in the flow-through;
discard)

Figure 4.5 RNA extraction protocol summary
Graphical summary of the steps involved in an RNA extraction. Figure generated using Biorender.
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Challenges  Optimisation of this assay utilised peripheral blood mononuclear cells
previously cryopreserved by the team. Initial experiments handling PBMCs proved some
difficulties in obtaining an RNA yield that could be utilised for down-stream experiments.
Multiple kits were trialled to assess yield, quality and reproducibility of RNA extracted.
Extractions were performed as per protocol, and manufacturer was contacted for extra

recommendations to improve results.

Troubleshooting The manufacturers (Qiagen and Zymo Research) were contacted for
tips on improving the concentration of RNA extracted and were implemented within the
protocol. The first improvement utilised was heating of the RNAse free water to 65C and
double eluting the sample, i.e. the water was added to the spin column, the sample was
centrifuged, and the step was repeated once more. The effect of heating the water to high
temperatures prior to elution allowed the RNA bound to the membrane to be released more
readily. Next, utilisation of a smaller needle gauge for homogenisation of samples resulted
in a more efficiently homogenised sample, which allowed for increased yield of RNA and

higher quality.

Results The top three extractions from each kit are shown in Table 4.3. As it can be
observed, the kits had a wide range of RNA concentrations observed from similar starting
material. Although the RNA concentrations were low, the integrity and purity of the samples
as shown in the 260/280 ratio was not up to standard. Within the literature, it is agreed that
for the 260/280 ratio, a value between 1.8-2.00 constitutes an acceptable RNA integtity, free
from protein contaminants.”” The table highlights that the highest and most reproducible
yield was produced by the Qiagen RNeasy Mini kit. Due to its great reproducibility, the kit

was utilised for further experiments.
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Table 4.3 RNA extraction comparison
Three different RNA extraction kits were trialled to assess RNA yield and quality of cryopreserved control
petipheral blood mononuclear cells. The Rneasy mini kit provided the most consistent yield (260/280) of RNA

from the samples measured (n=3), and was utlised for further experiments.
Kit Cell count Eluted volume Concentration 260/280
Direct-z0! 4.4 x10° 25ul 54.3 ng/pL 1.74
Direct-z0! 4.75 x10° 25ul 304.8ng/uL 1.63
Direct-z0! 4.75 x10° 25ul 58.6 ng/pL 2.06
Quick-z0! 4.75 x10° 50ul 8.3 ng/pL 2.27
Quick-z0l 4.75 x10° 25ul 13.1 ng/pL 2.50
Rueasy mini 4.4 x10° 25ul 220.6ng/uL 2.00
Rueasy mini 5x10° 20ul 59.3ng/pL 2.04
Rueasy mini 5x10° 20ul 138.9ng/pL 1.88

4.4.3 cDNA and RT-qPCR of peripheral blood mononuclear cells
cDNA synthesis RNA with a 260/280 ratio of >1.7 and a concentration >10ng/pL
were reverse transcribed (RT) to synthesise complementary deoxyribonucleic acid (cDNA)
using the SuperScript™ IV Reverse Transcriptase (Cat #18090010, Thermo Fisher)
according to manufacturer’s instructions. Where possible, samples were performed in
batches, each containing unstimulated (control) samples, with a negative RT included for
each. All samples were reverse transcribed to include the same amount of starting material.
Depending on the concentrations of RNA in each experiment, cDNA was synthesised at 35-
200ng. Briefly, 50uM of random decamers along with a mix of 10mM deoxynucleotide
triphosphates (ANTP; Cat #R0181, Thermo Fisher) were added to each sample. The samples
were heated at 65C for 5 minutes and placed on ice for one minute to allow the denatured
RNA to stabilise, as well as prevent RNA strands from reannealing to each other. To initiate

the final reverse transcription reaction, a mix containing a buffer, an RNase inhibitor, ANTPs
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and DTT was made up and split into two tubes. Tubes containing the superscript enzyme
for the positive RT samples are referred to as RT-positive samples, while tubes with water
for control instead of the enzyme are referred to as RT-negative samples. The RT-negative
sample is crucial, as any amplification present is an indication of contamination — as there
was no enzyme added, RNA would be present and not converted into cDNA. After the
appropriate mix was added to each sample, an incubation step for 10 minutes at RT was
performed, followed by 50C for 10 minutes, and 80C for 10 minutes. The samples then were

stored in -20C until the PCR was performed.

Primer design. The primers used for this assay are in Table 4.4 The housekeeping
primer Beta-2-microglobulin was designed using NCBI’s Primer-BLAST. This gene was
utilised as a house-keeping gene in this experiment, instead of the most applied GAPDH due
to its stable expression in PBMCs of both healthy and diseased populations.”” Primer
parameters included <20 base pairs long, melting temperature of 60C, with a GC content of
40-60%. The primer was designed as exon-spanning, in order to avoid amplification of

intronic DNA.

Table 4.4 RT-qPCR primers

Gene Forward Reverse Size Source
Beta-2-
Mieroghbulin— | £ ~1cGCGCTACTCT  TCTGAATGCTCCAC .
(B2M) CTCTTT TTTTTCAA 191 bp Designed
ertenin (I | ACAGCCACTCACCT  AAGTCTCCICATTG |, Niclsen o
) CTTC AATCCA P E
Tumounr necrosis CTTCTCCTTCCTGAT GCTGGTTATCICTC 108b Nielsen et
Jfuctor (TNF) CGTGG AGCTCCA P E
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Method Next, reverse transcribed quantitative polymerase chain reaction (RT-qPCR)
was performed using a QuantStudio 6Pro (Thermo Fisher) in 384-well plates. A pre-made
master mix was purchased, the PowerUp SYBR Green mastermix (Cat #A25776, Thermo
Fisher). The manufacturer’s guide described a template input of 1-10ng cDNA, with the
mastermix at 2x. Therefore, the contents of each 20ul PCR reaction are shown in Table 4.5
below. The PCR cycle steps included a hot-start activation step at 95°for 10 min, followed
by 40 cycles amplification cycles of 95°for 15 seconds, and 60C for 1 minute. A melt curve
was also included in each run, consisting of 95 for 15 seconds, and 60C for 1 minute and
95C for 1 second. Each sample contained a minimum of two RT-positive wells, one RT-
negative and one no template control (NTC). The NTC is a commonly included control in
PCR reactions, where water is added to the well, to assess if any contamination is present

within the mastermix.

Table 4.5 Initial PCR 10uL reaction optimisation

Reagent Initial concentration Concentration in reaction [n m.dy
reaction
PowerUp Master Mix
2X 1X 10ul.
Forward + Reverse
primer 100 uM 1uM 2ulL
Template cDNA 25ng 6.25ng 2.5ul
Data analysis The quantitation cycle (C) values denote each sample’s cycle number

where the reaction curve intersects the threshold. The C, were imported into Microsoft
Excel, where the delta-delta comparative threshold (2**“) method was employed.”’ Each
PCR contained a housekeeping reference gene for all samples; Beta-2-microglobulin, which
was used as the reference in all calculations. The Delta Comparative threshold (AC,) was

calculated by subtracting the C,values of the gene of interest from the house-keeping gene’s

136



C4 for each replicate. Next, an average of control (unstimulated) sample’s house-keeping C;
replicates was calculated to be used as a reference. From there, The AAC; was calculated by
subtracting the average of controls from the delta C, of each sample. Next, fold changes
were calculated by Fold change = 27320 An average of control (unstimulated) fold
changes was calculated, which was then subtracted from each sample’s fold change. This
allowed for a normalised fold change to be calculated, considering the expression of samples
in relation to the unstimulated control condition. The fold changes then were imported into
GraphPad Prism, where all statistical analyses were conducted. The fold changes were tested
for normality using a Shapiro-Wilks test and analysed using a Mann-Whitney test (due to

non-parametric data distribution).

Results A gPCR run was performed using the concentrations in Table 4.5,
along with manufacturer’s cycle settings on the primers of II.-6, TNF and the housekeeping
gene B2M (Figure 4.6). The first part of the figure shows the amplification and melt plots,
where single peaks can be observed for RT-positive samples, and no amplification of RT-
negative samples indicating no contamination. The house-keeping gene B2M (in red) showed
a good profile (amplified ~ cycle 15), while for genes of interest II.-6 and TINF, a slightly
longer time was required to amplify a signal. The second part of the figure details gel
electrophoresis of amplified products to confirm RT-qPCR results are at the correct band
sizes. All samples were utilised, including the RT-positive, RT-negative, and NTC. With the
presence of single bands at the RT-positive samples, and no bands present for the negative
samples, I confirmed that primers were amplified correctly, and ready to be utilised for the

assay.

137



Amplification Plot

L8 122p

o
=]

0 coof

-—0.364
E==s
& o100
<
0.0100 |
3 ——
| /\ \
0.00100 \ / \
T T T T T T T 1
5 10 15 20 25 30 35 40
Cycle
® B2m ® L6 ® TNF
Melt Curve Plot (Derivative)
% 40k |
£
3
@ 30k -|
o
2
£ 20k
2
8 1ok
Ok T T T T T 1 1

65 70 75 80 85 90

Temperature (°C)

Figure 4.6 Master mix optimisation

The PowerUp™ SYBR™ Green Master Mix was trialled in a polymerase chain reaction (PCR) using the
primers most of interest; Interleukin 6 (IL-6) and Tumour necrosis factor (TNF) along with the housekeeping
gene Beta-2-Microglobulin (B2M). A) Amplification and melt curve plots of the PCR run for all three
primers. B) Agarose gel electrophoresis of qPCR products visualised on a 1.5% agarose gel stained with
GelRed. Lane 1: DNA ladder. Lanes 2-5: qPCR products for house-keeping gene B2M. Lanes 6-9: qPCR
products for IL-6. Lanes 10-13: qPCR products for TNF. Cycling conditions were 95C 10mins, 95C 15s, 60C
1 mins and a melt step. As bands of genes of interest (IL-6, TNF) appeared faint, and higher concentrations
of primers was utilised for future experiments.

From this step, assessment of manufacturer’s cycle settings were confirmed to amplify
primers of interest. Additionally, it provided a threshold of expectations for what cycle these
primers should be rising above detection levels in unstimulated samples. As the TINF bands
appear weak in signal (Figure 4.6B), future experiments were noted to utilise higher

concentrations of primers in the final reaction.

4.4.4 Time-dose response
Following from above, the next part of the assay involved optimising the time-dose response

within control peripheral blood mononuclear cells to further develop the protocol.

Method Control peripheral blood mononuclear cells allowed to rest overnight were

stimulated using Lipopolysaccharide (LPS, from Escherichia coli 0111:B4; Cat #tlrl-3pelps,
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InvivoGen) at concentrations of 500ng/mlL, and 1000ng/mL for 30 minutes, 3 hours, 6
hours, and 24 hours. An unstimulated (control) condition was included, where warm PBS
was added to control wells. To increase validity of the assay, triplicates of unstimulated and
stimulated wells were included for each sample. Cells were harvested by adding PBS and
scraping using a cell lifter (Cat #3008, Corning/Life Sciences) before pelleting by

centrifuging at 500g for 5 minutes. Pellets were stored in -80C until processed.

Result After optimising the assay’s protocol to fit within the constraints of working
with PBMCs, the effect of dose and time of LPS stimulation on PBMCs was explored. Initial
experimentations included a timeline of 0 (Unstimulated), 30 minutes, 3 hours, 6 hours, and
24 hours of LPS stimulation at concentrations of 500ng/mL and 1000ng/mL. Gene
expression levels of II.-6 and TINF (relative to house-keeping gene B2M) are shown in Figure
4.7 below. Treatment of control PBMCs with 500ng/ml of LPS showed an increase in II.-6
expression at the 3-hour mark, which declined over the 6-hour timepoint (Figure 4.7A).
Stimulating the cells with 1000ng/mL of LPS highlighted a similar trend of II.-6 expression
at the 3-hour mark, yet relatively lower in relative expression. Interestingly, the peak response
in IT-6 expression using 1000ng/mL LPS stimulation was observed at the 6-hour mark. A
similar trend of declining levels of II.-6 expression were observed in both dosages at the 24-
hour mark. Treatment of lifeblood PBMCs with 500ng/mL and 1000ng/mL of LPS allowed
us to observe a rapid increase in TINF expression at 30-minutes compared to baseline (Figure
4.7B). At the 500ng/mL dose, there is a transient decline of TINF expression at 3-hours
compatred to 6-hour timepoints. Stimulating with 1000ng/mL showed a return of TNF
expression to baseline at the 3-hour mark. Surprisingly, a secondary increase in TINF
expression was then observed at the 6-hour timepoint, however this diminished at the 24-
hour mark. These findings were reproduced in repeat experiments. Based on the presented
results, the 500ng/mL LPS dose was utilised for further experiments, with the 6-hour

timepoint dropped. This decision was taken due to the 500ng/ml stimulation providing
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higher magnitude of change when compared to the higher concentration, in addition to

technical restraints such as feasibility of experimental timeframe.
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Figure 4.7 LPS time-dose response assay

Method development: relative gene expression levels of 1L-6 (A) and TNF (B) in control PBMCs following
LPS stimulation. Gene expression was measured following stimulation at 500 ng/mL and 1000 ng/mL
concentrations at 0 hours, 30 minutes, 3 hours, 6 hours, and 24 hours. Results are presented as fold change
compared to unstimulated PBMCs, calculated using the 2”(-AACt) method normalised to Beta 2
Microglobulin. Error bars represent the standard error of the mean (SEM) from triplicate measurements.
Statistical significance was determined using a Mann-Whitney test, *P < 0-05, **P < 0-01, **P < 0-001.

4.4.5 Trial run
As I embarked on performing this important assay, a decision was made to run through the
entire protocol using non-precious samples previously stored. This was performed to assess
any complications that may arise from thawing patient and control cells previously
cryopreserved. These samples slightly differ from the control PBMCs used in assay
development in that they were (1) obtained using blood tubes rather than from bufty coats,

and (2) cryopreserved with a lower cell yield.

The first change conducted in this experiment was the utilisation of 96-well U-
bottom plates, which allow the monocyte cell population to adhere to the bottom of the
plate, while the lymphocytes float in media. This change was implemented as it allows the
lysing of cells directly in the well following plate spinning and aspiration of the supernatant.

By reducing steps of transferring the cell pellet, there is the potential of (1) minimising sample
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loss, (2) reducing contamination such as those that may degrade RNA, and (3) more
efficiently breaking down cells and lysing the cell contents. Sterile 96-well U-bottom plates
(Cat #650 180, Greiner Bio-one, Cellstar) supplemented with 100uL. of PBMC media were

used to culture 500,000 cells/per well.

Method PBMC aliquots stored in liquid nitrogen were thawed by gently immersing in
a water bath (37C) until a slurry-like mixture remained. These aliquots were then transferred
to 10mls of warm PBMC media and centrifuged at 250-750g for 10 minutes. An increase in
centrifuge speeds were associated with improved cell yields (Section 4.4.1) — this change was
utilised during the study for all PBMC handling within the group. The centrifuge speed
differed for some samples as I performed an experiment to highlight higher centrifuge speed
result in improved cell yield — which was performed halfway through my experimental work.
A second spin was performed with extra 5mls of PBMC media to completely wash the cells
from DMSO, which is toxic at room temperature. An aliquot was taken before the second
spin to record the number of cells post-thawing. Following from this, the cells were
resuspended in appropriate volume of PBMC media, such that there were 500,000 cells per

100uLL. Where possible, cells were cultured in duplicates for each timepoint measured (Figure

4.8).
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Figure 4.8 Sample plate layout

A graphical representation of how patient and control samples were plated in a 96-well U bottom plate. Each
column represents a patient or control sample, with every two rows representing a stimulation time point
(colour-coded, legend on the right). Figure generated using Biorender.

Cells were allowed to rest for 3 hours in the incubator prior to any stimulation. To
harvest the samples, 50ulL of PBS was added to each well followed by centrifuging the plate
at 450g for 5 minutes. The plate was then placed on ice and moved to an RNAse-free hood.
From each well, the supernatant was aspirated and moved into Eppendorf tubes, and moved
to -80C. The well (which then only contained the pellet) was then flooded with 350ulL of
RLT buffer supplemented with B-mercaptoethanol (as per manufacturer’s instructions) and
stored in Eppendorf tubes. The RLT-lysed samples were then stored in -80C until RNA was

extracted as per section 4.4.2 above.

Initial measurement of RNA yield and quality was performed with a Nanodrop,
however the results from this trial run showed low concentrations and contamination of salts

and proteins as evident by the high 260/280 ratios.
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This led to questioning if the current method for measuring RNA is the best. This is
an important step in the protocol due to the obtained low RNA concentrations, which make
these precious samples even more valuable. A decision was made to assess the samples using
a more sensitive technique such as the Tapestation. The Tapestation is an instrument used
to measure and assess nucleic acid size, integrity, and quality through electrophoresis. This
method of quantifying RNA quantity and quality allowed for accurate measurements when
compared to the nanodrop previously utilised. Where the Nanodrop provides quick reading
of the absorbance of RNA samples at different wavelengths, from which RNA
concentrations and quality can then be inferred, it is not the most accurate at providing the
RNA integrity. The integrity of RNA is important when utilising for down-stream
applications such as RT-qPCR, where degradation can impact on the interpretation of results.
This is why the Tapestation, an instrument that not only provides the concentration of RNA
reads, but also the RIN which measures the level of degradation of RNA, was preferred. I
measured samples using both the Nanodrop and Tapestation to compare the readings from
the two instruments, shown in Table 4.6 below. The concentration of RNA measured using
the nanodrop and the Tapestation showed similar readouts, however, the quality of RNA
differed. Where the nanodrop displayed high 260/280 ratios indicating high contaminants,
the RIN showed high quality RNA suitable for use in down-stream applications. A RIN is a
measurement reflecting the quality of RNA samples measured, with a higher number

correlating intact RN A Tt is accepted that a RIN value of >8 passes quality control.
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Table 4.6 Comparison of RNA readings
RINA samples were eluted in 25ul of water and measured using both the Nanodrop and Tapestation.

NANODROP TAPESTATION

Sample Concentration 260/280 Concentration RIN
1 11.5 ng/uL 231 10.7 ng/uL 8.5
2 7.8 ng/pL 2.5 3.99 ng/uL. 8.5
3 10.4 ng/uL 2.36 4.97 ng/pL. 8.7
4 8.9 ng/uL 2.33 7.1 ng/pL 8.9
5 10.6 ng/uL 2.08 22.3 ng/pL. 9.3
6 10.9 ng/uL 2.22 9.62 ng/pL 8.9
7 9.2 ng/pL 2.85 5.67 ng/pL 8.9
8 9.9 ng/pL 2.57 7.23 ng/pl. 9
9 9.3 ng/pL 2.51 7.34 ng/pl. 9
10 8.1 ng/pL 2.68 5.52 ng/pL 8.9

From this experiment, we confirmed the quality of RNA samples produced pass
quality control using the Tapestation. However, the concentration of these samples is still
relatively low and would require careful handling and use for the assay. For accuracy in
reading the concentration of RNA samples, final measurements were performed using a
TapeStation at the Westmead Scientific Platforms, which are supported by the Westmead
Research Hub, the Cancer Institute New South Wales, the National Health and Medical

Research Council and the Ian Potter Foundation.

4.4.6 Summary of assay parameters
To summarise this section, development of a toll-like receptor stimulation assay provided
many obstacles that were optimised. First, culture of peripheral blood mononuclear cells was
conducted in 96-well U bottom plates, instead of flat wells to allow for efficient handling of
cells for the down-stream application of RT-qPCR. The method of RNA extraction was
decided by comparison of three different spin-column kits, where the Qiagen RNeasy mini

kit proved a reliable and consistent yield of RNA that would serve for the purpose of this
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assay. Measurement of extracted RNA was also optimised, where the Tapestation system
provided a more accurate reading of samples’ quantity, as well as integrity. This decision was
important to implement due to the low yields of RNA obtained. Next, the concentrations
of input material and primers were tested, where primers of interest were confirmed to
amplify efficiently in both unstimulated and stimulated cells. Finally, an optimal dosage of
LPS stimulation of 500ng/ml and three timepoints (30 minutes, 3 hours and 24 hours) were
decided as they allowed for prime gene expression response for the genes of interest, II.-6

and TINF.

4.5 Assessment of the innate immune response by stimulating
the toll-like receptor pathway in peripheral blood mononuclear
cells of children with Paediatric Acute Neuropsychiatric Syndrome

versus controls

A graphical summary of the steps taken in this section is outlined in the figure below:

Thaw cryopreserved Culture and stimulate
peripheral blood with Lipopolysaccharide .
mononuclear cells (LPS) Lyse cells with RLT Collect supernatant
buffer
888888838852 1
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Figure 4.9 Assay method summary

A graphical summary of steps taken to perform the toll-like receptor assay following optimisation of methods.
Peripheral blood mononuclear cells were thawed, cultured in 96-well u bottom plates, and stimulated with
lipopolysaccharide for multiple timepoints. The cells were harvested by centrifugation, where supernatant was
collected for Enzyme-linked immunosorbent assay (ELISA). The pelleted cells were lysed, and RNA was
extracted. Complementary DNA (cDNA) was synthesised for quantitative polymerase chain reaction (PCR).
Figure was generated using Biorender.
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4.5.1 Patient cohort: Paediatric Active Neuropsychiatric Syndrome (PANS)
The above sections of this chapter described the journey of optimising the TLR stimulation
assay, with the ultimate goal of assessing the response of LPS on the PBMCs of children
with PANS, along with age and sex matched neurotypical controls. In Section 4.5, I
performed RT-qPCR and ELISA’s on PBMCs of children and controls using a bacterial

challenge as per section 4.4 above.

4.5.2 Demographics and clinical variables of cases and controls
A total of seven children fulfilling the Chang e# a/,” criteria for a diagnosis of Paediatric
Active Neuropsychiatric Syndrome (PANS) were recruited for this assay. The PANS patients
were in the chronic phase of disease (remained symptomatic) and had no infection in the 2
weeks preceding sample collection. Each patient was age and sex matched with neurotypical
controls (no neurological disorders) who also had no infection in the 2 weeks preceding
sample collection. The patient cohort consisted of three females (42.85%) and four male
cases (57.14%), with a mean age of 10.57, median of 9, and range of 5-15 years. The control
cohort also comprised three females (42.85%) and four males (57.14%), with mean age of
11.86, median of 10, and range of 8-16 years. A Mann—Whitney test indicated no significant
difference (U = 16.5, P-value = 0.95) between the ages of the PANS and control cohorts. A

table of the PANS patients can be found below (Table 4.7).

Routine blood testing for the patients included in this assay was performed to assess the
proportion of immune cells in the blood. In addition, this was corroborated with testing
blood from the controls utilised in this assay. The proportions of immune cells (monocytes

and lymphocytes) were comparable in patients compared to controls (Appendix, 7.2.1)
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Table 4.7 Demographics of the PANS cases

D PANS1 PANS2 PANS3 PANS4 PANS5 PANS6 PANS7
M M F F M F M
GENDER
FAMILY ADHD Nil Depression Anxiety Anxiety, Nil ASD,
HISTORY (mat) (pat, mat) (mat) depression ADHD
NDD OR (mat) (siblings)
PSYCHIATR
Y
Graves’ Multiple Vitiligo C-ANCA Hashimoto Nil Nil
FAMILY disease sclerosis’, (mat) (mat) thyroiditis,
HISTORY (mat) Qraves cpehac
ACTonRI o s
NE OTHER Crohn’s (mat)
disease (pat)
PRECEDING Mild Nil Nil Nil Nil Mild Nil
NDD NP developmen developmen
tal delay tal delay
AGE AT 5 4 3 10 1.5 1.8 2
FIRST PANS
TRIGGER Strep throat Unclear Vaccine and  Salmonella Croup Staph scaled Trauma
OF FIRST infection enteritis skin (adoption)
EVENT syndrome
OCD, OCD, Inattention, OCD, Autistic Separation Autistic
agitation rocessin, OCD, anxiety, regression, anxiety regression,
I;REDOMIN i g ¢ emotional urinary gOCD, gOCD,
NT PANS dysregulatio  fre irritabili irritabili
SYMPTOM y quency irritability, irritability,
n sensory repetitive
issues movements
DURATION 2 months 1 month 6 months 4 months 2 months 6 months
FIRST PANS
EVENT
TIMING OF 2 years 2 years 6 years 2 years 4 years 3 years 5 years
SAMPLE
RELATIVE
TO FIRST
EVENT
DURATION 8 years 7 years 8 years 3 years 4 years 4 years 4 years
FOLLOWUP
FURTHER 2-3 peryear 1-3 peryear 3 per year Nil 2 per year 5 per year 3 per year
NO PANS (any
EVENTS infection)

CURRENT ASD, OCD, OCD, Tourette, OCD, ASD, OCD, ADHD, ASD, OCD,
NDD NP anxiety, depression OCD, anxiety ID (mod), odd, OCD, anxiety,
DIAGNOSTI ADHD depression SIB tics aggression,
CS tics

Ritalin, Fluoxetine  Aripiprazole Sertraline Ritalin, Aripiprazole Vyvanse,
CONVENTI | Risperidone, Risperidone, , Ritalin, Risperidone,
ONAL TX Aripiprazole Guanfacine Fluoxetine Fluoxetine
, Fluoxetine

ADHD = Attention Deficit Hyperactivity Disorder. ASD = Autism spectrum disorders. C-ANCA =
antineutrophil cytoplasmic antibodies. ID = Intellectual disability. OCD = Obsessive-compulsive disorder. Pat

= Paternal. Mat = Maternal.
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4.5.3 Sample collection
Fresh peripheral blood from patients and controls was drawn into sodium citrate tubes, and
peripheral blood mononuclear cells were processed within 6 hours of sample collection.
PBMC isolation was performed using density gradient centrifugation. Firstly, blood was
diluted 1:1 with wash buffer and layered on 4.5ml of Ficoll-Paque in 15mL SepMate tubes.
The blood was then centrifuged at 1200g for 15 minutes, and the PBMC faction was
extracted. This cell population was washed twice with wash buffer and counted, before

resuspending in freezing media.

4.5.4 Cell culture and stimulation
Previously cryopreserved cohort PBMCs were thawed according to section 4.4 above. Cells
were cultured in warm PBMC media within 96-well U bottom plates at a density of 500,000
cells/per well. Cells were stimulated with 500ng/mL LPS for 30 minutes, 3 hours, and 24
hours in staggered timing. An unstimulated condition was included in duplicates for each

sample by adding warm PBS (-/-) as a control.

4.5.5 Sample harvesting
As described above, sample harvesting was performed by adding 50ulL of PBS to each well
followed by centrifuging the plate at 450g for 5 minutes. The plate was then placed on ice
and moved to an RNAse-free hood. From each well, the supernatant was aspirated and
moved into Eppendorf tubes, and moved to -80C. The well was then flooded with 350uL. of
RLT buffer (supplemented with B-mercaptoethanol) and stored in Eppendorf tubes. The
RLT-lysed samples were then stored in -80C until RNA was extracted as per section 4.4.2
above. RNA samples were measurements using a TapeStation at the Westmead Scientific

Platforms, within the Westmead Research Hub.
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4.5.6 RT-qPCR of cohort samples
cDNA was prepared from each sample as per section 4.4.3 above. The cut-off values for
assessing the quality of RNA to be transcribed is an RNA Integrity (RIN) > 8. RT-qPCR
was performed as per section 4.4.3 above. Each reaction contained 0.28ng of cDNA in a 10

ul volume made up of 5ul. PowerUp Mastermix and 0.75uM primers.

4.5.7 Data analysis
RT-qPCR data analysis was performed using the QuantStudio software to assess the quality
of each qPCR run and export the data to Microsoft Excel. From there, all analyses were as

previously outlined.

4.5.8 Enzyme-linked immunosotbent assay (ELISA)
Cells release cytokines within the culture medium, following centrifugation the cells are
pooled into a pellet and the remaining liquid is known as the supernatant. Measurement of
proteins within this supernatant following LPS stimulation at various timepoints allows for
a profile of protein concentrations in the current cohort. Too often, the supernatant cannot
be utilised directly and needs to be diluted to fit within the detection ranges of kits and reader
machines. An initial experiment using an 1L-6 kit (Cat #EH2IL6, Thermo Fisher) was
performed utilising different dilutions to assess the optimal dilution factor for the cell
supernatant. Samples were observed to be best detected at a dilution of 1:20. Final soluble
cytokines were measured in the supernatant of samples using human ELISA kits for IL.-6
and TNF (Cat #EH2ILO6, and #KAC1751, Thermo Fisher) according to manufacturer’s
instructions. The assays were performed with a standard curve (according to manufacturer’s
instructions) to warrant reliability of results with a cut-off of 0.99 implemented for the R-

squared value (Figure 4.10).
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Figure 4.10 ELISA standard curves
Standard curves from ELISA experiments measuring cytokine production of lipopolysaccharide (LPS)

stimulated peripheral blood mononuclear cells (PBMCs). Standard curves were performed according to
manufacturet’s instructions.

4.5.9 Results

4.5.9.1 PBMCs of children with PANS show lower expression of pro-

inflammatory genes
Gene expression levels of II-6 in control cells were increasing in a time dependant matter
until peaking at the 3-hour mark and declining over the 24-hour period. Levels of I-6 in the
patient’s cells showed a repressed response at the 30-minute timepoint when compared to
the controls (p valne < 0.05; Figure 4.11A), as well as relatively lower expression levels at the
3 hour and 24-hour timepoints. Expression of TNF in both control and patient cells showed
an increase at 30 minutes which diminished over the timepoints measured (Figure 4.11B).
The patient cells showed a relatively higher expression at the 30-minute mark when
compared to the controls (IL-6 30-minutes), however this declined at the 3 hours and 24-

hour timepoints — neither II -6 nor TINF were statistically significant.
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Figure 4.11 Gene expression in PBMCs of children with PANS

Gene expression and cytokine production of lipopolysaccharide (LPS) stimulated peripheral blood
mononuclear cells (PBMCs). PBMCs of children with Paediatric Active Neuropsychiatric Syndrome (PANS)
and neurotypical controls (NC) wete stimulated with 500ng/mL LPS for 30 minutes, 3 houts, and 24 hours.
Gene expression of Interleukin 6 (IL-6), and tumour necrosis factor (TNF) were measured using quantitative
reverse transcription polymerase chain reaction. Target gene expression was normalised to household gene,
Beta-2-Microglobulin. Bars and whiskers represent median with interquartile range; n = 7. Mann-Whitney
test, *P < 0-05, ¥*P < 0-01, *»*P < 0-001.

4.5.9.2 Repressed pro-inflammatory cytokine production in PBMCs of

children with PANS as shown by enzyme-linked immunosorbent assay

(ELISA)
To assess cytokine production of common pro-inflammatory cytokines such as IL-6 and
TNF in the cohort’s PBMCs challenged with LPS at 30 minutes, 3 hours and 24 hours and
an unstimulated control, ELISAs were performed as per section 4.5.8. A standard curve for
each kit to warrant reliability of results (R-squared value cut-off 0.99) was performed. Unlike
the RNA findings shown above which peaked at the 30 minute and 3 hour timepoints, the
protein concentrations were observed to increase over time with the highest values evident
at 24 hours. At 3 hours, the IL-6 concentrations were significantly lower in the PANS
patients when compared to controls (p value < 0.01; Figure 4.12). At the 24 hour timepoint,
the PANS patients still had lower IL-6 values, however this did not reach statistical
significance. For TNF, a lower concentration was observed in the PANS patients compared

to controls at the 30 minute timepoint (p valiue < 0.01; Figure 4.12). At the 24 hour timepoint,
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the PANS patients still had lower levels of TNF when compared to controls, however this

did not reach statistical significance.
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Figure 4.12 ELISA of IL-6 and TNF in PBMCs of children with PANS

Cytokine production of lipopolysaccharide (LPS) stimulated peripheral blood mononuclear cells (PBMCs).
PBMC:s of children with Paediatric Active Neuropsychiatric Syndrome (PANS) and neurotypical controls
(NC) were stimulated with 500ng/mL LPS for 30 minutes, 3 hours, and 24 hours. Release of IL-6 and TNF
into the cell culture media was measured using ELISA. Bars and whiskers represent median with interquartile
range; n = 7. Mann-Whitney test, *P < 0-05, **P < 0-01, **P < 0-001.

4.6 Discussion

The first aim of this chapter was to optimise a TLR stimulation assay using PBMC to identify
the optimal LPS time and dosage to activate the innate immune response. These parameters
were carried forward to assess the functional innate immune response of children with PANS
compared to controls. This was achieved through utilising gene expression and cytokine

assays for IL-6 and TNF, major pro-inflammatory cytokines in this signalling cascade.

The optimisation of a functional assay to assess optimal time and dose of LPS
stimulation on PBMCs was performed using two dosages. For IL-6, the 500ng/ml dose
showed an increase in expression at the 3-hour mark, which reduced over the 6-hour and
24-hour timepoints. In compatison, the 1000ng/ml dose presented an increase in IL-6
expression that continued from the 3-hour to the 6-hour timepoints, declining over the 24-
hour period. At both the 500ng/ml and 1000ng/ml, TNF expression was obsetved to peak

at the 30-minute timepoint. At 500ng/ml, TNF levels declined over the 3 hout, 6 hour and
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24 hour periods. At the 1000ng/ml, TNF levels decreased at 3 hours of LPS stimulated,
increased again at the 6-hour timepoint, and decreased at 24 hours. I observed that the
500ng/ml treatment of LPS was adequate to elicit an immune response of IL-6 and TNF
readouts in control PBMCs. I decided that due to technical constraints such as feasibility of
experimental time frame and cell handling, that the 500ng/ml dose would be cartied forward
into the analysis, where it provided adequate magnitude of change. In addition, the 6-hour
timepoint was dropped as it did not provide insights into these cytokine’s expression that the

3-hour and 24-hour mark did not.

The main results presented in this chapter highlight a repressed immune response in
PBMC:s of children with PANS when compared to those from neurotypical controls at both
the mRNA and protein level. To add, the protein profile presented in the ELISA are
consistent with established biological frameworks, where a peak mRNA signal was observed
at the earlier timepoints for II.-6 (3 hours) and TINF (30-minutes), while the protein signal
displayed a more linear pattern of increase over the 24 hour period of testing. The control
samples displayed this described increasing profile, while the PANS patients appeared to
have a repressed response. These findings may describe an aberrant immune system in
response to TLR stimulation, reflecting an inability of children with NDDs to regulate
cytokine expression, and further extending the narrative of a dysregulated innate immune
system in these children. The literature describing cytokine levels within NDD cohorts has
implicated an increase of IL-6, TNF, along with other proinflammatory cytokines when
compared to controls.”* Currently, there are only a few studies that investigated the effect
of LPS stimulation in PBMCs of children with NDDs, where dysregulation of cytokine
responses were described.’™ Our study described in this chapter is one of the first to
highlight a repressed immune response following a bacterial challenge in PBMCs of children

with PANS compared to controls.
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Inflammation in NDDs is commonly described notion, with studies reporting
findings within the brain and the periphery of affected individuals. The TLR pathway was
explored in this assay due to its importance in initiating an immune response within the brain
and the periphery. Other options to investigate the immune response within these conditions
include utilising cell programming techniques such as induced microglia-like cells from
PBMCs to explore morphology and assess functions such as phagocytosis. The resident
immune cells within the CNS have vital contributions in inflimmation, however, are
inaccessible. Induced microglia-like cells are monocyte-derived cells that offer an alternative
to exploring the immune cells of the brain, with the added bonus of recapitulating a patient’s
architectural pathology including epigenetics.””” This contrasts with utilising induced
pluripotent stem cells, where despite generating functional microglial cells, the patient’s
epigenetic markers would be “wiped” in the lengthy generation process. The TLR stimulation
assay worked for the purpose of this thesis due to the limited cell numbers yielded, and the
timeframe when taking into account other projects. Moreover, the bacterial ligand LPS was
utilised due to its ability to activate the two arms of the toll like receptor pathway. LPS is a
potent stimulant of TLR4, where it binds to accessory molecules to induce TLR dimerisation
and results in subsequent signalling cascades. Other ligands such as Poly:IC could have been
explored, as they provided specific mechanisms in stimulating the TLR3 pathway and thus

induce interferon expression directly.

This chapter described the journey of generating a stimulation assay to measure the
immune response of PBMCs following a bacterial challenge. Although the portrayed findings
address a gap within the literature, there are many limitations to the work. Firstly, this assay
assessed the effect of two LPS dosages only. In addition, while the time points tested covered
a wide range, an improvement could be made by the addition of a 12 hour timepoint to allow

a full spectrum of measurement. However as mentioned above, there is a lack of uniformity
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in stimulation studies in relation to the LPS dosage and treatment time. The literature in
NDDs describes a range of dosages and stimulation times depending on the measured
outcome. Future work utilising this assay could employ a wider range than what was utilised

here.

Next, due to time constraints, I only tested the effects of the assay on the mRNA
and protein of two main cytokines within the TLR pathway. Future work implementing this
assay should utilise the ability of LPS to activate the two arms of the TLR pathway and assess
production of interferons and other cytokines. Stimulation of PBMCs with LPS activates the
two arms of the toll-like receptor pathway, and therefore presents a plethora of cytokines
and other inflammatory molecules that could have been measured. However, as a functional

assay was employed, this would have been difficult at the measurement stage.

The assay described in this section aimed to compare two dosages and provide a
stepping stone into identifying functional immune difference in children with PANS
compared to controls. Future work could focus on improving the type of assay by utilising
technologically advanced kits such as the Luminex xMAP INTELLIFLEX System (Cat
#APX2020, ThermoFisher), which allow for the simultaneous measurement of mRNA and
protein expression levels. This is an alternative to high-throughput experimentations such as
RNA-sequencing and proteomic analyses which still allow for measurement of multiple

genes and proteins of interest.

In addition, a flow cytometry-based assay could have allowed for exploration of
immune markers, as well as have offered the added benefit of cell type specific readouts.
Within this work, we utilised peripheral blood mononuclear cells — which contain monocytes
and lymphocytes. While the main cell type stimulated by LPS within this assay is monocytes,

the lymphocyte subset of PBMCs are also affected by LPS (directly and indirectly).

155



Therefore, a future goal is to utilise flow cytometry to assay a variety of cell types following

LPS stimulation.

To add, utilising of other techniques such as a western blot could have provided
additional findings particularly around the phosphorylation of key transcription factors such
as NF-»f. These suggestions were not employed in the original assay due to practicality of
the cell type, where post-thawing I had limited numbers of cells to work with, along with the
many samples required for each timepoint making it not feasible to utilise these techniques.
In addition, the amount of blood collected from paediatric patients for research purposes
following routine investigations is limited. The blood collected from these children was
performed at different times with a required processing window of 6 hours, which would

have made performing a live assay difficult.

From this chapter, I have provided a rationale that children with NDD such as PANS
have immune dysregulation evidenced through a functional assay. Measurement of key pro-
inflammatory cytokines (IL-6 and TNF) at the mRNA and protein level highlighted a
repressed immune response in children with PANS compared to controls. While this assay
and the findings presented are preliminary, targeting immune function may serve as a
potential therapeutic for neurodevelopmental and neuropsychiatric conditions. Integrating
functional assays into routine investigations may give insight into complex presentations, and

lead into personalised management plans.
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Chapter 5
Insights towards a deeper understanding of complex
neurodevelopmental conditions: From bioinformatics to

therapeutic potential

Complex neurodevelopmental and neuropsychiatric conditions such as ASD, Tourette
syndrome, and OCD affect brain development and function between early gestation and
early adulthood . An estimated 10% of children under the age of five are diagnosed with a
NDD."” The program of tresearch undertaken within this thesis aimed to investigate
dysregulated biological pathways which may underly mechanisms of disease in NDD.
Chapter 1 introduced the concept of NDDs and outlined the literature, which implicated a
complex interplay of genetic, epigenetic and environmental influences.””' While monogenic
forms of NDDs exist, a large proportion of NDDs do not have high penetrating pathogenic

mutations, and are instead due to common gene variants.”>”

A large body of evidence
supports the involvement of environmental factors such as maternal immune dysregulation
during gestation as a risk factor for NDDs.”* The pathophysiology and aetiology of NDDs
are therefore complex, involving polygenic and environmental influences. It is likely that

there is an interplay between both genes and environmental factors, possibly via epigenetic

regulation.

157



To understand overlaps in dysregulated genes and biological pathways in NDDs,
such as ASD and Tourette syndrome, I investigated publicly available high-throughput
datasets from post-mortem brain tissue. The utilisation of these datasets, increasingly
becoming publicly available, not only encourages reproducibility of results, but may enable
novel discoveries when combined with other techniques and findings. The first aim of this
thesis was firstly explored in Chapter 2, where I utilised bioinformatic techniques to analyse
post-mortem RNA sequencing datasets from individuals with ASD and Tourette syndrome
to identify dysregulated genes and biological pathways. While the two datasets have been
analysed within their respective studies, I focused on replicating the original findings, and
additionally identifying a common signal between the two datasets. This approach was valid
due to the high comorbidity rates of NDDs, where in particular tics are present in 11-22%
of children with ASD, while ASD is present in 12% of children diagnosed with Tourette

98-
syndrome.' "

The up-regulated inflammatory findings from this study reaffirms the
immune literature within NDDs, and provides more evidence for a common signal between

these conditions.

To continue investigating the first aim of this thesis, the second high-throughput
technique utilised to explore biological pathways underpinning NDDs is explored within
Chapter 3. Building on the findings from Chapter 2, where a clear inflammatory signal was
observed to be up-regulated within the RNA of brain samples of individuals with NDDs,
our group aimed to explore this immune evidence in children with NDDs, particularly those
that satisfy criteria for PANS. It is unclear if PANS is a ‘distinct entity’ of a clinical phenotype
within the spectrum of NDD. The literature utilising proteomic approaches to analyse
peripheral (blood, saliva) samples from patients with NDDs is limited, with majority of
studies focusing on ASD. The findings from proteomics investigations in NDDs studies

implicate inflaimmation and the complement pathway.'**"*”'®**' PANS is a clinical entity of
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NDDs, characterised by abrupt-onset neuropsychiatric symptoms coupled with an activated
immune response. We recruited two cohorts of children with PANS (each n =4) during the
chronic phase, with no infection in the two weeks preceding blood collection. As we
hypothesised that PANS is a disorder of immune dysregulation, utilising peripheral blood
mononuclear cells is of great value to exploring the presence or absence of immune
dysregulation. From the two cohorts, proteome analysis identified an involvement of the
immune response, translation (ribosomal) and epigenetics in PANS. This study is the first
to investigate the proteome of children with PANS, allowing for a beginning understanding
of the functional profile of this condition. Utilising two cohorts allowed for a validation of
the findings and assurance that the replication of methods yields a consistent result in

children with PANS despite the heterogenous presentations of the condition.

A functional immune assay to complement our findings from previous brain and
blood results was developed in Chapter 4. Chapters 2 and 3 utilised high-throughput
sequencing and bioinformatic tools to investigate dysregulated biological pathways at the
RNA and protein level. An aberrant immune response was identified in the RNA of
individuals with ASD and Tourette syndrome, as well as the proteome of children with the
PANS phenotype. Building on these two chapters, the final aim of this thesis was to
investigate the functional immune response in peripheral blood mononuclear cells of
children with PANS compared to controls. Firstly, a TLR stimulation assay was developed
to identify the optimal LPS timing and dosage to elicit an inflammatory response measured
by proinflammatory cytokines at the mRNA and protein levels. Subsequently, the assay was
utilised on a PANS cohort (n=7) and a control cohort (n=7), where gene expression and
secreted cytokines investigations of the proinflammatory cytokines IL.-6 and TNF identified
a repressed immune response in PANS compared to controls. The work described in this
chapter is the first to assess the immune response of peripheral blood mononuclear cells

from children with PANS following a bacterial challenge, compared to controls at various
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timepoints. The assay provides a valuable platform to investigate the effect of LPS
stimulation on cells of children with PANS at the specified dose and timings. In addition,
there is potential for extension to include a range of cytokines and inflammatory molecules

activated downstream as a result of LPS stimulation.

Taken together, the body of research presented within this thesis highlights the
importance of exploring dysregulated pathways in NDD pathogenesis. The findings add to
growing evidence that a dysregulated immune response is associated with NDDs, which
might be related to epigenetic regulation and translational (ribosomal) mechanisms. Overall,
this body of work contributed to furthering our understanding of the biological
underpinnings of NDDs through developing bioinformatic tools and molecular biology
techniques. Utilisation of high-throughput data, both publicly available and group generated,
allowed for a deep exploration of the RNA and protein of individuals with complex
neuropsychiatric conditions. Building on from the results of the two investigations (Chapters
2 and 3) paved the way for a functional assay to be developed to assess the immune response,
where a novel repressed immune signature was identified in peripheral cells of children with
PANS (Chapter 4). The main findings from this thesis highlight the immune and
inflammatory component observed in the brain and periphery of individuals with NDDs,
which leads us one step closer to understanding mechanisms with modifier potential.
Genetics has paved the way for high-throughput investigations in complex conditions,
particularly within the neuropsychiatric realm. However, our understanding of complex
neurodevelopmental conditions such as ASD, Tourette syndrome, OCD and PANS is not
well developed. This body of work recognised the literature detailing interplay of genetics,
epigenetic and environmental factors which influence NDD expression, and has contributed
towards furthering this evidence. Firstly, this thesis contributed towards establishing a

bioinformatic foundation to analysing high-throughput data within the group and assisted in
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being a stepping stone for other technologies to be analysed using the R language. One of
which, is the proteomic datasets analysed in Chapter 3. This thesis can act as a resource and
stepping stone for analysing complex datasets for other NDD conditions such as cerebral
palsy. To add, a defined time-profile of the effect of LPS stimulation on peripheral blood
mononuclear cells is lacking within the literature, which proved a struggle when designing
the assay. There is no gold standard dosage or timing for LPS stimulation, what this thesis
has provided a profile of what is to be expected of two dosages and four timepoints. Finally,
this work identified a consistently dysregulated immune response signal within brain tissue
and blood cells of individuals with complex neurodevelopmental disorders, adding on to the

literature of these conditions.

While this body of work has contributed to furthering our knowledge of complex
neurodevelopmental and neuropsychiatric conditions, there are many limitations. From the
three main result chapters presented (Chapters 2, 3 and 4), I have outlined limitations
pertaining to each study. To begin, within Chapter 2 the main limitation is the utilisation of
publicly available datasets in a range of ages of individuals with ASD and Tourette syndrome,
which couldn’t be avoided due to the scarcity of the brain tissue utilised. To add, Chapter 3
utilised bulk proteomic analysis of peripheral blood mononuclear cells of children with
PANS. The technology utilised to sequence the samples (brain tissue and PBMCs) wasn’t
cell type specific. Current technologies such as single cell RNA sequencing and proteomics
methodologies offer the advantage of high-throughput sequencing of RNA molecules, with
the specificity of cell-type specific analysis. Future work investigating complex conditions
such as NDDs may utilise these technologies to identify gene expression and protein

signatures specific to each cell type.

Another caveat in this research is the small sample size utilised for the cohorts, in

particular those recruited by our group in Chapters 3 and 4. While this could not have been
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avoided for the current study due to time constraints, limited amount of blood samples
obtained, and low cell yield, we employed a second cohort in Chapter 3 to act a validator of
the results identified in the initial proteomic investigation. Future work investigating these
complex conditions should aim to increase sample size, and concurrently recruit validation
cohorts as was done here. In addition, the PANS cohort had heterogenous clinical
presentations, and were in the chronic phase of disease. Future investigations should shed
light on the biology of children during the acute phase and investigate drug naive signatures.
To add, future investigations should aim to investigate PANS and non-PANS NDD
presentations to better capitulate neurodevelopmental conditions spectrums. It is entirely
possible that the LPS response observed in PANS patients may be different if measured in
patients with ASD or Tourette syndrome. Next, within Chapter 3, the two cohorts
underwent individual analyses following a proteomic bioinformatic pipeline. While the
findings were similar, the two datasets could have also been analysed concurrently. Within
Chapter 4, many caveats exist in the assay designed, such as utilising only two dosages of
LPS, and using only one stimulating agent. This was due to time constraints of the project,
as well as technical availability. To add, I only measured two pro-inflammatory cytokines in

the PANS cohort, a result of time constraints and cell yield shortcomings.

Finally, a major consideration is the link between peripheral inflammation and
neuroinflaimmation. Chapter 1 investigated a transcriptomic signature of up-regulated
inflammation in post-mortem brains of individuals with ASD and Tourette syndrome. On
the other hand, Chapters 3 and 4 identified a dysregulated immune response in peripheral
blood mononuclear cells of children with PANS. Within the PANS proteome, we observed
an up-regulated immune response compared to controls. However, stimulation with LPS
identified a cytokine hypo-response in peripheral cell of children with PANS compared to

controls at the mRNA and protein levels of IL-6 and TNF. This observed immune
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dysregulation of complex conditions such as PANS necessitates animal models where both
the blood and brain are investigated concurrently. Utilisation of omic technologies examining
peripheral blood and brain tissue can aid in increasing our understanding of these conditions,
at various levels of biology (genome, transcriptome, proteome, epigenetics). These
explorations can allow for clear understanding of the mechanisms underlying complex
conditions, as paediatric brain tissue is precious and hard to access. Work expanding on pre-
clinical findings can bring us one step closer to developing therapies which target disease

mechanisms.

Following on from the notion of blood versus brain, a deficient immune response
within the periphery could result in an inflammatory response centrally. Our group’s
hypothesis is that the periphery is representative of the central nervous system, with
environmental factors influencing this bidirectional relationship. Our findings highlight an
aberrant immune response in peripheral blood cells of children with PANS. What we are
lacking is an understanding of the mechanisms within the CNS, particularly brain cells such
as microglia. It is plausible that microglial cells of individuals with PANS are impaired due
to peripheral dysregulations. To add, cytokines play a major role within an aberrant peripheral
immune response, where they may be able to cross the blood brain barrier and result in

neuroinflaimmation led by microglial cells.

There remains many unanswered question in the journey of uncovering the
complexity of NDDs. The field needs studies with larger cohorts that cover the wide range
of symptoms presented by those with complex NDDs, in particular PANS. To add,
advancements of more sophisticated approaches to treatment than the current methods
utilised are required, such as developing precision medicine plans, along with utilising the
concept of drug repurposing. This technique has already gained traction with the appearance

of the COVID-19 pandemic, where cancer therapies were utilised as antiviral treatments,
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either alone or as adjuvant therapies.”™* Finally, combining omic datasets with computational
techniques including machine learning offers a plethora of possibilities, one example of this
is the LINCS L1000 data project. The L1000 project is a collection of gene expression
profiles combining perturbagens (small drug molecules) at many time-points, dosages and
cell lines.”” This publicly available gene expression data was combined with a computational
drug repurposing pipeline to identify better therapeutics for COVID-19.”'¢ Utilising high-
throughput experimentation techniques coupled with functional understanding of patient
samples to identify dysregulated pathway, as was done in this body of work, will move the
field towards a better understanding of the biological underpinnings of complex conditions.
From further research developing this strategy, we’ll be able to address the identified

pathways in a more targeted approach to help individuals with NDDs.
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Neurodevelopmental disorders (NDDs), including autism-spectrum disorders
(ASD) and Tourette syndrome (TS) are common brain conditions which often
co-exist, and have no approved treatments targeting disease mechanisms.
Accumulating literature implicates the immune system in NDDs, and
transcriptomics of post-mortem brain tissue has revealed an inflammatory
signal. We interrogated two RNA-sequencing datasets of ASD and TS and
identified differentially expressed genes, to explore commonly enriched
pathways through GO, KEGG, and Reactome. The DEGs [False Discovery Rate
(FDR) <0.05] in the ASD dataset (n = 248) and the TS dataset (n = 156)
enriched pathways involving inflammation, cytokines, signal transduction and
cell signalling. Of the DEGs from the ASD and TS analyses, 23 were shared, all
of which were up-regulated: interaction networks of the common protein-
coding genes using STRING revealed 5 central up-regulated hub genes:
CCL2, ICAM1, HMOX1, MYC, and SOCS3. Applying KEGG and Reactome
analysis to the 23 common genes identified pathways involving the innate
immune response such as interleukin and interferon signalling pathways.
These findings bring new evidence of shared immune signalling in ASD and
TS brain transcriptome, to support the overlapping symptoms that individuals
with these complex disorders experience.

KEYWORDS

inflammation, brain, bioinformatics, neurodevelopmental disorders, immune
dysregulation
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Introduction

Neurodevelopmental disorders (NDDs), such as autism-
spectrum disorders (ASD) and tic disorders including Tourette
syndrome (TS), are neurological conditions which commonly
co-exist and have shared genetic contributions (Clarke et al.,
2012). ASD is characterised by social communication and
language deficits, and repetitive stereotypical behaviour. Tics are
repetitive stereotyped movements (motor tics) or vocalisations
(vocal tics), and when present for more than 12 months, fulfil
a diagnosis of TS. Tics are present in 11-22% of children with
ASD, while ASD is present in 12% of children diagnosed with
TS (Canitano and Vivanti, 2007; Pringsheim and Hammer,
2013; Darrow et al,, 2017). Limited disease specific treatments
are currently available for NDDs, and management focuses
on symptom mitigation and developmental support (Wile and
Pringsheim, 2013; Mittal, 2020).

The genetic aetiology of neurodevelopmental disorders
is thought to be due to variants in multiple genes that
converge on common pathways (Geschwind, 2008; Cross-
Disorder Group of the Psychiatric Genomics Consortium,
2019). However, genetic aetiologies in these disorders are
unable to explain the wide phenotypic heterogeneity, instead,
the interaction between environmental and genetic factors are
proposed to play an important role in pathogenesis of NDDs.
In addition, immune dysregulation and inflammation have
long been suggested to contribute to the pathophysiology,
where early insults during gestation, such as maternal immune
activation (MIA), can impact the development of the foetal
brain (Scharf et al., 2013; Paschou et al., 2014; Sandin et al.,
2014; Mataix-Cols et al., 2015; Frick et al.,, 2016; Tick et al.,
2016; Autism Spectrum Disorders Working Group of The
Psychiatric Genomics Consortium, 2017; Han et al,, 2021).
MIA, encompassing maternal conditions such as infection,
asthma, obesity, autoimmune disease, and psychosocial stress,
are associated with increased incidence of NDDs in offspring,
such as ASD and TS (Dalsgaard et al., 2015; Jones et al., 2017,
2021; Patel et al, 2020). MIA is thought to act as a disease
primer, which in addition to genetic predisposition, results in
increased expression of neurodevelopmental disorders (Estes
and McAllister, 2016). Studies have also shown dysregulation
in proinflammatory cytokines such as IL-12, TNE, monocyte
chemoattractant protein 2 (MCP-2), and IL-2 in the brains and
peripheral blood of individuals with ASD and TS (Leckman
etal,, 2005; Vargas et al., 2005; Morer et al., 2010; Ashwood et al.,
2011).

Transcriptomic analyses (RNA sequencing) of post-mortem
brains from individuals with ASD have shown upregulated
genes involved in inflammation and microglial dysregulation
(Gandal et al, 2018a,b). Similarly, analysis of post-mortem
brain striatum from individuals with TS identified up-
regulated genes in immune and inflammatory pathways,
and implicated microglial activation as a primary source of
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inflammation (Lennington et al, 2016). In both the ASD
and TS brain transcriptome studies, the downregulated genes
were enriched in pathways involved in synaptic function and
GABA neurotransmission, aligning with the genetic variation
found in these disorders (Lennington et al, 2016; Gandal
et al, 2018a,b). By contrast, the upregulated inflammatory
findings were considered more likely to be due to environmental
factors or secondary (Lennington et al, 2016; Gandal et al,,
2018a,b).

Given the shared genetic heterogeneity and comorbidity
of NDDs, there is an increasing need to examine common
disease pathways. As inflammation has been reported in brain
transcriptomics in both ASD and TS, we examined for shared
gene expression between ASD and TS in order to improve our
understanding of the pathophysiology of NDDs and provide
future potential therapeutic targets (Lennington et al., 2016;
Gandal et al., 2018a,b).

Materials and methods

Data availability and open-source
bioinformatic analysis

Human brain transcriptome data (RNA-seq) from two
independent published studies were obtained with authors
permission from synapse.org and analysed for differential gene
expression and pathway enrichment analysis (Lennington et al.,
2016; Gandal et al,, 2018b). Unlike TS, where only one study
interrogating the brain transcriptome exists, there are a number
of studies investigating ASD brain transcriptome (Wright et al.,
2017; Gandal et al., 2018a,b; Li et al., 2018; He et al., 2019).
The current ASD dataset was chosen as it presented the largest
cohort of samples (Gandal et al, 2018a,b). The ASD data
were downloaded from synapse.org (ID: syn8234507) as count
files, and RNA-seq metadata of 42 ASD cases were matched
with 43 neurotypical controls (NC) (Gandal et al, 2018b).
The pre-frontal cortex (PFC) region was chosen for the ASD
analysis given the large sample size with matched controls. The
TS data was downloaded as BAM files from synapse.org (ID:
syn3158906), which included putamen and the caudate nucleus
regions from 9 TS cases to 9 normal controls (Lennington et al.,
2016). The bioinformatic workflow, including all utilised code
and quality control figures can be found at https://github.com/
sarahalshammery/ASDTS.

Demographic and clinical variables of
cases and controls
Autism spectrum disorder

A total of 42 ASD cases and 43 normal control PFC
samples were utilised in this analysis (Supplementary Table 1;

frontiersin.org



Alshammery et al.

Gandal et al., 2018b). The ASD cohort selected (n = 42)
consisted of nine female cases (21.43%) and 33 male cases
(78.57%), with mean age of 26.38, median of 22.5, and
range of 2-67 years. The normal control cohort selected
(n = 43) comprised of nine females (20.93%) and 34 males
(79.07%), with mean age of 28.63, median of 24, and
range of 4-60 years. A Mann-Whitney test indicated no
significant difference (U = 831, P-value = 0.5295) between
the ages of the ASD and normal control cohorts. The full
demographic data can be accessed from https://doi.org/10.7303/
syn12080241.

Tourette syndrome

A total of 9 TS cases and 9 normal control caudate nucleus
and putamen samples were included (Supplementary Table 1;
Lennington et al,, 2016). The TS cohort (n = 9) entailed
four female cases (44.44%), and five male cases (55.56%) with
mean age of 62.77, median of 52, and range of 29-84 years.
The normal control (NC) cohort (n = 9) consisted of four
(44.44%) females and five males (55.6%) with mean age of 58,
median of 52, and range of 4-60 years. The full demographic
data is in the Supplementary material of the original study
[See their Supplementary Table 2 (Lennington et al., 2016)].
There was no statistical differences in the age of the TS
cases in comparison to normal controls (Lennington et al,,
2016).

Data quality control

The ASD dataset was prepared and sequenced as described,!
reads were mapped against the Genome Reference Consortium
Human Build 37 (GRCh37, otherwise known as hgl9). The
TS dataset were mapped against GRCh37 (hgl9), and gene
level counts for reference sequence (RefSeq) genes were
assessed using HTSeq-count (Lennington et al, 2016). The
raw counts for each dataset were converted to the counts
per million (cpm) scale and filtered by expression using
the filterByExpr function (Robinson et al, 2010). The data
was normalised as per the EdgeR guide using Trimmed
Mean of M-values (TMM) normalisation (Lennington et al.,
2016).

Differential gene expression analysis

Genes with an False Discovery Rate (FDR) of <0.05
following differential gene expression analysis of each
dataset were considered differentially expressed genes
(DEGs) in this investigation. The DEGs were identified by
a quasi-likelihood (QL) negative binomial (NB) generalised

1 http://www.doi.org/10.7303/syn4587615
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log-linear model (glmQLF). Genes with a logfFC > = 0
were considered to be up-regulated, and those below
0 were down-regulated. DEGs were visualised through
a volcano plot using the ggplot 2 package (Wickham,
2016).

Pathway and network enrichment
analysis

Enrichments of the DEGs were identified through an over-
representation analysis using Gene Ontology (GO) Biological
Process, Reactome and the Kyoto Encyclopedia of Genes
Genomes (KEGG), through the ClusterProfiler package [False
Discovery Rate (FDR) <0.05] (Ashburner et al., 2000; Kanehisa
and Goto, 2000; Yu et al., 2012; Kanehisa, 2019; The Gene
Ontology Consortium, 2019; Jassal et al., 2020; Kanehisa et al.,
2020). These are databases which allow genes to be grouped
based on their relationships (GO), or the participation in
pathways (Reactome and KEGG). For the main individual
analyses, pathways enriched by less than 10 genes were
excluded. Given the perceived more significant mechanistic
insights of the Reactome results, they are presented in the
main text, whereas GO and KEGG are presented in the
supplementary material.

The protein-coding DEGs which were common to both the
ASD and the TS DGE analyses, were visualised using a protein-
protein interaction (PPI) network through the Search Tool for
the Retrieval of Interacting Genes/Proteins (STRING)?, with an
interaction score >0.4, and default active interaction sources
(Jassal et al., 2020). The PPI network from the DEGs common to
both ASD and TS datasets were further imported into Cytoscape
(Shannon et al.,, 2003). CytoHubba, an app for Cytoscape was
used to identify hub genes by ranking nodes by network features
through the multiple correlation clustering (MCC) method
(Chin etal.,, 2014). The expression of the hub genes in the disease
cohorts compared to controls were visualised using the ggplot 2
package (Wickham, 2016). A Shapiro-Wilk test was utilised to
test normality of the hub genes’ counts.

Results

Transcriptional signatures

To identify relationships within the cases and their
respective controls, we set out to explore differences based
on transcriptome signatures. The ASD and TS cases were not
observed to be transcriptionally distinct from their respective
controls using hierarchal clustering analyses (Supplementary
Figures 1, 2).

2 https://string-db.org/
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Differential gene expression analysis

Autism spectrum disorder

The DEGs within the PFC of ASD cases compared to
neurotypical controls consisted of 239 upregulated genes and
9 downregulated genes, represented through a volcano plot
(Figure 1A). Results of the DGE analysis can be accessed in
Supplementary material (Supplementary Tables 2A,B).

Tourette syndrome

The DEGs within the striatum of individuals with TS
compared to neurotypical controls consisted of 143 upregulated
genes and 13 downregulated genes, as shown in the volcano
plot (Figure 1B). Results of the DGE analysis can be accessed
in Supplementary material (Supplementary Tables 3A,B).

Immune pathways are enriched in
autism spectrum disorders and
Tourette syndrome brain transcriptome

Autism spectrum disorder

To explore enriched terms and pathways in the ASD
DEGs, over-representation pathway analyses were conducted
through three databases (FDR < 0.05). The GO analysis
revealed 337 terms, consisting mainly of upregulated DEGs, and

10.3389/fnins.2022.999346

involved many immune response and inflammatory signalling,
along with epigenetic terms (Supplementary Table 2C and
Supplementary Figure 3). The top 3 GO terms were
“humoral immune response,” “leukocyte mediated immunity,”
and “lymphocyte mediated immunity.” Over-representation
analysis using KEGG revealed 9 pathways, majority of which
were enriched by up-regulated genes (Supplementary Figure 4).
The top 3 KEGG pathways (based on FDR) were “Systemic lupus

»

erythematosus,” “Neutrophil extracellular trap formation,” and
“Staphylococcus aureus infection” (Supplementary Table 2D).
Enrichment of the DEGs using Reactome revealed 9 pathways,
mostly enriched by up-regulated DEGs (Figures 2A,C). Of
the 9 pathways, the top 3 Reactome pathways (based on FDR
and count) were “Interleukin-4 and Interleukin-13 signalling,”
“Signalling by interleukins,” and “Interferon signalling.” Overall,
4/9 Reactome pathways were involved in the immune response
consisting of cytokine signalling, innate and adaptive immune
response pathways, 2/9 pathways were involved in signal
transduction, 2/9 pathways were disease related, and 1/9
pathway belonged to gene expression and transcription. A full
list of pathways from the three databases can be found in
Supplementary material (Supplementary Tables 2C-E).

Tourette syndrome
The DEGs within the TS analysis enriched several terms
and pathways from the three databases (FDR < 0.05). GO
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Pathway enrichment analysis in autism spectrum disorders (ASD) and Tourette syndrome (TS). Reactome enrichment analysis (FDR < 0.05) of
the differentially expressed genes (DEGs) in the brain transcriptome of individuals with ASD compared with controls (A,C) and the DEGs of
individuals with TS compared with controls (B,D). Panels (A,B): ASD enrichment results (A) and TS enrichment results (B) presented as bar plots
of the top 10 pathways (y-axis), with the statistical significance of the pathways presented by the x-axis. Panels (C,D): Connectivity network
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The enriched pathways in ASD (C) and TS (D) are represented by a colour.

over-representation analysis revealed 135 terms, majority of
which were enriched by up-regulated genes (Supplementary
Table 3C and Supplementary Figure 5). The top 3 enriched GO

terms were “immune response,” “cell activation,” and “leukocyte
activation.” Over-representation analysis using KEGG did
not enrich any pathways. Enrichment of the DEGs using
Reactome revealed 7 pathways, most of which were enriched
by up-regulated DEGs (Figures 2B,D). Of the 7 pathways,
the top 3 Reactome pathways (sorted by FDR and count)

» o«

were “Interleukin-4 and Interleukin-13 signalling, “Innate

Immune System,” “Cytokine Signalling in Immune system.”
Overall, 5/7 Reactome pathways were involved in the immune
response consisting of cytokine signalling, innate and adaptive
immune response pathways, and 2/7 pathways were involved
in the homeostasis pathway. The full list of pathways
can be found in Supplementary material (Supplementary

Tables 3C,D).
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Differentially expressed genes
common to autism spectrum disorders
and Tourette syndrome

Of the DEGs from the ASD analysis, and the DEGs from
the TS analysis, 23 DEGs were found to be shared. In both the
ASD and TS datasets, 23/23 of the common genes had an up-
regulated expression. The common protein-coding DEGs were
mapped into a PPI network, and their expression in the ASD
and TS cohorts was visualised (Figure 3A). From this network,
we identified the top five hub genes using Cytoscape and
CytoHubba, which consisted of C-C Motif Chemokine Ligand
2 (CCL2), Intercellular Adhesion Molecule 1 (ICAMI), Heme
Oxygenase 1 (HMOX1I), MYC Proto-Oncogene (MYC), and
Suppressor Of Cytokine Signalling 3 (SOCS3; Table 1; Shannon
etal, 2003; Chin et al,, 2014). The raw data are presented in log

scale for the five hub genes in cases compared to controls, shown
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for ASD and TS (Figure 3B). A full list of the common DEGs can
be found in Supplementary material (Supplementary Table 4).

Common differentially expressed
genes in autism spectrum disorders
and Tourette syndrome enrich immune
pathways

As many of the enriched dysregulated pathways in ASD and
TS overlapped, we set out to explore enriched pathways from the
23 DEGs common to both disorders, using overrepresentation
analyses through Reactome. The Reactome analysis revealed
up-regulated genes enriched in 6 pathways in ASD and 6
pathways in TS, with the top three common pathways involved
in “Interleukin-4 and Interleukin-13 signalling
gamma signalling,” and “Signalling by Interleukins” (Figure 4).
The full list of pathways can be found in the Supplementary
material (Supplementary Table 4).
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Discussion

In this study we investigated enriched immune and
inflammatory pathways in post-mortem brain tissue of
individuals with ASD and TS, as well as pathways common to
both disorders. As the focus of our hypothesis was to explore the
immune response present in the seminal datasets, the paper’s
focal point will be the inflammatory findings. Differential gene
expression of the PFC region in ASD revealed that the majority
(239 genes) of the 248 DEGs were upregulated compared to
normal controls. Analogous to this, in the striatum of TS, the
majority (143 genes) of the identified 156 DEGs were also
upregulated compared to controls. This analysis validates the
previous studies of upregulated genes in post-mortem brains of
individuals with ASD and TS (Voineagu et al., 2011; Lennington
et al, 2016).

The identified dominant signal of immune response and
inflammation from the ASD GO enrichment analysis aligns
with studies investigating brain transcriptome and pathology
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TABLE 1 Up-regulated hub genes in autism spectrum disorders (ASD) and Tourette syndrome (TS).

Gene Gene name Type of protein Protein function Reference
CCL2/MCP-1  C-C motif chemokine ligand Chemotactic cytokine. Produced by microglia, neurons, Morer et al., 20105
2/monocyte chemotactic and astrocytes and mononuclear Joly-Amado et al., 2020
activating factor 1 phagocytes, CCL2 recruits monocytes
to the site of infection during
inflammatory events.
ICAM1 Intercellular adhesi lecule 1 I lobulin-like tr brane  Injury to the blood brain barrier Miiller, 2019
glycoprotein expressed in the results in microglia and astrocytes
endothelial lumen. surrounding the capillary endothelial
cells, where release of ICAMI is
responsible for eliminating antigens.
HMOX1 Heme oxygenase 1 Rate limiting enzymes that catalyses As a by-product of catabolising heme, Araujo et al,, 2012
degradation of heme into biliverdin, HMOXI1 has protective effects in
ferrous ion, and carbon monoxide. vascular inflammation.
MYC Myelocytomatosis proto-oncogene Transcription factor, binds DNA in a Involved in the regulation of immune Gnanaprakasam and
non-specific manner. checkpoints such as CD47 and PD-L1, ~ Wang, 2017; Casey et al,,
and regulates expression of cells 2018
within the innate and adaptive
immune responses.
SOCS3 Suppressor of cytokine Signalling 3 Suppressor of cytokine signalling Regulates cytokine signal Carow and Rottenberg,

family, part of a negative feedback

system

transduction through STAT3 2014

activation, using the gp130 receptor.

Hub genes shared in ASD and TS following differential expression analyses. The common differentially expressed genes (23) from each disorder’s analysis were imported into STRING

and Cytoscape to identify hub genes. The top 5 hub genes using the MCC method were selected.

of individuals with ASD, and supports the involvement of
astrocytes and activated microglia (Voineagu et al., 2011; Gandal
et al,, 2018b; Golovina et al., 2021). Of interest, the top 3 GO
terms (by FDR) involved the humoral immune response and
leukocyte mediated immunity. These terms were enriched by
genes including ILIb, TLRS, complement genes (CIQB, CIR,
C2), and chemokines (CXCL5, CXCL8)-all of which are involved
in inflammation.

The enriched pathways established by the KEGG and
Reactome analyses in the ASD cases identified major cellular
pathways with therapeutic potential. The differential expression
of central immune genes comprising cytokines, and CD cell
markers (such as ILIB, CDI4, CD44), support the reports
of dysregulated cytokine levels in brains of individuals with
ASD (Vargas et al, 2005; Li et al,, 2009). Next, involvement
of complement genes vital in phagocytosis (CIQA, CIQB,
CI1QC, CIR), which play a central role in immunity, response
to infection, as well as synaptic pruning, further implicate
the involvement of the immune system in ASD (Markiewski
and Lambris, 2007; Dunkelberger and Song, 2010; Schafer
et al,, 2012). In addition, the enrichment of histone subunits
fundamental to gene expression and epigenetic regulation
(H3C13, H3C7, H2BCIll1, H2BC3), supports the concept
of potential association between epigenetic regulation and
inflammation (Weber-Stadlbauer, 2017).

Analysis of the TS differentially expressed genes using
GO identified numerous enriched immune response and
inflammatory signalling terms. The enriched pathways
highlighted by the Reactome analysis in TS identified
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upregulated DEGs involved in the immune response such
as cytokine signalling (CXCL8, CXCL10, CCL2) (Morer et al.,
2010). In addition, pathways involving genes within major
histocompatibility complexes II (i.e., ICAM1, HLA-DRBI) and
the S100 family (S100A9, S100A11, SI00A12) were enriched.
These findings were similarly observed in the original analysis
of these TS cases (Lennington et al., 2016).

Given the substantial comorbidity and overlap between
NDDs, we identified genes and pathways common to both ASD
and TS. We identified 23 common DEGs, all of which were
upregulated in both disorders. From the 23 common genes, five
were determined hub genes: CCL2, ICAM1, HMOXI, MYC, and
SOCS3, all of which are involved in the immune response.

Our investigation has confirmed immune and inflammatory
pathways are commonly enriched by up-regulated genes in
ASD and TS. To further explore these intersecting findings, the
23 genes common to ASD and TS were analysed separately,
which repeatedly identified enriched inflammatory pathways
involving interleukin and interferon signalling. These pathways
were enriched by the hub genes, which have a role in the
immune response. We utilised this approach as it allowed for
comparison of the same genes within both disorders, while
employing the distinct FDRs from each analysis, offering insight
into the strength of each disorder’s signal.

Our identified
inflammatory pathways, however, several questions regarding

current  study commonly enriched
the involvement of the immune response in ASD and TS
remain unanswered. The cause of the identified inflammatory

signals is still ambiguous, in addition to its nature. Research
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FIGURE 4
Overrepresented Reactome pathways common to autism spectrum disorders (ASD) and Tourette syndrome (TS). Reactome enrichment analysis
(FDR < 0.05) of the common differentially expressed genes (DEGs) in the brain transcriptome of individuals with ASD compared with controls
(A,C) and individuals with TS) compared with controls (B,D). Panels (A,B): ASD enrichment results (A) and TS enrichment results (B) presented as
bar plots of the top 10 pathways (y-axis), with the statistical significance of the pathways presented by the x-axis. Panels (C,D): Connectivity
network (CNET) plots of the top 5 enriched pathways and the interactions of genes that make up the pathways, represented by each gene’s fold
change. The enriched pathways in ASD (C) and TS (D) are represented by a colour.

investigating the source of inflammation in NDDs has
suggested it is an environmental or secondary component,
rather than genetic (Voineagu et al, 2011; Lennington et al.,
2016). In particular, the influence of MIA, which could create
a neuroinflammatory environment in offspring, may alter
immune signalling pathways and epigenetic control of cell
function during the critical periods of development (Han et al.,
2021). In addition, the identified inflammatory signal might be
casual and pathogenic, or alternatively reactive or protective in
origin, which cannot be deduced from the current investigation.
Further functional and mechanistic explorations of tissue from
individuals with NDDs might elucidate the nature of this
inflammation.

Despite our findings, this study has a number of caveats.
Firstly, our analysis involved different brain regions from the
two disorders, prefrontal cortex for ASD, and caudate and
putamen for TS, as corresponding brain region data was not
available for the two disorders at the time of analysis.

Secondly, the majority of the samples within the two datasets
were not children, as cohorts of paediatric post-mortem brain
samples are scarce. Therefore, our analysis represents late-stage
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disease, and it is unclear if the findings will be reflected in
younger cohorts. It is not known whether the inflammatory
signal seen in ASD and TS accumulates over the course of life
or is present in childhood.

Inflammation and the involvement of a dysregulated
immune response is present in brain transcriptome data of both
ASD and TS. Although classified as clinically distinct disorders,
ASD and TS have common genetic aetiologies, along with
overlaps in symptoms and comorbidities. We provide biological
evidence that there is shared dysregulation of immune response
and inflammatory signalling pathways in NDDs. Further studies
to understand the cause and potential gene-environmental
contribution to this inflammatory signal in these complex
disorders is warranted.
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SUPPLEMENTARY FIGURE 1

Transcriptional clustering of ASD patients and normal controls. Cluster
analyses identifying transcriptional differences within the
autism-spectrum disorder (ASD; pink) patients and normal controls (NC;
blue) using Euclidean distances. (A) Hierarchal cluster dendrogram
using the agglomerative method. (B) Variance histogram identifies the
amount of variance (y-axis) explained by each principal component
(x-axis; dimension). (C) Principal component analysis (PCA) scatter plot
of PC2 (y-axis) and PC1 (x-axis) which account for most of the variance
in the data set. ASD, autism-spectrum disorder (n = 42), NC, normal
control (n = 43)

SUPPLEMENTARY FIGURE 2

Transcriptional clustering of TS and normal controls. Cluster analyses
identifying transcriptional differences within individuals with Tourette
syndrome (TS; purple) and normal controls (NC; yellow) using Euclidean
distances. (A) Hierarchal cluster dendrogram using the agglomerative
method. (B) Variance histogram identifies the amount of variance
(y-axis) explained by each principal component (x-axis; dimension). (C)
Principal component analysis (PCA) scatter plot of PC2 (y-axis) and PC1
(x-axis) which account for most of the variance in the data set. TS,
Tourette syndrome (n = 9), NC, normal control (n = 9).

SUPPLEMENTARY FIGURE 3

Autism spectrum disorders (ASD) Gene Ontology (GO) enrichment
analysis. GO enrichment analysis (FDR/p.adjust < 0.05) of the top
differentially expressed genes (P value < 0.05) in ASD. Statistical
significance of the pathway (FDR) enriched is shown on the y-axis, while
the enriched term is shown on the x-axis.

SUPPLEMENTARY FIGURE 4

Autism spectrum disorders (ASD) Kyoto Encyclopedia of Genes
Genomes (KEGG) enrichment analysis. KEGG enrichment analysis
(FDR/p.adjust < 0.05) of the top differentially expressed genes (P
value < 0.05) in ASD. Statistical significance of the pathway (FDR)
enriched is shown on the y-axis, while the enriched pathway is shown
on the x-axis.

SUPPLEMENTARY FIGURE 5

Tourette syndrome Gene Ontology (GO) enrichment analysis. GO
enrichment analysis (FDR/p.adjust < 0.05) of the top differentially
expressed genes (P value < 0.05) in Tourette syndrome. Statistical
significance of the pathway (FDR) enriched is shown on the y-axis, while
the enriched term is shown on the x-axis.
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7.2  Chapter 4

7.2.1 Routine testing: proportion of immune cells
As mentioned in section 3.7.1, routine blood testing for the patients included in this assay
was performed to assess the proportion of immune cells in the blood. In addition, this was
validated with testing blood from the controls utilised in this assay. The proportions of
immune cells (monocytes and lymphocytes) were comparable in patients compared to

controls as can be observed in the figure below:
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Abstract

Paediatric Acute-Onset Neuropsychiatric Syndrome (PANS) is characterised by abrupt onset
obsessive compulsive disorder and regression in neurodevelopmental skills, triggered by
infection or stress. Whether PANS is a distinct entity or part of a neurodevelopmental
spectrum is uncertain, and its pathophysiology remains unclear. We show that children with
PANS and other non-PANS neurodevelopmental disorders have higher reported early
childhood infections and a loss of previously acquired developmental skills compared to
neurotypical controls. Children with PANS have normal routine immune testing, however bulk
RNA-sequencing revealed upregulated pathways in ribosomal biogenesis and RNA
methyltransferases, and downregulated pathways in diverse cellular functions such as
mitochondrial activity, cell signalling, endocytosis, and immune responses. Single-cell RNA-
sequencing confirmed these findings but showed heterogeneity across immune cell types.
Toll-like receptor stimulation assay using peripheral blood mononuclear cells revealed
reduced TNF and interleukin-6 responses in PANS patients compared to controls. RNA
sequencing before and after intravenous immunoglobulin treatment in PANS patients
revealed reversal of the dysregulated ribosomal, epigenetic, and cell signaling pathways.
Given the central role of the immune system in synaptic pruning and neurodevelopment,
these insights provide rationale for novel epigenetic and immune modulating therapies to

optimize neurodevelopmental trajectories and minimize neuropsychiatric impairment.
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Introduction

Neurodevelopmental disorders (NDDs) including autism spectrum disorder (ASD),
attention deficit hyperactivity disorder (ADHD), Tourette syndrome/tics disorder, and
obsessive-compulsive disorder (OCD) are increasing in prevalence, and now affect 1 in 6
children?. Overlaps in clinical symptoms and comorbidities of NDDs suggest shared genetic
etiologies?. While genetic factors exert a significant influence on NDDs, most cases are
attributed to common susceptibility loci, rather than rare gene variants® 3. The interplay of
genetic and environmental factors in the pathogenesis of childhood NDDs is increasingly
recognized, starting from preconception and extending into early adulthood*. During this
period, the central nervous system undergoes dynamic changes including neurogenesis, cell
migration, cell differentiation, and synaptogenesis. Additionally, brain immune cells, primarily
microglia, actively refine neural networks, through synaptic pruning> ©. Early life
programming, influenced by environmental exposures during critical developmental periods,
can affect a child’s developmental trajectory®. This lasting impact is proposed to occur

through cellular stress on the epigenetic and gene regulatory program of brain and immune

cells 78,

Environmental exposures in the postnatal period, such as infections and stress which
represent second ‘hits’, have been observed to trigger the onset or worsening of
neurodevelopmental (inattention, tics, autistic features) or neuropsychiatric (obsessive-
compulsive, anxiety) symptoms in children >2. These observations have led to the proposal
of clinical syndromes such as Paediatric acute-onset neuropsychiatric syndrome (PANS) or
Paediatric autoimmune neuropsychiatric disorder associated with Streptococcal infection

(PANDAS), which is a subset of PANS 314, Although these syndromes have been described in
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literature, their aetiology remains enigmatic, thus not fully recognized as ‘discrete biological
entities’. Early clinical observations of PANS/PANDAS proposed these conditions as distinct
autoimmune entities, akin to autoimmune encephalitis 1. However, an alternative hypothesis
is that PANS is part of the broader NDD continuum, representing a phenotype that
demonstrates ongoing interactions between the immune system and brain in a subset of
people with NDDs®. Studies that investigate the underlying pathophysiology of
PANS/PANDAS are lacking. Furthermore, antibiotics and immune modulation, such as
intravenous immunoglobulin (IVIg), have been proposed to benefit individuals with

PANS/PANDAS, but these treatments remain contentious 1617,

We developed a program to explore the influence of environmental factors, in
particular recurrent infections, on neuropsychiatric symptoms, as well as associated loss of
developmental skills. We focussed on children who fulfil criteria for PANS, who have abrupt
infection or stress triggered neuropsychiatric symptoms, as a model to examine gene-
environment interactions in NDDs (Figure 1A). We hypothesize that epigenetic and immune
processes operate at the gene-environment interface and are central to the pathogenesis of
PANS and other NDDs. We performed bulk blood transcriptomic analyses in PANS, and then
further explored these findings in PANS via single cell transcriptomics and functional immune
assays. We also conducted blood transcriptomic analysis on children with PANS both before
and after intravenous immunoglobulin administration, aiming to define the biological effect

of IVIg in these individuals.
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Methods

Participant selection

NDD cohort: We performed a prospective study of 100 sequential children (<18 years)
referred with complex NDDs to a specialist clinic at the Children’s Hospital at Westmead,
Sydney from January 2020 to January 2023. In this clinic, there is a referral enrichment of
PANS, Tourette syndrome, and OCD, often with accompanying disorders, such as ASD and
ADHD. Children seen at this clinic are screened using a structured clinical assessment on

REDCap, followed by a clinical directed interview.

PANS cohort: Within the NDD cohort, 32 children met the criteria for PANS %3, Additionally, 4
more children who met the criteria for PANS were recruited prospectively. We used the 2013
PANS diagnostic criterion which included an abrupt, dramatic onset of OCD or severely
restricted food intake!3. There was concurrent presence of at least two of the seven
categories including (i) anxiety, (ii) emotional lability and/or depression, (iii) irritability,
aggression, and/or oppositional behaviours, (iv) behavioural regression, (v) deterioration in
school performance, (vi) sensory or motor abnormalities, (vii) somatic signs and symptoms,
including sleep disturbances, enuresis or urinary frequency®. Abrupt and dramatic onset of
neuropsychiatric symptoms was defined as within 48 hours. Children with PANS included in
the biological investigations all had new or ongoing neuropsychiatric symptoms

(Supplementary Table 1) 3.

PANS-IVIg cohort: Within the PANS cohort, a subgroup of 9 children were about to commence

or were receiving ongoing open-label intravenous immunoglobulin (IVIg) treatment (1.5-

2g/kg per month) . In Australia, PANS is currently a Medicare-approved indication for IVig.
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These patients who received IVIg had debilitating neuropsychiatric symptoms, despite

optimization of psychology and conventional psychiatric treatments.

Controls: We recruited age- and sex- matched healthy children of hospital workers or patients
being investigated for non-neurological and non-inflammatory disorders (eg. short stature)
(Supplementary Table 2). We screened 58 healthy controls using the same structured clinical
assessment on REDCap as the NDD patients. Within this group, 29 controls were involved in
biological investigations. The inclusion criterion for controls involved in biological
investigations was the absence of NDDs, autoimmune diseases and severe allergic conditions.
Four controls had previous neurological symptoms (epilepsy in 3, benign intracranial

hypertension in 1) that were resolved prior to blood taking.

All children with PANS and controls used in these biological blood studies were screened to
ensure absence of any infections, allergic reactions/anaphylaxis, other major medical

conditions, or admissions in the four weeks before blood draw.

Structured clinical assessment on REDCap and clinical directed interview

A structured assessment using REDCap was completed by parents of participants. Childhood
infection history was captured using a purpose-built screening tool for infection
(Supplementary Figure 1). There is currently no standardised tool to quantify infection rates
in children, and most questionnaires are designed to screen for immunodeficiencies. Thus,
we developed a screening tool that records frequencies of common viral and bacterial
infections in childhood, involving respiratory tract, urinary tract, recurrent mouth ulcers, skin

infections, and more serious bacterial infections (e.g. pneumonia, meningitis, bone
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infections). Additional questions on frequency of visits to general practitioners, emergency
department, or hospitalisations due to infection, and frequency of antibiotic courses, were
also included. A 5-point Likert scale was used to assess frequency of these infections, with
options including never, occasional (less than once per year), sometimes (1-3 times per year),
often (4-6 times per year) and almost always (so frequent, hard to count), in the first 5 years
of life and the last 12 months of life (scored 0-4). Objective scores of functioning, including
the Strengths and Difficulties Questionnaire (SDQ), was performed for each child 8. The
presence or absence of loss of skills at any time were also recorded (eg. loss of learning ability

attention/concentration, language, social skills, fine and gross motor skills).

For the NDD cohort, the clinicians (RCD, SSM, VXH) performed a clinical directed interview
and recorded the child’s diagnosis using DSM-5 criteria, including PANS criteria’® °. In
addition, markers of disease severity, including emergency department attendance due to
neurodevelopmental symptoms, and absence from school for more than three months, were
recorded. Triggers (e.g., stress, infection, excitement) that worsen neurodevelopmental

symptoms were also recorded.

For the PANS-IVIg cohort, we used the Clinical Global Impression Scale-Severity score (CGI-S)
as a quantitative measure for the therapeutic response to IVIg in PANS, and charted their daily
CGI-S scores over four-week cycles?®. The CGI-S question is: “Considering your total clinical
experience with this particular population, how mentally ill is the patient at this time?”2°. This
rating is based upon observed and reported symptoms, behaviour, and function. A seven-

point rating scale is used which ranged from 1=normal to 7= extremely ill.
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Sample collection
After written consent, venous blood samples were collected for testing in PAXgene™ blood

RNA tubes (Qiagen, Hilden, Germany) and Acid Citric Dextrose tubes (BD).

Bulk blood RNA-sequencing

We performed bulk blood RNA sequencing in the PANS cohort comprising 20 children with
PANS versus 15 gender and age-matched controls. There were no significant differences in
age, gender or clinical characteristics between the 20 children with PANS who underwent bulk
blood RNA sequencing, versus the other 12 in the cohort. Subsequently, we performed bulk
blood RNA sequencing in the PANS-IVIg cohort comprising another 9 children with PANS
before and after IVIg treatment versus 10 gender and age-matched controls. Blood samples
were collected immediately prior to IVIg administration, and 10-14 days post IVIg. In the
PANS-IVIg cohort, bulk RNA sequencing was performed via two batches, 4 patients versus 4
controls in the first batch, and 5 patients versus 6 controls in the second batch. There was no
addition of new medications during the period when omics analyses were performed. Bulk
blood RNA sequencing was conducted by the Australian Genome Research Facility (AGRF,

Melbourne, Australia), as described in Supplementary material.

Single-cell blood RNA sequencing
We performed single-cell RNA sequencing using the 10X Genomics platform on an additional
two children with PANS who had not previously undergone bulk RNA sequencing. compared

with two matched control subjects, as described in Supplementary material.

Toll-like receptor immune assay

10
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We developed an in-house Toll-like receptor (TLR) immune assays on PBMCs from 7 children
with PANS versus 7 gender and age-matched controls, as described in Supplementary

material.

Bioinformatic analysis

Bulk/single-cell RNA sequencing bioinformatic analysis and enrichment analysis

RNA seq data were analyzed (by VXH, SA, EM, BG, NA, ML) in the R statistical environment 2*
with tidyverse??, described in Supplementary material. For 10X Genomics single cell RNA
sequencing, the Seurat package was used for analysis?3, described in Supplementary material.
In this study, we focused on a pathway driven analysis, demonstrating cumulative effects of
the differential expression of multiple genes, instead of focusing on individual genes. Pathway
enrichment analysis was performed via Gene Set Enrichment Analysis (GSEA) to obtain
enriched Gene Ontology (GO) and reactome pathways using the fgsea package, described in

Supplementary material.

Statistical analysis
We performed statistical analyses using GraphPad Prism v8.2.0. We compared characteristics
of NDDs versus controls using independent t-tests, chi-squared tests, and Mann-Whitney U

tests.

Ethics approval
Ethical approval was granted by the Sydney Children’s Hospitals Network Human Research
Ethics Committee (HREC/18/SCHN/227, 2021/ETH00356). Informed consent was obtained

from all subjects.
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Results

Neurodevelopmental disorders (NDD) cohort: clinical characteristics

A total of 100 sequentially reviewed children with NDDs (mean age 10.1 years 4-17), 68%
males) and 58 neurotypical controls (mean age 9.5 (5-14 years), 60% males) were interviewed
using the standardized assessment tool. A low socioeconomic background was
disproportionately higher in the NDD group compared to controls (median decile 8 versus 10,
p<0.00001, Supplementary Figure 2). The NDD group also had significantly higher rates of
gastroesophageal reflux (27% vs 1.7%, p = 0.000061), constipation (33% vs 10.3%, p=0.001),
asthma (24% vs 5.2%, p=0.002), eczema (16% vs 5.2%, p=0.044), hay fever (13% vs 3.4%,

p=0.048), and allergies (38% vs 5.2%, p<0.00001), compared to controls.

Parents reported significantly more frequent childhood infections in the NDD group
compared to controls in first 5 years of life (in red) and last 12 months of life (in blue) (heat
map presented in Figure 1B). In the first 5 years of life, there were higher rates of throat
infection (p=0.0009), ear infection (p=0.0014), mouth ulcers (p=0.0033), general practitioner
visits (p<0.0001), and antibiotic courses (p<0.0001) in NDDs versus controls (Figure 1C). In the
12 months prior to interview, there were higher rates of mouth ulcers (p=0.0006) and

antibiotic courses (p<0.0001) in NDDs versus controls (Supplementary Figure 3).

The main diagnoses in the NDD group included tic disorder/Tourette syndrome (68%), OCD
(48%), ADHD (46%), ASD (35%), plus anxiety (63%), depression (9%) and learning disability
(6%). As expected, using the strengths and difficulties questionnaire (SDQ), children with

NDDs had more total difficulties compared to healthy controls, and higher emotional
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symptoms, conduct problems, hyperactivity/inattention, and problems with peer

relationships (all p<0.0001, Figure 1D and Supplementary Figure 4).

Reported environmental triggers at onset of tics/OCD were common, and occurred in 45% of
the children with NDDs, including infection (26%), stress (11%) and medications (3%). Loss of
skills associated with neurodevelopmental symptoms were reported in 82% of the NDD
group, compared to 3.4% of controls (p<0.00001). Loss of skills in the NDD group were in the
domains of learning ability (69%), fine motor skills (46%), social skills (45%), gross motor skills
(37%) and language (27%) (Figure 1E). The NDD cohort were significantly impaired: 67% of
children were taking one or more conventional psychiatric medication, 31% presented to
emergency department due to their neuropsychiatric symptoms, and 24% had prolonged
school absence (>3 months). Treatment included alpha agonist (35%), selective serotonin
reuptake inhibitors (31%), neuroleptics (27%), and stimulants (27%). Immune modulators
initiated or used during the time of the study included intravenous immunoglobulin (17%),

antibiotics (21%), and oral corticosteroids (14%).

PANS cohort: Clinical characteristics

Out of the 100 patients with NDDs, 32 fulfilled the PANS criteria (mean age 10.4 years (4-12),
62.5% males)*3. Children with PANS had predominant OCD (81.2%), restrictive eating (46.7%),
and separation anxiety (84%). Additional symptoms included emotional lability/depression
(68.8%), irritability/aggression/oppositional behaviours (53.1%), deterioration in school
performance (87.5%), sensory or motor abnormalities (53.1%), tics (46.9%), somatic
symptoms including sleep disturbance and enuresis (59.4%). A significant proportion of

children with PANS had pre-existing ASD (38%), ADHD (28%), and learning disabilities (28%),
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342

prior to onset of first PANS episode (patient details in Supplementary Table 3). Although all
children in the PANS cohort had a convincing history of acute onset of neuropsychiatric
symptomes, infection was associated with onset in 66%, and in the other 34%, the onset was
associated with manifest stress or unclear reasons. The PANS cohort was significantly
impaired: 63% had prolonged school absence (>3 months), 81% report a relapsing remitting
clinical course, and the mean number of conventional psychiatric drugs trialed was 2.4 (0-9).
A large proportion of them previously tried infection/immune therapies including antibiotics
(70%), steroids (47%) and IVIg (57%). The mean duration of time from first PANS episode to
time of research blood sampling was 3.7 years (0.5-10 years). Although some of the children
were in the chronic phase of PANS, all of them had ongoing developmental and

neuropsychiatric symptoms at time of blood sampling.

PANS versus non-PANS NDD cohort: Clinical characteristics

Children with PANS (n=32) compared to non-PANS NDDs (n=68, mean age: 10.6 years (4-18),
70.6% males) were more likely to have OCD (81% vs 37%, p=0.0001), anxiety (84% vs 57%,
p=0.001), depression (69% vs 7%, p=0.00001), and more severe NDD symptoms resulting in
prolonged school absence (63% vs 18%, p=0.0001) (Supplementary Table 3). There were no
significant differences between childhood infection rates or loss of skills between the two

groups (Supplementary Figure 3 and 4)

Cerebrospinal fluid and blood inflammatory markers in PANS
Due to the infection provoked nature and abrupt onset of neuropsychiatric symptoms in
PANS, the children often presented to hospital acutely, and some required cerebrospinal fluid

(CSF) examination to exclude encephalitis. Within the PANS cohort, six children (mean age: 7
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years (4-11), 67% males) had CSF evaluation during the first or subsequent PANS relapse.
These children had negative antibody testing (NMAR, LGI1, CASPR2, GABA-BR, AMAP-R) in
serum and cerebrospinal fluid. We compared CSF cytokines and inflammatory metabolites in
these six children with PANS with two other control groups (1) children with non-
inflammatory neurogenetic disorders (n= 11, mean age: 6.3 years (0.3-16), 36.4%), and (2)
children with proven autoimmune encephalitis (n= 8, mean age: 9 years (3-14), 62.5% males)
(Supplementary Table 4). We measured CSF tumor necrosis factor (TNF), interferon (IFN)-
alpha, interleukin (IL)-10 and interleukin-6 as these have been shown to be the most
differentiating cytokines of encephalitis compared to controls?®. In addition, we measured
CSF neopterin and kynurenine-tryptophan ratio which are sensitive markers of
neuroinflammation (described previously)? 26. These CSF biomarkers were elevated in
encephalitis but not elevated in PANS, and the findings in PANS did not differ from the
neurogenetic ‘negative’ controls (Figure 2A). In addition, there were no quantitative cell count
differences in the peripheral blood white cell, neutrophil, lymphocyte, C-reactive protein, and
erythrocyte sedimentation rate in children with PANS compared to the controls (taken at time

of blood omics samples, Supplementary Figure 5).

PANS cohort: Bulk whole blood RNA sequencing

We first performed whole blood bulk RNA sequencing in 20 children with PANS (mean age:
10.5 years (4-16), 62.5% males) versus 15 age and gender matched controls (mean age: 10.3
years (4-16), 60% males) (Supplementary Table 2 for patient details). Post RUV normalization,
the principal component analysis of the bulk gene expression showed discrimination between

the children with PANS versus controls (Figure 2B). There were 6914 differentially expressed
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genes (FDR <0.05), 3544 were upregulated (Figure 2C: in red) and 3369 were downregulated

(Figure 2C: in blue).

Based on GSEA analysis using a ranked gene list, the top 5 upregulated Gene Ontology (GO)
and Reactome pathways predominantly involved ribosomal biogenesis, translational
processes, and RNA methyltransferase pathways (Figure 2D: in red, Supplementary Figure 7).
In particular, the top three upregulated GO molecular function pathways were identified as
structural constituents of ribosome, rRNA binding, and RNA methyltransferase activity
(presented as CNET plot in Figure 3A: in red). Key genes that enriched the upregulated
pathways included ribosomal genes associated with small subunit (40S) or large subunit (60S)
of the eukaryotic and mitochondrial ribosome: RPS, RPL, MRPS, MRPL, as well as RNA and

tRNA methyltransferase genes: METTL, TRMT (Figure 3B).

The top 5 downregulated GSEA GO and Reactome pathways involved diverse cellular
functions, including mitochondrial activity, protein kinase signaling, and immune function
involving autophagosome organization, exocytosis, receptor mediated endocytosis,
phagocytic vesicle, secretory granule, and neutrophil degranulation (Figure 2D: in blue). The
top downregulated Reactome pathway involved neutrophil degranulation (presented as CNET
plot in Figure 3A: in blue). The corresponding downregulated genes included integrin genes:
ITGAM, ITGAL, ITGAX, ITGB2, toll-like receptor (TLR) genes: TLR2, MAPK1, MAPK14, NFKB1,
cytokine/chemokine genes: CXCR1, CXCR2, CXCL1, TNFRSF1B, complement genes: C5AR1, and

Fc-gamma receptor genes: FCGR2A, FCGR3B (Figure 3C).

PANS cohort: Single-cell blood RNA sequencing
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Based on the findings from bulk RNA sequencing, we conducted a deeper investigation into
cell-specific gene expression patterns through single-cell RNA sequencing. We performed
single-cell RNA sequencing in two children with PANS (mean age: 8 years, 50% male, case
summaries in Supplementary text), and compared them to 2 neurotypical controls (mean age:

11.5 years, 50% male).

Based on cell markers, we identified nine distinct cell types (Figure 4A). Adaptive immune
cells, T cells (CD8 and CD4), and B cells constituted the largest proportion of cells across all
samples (Figure 4B). Additionally, UMAP analysis of integrated biological samples revealed
distinct cell clusters (Figure 4C). There were no significant differences observed in the
distribution of cell clusters between individual PANS patients and controls (Supplementary

Figure 8).

The most significant enriched pathways were observed in CD8 T cells and B cells, likely
attributed to their large population sizes in the sequencing data, indicating their substantial
contribution to the identified pathway enrichments (Figure 4D, Figure 4E, Supplementary
Figure 9, 10). GSEA cellular component (Figure 4D) and reactome analysis (Figure 4E) revealed
predominantly upregulated pathways related to ribosome biogenesis and translation. Upon
further investigation, ribosome biogenesis and translational pathways showed upregulation
in adaptive immune cells, but the direction of these pathways was more varied in innate
immune cells. Specifically, ribosomal and translational pathways were upregulated in classical
monocytes and dendritic cells, but showed downregulation in non-classical monocytes and
natural killer cells. Conversely, predominantly downregulated pathways included cellular

pathways including mitochondrial, respiratory electron transport (Figure 4D and Figure 4E).
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Immune pathways including IFN-gamma signaling and adaptive immune system were
predominantly downregulated in adaptive immune cells but upregulated in innate immune
cells. Additionally, immune pathways including endocytic vesicle, phagocytic vesicle and
secretory granule which were downregulated in bulk RNA sequencing, were upregulated in
CDA T cells and innate immune cells including classical monocytes, non-classical monocytes,

and natural killer cells (Supplementary Figure 9, 10).

PANS cohort: Toll like-receptor immune assay

Given the dysregulation of immune pathways uncovered by both bulk and single-cell RNA
sequencing analyses, we aimed to determine the functional immune status of PBMCs in PANS.
We assessed cytokine responsiveness upon stimulation of a critical innate immune pathway,
the TLR pathway. TLR proteins expressed on immune cells recognize pathogen-associated
molecular patterns like lipopolysaccharide (LPS), triggering a signaling cascade that produces
pro-inflammatory cytokines and chemokines (Figure 5A). We measured the gene expression
and cytokine production of LPS-stimulated PBMCs of 7 children with PANS (mean age 10.6
years (range 5-15), 57.1% male) versus 7 neurotypical controls (mean age 11.9 years (range

8-15), 57.1% male) (Fig. 5B).

In PBMCs stimulated with LPS, /L6 expression was reduced at both 30 minutes (p < 0.05) and
3 hours (p < 0.05) in PANS compared to controls, and IL6 and TNF (protein) was reduced at 3
hours (p < 0.01) in PANS compared to controls (Figure 5C). This indicated a reduced

responsiveness to LPS stimulation in PBMCs of PANS compared to controls.

PANS IVIg cohort: Clinical response to IVIg treatment
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Within the PANS cohort, we observed a clinical pattern of response to IVIg in 9 children who
received open-label 4 weekly IVIg. Although the therapeutic response to IVIg varied, the effect
commenced early (often a few days after infusion), but only lasted for around two to three
weeks, and the beneficial effect often waned before the next infusion (Figure 6A). Most of
our patients required chronic monthly use of IVlg due to the ongoing nature of their
symptoms. For example, in one patient, we observed gradual improvement of OCD symptoms
with monthly IVIg treatment over 6 months, however OCD symptoms appeared to worsen

after stopping IVIg, requiring re-commencement (Figure 6B).

PANS IVIg cohort: Bulk whole blood RNA sequencing

Given the abnormalities found in gene translation and cellular function at baseline in PANS,
we next explored the mechanistic action of IVIg in PANS. We performed bulk RNA sequencing
in 9 children with PANS (mean age: 10.1 years (7-15), 55.6% males) before and after receiving
IVIg treatment compared to 10 healthy controls (mean age: 10.8 years (8-17), 50% males).
Following RUV normalization, principal component analysis (PCA) of the bulk RNA sequencing
data revealed robust discrimination between children with PANS at baseline and controls.
Additionally, PANS patients post-IVIg treatment appeared to exhibit a closer proximity to the
control group, suggesting a potential therapeutic effect of IVIg treatment on RNA sequencing
profiles in PANS patients (Supplementary Figure 11). There were 541 differentially expressed
genes (FDR <0.05) in PANS at baseline versus controls, and 4200 differentially expressed

genes (FDR <0.05) in PANS post IVIg treatment compared to pre IVIg treatment.

We compared the normalized enrichment scores (NES) for the top 50 GSEA GO pathways

present in: (1) PANS pre IVIg versus control (left column), and (2) PANS post IVIg versus PANS
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pre IVIg (right column) (Figure 6C). We were able to reproduce our baseline RNA sequencing
findings in PANS versus controls in this second (replication) PANS cohort. In PANS pre IVIG
versus control, the most upregulated pathways involved ribosomal function and translation,
whereas the most downregulated genes involved immune function, endocytosis and cell
signalling (Figure 6C). The pathways that were upregulated in PANS pre IVIg treatment were
downregulated post IVIg treatment (ribosomal biogenesis, translational, post translational
protein modifications). Pathways that were downregulated in the PANS pre IVIg treatment
were upregulated post IVIg treatment (immune, epigenetic, and cellular function) (Figure 6C,

Figure 6D, Supplementary Figure 12).

Discussion

The prevailing paradigm regarding the pathogenesis of NDDs recognizes a complex interplay
between genetic, epigenetic, and environmental factors. Environmental influences at critical
windows of vulnerability have been shown to affect fetal brain development in animal
models?’2°, Proposed mechanisms of early-life programming in neurodevelopment involve
epigenetic ‘priming’ of microglial and peripheral immune cells, resulting in systemic immune
dysregulation3®32, A ‘two-hit’ model explains how the prenatal disruptions in brain
development increases offspring susceptibility to recurrent infections and abnormal
neurodevelopmental trajectories?”” 2°. While prenatal first ‘hits’, such as maternal
inflammation during pregnancy, have been firmly linked to NDD risk, the connection between

postnatal ‘hits’ and NDD symptoms in humans remains less defined?’.

Brain development is a highly dynamic process, involving a fine orchestration of neurological

functions. Within this context, episodic “regressions” in developmental skills have been

20

223



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

previously described and diagnhosed as autistic regression or PANS'> 13 14 |n our cohort,
children with NDDs unsurprisingly exhibited a high degree of emotional and behavioural
issues. Notably, we also observed a high frequency of loss of developmental skills, often
triggered by infection or stress, in children with NDD compared to controls. This observation
suggests that loss of developmental skills may be a common occurrence in NDDs, and not
exclusive to autistic regression or PANS. We observed increased reported childhood
infections and allergic conditions in children with NDDs compared to controls, consistent with
previous studies® 333>, The underlying mechanisms behind the association between recurrent
infections and neurodevelopmental or psychiatric manifestations is poorly understood. To
better delineate disease pathways underlying this association, we focussed our investigation
on children fulfilling PANS criteria. Our hypothesis was that PANS is not an autoimmune
encephalitis, but instead a gene regulatory disorder associated with peripheral and brain

immune dysregulation.

We showed that CSF examination of children with PANS is typically normal, lacking evidence
of encephalitis. In addition, routine immune testing in PANS revealed normal quantitative
immune cells in peripheral blood, and no evidence of systemic inflammation. In a clinical
cohort, while brain cell RNA sequencing is not possible, peripheral blood immune analysis is
feasible. In this study, children experienced recurrent infections and exhibited abnormal
immune responses, making peripheral blood immune cell transcriptomics highly relevant in
understanding their condition. Key findings from our blood RNA-sequencing analyses of PANS
patients included upregulation of translational pathways enriched with ribosomal proteins,
and downregulated pathways of broad cellular function and immune pathways. The

translation of information encoded by mRNA into functional proteins occurs in ribosomes,
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which plays critical roles in brain development3®. There are established associations between
disruption of translational machinery and NDDs. Firstly, monogenic mutations affecting
components of the translational process, such as ribosomal proteins or translational factors
can cause NDDs3”3°, Secondly, environmental exposures like infections and stressors can
disrupt translational processes by impacting ribosomal biogenesis®. Ribosomal biogenesis is
critical for maintaining homeostasis during stress such as proteostasis imbalance, nutrient
deprivation, and oxidative stress®*. Perturbations to ribosomal biogenesis can lead to
reduction of protein synthesis crucial for dendritic and synaptic function, contributing to
changes in neuronal connectivity associated with NDDs3?. In our study, we observed a large
number of upregulated RPL and RPS genes coding for 40S and 60S ribosomal subunits in PANS
versus controls, also seen in in blood leukocytes and post-mortem cortical tissue of individuals
with ASD*!, Consistent findings across these studies supports the notion that ribosomal
protein dysregulation in both brain and peripheral blood is a central feature in the

pathophysiology of NDDs in general, and not specific to PANS 1.

We hypothesize that early life environmental factors alter the epigenetic regulation of
immune cells in NDDs, resulting in disturbance to the translational processes via ribosomal
biogenesis. We found epigenetic pathways including RNA methyltransferase and chromatin
organization to be dysregulated in children with PANS. Recent studies highlight the
environmental impact on epigenetics and epitranscriptomics, which play pivotal roles in
regulating translational processes®® “3. Histone methyltransferases (KMT), histone
demethylase (KDM), and RNA methyltransferases (METTL), play crucial roles in regulating
ribosomal gene transcription?**’. Modifications to histone lysine methylation have been

shown to modulate ribosomal expression via post translational modifications, aiding cell
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adaptation to stressful environmental conditions®®. In addition, ribosomal proteins also have
non-ribosomal functions, such as immune functions*. Ribosomal stress results in the release
and accumulation of ribosome-free ribosomal proteins that are involved in immune signaling
pathways, which may also be contributing to downstream immune dysregulation in PANS*.
However, other interactions between immune, translational, and epigenetic processes are
also plausible. Immune cells are highly adaptable to environmental stimuli, such as infections,
and their responses involve complex interactions with epigenetic mechanisms and ribosomal
biogenesis. For example, T cell activation, marked by the release of effector molecules, can
initiate reprogramming of cellular metabolism, typically accompanied by increased ribosomal
biogenesis and enhanced activity of RNA cap methyltransferases®® >, Thus, it is possible that
our RNA sequencing data reflects activation of certain immune cell populations, in early life
or in response to recent environmental stimuli. Nevertheless, the precise interactions
between epigenetic, translational, and immune mechanisms warrants further investigations

in the context of PANS.

This study observed a diverse downregulation of cellular functions using RNA sequencing in
PANS, encompassing mitochondrial activity, receptor-mediated endocytosis, exocytosis, and
immune pathways. These findings are consistent with RNA sequencing studies of blood and
brain samples of other NDDs>% >3, Specifically, immune factors are increasingly recognised to
operate at the gene-environment interface during NDD pathogenesis. Integrated brain
transcriptome and epigenetic analyses of individuals with NDD demonstrate convergent
dysregulated immune pathways®* >>. Abnormal peripheral immune responses, including
abnormal cytokine production, immunoglobulin levels, and altered cellular response to

stimuli, have also been reported in individuals with NDDs . We identified a downregulated
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immune signal in blood RNA sequencing, implicating various innate immune pathways,
enriched in genes related to TLR, integrin, complement, cytokine, and chemokine signaling.
The cytokine hypo-responsiveness to stimulation via LPS in the children with PANS in our
study provides additional evidence of innate immune dysfunction in PANS. While this study
primarily highlights innate immune dysregulation, our single-cell RNA sequencing also reveals
immune dysregulation in adaptive immune cells, such as CD8+ T cells and B cells. Although
TLR is primarily associated with innate immune responses, TLR also has direct and indirect
effects of T cells function®’. Given the fact that we used a PBMC fraction, further studies
should explore differential TLR response in individual cell types, such as monocytes and
lymphocytes. Further immunological testing on both innate and adaptive immune cells is
needed to determine whether this dysregulation is global or restricted to specific cell types.
We propose that children with PANS have global suppression of immune function, with
downstream deficits in cell debris clearance, and potential secondary inflammation. This
finding correlates with the recurrent infections in children with NDDs that we and others have

observed!® %8,

Early-life exposures to environmental factors, can lead to ‘epigenetic’ programming,
impacting immune cells both peripherally and in the brain®® €. There is a dynamic cross-talk
between microglia and other myeloid-derived cells®. While our study has revealed peripheral
blood immune dysregulation in PANS, it is plausible that microglia also have impaired function
in individuals with PANS. Microglia are crucial for immune surveillance, regulating neuronal
functions, and influencing synaptic connections through synaptic pruning® 2. Disruption to
microglia-mediated synaptic pruning is a key process in NDDs and psychiatric disorders 2.

Previous positron emission tomography imaging studies of individuals with PANS revealed
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reactive microglial states®®. Animal models of maternal immune activation show
perturbations in offspring microglia function, including impaired phagocytosis, resulting in
aberrant proinflammatory states, contributing to neurobehavioral abnormalities®®. We
propose that early life environmentally-driven epigenetic changes to the neuroimmune axis
can result in neuroimmune dysfunction, contributing to neurodevelopmental and psychiatric

disorders 6% 5,

The use of immunotherapy in PANS, particularly IVIg is reported to be clinically beneficial, but
its effectiveness is controversial and its immunomodulatory effects remain unknown 1 7. 66,
IVlg has multiple mechanisms of action in inflammatory diseases, including modulation of
expression of Fc receptors, interference with complement activation and cytokines, and
regulation of immune cell activation®”. Our study is the first to provide insights on the
biological effects of IVIg in PANS. Firstly, we found that IVIg modified dysregulated pathways
involving both innate and adaptive immunity present at baseline in PANS, demonstrating the
broad immunomodulatory effects of IVIg in PANS. Secondly, IVIg appeared to modify other
key dysregulated pathways in PANS related to ribosomal biogenesis, translational, and post-
translational protein modifications, as well as epigenetic pathways. Although studies on the
effects of IVIg on the translational program are limited, other mechanisms affecting gene
regulation, via methylation and microRNA alterations, have been reported in Kawasaki
disease and immunodeficiency®® 9. Thirdly, we found upregulated pathways in inositol
phosphate phosphatase activity post IVIg treatment in PANS. The effects of IVIg on the Fc
gamma receptor via inositol phosphate phosphatase pathways have also been demonstrated
in immune thrombocytopenia purpura 7°. It should be emphasized that although we describe

the benefit of IVIg in some individuals with PANS and demonstrate potential biological effects
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of IVIg on gene regulation, this does not provide proof of effect. Robust randomised-
controlled clinical trials with significant clinical benefits are needed to provide evidence for
IVIg in PANS. Further investigations into the impacts of IVIg on peripheral-brain immune
crosstalk, along with identifying gene signatures to predict individual treatment
responsiveness to IVIg are crucial for personalizing treatment options for individuals with
PANS. Additionally, correlating clinical responsiveness to IVIg with biological changes in gene
expression, will help to delineate key pathways critical for alleviating PANS symptoms. In vitro
cell-based studies are needed to delineate specific mechanisms of IVIg in PANS, as opposed
to general actions of IVIg on blood cells. Additionally, exploring oral treatments with sustained

effects is important considering the short-lived clinical response to IVIg.

In this study, we demonstrate a common gene regulatory signature in PANS, replicated across
two cohorts using bulk RNA sequencing and further confirmed in two patients through single-
cell RNA sequencing. We propose that this signature arises from the interaction between
environmental factors and genetic vulnerability, mediated by the epigenetic machinery.
Nonetheless, we acknowledge the possible influence of DNA variants on this signature.
Limitations of our study include the retrospective nature of the childhood infection and loss
of skills history, which may be susceptible to recall bias and overreporting among patients
enrolled from a specialized clinic. Additionally, controlling for complex human variables and
potential confounders was challenging. We were unable to control for socioeconomic status,
which is an important confounder as lower socioeconomic status seen in our NDD cohort
could be associated with higher rates of childhood infections and other allergic diseases.
Second, our omics analysis involved a small sample size with considerable heterogeneity in

symptomology and phase of disease. Although some of the children with PANS were in the
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chronic phase of disease, all of them had ongoing debilitating neuropsychiatric symptoms,
requiring psychotherapy and psychiatric medications. Longitudinal RNA sequencing at
different time points in PANS (acute and chronic phase) will help us better understand the
stability of the gene expression signature. Additionally, while there may be persistent gene
expression changes in people with chronic infections, we ensured that the children with PANS
did not have significant acute or uncontrolled chronic infections 4 weeks before blood taking.
Gaining appropriate controls was challenging, half of our controls were being investigated for
growth or puberty delay. Thirdly, patients were on conventional psychiatric medications
which could potentially affect gene expression; however subgroup analysis of PANS patients
did not reveal significant differences in gene expression between patients receiving
psychiatric medications versus those who were not (data not shown). Fourth, it is important
to note that bulk RNA sequencing of whole blood includes all leukocyte populations, whereas
10X Genomics single-cell RNA sequencing is based on PBMCs (excluding neutrophils). Fifth,
our current study is based on peripheral blood and not brain, as brain is not a feasible tissue
to investigate in humans. However, we hypothesize that peripheral blood cells are
representative of brain cells, given the fact that putative environmental drivers of immune
signature have effects across organs with different cellular origins. We propose that RNA
sequencing signatures in peripheral blood will transpire to be a valuable diagnostic tool in
NDDs”*. Further studies to examine blood and brain RNA signatures in animal models are
needed to further explore the blood-brain correlation. Larger prospective cohort studies are
needed, combining environmental exposures, omics analyses (DNA, RNA and epigenetic
modifications) with detailed immune function testing, to unpick gene-environment
interactions in PANS compared to the broader NDD spectrum. In our PANS cohort, a

significant proportion of children had pre-existing NDDs. Although PANS commonly occurs in
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previously healthy children, emerging clinical evidence indicates that the constellation of
PANS symptoms can also manifest in children with pre-existing NDDs, with an overlapping
genetic background observed between PANS and NDDs3. Future studies including subgroups
of patients with PANS and NDDs will be critical to determine if PANS is a subgroup with a
unique biological mechanism, or if children with PANS represent the more severe end of NDD
spectrum with similar genetic, environmental and epigenetic underpinnings. These efforts

aim to advance precision medicine in diagnostics, prognostication, and therapeutics for NDDs.

In conclusion, we propose that the pathogenesis of PANS involves epigenetic dysregulation
which results in downstream immune dysregulation >2. We propose that PANS is not a discrete
‘autoimmune’ entity but represents an important clinical phenotype of NDDs centred around
epigenetic neuroimmunology. Epigenetic and immune modulating therapies require further

investigation in PANS and other NDDs 7% 73,
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Figures

Figure 1 Clinical data of 100 children with neurodevelopmental disorders (NDD) versus 58
healthy controls

(A) The study workflow involved clinical interview of children with NDDs and controls. Bulk
blood RNA sequencing, single-cell blood RNA sequencing, and Toll-like receptor stimulation
assay were performed for children with Paediatric acute-onset neuropsychiatric syndrome
(PANS). Children with PANS receiving intravenous immunoglobulin (IVIg) treatment were
categorized as the PANS-IVIg cohort. Bulk blood RNA sequencing was performed before and
after IVIg treatment. Image generated with Biorender.

(B) Heatmap of reported childhood infections of 100 children with NDDs (top half) versus 58
healthy controls (bottom half). Responses to infection screening tool in the first 5 years of
life (in red) and 12 months prior to interview (in blue). On the x axis, numbers 0 to 14
represent the 14 questions in the infection screening tool (Supplementary Figure 1). The
intensity of the colour represents the frequency based on the 5-point Likert scale. There is
increased intensity in the heatmap in the children with NDDs versus controls reflecting
higher frequency of reported infections in those with NDDs, particularly in the first 5 years
of life.

(C) Bar charts of frequency of reported infection in the first 5 years of life in children with
NDDs versus healthy controls. The frequency is based on a 5-point Likert scale including -
never, occasional (less than once per year), sometimes (1-3 times per year), often (4-6 times
per year) and almost always (almost always). In the first 5 years of life, there were
significantly higher rates of throat infection, ear infection, mouth ulcers, general practitioner
visits for infection, antibiotic courses and emergency visits for infection in the NDD group
compared to controls.

(D) Dot plots showing the total difficulties and impact score of the Strengths Difficulties
Questionnaire (SDQ). Children with NDDs compared to healthy controls have a higher
average total difficulties and impact score (p<0.0001).

(E) Bar plot showing the percentage of children with NDDs (in yellow) and controls (in blue)
with reported loss of skills. A significantly higher proportion of children with NDDs
compared to healthy controls report loss of skills at any time in their childhood, including
learning ability, social skills, fine and gross motor skills.
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Figure 2 Bulk blood RNA sequencing of Paediatric acute-onset neuropsychiatric syndrome
patients (PANS) versus controls

(A) Cerebrospinal fluid cytokine levels (TNF, IL10, IL6, IFN alpha), neopterin, and
kynurenine/tryptophan (KYN/TRP) levels in children with PANS (n=6) did not significantly
differ from controls with non-inflammatory neurogenetic conditions (n=11). On the other
hand, children with anti-NMDA receptor encephalitis (n=8) had markedly elevated cytokine
levels, neopterin and KYN/TRP compared to controls with neurogenetic conditions and
PANS. The CSF findings in PANS were not in keeping with autoimmune encephalitis.

(B) Principal component analysis (PCA) performed on bulk RNA sequencing performed in
children with PANS and controls. The x-axis represents Principal Component 1 (PC1), while
the y-axis represents Principal Component 2 (PC2). Unbiased hierarchical clustering of gene
expression between children with PANS and controls showed separation of data indicating
strong group discrimination post RUV.

(C) Volcano plot with annotation of 6914 differentially expressed genes (3544 upregulated
genes in red and 3369 downregulated genes in blue) (FDR<0.05).

(D) Bar plot of Gene Set Enrichment Analysis (GSEA) Gene Ontology (GO) Biological Process
(BP), Molecular Function (MF), Cellular Component (CC) and Reactome pathways.

The top 5 upregulated GSEA GO and Reactome pathways were predominantly ribosomal
biogenesis, translational processes, as well as RNA methyltransferase pathways.

The top 5 downregulated GSEA GO and Reactome pathways involved broad diverse cellular
functions, namely in mitochondrial activity, protein kinase signaling, and immune function
including autophagosome organization, exocytosis, receptor mediated endocytosis,
phagocytic vesicle, secretory granule, and neutrophil degranulation.
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Figure 3 Connectivity network plots of top upregulated and downregulated bulk RNA
sequencing in Paediatric acute neuropsychiatric syndrome patients, compared to controls
(A) Top panel:

Connectivity network plot of the top 3 up-regulated enriched Gene Set Enrichment Analysis
(GSEA) Gene Ontology molecular function (GO MF) pathways: structural constituent of
ribosome, rRNA binding and RNA methyltransferase (in red). The enriched pathways are
represented by their respective colors, and corresponding genes’ adjusted p value.
Upregulated genes that enrich the pathways included ribosomal genes associated with small
subunit (40S) or large subunit (60S) of the eukaryotic and mitochondrial ribosome: RPS, RPL,
MRPS, MRPL, as well as RNA and tRNA methyltransferase genes: METTL, TRMT.

Lower panel:

Connectivity network (CNET) plot of the top down-regulated enriched GSEA Reactome
pathway: neutrophil degranulation (in blue). The enriched pathway is represented by the
respective colors, and corresponding genes’ adjusted p value. Downregulated genes that
enrich the pathway included integrin genes: ITGAM, ITGAL, ITGAX, ITGB2, TLR genes: TLR2,
MAPK1, MAPK14, NFKB1, cytokine/chemokine genes: CXCR1, CXCR2, CXCL1, TNFRSF1B,
complement genes: C5AR1, and Fc-gamma receptor genes: FCGR2A, FCGR3B.

(B) The y-axis depicts the log counts per million after the removal of unwanted variation
(RUV) normalization, illustrating the upregulation of gene expression for representative
genes RPS19 and METTL3 in PANS compared to controls.

(C) The y-axis depicts the log counts per million after the removal of unwanted variation
(RUV) normalization, illustrating the downregulation of gene expression for representative
genes ITGAM, MAPK1 and NFKB1 in PANS compared to controls.
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Figure 4 Single- cell blood RNA sequencing of Paediatric acute neuropsychiatric syndrome
patients versus controls

(A) Heatmap of top differentially expressed genes based on cell type. Genes are the top
markers of differential analysis between cell types (FDR <0.05) ranked by difference in
proportion of cells expressing the respective gene.

(B) Bar chart of cell population composition of the two controls and two PANS patient
samples

(C) Uniform manifold approximation and projection (UMAP) projection of all 4 samples,
including 2 children with PANS and 2 control samples in single cell transcriptomics identified
9 unique clusters: NK cells, CD8 T cell, B cell, CD4 T cell, classical monocytes (cMono), non-
classical monocytes (ncMono), plasmacytoid dendritic cell (pDC), classical dendritic cell
(cDC).

(D) Dot plot visualizing the top 30 GSEA GO cellular component pathways for CD8T cells. The
dot's colour represents the normalized enrichment score (NES), with red indicating
upregulation, blue indicating downregulation, and zero represented by white. The size of each
dot corresponds to the -log10(padj value) of the pathway. The NES scores of these pathways
were mapped across all other cell types, demonstrating heterogeneity in cell type pathway
enrichment. In terms of ribosome biogenesis pathways, it was found that adaptive immune
cells exhibited upregulation, whereas the direction of these pathways was more varied in
innate immune cells. In addition, cellular function, including mitochondrial activity, were
downregulated across all cell types.

(E) Dot plot visualizing the top 30 Reactome pathways for CD8T cells. The NES scores of these
pathways were mapped across all other cell types, demonstrating heterogeneity in cell type
pathway enrichment. In terms of translational pathways, it was found that adaptive immune
cells exhibited upregulation, whereas the direction of these pathways was more varied in
innate immune cells. Immune pathways were predominantly downregulated in adaptive
immune cells and upregulated in innate immune cells.
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Figure 5 Toll-like receptor stimulation analysis in Paediatric acute neuropsychiatric
syndrome patients compared to controls

(A) The Toll-like receptor (TLR) pathway is a crucial component of the innate immune system
responsible for detecting and responding to various pathogens. TLR proteins expressed on
immune cells recognize pathogen-associated molecular patterns like lipopolysaccharide
(LPS), triggering a signaling cascade that produces pro-inflammatory cytokines, such as
interleukin (IL)6 and tumour necrosis factor (TNF). TLR4= Toll-like receptor 4, TIRAP=
Toll/interleukin-1 receptor (TIR) domain-containing adaptor protein, TRIF= TIR-domain-
containing adaptor-inducing interferon-beta, TRAM= TRIF-related adaptor molecule, MyD88=
myeloid differentiation primary response protein 88, IRAK= interleukin-1 receptor associated
kinase, NF-kB (nuclear factor kappa light chain enhancer of activated B cells)

(B) Gene expression and cytokine production of LPS stimulated peripheral blood mononuclear
cells (PBMCs) of PANS patients compared to controls. PBMCs of PANS and controls were
stimulated with 500ng/mL LPS for 30 minutes, 3 hours, and 24 hours. Gene expression of IL6,
and TNF were measured using quantitative reverse transcription polymerase chain reaction.
Target gene expression was normalized to household gene, Beta-2-Microglobulin. In addition,
release of IL6 and TNF into the cell culture media was measured using ELISA.

(C) In PBMCs stimulated with LPS, IL6 gene (RNA) expression was lower at both 30 minutes (p
< 0.05) and 3 hours (p < 0.05) in PANS compared to controls, and IL6 and TNF protein
production (ELISA) was significantly reduced at 3 hours (p < 0.01) in PANS compared to
controls (Figure 5C). Bars and whiskers represent median with interquartile range; n=7.
Mann-Whitney test, *P < 0-05, **P < 0-01.
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Figure 6 Bulk blood RNA sequencing of children with Paediatric acute-onset
neuropsychiatric syndrome (PANS) before and after intravenous immunoglobulin (IVig)
treatment, compared to controls

(A) Clinical response of three children with PANS who received IVIg was prospectively
assessed using the Clinical Global Impression Scale- Severity (CGI-S) to document the
therapeutic response to IVIg . We charted their daily CGI-S scores over 4-8 four-week cycles (
different colour represents a separate 4-week cycle). CGI-S followed a seven-point scale
where 1 is normal and 7 is extremely ill. The clinical benefit of IVIg is typically seen 1-7 days
after infusion and lasts for 2-3 weeks, and then the clinical benefit wanes.

(B) Clinical response (OCD symptoms ) of a child with PANS who received monthly IVig
treatment over 6 months using the Children’s Yale-Brown Obsessive Compulsive Scale (CY-
BOCS) score. CY-BOCS score has a total severity score of 0-50 to chart the progress of OCD
symptoms. IVIg infusions are marked with X. We observed gradual improvement in OCD
symptoms this child over 6 months. However, OCD symptoms were observed to relapse after
stopping IVIg, requiring re-commencement of IVIg.

(C) We compared the normalized enrichment scores (NES) for the top 50 Gene Set Enrichment
Analysis (GSEA) Gene Ontology (GO) pathways present in: (1) PANS pre IVIg versus control
(left column), and (2) PANS post IVIg versus PANS pre IVIg (right column). Pathways
upregulated (red) in PANS pre-IVIg versus controls including ribosomal biogenesis,
translational, post-translational protein modifications, and immune pathways, were
downregulated (blue) post-1Vig treatment. Pathways that were downregulated in the PANS
pre-IVIG versus controls including immune pathways, epigenetics, and broad cellular
function, showed upregulation after IVIg treatment.

*Regulation of transcription of nucleolar large rRNA by RNA polymerase |

**Nuclear transcribed mRNA catabolic process deadenylation-dependent decay

(D) The expression of representative genes RPS19, RPL41, and METTL3 was upregulated in
PANS Pre IVIg compared to controls. After IVIg treatment, the gene expression of these genes
was decreased, comparable to levels in controls. The log counts per million post-removal of
unwanted variation (RUV) normalization are plotted on the y-axis.
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Figure 4
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Figure 5
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Figure 6
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