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Abstract/Premise of this Thesis 

Autism spectrum disorder (ASD) is a heterogeneous developmental disorder arising early in 

life. ASD is composed of a wide variety of clinical characteristics, neuropsychological 

impairments and complex phenotypes.  The classical triad of ASD symptoms includes 

disrupted social function, atypical verbal and non-verbal communication skills, and restricted 

interests with repetitive behaviours. These core symptoms often coexist with other 

psychiatric and neurological comorbidities. Attention Deficit Hyperactivity Disorder (ADHD), 

epilepsy, migraine, and anxiety are much commoner in children with ASD (1, 2). Children and 

adults with ASD often encounter difficulties with emotional and behavioural problems (EBPs) 

such as emotional reactivity, aggression, and depression (3, 4). Up to 50% of those affected 

can have intellectual disability (ID) and limited verbal communication (5, 6, 7). Social, 

emotional and behavioural deficits in children with ASD are also important modifiers of 

outcome and are linked to elevated stress, mental and physical health problems, and lower 

overall family and caregiver well-being (8, 9).  We know that early intervention can be 

effective, and may be parent or therapist delivered (10). Pharmacological treatment of ASD 

can be successful insofar as it is useful for symptomatic management of some ASD 

comorbidities such as ADHD, and depression. 

Although genetic susceptibilities are increasingly recognised, the mechanism of disease 

development in ASD remains unknown. We are aware of both common and rare genetic risk 

factors with more than four hundred diverse high confidence genes now linked to ASD 

(https://www.sfari.org/resource/sfari-gene/). Singly, these genetic factors each convey only 

a modest increase in ASD risk (~1%), however collectively they can contribute to a far greater 

risk (11, 12). Both de novo and inherited genetic defects are recognised but ASD risk in 

progeny does not follow a clear pattern of inheritance (13, 14). Estimates of heritability of 

ASD in twin pairs vary widely between 50 – 90% (15, 16). The apparent male preponderance 

in ASD persists with a clear bias towards males. Rates of ASD among males exceed those of 

females by three or fourfold hinting at a possible sex differential genetic foundation (17, 18). 

Up to 20% of individuals with ASD may possess copy number variants (CNV) and de novo loss 

of function single nucleotide variants (SNV) that are individually rare but in combination, 

increase an individual’s overall ASD risk (11). While newer methods of genetic analysis (such 

as whole genome sequencing) are uncovering new candidate genes with regularity (19), the 

heterogeneity of the clinical and phenotypic groups within ASD strongly suggest that in those 

with a genetic predisposition, environmental factors may act in concert to bring about a 

https://www.sfari.org/resource/sfari-gene/
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multisystem dysfunction leading to ASD. Despite recent advances in gene analysis, we are 

yet to discover a single gene determinant that can account for more than a small percent of 

ASD cases. The current ASD literature suggests that mutations occurring in genes involved in 

synapse formation, cell adhesion molecule production  (Cadherin), scaffolding proteins 

(SHANK proteins), ion channels (sodium, calcium, and potassium channels), and signaling 

molecules can disrupt regulatory or coding regions and affect synapse formation, plasticity 

and synaptic transmission (20). All this suggests that we cannot explain many cases of ASD 

by genetic factors alone, or at least we cannot explain them using our current understanding 

of ASD genetics or our current techniques of genetic analysis.  

The flawed picture of ASD genetics has led some to investigate the role of environmental 

exposures in the aetiology of ASD. Researchers have identified many environmental risks in 

ASD. Advanced parental age, foetal environmental exposures, perinatal and obstetric events, 

maternal medication use, smoking and alcohol use, psychosocial hardship, nutrition and 

toxic exposures have all been implicated as risks in the pathogenesis of ASD (21, 22). While 

authors attribute between 17 - 41% of ASD risk to non-genetic or environmental exposures, 

the exact balance between genetic and environmental determinants and their roles in 

aetiology remains disputed (11, 22, 23).  

Multiple mechanisms have been proposed through which each of these exposures may exert 

an influence on genetic and epigenetic risk in ASD , but there are only a handful that are likely 

to effect abnormal neurodevelopment. Animal models of inflammation and maternal 

immune activation are particularly well characterised, and have successfully modelled ASD 

type behaviours and social difficulties in mice, rats and non-human primates (24, 25, 26).  

Maternal immune activation (MIA) is defined as an increase in measured levels of 

inflammatory markers in mothers during pregnancy. Through this process, a cytokine 

cascade transmits to the foetus, resulting in adverse neurodevelopmental phenotypes and 

even remodelling of the immature foetal brain. Many studies have profiled cytokine, 

chemokine, immune cell and inflammatory signatures in ASD affected individuals (27, 28, 29, 

30, 31, 32). Only a much smaller number have characterised cytokine profiles in expectant 

mothers who progressed to birth children who develop ASD (33, 34). The few previous 

studies, which have examined gestational serum, have indicated mid-gestational 

upregulation in specific pro-inflammatory cytokines or indeed down-regulation in anti-

inflammatory cytokines.  
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Metabolomic analysis refers to the systematic identification and quantitation of all 

metabolites in a given biological sample (35). This collection of metabolites, known as the 

metabolome, is thought to directly reflect the biochemical activity of the studied system at 

a specific point in time (36). The metabolome has become an area of interest, as some inborn 

errors of metabolism (IEM) are clearly linked to ASD phenotypes. Phenylketonuria (PKU) and 

Smith-Lemli-Opitz syndrome (SLOS) are disorders of amino acid and cholesterol metabolism 

respectively. Untreated PKU is associated with strongly autistic phenotypes (37), while SLOS 

is phenotypically heterogeneous, but autism remains a common feature in these children 

(38).  

Similarly, proteomics is defined as the study of the complete protein profile in a given tissue, 

cell or biological sample (39). Proteomic studies of human sera have so far noted altered 

levels of proteins involved in inflammation or immune system regulation, including acute 

phase reactants and interleukins (40). Abnormalities of the complement system have also 

been found in ASD and other psychopathologies such as schizophrenia (41, 42). Recent works 

demonstrate that the complement pathway can affect synaptic remodelling and has roles in 

neurodevelopmental processes (43). 

The initial focus of ASD research on genomics has largely failed to result in the much-hoped-

for silver bullet of ASD aetiology, i.e. a common genetic cause. Instead, the genetic landscape 

has proven to be exceedingly complex and interdependent on a multitude of factors, 

including environmental exposures and other modifiers of genetic risk. Research examining 

the aetiology of ASD has shifted focus from genetics to a multimodal approach. In recent 

years, funding has become available for a far wider variety of ASD aligned research topics, 

beyond those with a focus on genetics. Opportunities now exist to adopt a multifaceted 

approach to ASD aetiology, shifting the focus from a narrow genetic base, to a broader 

multimodal approach to examine other potential mechanistic players. While this adds 

further complexity to what is already a complicated picture, the strived for parsimonious 

answer is simply never likely to materialise. Newer fields and modalities such as proteomics, 

metabolomics and machine learning will help to further refine and untangle the complicated 

web of ASD, and this variety of granular detail is what is likely to result in a practicable 

biomarker or effective therapy in the future. In this thesis using a multimodal approach 

(ELISA, metabolome and proteome analysis) we aim to explore further the role of MIA and 

alterations of the proteome and metabolome in the pathophysiology of ASD. We hope that 

our findings may ultimately help to identify a potential gestational biomarker of ASD, which 

will improve access to early diagnosis and treatment. We also aim to characterise co-morbid 
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emotional and behavioural problems, which arise early in children with ASD and are 

pervasive throughout all spheres of life. Early recognition and intervention with these co-

morbidities can improve treatment outcomes, patient, and family wellbeing. 
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Chapter 1: 

An Introduction to the PiRAMiD study
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A Description of the Cohort 

The PiRAMiD cohort as a continuation of the BASELINE birth cohort study 

Participants in the PiRAMiD study were drawn from a nested cohort within the BASELINE 

birth cohort study. The BASELINE Birth Cohort Study (Babies after SCOPE: Evaluating the 

Longitudinal Impact on Neurological and Nutritional Endpoints) (www.baselinestudy.net) 

was based in Cork, Ireland and in total; recruitment ran for just over three years, from August 

2008 to October 2011. The SCOPE Ireland pregnancy cohort (www.scopestudy.net) formed 

the basis of recruitment of infants to BASELINE [n = 1537] and an additional 600 infants were 

recruited after delivery providing a total sample of 2137. The research team performed 

assessments on day of life 2 and at 2, 6, 12, 24 and 60 months of age. Team researchers 

performed specific developmental assessments at 24 months (using the Ages and Stages 

parental questionnaire, and the Child Behaviour Checklist (CBCL)) and at 60 months (using 

the Kaufman Brief Intelligence Test – 2 (KBIT-2) and the CBCL). Blood and DNA samples were 

bio-banked at 15 and 20 weeks' gestation, at birth, and at 24 and 60 months. Participants in 

PiRAMiD were selected based on CBCL scores at 5 years indicating high ASD risk or 

subsequent ASD diagnosis at a point after the 5 year BASELINE follow up. Participants with 

underlying genetic or developmental conditions (e.g. PTEN mutations) were excluded from 

analysis. Please see Figure 1 for graphical representation of recruitment process. Due to the 

dual recruitment streams in BASELINE, approximately 20% of participants had no stored 

midgestation serum samples or cord blood. This led to some variability in participant 

numbers between experiments (e.g. mid-gestation cytokine analysis versus proteomics and 

metabolomics in the older child cohort).  

http://www.baselinestudy.net/
https://uccireland-my.sharepoint.com/personal/michael_carter_ucc_ie/Documents/Desktop/Thesis%20documents/Chapters%20together/www.scopestudy.net
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Figure 1: Prisma diagram of the recruitment and follow up process in PiRAMiD 
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An Introduction to Autism Aetiology, Diagnostics, and Management 

Autism as a Clinically Distinct Disorder 

We derive the Irish word for Autism, Uathachas, from the term Uath, which itself means self 

or singular. It is something of a peculiarity then that the diagnostic concept of Autism as a 

distinct or singular clinical entity is a relatively modern one. It is merely in the past 100 years 

or so that autism, and indeed child psychiatry as a whole, have become the subject of serious 

academic scholarship. A leading figure in the development of early nomenclatures and 

classifications of Autism was Leo Kanner (1894 – 1981), a Ukrainian post World War I 

immigrant to the United States. Kanner, an ex-cardiologist and self-taught practitioner of 

child psychiatry, would later help establish the first dedicated child psychiatry centre in the 

United States, at Johns Hopkins Hospital, Maryland. He would go on to publish his own text 

on child psychiatry in 1935, simply titled “Child Psychiatry”. Always an advocate for child 

health, the development of his ideas led to new diagnostic approaches to children with 

developmental disorders and psychopathology. In a later work, in which he published his 

behavioural observations of eleven children with atypical development, he perceived that all 

the children shared specific core features (44). These features, a lack of communicative use 

of language, preservation of sameness, restricted interest in activities, and stereotypical and 

repetitive patterns of behaviour, would go on to define the Autism we know today. Initially, 

he termed this distinct disorder Infantile Autism. “Autism” had previously been coined by 

Bleuler in 1908 to describe the introspective symptoms typically seen in adults with 

schizophrenia (45). Kanner argued that “Infantile Autism” was a unique disorder and not a 

precursor to Schizophrenia, as had previously been believed. Autism was first included in the 

third edition of Diagnostic and Statistical Manual of Mental Disorders (DSM) in 1980. Over 

time, the issues of diagnosis and classification of childhood-onset disorders such as autism 

came to be addressed in mainstream, official diagnostic systems such as the aforementioned 

American Psychiatric Association’s DSM (now in its 5th edition DSM-5, see Table 1) (5), and 

the World Health Organization’s International Classification of Disease, currently in its 11th 

edition (ICD-11) (46). Both definitions now reflect the wide heterogeneity inherent within 

the ASD diagnosis, offering an ASD umbrella, which can be qualified with a variety of 

additional modifiers and clinical specifications (including a measure of severity). Care must 

be taken however to ensure that on a systems level, the approach to diagnosis is consistent. 

Subtle differences between the classification criteria exist and may affect how ASD diagnoses 

are concluded, particularly in the setting of ASD and co-occurring intellectual disability. 
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Inconsistent or interchangeable use of DSM-5 or ICD-11 may have knock on effects on 

reported prevalence and the characterisation of ASD cohort between regions.  
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Table 1: DSM-5 Criteria for Autism Spectrum Disorder (5) 

Domains Criteria: Deficits Examples 

Persistent deficits in social 

communication and social 

interaction across multiple 

contexts, as manifested by the 

following, currently or by 

history; must have all 3 

symptoms in this domain  

  

  

Social-emotional 

reciprocity  

Abnormal social approach and 

failure of normal back-and-forth 

conversation; reduced sharing of 

interests, emotions, or affect; failure 

to initiate or respond to social 

interactions  

Nonverbal 

communicative 

behaviours used for 

social interaction  

Poorly integrated verbal and 

nonverbal communication; 

abnormalities in eye contact and 

body language or deficits in 

understanding and use of gestures; 

total lack of facial expressions and 

nonverbal communication  

Developing, maintaining, 

and understanding 

relationships  

Difficulties adjusting behaviour to 

suit various social contexts; 

difficulties in sharing imaginative 

play or in making friends; absence of 

interest in peers  

Restricted, repetitive patterns 

of behaviour, interests, or 

activities, as manifested by at 

least 2 of the following, 

currently or by history; must 

have 2 of the 4 symptoms  

  

  

  

Stereotyped or 

repetitive motor 

movements, use of 

objects, or speech  

Simple motor stereotypies, lining up 

toys or flipping objects, echolalia, 

idiosyncratic phrases  

Insistence on sameness, 

inflexible adherence to 

routines, or ritualized 

patterns or verbal 

nonverbal behaviour  

Extreme distress at small changes, 

difficulties with transitions, rigid 

thinking patterns, greeting rituals, 

need to take same route or eat food 

every day  

Highly restricted, fixated 

interests that are 

abnormal in intensity or 

focus  

Strong attachment to or 

preoccupation with unusual objects, 

excessively circumscribed or 

perseverative interest  
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Hyper- or hypo-reactivity 

to sensory input or 

unusual interests in 

sensory aspects of the 

environment  

Apparent indifference to 

pain/temperature, adverse response 

to specific sounds or textures, 

excessive smelling or touching of 

objects, visual fascination with lights 

Symptoms must be present in the early developmental period (but may not manifest until later when 

social demands exceed the child’s limited capacities or be masked by learned strategies). Symptoms 

cause clinically significant impairment in social, occupational, or other important areas of current 

functioning. These disturbances are not better explained by intellectual disability (intellectual 

developmental disorder) or global developmental delay. 
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Prevalence and Epidemiology of Autism Spectrum Disorder 

Collections of epidemiological data regarding ASD began in the early 1960s (47, 48). 

Prevalence, which represents the proportion of subjects within a specific population affected 

by a condition at that specific time, is one of the most commonly reported metrics of ASD 

epidemiology. In order to report prevalence accurately, case definition (what constitutes a 

case of ASD) and case identification (how these cases are identified), should be 

predetermined and consistent throughout the timeframe of the study. This has not always 

been easy, as the definition of an ASD case has changed frequently over the years. Initial 

iterations of ASD’s definition (such as those of Kanner), were narrowly focused and reflected 

more the severer phenotypes characterised by severe language difficulties and cognitive 

impairment. In recent decades, less severe forms of ASD such as “high functioning autism” 

and Asperger’s disorder received more recognition (49). The most recent interpretations of 

ASD within the DSM-V (see Table 1 and Figure 2) and ICD-11, adopt a much broader spectrum 

model of ASD to better reflect the heterogeneity of clinical phenotypes, disability and care 

requirements within the ASD umbrella (5, 46).  
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The prevalence of ASD has been progressively increasing for decades, and is likely more 

common than previously believed (50, 51, 52). The condition was once considered rare, 

affecting less than 0.05% of the population (53, 54). Yet, the reported prevalence is generally 

on the rise (52), ranging from 0.39% to 2.6% in different jurisdictions (17, 55, 56, 57). Recent 

figures from the United States indicate a prevalence of 2.4% among American children.  This 

represents a remarkable shift from a prevalence of approximately 1 in 1,000 in the 1960s 

(58), to 1 in 44 today in the United States (59). Increasing prevalence may in part, be 

explained by changes in reporting practices, increased recognition of ASD symptoms, 

broadening of the ASD diagnosis (5), and improved accessibility to services (51, 52). We 

expect that if the ASD case definition is broadened or case ascertainment improves that 

reported prevalence will also improve. The source of data used is also important; data 

acquisition based on referral data into an ASD service is prone to inaccuracy. Changes in 

public awareness, changes in clinical awareness, and the availability of services locally can all 

affect the referral rates to a specific ASD service. Another methodological reason behind 

Figure 2: Schema of the neuropsychiatric features of ASD. 

ASD is characterised by impaired social interaction (maladaptive responses in social settings, lack of 
interest in peers), communication difficulties (verbal and non-verbal including body language) and 

restricted or repetitive behaviours such as ritualistic movements, or rigid manner. 
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apparent increases in prevalence is diagnostic substitution. Diagnostic substitution occurs 

when we categorise children with multiple diagnoses differently over time, or when children 

receive a diagnosis today that may differ to one given in the past, due to altered referral or 

diagnostic practices (51, 60). This is particularly true of girls who may previously have been 

diagnosed with Generalised Anxiety Disorder (GAD), Obsessive-Compulsive Disorder (OCD) 

or an Eating Disorder (ED), when in reality they suffered from ASD or Asperger Syndrome 

(61).  

While methodological issues plague the epidemiology of ASD, so to do more social or human 

issues such as health inequality. Many studies have demonstrated lower rates of ASD in 

marginalised groups (based on socioeconomics or race) (50, 59, 62). Minority race often 

correlates with lower socioeconomic status (SES) and poorer health awareness. Access to 

healthcare is an issue in areas with poor health literacy and service provision. Areas with 

well-developed referral pathways and access to diagnostics and assessment consistently 

report higher prevalence of ASD versus areas that are resource poor (59, 63). No studies to 

date have identified an underlying biological reason for this disparity. It remains likely that 

in marginalised groups and resource poor settings that ASD is under-diagnosed. Variability 

in health service use and health literacy may contribute to this effect (63, 64).  

In general, we accept that the overall prevalence of ASD currently is approximately 1.0 – 1.5% 

(51, 65, 66). Our recent understanding of ASD prevalence suggests that the current and 

enduring increase in ASD prevalence is likely attributable to methodological factors, issues 

of access to health, and health inequality. While there exists little evidence to suggest some 

underlying biological determinant, one must not eliminate this possibility altogether. 

Serendipitously, the methodological failings that we see are also an excellent opportunity to 

tailor targeted interventions aimed at reducing these inequalities, easing early access and 

intervention, improving service provision, and enabling service user engagement.   
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The Varied Aetiologies Underpinning Autism Spectrum Disorder: 

In this section, we will explore some of the established theories and aetiologies of ASD. 

Generally, we recognise that genetic risk are responsible for a large fraction of overall ASD 

risk but also that environmental risk factors, while less important, play a significant role. In 

the following paragraphs, we will look first at pathological and radiological findings in ASD, 

and then outline genetic risk, environmental factors, and the interplay between genes and 

environment, which constitutes our most robust understanding of ASD pathophysiology thus 

far. 

The Genetics of ASD 

The first indicator of the importance of genetics in ASD is the high concordance of ASD 

between twins and its high heritability in family groups. Estimates of heritability of ASD in 

twin pairs vary widely between 50 – 90% (15, 16), and others suggest that ASD is among the 

most heritable of all medical conditions (67). A recent meta-analysis of twin studies reported 

that the heritability estimates ranged from 64% to 93% (68). Sex linked difference are also 

recognised with an apparent male preponderance in ASD. Rates of ASD among males exceed 

those of females by three or fourfold (17, 18), while recurrence rates among siblings are 

found to be higher in siblings of female probands (69, 70). This may suggest some underlying 

female protective effect or indeed an increased male vulnerability as a potential explanation.  

In terms of categorising risk genes in ASD (https://gene.sfari.org/database/human-gene/), 

we can consider:  

i. Rare single gene variants (disruptions/mutations, and sub-microscopic 

deletions/duplications directly linked to ASD) account for only a small percentage of 

all ASD cases.  

ii. Syndromic genes (those implicated in syndromes in which a significant population 

develop symptoms of autism (examples: Angelman Syndrome, Fragile X Syndrome). 

These account for <10% of all autism cases (1). 

iii. Association/Common genes variants (Small risk conferring common polymorphisms 

identified from genetic association studies in idiopathic ASD). These account for the 

majority of idiopathic autism cases. 

Overall, most risk for ASD stems from common variants and association genes, each with an 

individually small effect, acting additively across the genome to create a greater effect. The 

use of Genome Wide Association Studies (GWAS), has allowed the investigation of common 

https://gene.sfari.org/database/human-gene/
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variants across the human genome using an association study design, which allows analyses 

of both cases and controls as well as parental transmission to offspring. This approach has 

yielded incredible results in identifying underlying risk in a multitude of psychopathologies 

(71, 72). While initial GWAS in autism were underpowered, the yield of these studies has 

improved as the population sizes studied has increased (73, 74).  A small but significant 

subset of Rare and de novo ASD gene variants (those not inherited from parents, and usually 

not shared with unaffected siblings) confer substantial risk, singly, but account for only a 

small fraction of autism overall. Variants such as these are unmasked with increasing 

regularity owing to advances in whole exome sequencing (WES) and higher resolution 

genomic analysis (75). The yield for finding these high-risk rare variants is greatest in ASD 

cohorts with associated developmental delay, intellectual delay, and systemic anomalies or 

in those with comorbid seizures (76, 77). The biobanking of genetic samples and phenotypic 

characterisation of individuals with ASD and their families has played a major role in the 

availability of well-characterized subjects for WES research (such as the Simons Simplex 

Collection). WES studies using these curated data sets have confirmed that advanced 

parental age is a significant risk factor for the aggregation of de novo mutation rates (78). 

While also clarifying whether particular biological pathways underlie potential causal 

mechanisms in ASD (for example, through loss of function mutations). One study found that 

among individuals with ASD, there was a two times greater incidence of homozygous loss of 

function mutations versus neurotypical controls. These homozygous loss-of-function 

mutations effectively result in knock out of specific (potentially critical) genes, of which genes 

expressed in the brain were overrepresented (79).  

Copy number variants (CNV) are another mechanism through which ASD risk is conferred. 

CNVs arise when specific segments of the genome differ between individuals with each 

individual expressing a variable number of copies of the segment in question. Segments can 

be short or long, and some encompass whole genes or multiple genes. Copies of the gene 

segment arise through duplications and deletions and lead to structural differences between 

individuals’ chromosomes (see Figure 3). This excess or diminution of genetic material occurs 

with increased frequency in individuals with ASD compared to neurotypical controls. The 

16p11.2 microdeletion/microduplication syndrome, which confers susceptibility to ASD, is a 

well characterised example of this phenomenon (80). Now, It is estimated that 

approximately 15% of people with autism a rare mutation or CNV that is contributing to their 

clinical presentation (81).  
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In recent times, much effort has gone into functional modelling of single gene (syndromic) 

versions of autism and rare or de novo mutations. What we have found is that the genes and 

mutations contributing to ASD represent diverse biological pathways, including synaptic 

function, chromatin modification, transcriptional regulation (13, 82) and even innate 

immune processes (83). Many of these genes are co-associated with a shared risk for a range 

of neurodevelopmental disorders and psychopathology (84). Our sum knowledge of ASD 

genetics demonstrates that this highly heterogeneous array of genes and mutations can 

converge to bring about a phenotypically similar clinical presentation; while on the other 

hand, highly specific genetic lesions can be associated with widely variable clinical findings.  

We have witnessed a dizzying array of advances in ASD genetics over the past decade, and it 

is clear that there is a major and definite genetic basis to ASD aetiology. The question 

however remains, how exactly do these genetic findings bring about the clinical phenotype? 

Is it that mutations encoding for specific neurobiological functions converge to cause ASD as 

a distinct clinical entity, or do a variety of biological pathways and various ASD related genes 

work in concert to bring about a more general risk of a spectrum of heterogeneous 

Figure 3: Copy number variation (CNV):  

Refers to a circumstance in which the number of copies of a specific segment of DNA varies among different 
individuals’ genomes. The individual variants may be short or long (thousands of bases).  These structural 

differences may have come about through duplications or deletions and can affect long stretches of DNA. Such 
regions may or may not contain a gene or multiple genes. 

Image courtesy of the National Human Genome Research Institute at https://www.genome.gov/genetics-glossary 
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developmental and psychopathological conditions (of which ASD is one)? We will later 

explore how underlying genetic risks and environmental factors (G x E) may interact to bring 

about phenotypic ASD outcomes.   
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Neurobiology of ASD 

Keeping to the general theme of ASD as an entity typified by heterogeneity, findings at the 

neuropathological level also, unsurprisingly, demonstrate similar heterogeneity. Initial 

approaches to post-mortem study of autistic brains has suffered to that end, with subjects 

displaying a wide spectrum of symptoms, comorbidities and a variety of genetic risks. It 

follows that there is a likelihood that a variety of brain areas may therefore be affected with 

so many variables at play.  So far, the commonest findings at post-mortem or from structural 

MRI studies are:  

i. Alterations in brain volume (megalencephaly (85) and microcephaly (86)),  

ii. Purkinje neuronal loss in the cerebellum (87),  

iii. Activation of the Innate immune system (microglia) (88)  

iv. Focal developmental malformations (cortical, hippocampal or cerebellar) (89).    

Generally, in children with autism, the head circumference at birth is typically normal or near 

normal (see Figure 4). However, by approximately two years, the head circumference 

becomes abnormally enlarged (90). By the age of 3 or 4 years, MRI studies find that brain 

volumes are increased (by up to 10%) versus typical controls (91). While there are reports of 

increases in the volume of both grey and white matter, a 2020 meta-analysis of structural 

MRI findings in ASD found that ASD was typified by increased grey matter volume in the 

fronto-temporal regions (92). Megalencaphaly can frequently co-occur with underlying 

syndromic ASD. Genetics syndromes with a strong ASD phenotype associated with increased 

brain or head size include Cowden’s disease or Bannayan-Riley-Ruvalcaba  syndrome 

(Phosphate and tensin homolog deleted in chromosome 10 gene (PTEN)), the 

neurocutaneous syndrome, neurofibromatosis type 1 (neurofibromatosis-1 gene (NF1)) and 

ASD syndromes arising through mutations in the chromodomain helicase DNA binding 

protein 8 gene (CHD8)(93). In microcephaly, again this may be syndromic such as in Cohen, 

Rett, or Angelman syndrome. Mutations in numerous high confidence ASD candidate genes 

such as DYRK1A (dual specificity tyrosine-(Y)-phosphorylation-regulated kinase 1-A) can also 

lead to ASD microcephaly phenotypes (94).  
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Figure 4: Illustration of early brain growth in ASD.  

Brain overgrowth in infancy occurs in many ASD toddlers and is due to an overabundance of cortical 

neurons. In humans, cortical neuron generation occurs only in prenatal life suggesting that ASD begins 

in the womb. The overabundance of cortical neurons (up to two thirds more according to some authors 

(90))  is theorised to lead to disrupted neural network development and function, and ASD symptoms 

(95). (Figure courtesy of E. Courchesne from The ASD Living Biology: from cell proliferation to clinical 

phenotype. Molecular psychiatry. 2019) (95) 

 

Histopathologic changes in the cerebellum have been observed frequently in post-mortem 

studies of ASD brains (87). Loss of cerebellar Purkinje cells (mainly in the lateral cerebellar 

hemispheres) has been a consistent finding. Interestingly, Purkinje cell density has been 

found to correlate with the use of social eye contact in patients with autism (96).  This may 

suggest that regional Purkinje cell cerebellar pathology may contribute to specific features 

of the ASD phenotype.  

Numerous studies have identified elevated levels of cytokines, chemokines, mRNA immune 

signatures and other markers of innate immunity in the examination of post-mortem brain 

and CSF samples (97, 98). Microglia are the resident macrophages of the central nervous 

system. They possess varied morphologies and functions and under normal physiological 

conditions, they exist mainly, in a resting (ramified) state and constantly monitor their 

microenvironment, surveying neuronal and synaptic activity (99). They play a crucial role in 

synaptic pruning during postnatal brain development, a process crucial for the promotion of 
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synapse formation and the regulation of neuronal activity and synaptic plasticity (100). 

Linking this with causes of megalencephalic ASD, we suspect that brain overgrowth may be 

due to failure of this synaptic pruning or excessive dendritic arborisation. When triggered by 

brain injury, infection or neuro-inflammation, microglia activate and proliferate. Activated 

microglia assume an amoeboid shape, migrating to sites of inflammation and secreting 

cytokines, chemokines and reactive oxygen species. These inflammatory molecules can 

interrupt synaptic plasticity and may lead to learning deficits associated with autism. These 

findings in ASD are useful in establishing that a pathological process is ongoing, but these 

findings alone are insufficient to implicate a specific aetiology and a multifactorial or even 

individualised collection of aetiologies may be at play. 

Some groups have observed altered cortical thickness in ASD cohorts (both thickened and 

thinned) particularly in the prefrontal cortex, abnormalities in which may underlie deficits in 

social functioning, attention, and impulsivity (101). We commonly find malformations of 

cortical development (MCDs) such as focal cortical dysplasia (FCD) during histopathological 

evaluation of post-mortem autism tissue that may be visually appreciable on MRI (102). 

Tuberous sclerosis (TS) is a syndrome characterised by drug resistant epilepsy, 

developmental delay and autism in approximately 50% of sufferers. TS is driven by the 

development of cortical tubers, which are abnormally formed cerebral gyri with bulky, 

disorganised and dysplastic structure. TS tubers are formed by mutations in either of the 

tuberous sclerosis complex genes (TSC 1 or TSC 2). When we examine brain tissue samples 

from individuals with TSC mutations, we find disorganisation of the normal cortical layering 

pattern, and neurones of abnormal size, quantity and location. These resultant abnormal 

neurones can promote abnormal cellular growth in the cortex. 

Environmental Factors:  

There is growing interest in the role of environmental risk in ASD, with observational 

evidence for associations between prenatal and perinatal factors that lead to increased ASD 

risk. A systematic review from 2017, which comprehensively covered the literature in this 

sphere, found that factors such as advanced parental age, and birth trauma or asphyxia-

related birth complications were likely contributors to ASD risk (103). Other authors have 

indicated elevated risk associated with preterm birth, maternal obesity, gestational diabetes, 

short inter-pregnancy interval, and the use of specific medications (valproic acid) (103, 104, 

105). While explorations of the role of nutritional factors and chemical exposures have  

shown mixed results (104, 105). A large Danish cohort study was emphatic in finding no ASD 

risk associated with MMR vaccination (106). The mechanisms through which the 
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environment may influence ASD risk are complex and include genetic, epigenetic, 

inflammatory and immunological interactions (103). As changes in brain morphology are 

seen soon after birth, it is likely that any environmental risk factor must begin pre-natally.  

The role of epigenetics: 

Epigenetics refers to molecular modifications of DNA that can regulate gene activity, are 

independent of DNA sequence, and remain stable through mitosis. The most widely 

recognised epigenetics effects are DNA methylation, histone modifications (including 

acetylation and deacetylation), and non-coding RNAs (107). Epigenetic changes can arbitrate 

access to specific genomic loci, altering transcription, as well as influence the stability of 

mRNAs. When these effects occur in the crucial fetal and early childhood window, they can 

attribute long-term epigenetic modification and impart a greater impact on neurological 

development (108).  

We recognise that epigenetic effects cause a number of genetic conditions, which share an 

autistic phenotype. Rett syndrome, a condition characterised by developmental regression, 

stereotypies, severe intellectual disability and autism, is caused by mutation in the MECP2 

gene (resulting in a critical loss of function) which encodes the DNA methylation protein 

MeCP2, inhibiting this protein’s transcription, and producing the Rett phenotype (109). 

Another X-linked disorder, Fragile X syndrome, is similarly caused by loss of function 

mutations in the critical FMR1 gene. The FMR1 gene becomes hypermethylated leading to 

failed production of the FMR1 gene product, fragile X messenger ribonucleoprotein (FMRP), 

which itself has a central role in gene expression and potentially regulates translation of 

hundreds of mRNAs. Many of these mRNAs are involved in the development of synaptic 

connections, the absence of which can truncate neuroplasticity (110). More broadly, 

evidence of dysregulated DNA methylation in ASD exists on multiple levels: genetic 

mutations in genes encoding epigenetic machinery, abnormally methylated loci, and 

genome-wide correlations of both hyper- and hypo-methylation (111). With compelling 

evidence to support a role for maternal immune activation in the pathogenesis of ASD, 

researchers hypothesise that epigenetic effects may be one of the mechanisms through 

which MIA can alter neurodevelopment (112). Gestational exposure to maternal 

inflammation may lead not only to significant ASD risk in progeny, but also to potentially far-

reaching risk of psychopathology in the child’s later life (83, 113). 
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Immunological findings in Autism Spectrum Disorder: 

Under normal conditions, we consider the brain to be an immunologically privileged organ. 

The blood brain barrier limiting the movement of most peripheral immune cells (and 

pathogens) into the central nervous system. The brain is therefore heavily dependent on its 

own resident microglia (monocyte lineage) for immune protection and surveillance (114). 

Upon activation, microglia become roving phagocytic cells scavenging damaged tissue, 

metabolic waste products and pathogens. As previously mentioned, they also play a critical 

role in synaptic pruning during early childhood development (100). There is burgeoning 

evidence that disturbances of typical inflammatory and immune response may be significant 

contributing factors behind the pathophysiology of many psychiatric disorders (115, 116, 

117). Alterations to the local homeostasis maintained by microglia can disrupt normal 

prenatal microglia development and maturation leading to microglial epigenetics alterations, 

and affecting the developing fetal brain and increasing ASD risk (118).  

There also exists a large body of evidence, which suggests aberrant activation of the immune 

system in ASD (119, 120). Researchers have documented alterations of immune expression 

repeatedly in ASD affected children and adults as well as animal models with ASD-like 

phenotypes (27, 121, 122). A prenatal inflammatory challenge using lipopolysaccharide (LPS) 

in mice previously resulted in ASD-like behavioural alterations (122). A prenatal viral 

challenge in rhesus monkeys resulted in ASD-like phenotypes such as repetitive behaviours 

and decreased sociability (123). Large epidemiological studies have shown that immune 

disorders and mid-trimester viral illnesses, which lead to a pro-inflammatory state in 

mothers during pregnancy, are associated with increased ASD, schizophrenia and bipolar 

disorder risk in offspring (113, 124, 125, 126). In the following paragraphs, we will explore 

some of the role of infection, inflammation and antenatal exposures in ASD aetiology.   

Intrapartum viral and infectious exposures:  

The idea that congenital or early life infection can lead to ASD is not a new one, and evidence 

to support this theory has been building for decades. In 1977, Chess noted ASD rates of 8 – 

13% in offspring of pregnant US mothers who were infected by the 1964/65 Rubella outbreak 

(125). In recent decades, large epidemiological studies indicate that conditions such as 

maternal autoimmune disorders and mid-trimester viral infections that trigger gestational 

pro-inflammatory states (i.e. Maternal Immune Activation(MIA)), are linked with elevated 

ASD, schizophrenia and bipolar disorder risk in offspring (113, 124, 125, 126). Not only 

Rubella (125), but other “TORCH” infections (Toxoplasmosis, Other, Rubella, 

Cytomegalovirus (CMV), and Herpes) have been implicated in cases of ASD arising from 
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intrauterine infection (127). There are also reports of “reversible” ASD phenotypes in 

children who acquired HSV encephalitis in early childhood, who later fully recovered (128).  

Children affected by ASD arising from intrapartum or congenital infection tend to suffer from 

other sequelae of those infections (such as deafness, or microcephaly in congenital CMV). 

These features are not typical of the large majority of “idiopathic” ASD cases that we see. 

Overall, congenital infections themselves seem to contribute to only a small percentage of 

the overall prevalence of ASD.  

The evidence for maternal infection and an association with ASD is somewhat conflicting. In 

a large Danish cohort, maternal influenza infection and prolonged periods of gestational 

fever bestowed a bestowed a twofold and threefold risk of infantile ASD respectively (129), 

while a meta-analysis found that ASD risk was increased following maternal bacterial 

infections and negative life events occurring during the third trimester (124). Conversely, 

another group (in a much smaller cohort) failed to reproduce the influenza findings but did 

find a twofold risk association between maternal fever and infantile ASD, which ameliorated 

somewhat with use of antipyretics (130). Overall, the data suggests that there is a significant 

risk of ASD and other neurodevelopmental disorders bestowed upon infants exposed to in 

utero inflammation (131). Maternal pro-inflammatory states brought about by underling 

inflammatory disorders, infection or metabolic stress, are likely to arise through a variety of 

underlying pathological mechanisms (immunological, infectious, oxidative stress, 

neuroendocrine mechanisms) (112). Maternal immune activation represents one of the best-

characterised models of such gestational inflammation with a growing body of evidence 

linking MIA to ASD risk.   

Allo- and Autoimmunity: 

To a degree, the immunological privilege afforded to the brain is also one enjoyed by the 

developing foetus. In a typical pregnancy, the fetal graft and placenta do not generate the 

expected host allo-immune response against the fetal alloantigens. This is due to a 

combination of factors, chief among which is the HLA-G complex (132). This human leukocyte 

antigen, through action on NK cells, and within the decidua, creates the immune tolerance 

needed to allow the fetus to develop unhindered (132). Some authors link maternal 

polymorphisms of HLA-G to ASD phenotypes in offspring, suggesting a potential aberrancy 

of the gestational inflammatory balance (133). While the placenta typically does a good job 

of protecting the fetus from maternal immunoglobulins (Ig), occasionally there are 

exceptions (IgG autoantibodies in maternal Lupus or Graves’ disease), which can lead to 

negative effects on the fetus (134, 135). There is some evidence from small primate models 
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that Ig harvested from human mothers of children with ASD can impart an ASD phenotype 

on offspring from pregnant monkeys injected with the pooled human Ig (136, 137). Several 

groups have identified brain antigens that cross-react with maternal IgG and may contribute 

to neurodevelopmental impairments in children (138, 139, 140). Based on these maternal Ig 

findings some authors have even suggested a specific ASD subtype, maternal autoantibody-

related ASD (MAR-ASD).  

The placental interface: 

The placenta plays a critical role here in protecting the fetus from viral and bacterial 

infection, and in maintaining an environment conducive to normal development (114). A 

host of proinflammatory and anti-inflammatory cytokines are normal constituents of the 

placenta interface. These cytokines play an important role in maintaining this complex 

homeostasis, but aberrations in this balance can imperil the fetus, and deleteriously alter 

fetal development (see Figure 5 below) (141, 142). A well-characterised environmental factor 

known to affect this homeostasis, alter early fetal brain development and increase ASD risk 

is maternal inflammation in pregnancy, commonly called maternal immune activation (MIA). 

Animal studies demonstrate convincingly that maternal inflammation is conducted to the 

fetus through a variety of direct and indirect (stimulation of the fetuses own immune 

response) mechanisms at the levels of the placental interface. Maternal cytokines can 

passively transfer to the fetal compartment, or placental inflammation can trigger the fetal 

cytokine response (143). In severe cases, MIA induced placental inflammation can lead to 

fetal hypoxemia and fetal demise (144). The inflammation arising in MIA is not necessarily 

infection specific and recently a range of conditions associated with proinflammatory states 

in pregnancy (obesity, autoimmune disorders, psychosocial stress and pre-eclampsia) have 

also been associated with increased ASD risk in children (145, 146). Toll like receptors (TLRs) 

which we will discuss in more detail later, are over-expressed in mothers who are obese. The 

specific TLR involved, TLR4, is expressed during bacterial infections and correlates with 

increased IL-6 expression in the placenta (147). This all suggests that gestational maternal 

immune activation (MIA) plays a role in the pathogenesis of ASD in exposed offspring. It is 

also likely that while MIA arises through a variety of mechanisms, in some instances, these 

mechanisms may converge into a common end effector pathway.  
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Figure 5: Key regulatory pathways of TH17 cells during pregnancy.  

Naive CD4+ T helper cell develop into different T helper subsets, including TH1, TH2, TH17 (T helper 1, 

2, 17 cells), Treg and Tr1 cells (T regulatory and type 1 T regulatory cells), under different cytokine 

environments. TH17 cells, characterized by the production of IL-17, have an important role in 

pregnancy and have been found to be upregulated in RSA (recurrent spontaneous abortion) and pre-

eclampsia (PE) patients. A complex immune network at the placental interface orchestrates regulation 

of TH17 cells and IL-17. Decidua Natural Killer (NK) cells, resident in the placenta decidua can inhibit 

inflammatory TH17 cells through interferon gamma and IL-10 secretion. While, interferon gamma 

from TH1, IL-4 from TH2, and IL-10 from Treg and Tr1 cells can also inhibit TH17 cells. IL-27 counters 

the polarization of naive CD4+ T cells, but has little or no effect on mature TH17 cells.  

(Adapted from Fu B, Tian Z, Wei H. TH17 cells in human recurrent pregnancy loss and pre-eclampsia. 2014)  

Maternal Immune Activation: 

Maternal immune activation (MIA) is defined as an increase in measured levels of 

inflammatory markers in mothers during pregnancy, and more specifically refers to a 

triggering of the maternal immune system by infectious or infectious‐like stimuli resulting in 

an increase in measurable inflammatory markers (148, 149). Numerous epidemiological 

studies have linked gestational infections with elevated risk of ASD in offspring (33, 125, 126), 

while animal models of MIA have simulated gestational infection resulting in MIA-induced 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4220838/
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neural and behavioural abnormalities analogous to those seen in ASD (24, 150, 151). In 

mouse models, MIA can lead to overproduction of neurones as well as illicit macroscopic 

structural changes in the developing brain including increased cortical thickness, focal 

cortical dysplasia and increased brain volume (24, 152, 153), findings remarkable similar to 

those seen in children with ASD (see Neurobiology of ASD).  

Many studies have also sought to identify blood-based biomarkers of ASD in affected 

adolescents and adults (27, 28, 29, 30, 31, 32, 120, 154) and have reported alterations of 

molecules involved in iron transport (155), inflammation (28, 156), brain development (157), 

hormonal regulation and metabolism (158). A much smaller number of studies have 

characterised cytokine profiles in expectant mothers who progressed to give birth to children 

who develop ASD (33, 34). The few previous studies, which have examined gestational 

serum, have indicated mid-gestational upregulation in specific pro-inflammatory cytokines 

or indeed down-regulation in anti-inflammatory cytokines. None to date has identified and 

validated any reliable mechanistic biomarkers. 

Cytokines as key players in ASD risk: 

Cytokines are cell-signalling molecules, are the chief regulators of inflammation and immune 

processes, and are ubiquitous throughout all bodily tissues. They stimulate other cytokines 

to proliferate, and can even self-stimulate through positive feedback loops. While there is a 

dizzying variety of cytokines, many will share similar functions, known as redundancy (159). 

Many cytokines demonstrate pleiotropism whereby they have multiple roles or functions, 

and can be sneakily versatile, with unknown or unexpected interaction and effects (160). This 

versatility can make deciphering cytokine function difficult in that each cytokine may have a 

completely different function, depending on the source cell, the intended target, or the 

specific phase of the immune response during which the cytokine is elaborated. In this way, 

many cytokines can fulfil both anti-inflammatory and pro-inflammatory roles depending on 

the prevailing conditions at a given time (159).  

Evidence from animal models indicates that cytokines play a key role in acting out the effects 

of MIA on the developing fetal brain (24, 152). Maternal production of proinflammatory 

cytokines, leads to increased placental, amniotic and fetal brain cytokine levels, with 

resultant altered fetal brain development or behavioural outcomes (24, 161). In humans, 

along with complement and chemokines, cytokines are expressed at the level of the synapse 

(112). Acting within the CNS, cytokines are involved in several pathophysiological functions, 

including synaptic transmission and neuronal excitability (162).  Other human based studies 
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indicate that aberrations of the immune system may play a role in ASD (34, 120, 163). Some 

propose that alterations in cytokine expression could facilitate the classification of ASD 

subtypes as well as work as biomarkers of response to treatment (27, 34, 121). In the 

diagnosis and management of ASD, earlier is better, and identification of reliable biomarkers 

during pregnancy may allow for targeted behavioural interventions from early infancy. This 

could also aid the development of targeted pharmacological strategies which have already 

shown promise in animal models (24), and analogues of which are currently in use in routine 

medicine practice (164, 165). 

Animal‑based studies.  

Although there are very few human studies that have examined the molecular links between 

MIA and ASD, many animal-based studies have addressed the question of MIA and the 

association of perturbation of cytokine expression and parallel behavioural changes in 

offspring. MIA has been replicated in a variety of small animal models: mouse, rat and simian 

phenotypes of ASD have been created through intrauterine inflammatory exposure (123, 

142, 161). Early murine models showed behavioural phenotypes and aberrant brain 

morphology in offspring born to influenza-infected dams (166). Later models used immune-

stimulants, viromimetic polyinosinic:polycytidylic acid (polyI:C) and the bacteriomimetic 

lipopolysaccharide (LPS) to model ASD phenotypic offspring and to examine cytokine 

aberrations during pregnancy and their role in deviant fetal neuro development (167, 168). 

While rat and simian models have provided valuable insights into the effects inflammation 

can have on social and communicative behaviour in progeny (123, 142). Interestingly, 

remedial steps have been possible with improvements in and resolution of some ASD traits 

following blockade of specific inflammatory pathways (IL-6 and IL-17A) (24). This work 

suggested that these two cytokines in particular are significantly involved in the neuronal 

dysfunction brought about through MIA (24, 142, 161, 169). MIA-mouse models of ASD have 

shown increased IL-17A levels in maternal blood, the postnatal brains of offspring and in 

placental mRNA levels of the IL-17A (170). This suggests upregulation of IL-17A activity at the 

feto-maternal interface. In 2016, Choi et al. demonstrated persuasively that simulated MIA 

in murine models leads to elevation in maternal IL-6, leading to downstream activation of 

maternal Th17 cells. Maternal Th17 cells produce IL-17A that is hypothesised to cross to the 

foetus via the placenta leading to increased expression of IL-17AR in the foetal brain, 

contributing to cortical malformations and behavioural abnormalities (24, 160). In effect, the 

cytokines that are normally expressed in the fetal brain (via microglia etc.), and that have key 

functions in normal development become altered. This leads to disruption of the optimal 
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cytokine balance triggering long lasting alterations to synapse function, neural connectivity 

and developmental processes (25).  

The most recent studies seem to indicate a stacking of risk with multiple fetal exposures, 

timing of exposure also being important (100, 171). Experiments in animal models of multiple 

antenatal exposures indicate that multiple environmental exposures (such as MIA and 

gestational diabetes) may amplify the MIA response and result in more severe or alternate 

behavioural outcomes (172).  

Is there a common convergent pathway for MIA? 

Findings from animal models suggest that Toll-Like Receptors (TLR) are important mediators 

of inflammation in MIA (88, 160). As a family, these receptors may represent a pathway upon 

which varied sources of maternal inflammation converge, bestowing risk upon offspring. TLR 

3 receptors, for instance, are stimulated by polyI:C or viral infection to produce a potent 

immune response characterised by the production of inflammatory cytokines such as IL-1b, 

IL-6 and interferons (173). TLRs are expressed on many peripheral tissues and CNS based 

immune and parenchymal cells including T-cells, microglia, neurones and the placenta. 

Activation of placental and immune TLRs leads to cytokine production leading to placental 

innate immune activation and modulation of the gestational inflammatory milieu (112). A 

variety of human medical conditions suggest links with TLRs. TLR4 receptors which are the 

mediators of inflammation in bacterial infections also become activated by stress, 

depression, lupus (SLE), psoriasis and pre-eclampsia in women during pregnancy (174, 175, 

176, 177).  

TLRs are crucial activators and potentiators of innate immune pathways, and it may be 

through elaboration of cytokines from downstream effectors that TLRs create a convergent 

quality and can mediate effects on the fetal brain (160).  

Human studies.  

Quite a large number of human based studies have examined immune and cytokine 

aberrations in individuals (adults and children) affected by ASD, and found altered 

expression. For the purposes of this thesis, I examined the literature and selected eight 

cytokines that were commonly found to be altered according to existing evidence. In Chapter 

2, I outline each of the analytes, Tumour Necrosis Factor – α (TNFα), Interleukin 1 beta (IL-

1β), Interleukin 4 (IL-4), Interleukin 6 (IL-6), Interferon γ (IFNγ), Interleukin 8 (IL-8), 
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Interleukin 17 (IL-17), and Granulocyte-macrophage colony-stimulating factor (GM-CSF), 

examine their function and highlight their purported role in ASD (178, 179, 180).  

While the cytokine profiles of ASD affected individuals have been well characterised, very 

few studies have investigated the relationship between mid-gestation cytokine levels and 

ASD risk in offspring. To our knowledge, only three human studies have examined maternal 

serum (33, 34, 181), and one more has examined amniotic fluid cytokine profiles in mothers 

of ASD affected children (182). The findings from these studies effectively provide all of our 

current understanding of gestational cytokine profiles in the setting of ASD.  

Previous literature on gestational samples analysis in ASD.  

Working from the same laboratory and using similar methods, Goines et al. (2011) and more 

recently, Jones et al. (2017) both demonstrated elevated mid-gestational cytokine levels 

between groups of ASD affected children versus controls or children without ASD. Goines et 

al. demonstrated elevated levels of mid-gestation (15–19 weeks’ gestation) IFNγ, IL-4 and IL-

5 with an associated 50% increased ASD risk. While Jones et al. showed elevated levels of 

mid-gestation GM-CSF, IL-6, IFNγ and IL-1α in the ASD affected group versus children with 

developmental delay, but not ASD. In the Goines study, ASD cases were matched with neuro-

typical controls based solely on child characteristics (sex, birth month and year), something 

which the authors acknowledge in their limitations. Neither study had access to 

comprehensive maternal health information during the pregnancy (including intrapartum 

infections). Nor did they have a record of relevant maternal medical history, all, information 

important to the interpretation of their findings. Irwin et al. (2018) demonstrated alterations 

in IL-4, MCP-1 and IL-10 levels in 28-week gestation serum of mothers who birthed ASD 

affected children (181). Specifically, IL-4 (usually anti-inflammatory or involved in allergic 

type inflammation (119)) was increased and associated with higher ASD symptomology (as 

measured by the Social Communication Questionnaire (SCQ)) in offspring. Higher 

concentrations of IL-10 (anti-inflammatory) were associated with fewer ASD symptoms in 

offspring (measured by the Social Responsiveness Scale (SRS)), and finally, elevated MCP-1 

was associated with fewer ASD symptoms (as measured by the SCQ). No controls were used 

in this analysis, instead a large cohort of ASD affected individuals were enrolled, and the 28-

week gestation cytokine concentrations were correlated with ASD symptomology at 7 years 

of age. This is novel in two senses, none has previously assessed the cytokine profile in the 

third trimester, and none has correlated cytokine findings with severity of ASD 

symptomology in this way. As with previous authors, they had no access to relevant maternal 

pre-conceptual medical history or gestational infections data. 
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Finally, Abdallah et al. (2013) examined amniotic fluid samples and found elevated levels of 

IL-4, IL-10, TNFα, and TNFβ. In a preliminary study (2012), they also identified elevations in 

MMP-9 in ASD cases relative to controls (183). Advanced sample age is again an issue with 

the oldest samples in this analysis being 29 years old, the youngest 10 years old. The samples 

were stored at − 20 °C according to local guidance (184). Both the storage conditions and the 

samples ages are likely to have contributed to significant cytokine degradation (185) 

Linking immunity, MIA, and genetics in ASD: 

Bioinformatics analysis of large CNV studies suggest strongly that innate immune processes 

are implicated in ASD risk (83), this may indicate that immune dysfunction in ASD may be 

genetically driven or influenced. MIA downregulates expression of susceptibility genes 

known to be highly penetrant in ASD and heavily involved in neurogenesis, cell signalling, 

synaptogenesis and axonal guidance in the early stages of fetal development (83, 95). When 

compared with curated ASD associated gene sets (e.g. via the SFARI Gene database 

(http://gene.sfari.org/), MIA downregulated genes were substantially enriched. The 

strongest enrichment of MIA downregulated genes was observed in the ASD gene categories 

with the highest likelihood of a link to ASD i.e. SFARI “High Confidence” or “Syndromic” ASD 

gene sets. This suggests that MIA may bestow increased ASD risk through downregulating 

the expression of the same genes that are highly penetrant in ASD during the early stages of 

fetal development. Loss of function mutations in TSC1 and TSC2 (tuberous sclerosis complex 

1 and 2) genes are linked to syndromic ASD, and these genes are critical upstream regulators 

of the mTor (mammalian target of Rapamycin) pathway. mTor has important functions in 

innate immunity and metabolism in particular (186, 187, 188). 

MIA also has downstream effects, in some cases influencing the transcriptome rather the 

genes themselves. FMR1 and CHD8 are both highly penetrant genes for ASD, yet MIA does 

not seem to influence expression of these genes directly. Rather, it wields an influence on 

downstream gene targets such as FMRP (fragile X syndrome protein complex). This raises the 

possibility that MIA may act as an environmental factor disrupting crucial early 

developmental genomic pathways through influence on downstream gene targets (83). This 

might suggest that MIA could act both in a direct (genetic) and indirect fashion 

(epigenetic/regulatory) with the end effects converging on similar pathways.  

Preclinical studies are investigating the epigenetic effects of cytokines and inflammation in 

humans. A number of pro-inflammatory cytokines are known to influence histone 

modifications through methylation and acetylation pathways (112). While MIA can alter 
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offspring epigenetics through other modifiers such as oxidative stress and circulating folate 

levels (112), and is shown to alter methylation patterns in other psychopathology (189). In 

children exposed to MIA, epigenetic modifications have been found in the placenta, cord 

blood and even peripheral blood samples taken in later childhood, which suggests that these 

changes are enduring and long-lived (190). Again, taking this information altogether, our 

understanding of epigenetic effects in MIA and ASD suggests that prenatal exposure to 

inflammatory factors is associated with altered epigenetics in progeny, and resultant 

aberrations of neurodevelopment which may be long lasting.  

A possible role for intrapartum sex hormones in ASD aetiology:  

Steroid hormone alterations in the fetal environment have been implicated in elevated ASD 

risk (191). The male brain theory of ASD is a theory of cognition that claims autism can be 

described as an extreme variant of the male phenotype (192). There is some evidence to 

support this as testosterone in fetal development has been shown to affect vocabulary, eye 

gaze, restriction of interests and increased attention to detail (193). Functional imaging 

studies have indicated a structural effect of testosterone on the fetal brain with a resultant 

effect on the reward system and behaviours akin to those seen in autism (194). Genetic 

mutations (single nucleotide polymorphisms) in specific sex steroid synthesis genes were 

associated with ASD (with retained cognitive ability), for example, CYP19A1 (195). A study of 

amniotic fluid in a large birth cohort study indicated elevated levels of progesterone, 17α-

hydroxyprogesterone, androstenedione, and testosterone in an ASD affected group versus 

controls (191). Polycystic Ovarian Syndrome (PCOS) is a disorder in women, which can cause 

infertility and leads to elevated circulating testosterone levels. PCOS can affect between 5 – 

10% of women of childbearing age (196). A Swedish study found that children born to 

mothers with PCOS had elevated ASD risk (197). This factor was strengthened if the mother 

was hirsute (suggesting higher circulating levels of testosterone) (198). Androstenedione is 

an endogenous androgen steroid hormone that is a precursor of testosterone, as well as 

other androgens and oestrogens. Serum androstenedione levels have been found to be 

significantly higher independent studies in pre-pubertal children with ASD (199), and adults 

with ASD (200). Another group profiled amniotic fluid samples from the Danish birth cohort 

and found that in children with confirmed ASD that levels of progesterone, 17α-

hydroxyprogesterone, androstenedione and testosterone are all significantly elevated 

versus matched controls (191). These exposures in the antenatal period may be important 

epigenetic fetal programming effectors and may interact with other important 

pathophysiological factors contributing to autism. 
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Where do the metabolome and the proteome reside in the span of autism 

aetiology? 

We currently know of no specific, sensitive or early biomarkers that can reliably detect ASD, 

and are dependent of the clinical onset of physical symptoms to make a diagnosis. Newer 

“Omics” disciplines allow granular investigation of ASD and can draw from a wide variety of 

biological samples or tissues, perhaps setting the stage for new biomarkers. The premise of 

Omics research originates from a broad vision of the system in question, taking in the whole, 

rather than a fraction. This complements the precision of the classical genetic or biochemical 

approaches based on single or few target molecules. A major strength of the omics approach 

is its ability to produce a complete profile of the biological milieu 

(transcripts/proteins/metabolites) to obtain a holistic description of the contemporaneous 

biology within a sample. 

Metabolomics: 

Metabolites are small molecule end-products of cellular metabolic pathways, and 

metabolomics is the comprehensive identification and quantification of these products in a 

tissue or fluid (35). Metabolomics can offer an interesting insight in to the individual 

biochemistry of each person with ASD at a given point in time (36). A metabolomic profile 

can complement the clinical/behavioural profile of the ASD phenotype and can intimate an 

underlying molecular phenotype. The biochemical outputs of metabolomic analysis 

represent the interplay of genetic, epigenetic, proteomic and environmental factors and may 

offer individualised insights into a subject’s specific ASD pattern. In a sense, the metabolome 

can provide an individualised, time-locked description of each person’s unique biochemical 

signature. We can employ a variety of experimental methods including ultra-performance 

liquid and gas chromatography, and machine learning techniques to explore the 

metabolome in high fidelity, and to observe change over time. With these technologies, 

there exists a unique and novel opportunity to discover sensitive, specific and personalised 

biomarkers which may potentially allow for earlier diagnosis of ASD, before symptoms 

become apparent (108). Metabolomics could aid the detection of patterns suggestive of 

maternal immune activation or mitochondrial dysfunction during pregnancy, potentially 

allowing antenatal intervention. While detection of biochemical patterns in young children 

may allow early diagnosis and behavioural interventions which are proven to be effective 

(10).  
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Proteomics: 

The development of the field of proteomics is providing powerful tools to investigate the 

complex biological systems of disease. Study of the proteome can scope the identification 

of biomarkers for clinical diagnosis, the monitoring of disease states, the study of 

pathogenic molecular mechanisms, and potentially even the choice of appropriate 

therapeutic interventions. In combination with other –omics platforms i.e. transcriptomics, 

proteomics may improve current gene modelling by profiling molecular phenotypes at 

targeted areas of the genome that are transcriptionally active. The detection of proteomic 

biomarkers may contribute to the advancement of ASD diagnostics and clinical 

management, and may uncover novel biomarkers that could improve the outcomes of 

individualized interventions. In a similar vein to the large bio-repositories established for 

ASD genetics, it is imperative that researchers globally have access to big data outputs 

obtained from metabolomic and proteomic studies of ASD subject’s biological specimens. 

Studies to date how generally been small with a variety of samples tested (brain, saliva, 

serum, plasma and urine). Generally, we produce data from proteomic techniques by using 

one or two-dimensional gel electrophoresis (1/2DE) and liquid-chromatography mass 

spectrometry (LCMS) to analyse biological samples. Crucially in recent years, advances in 

computational power and techniques has allowed bioinformatics and machine learning 

platforms be used for a deeper understanding of the proteomic outputs (often extremely 

large datasets). This big data analysis allows new interpretations and can help determine 

relevant signals and patterns through automated techniques. To date, proteomic research 

(utilising a variety of tissues and bio fluids) has highlighted aberrations of synaptic vesicle 

regulation, myelination, energy metabolism (201), and altered expression of proteins 

associated with inflammation and regulation of the immune system (154, 201). Altered 

expression of proteins involved in lipid metabolism (154, 202, 203, 204), and the 

complement system (41) in ASD affected cohorts versus controls have been identified. 

Proteomics is clearly a promising yet evolving field, and studies to date have generally 

suffered from being small, and methodologically heterogeneous. Blood based analysis may 

be the most promising substrate given its ease of availability and storage, but questions 

remain over aspects of its suitability given the likely lack of brain specific proteins therein 

(blood-brain barrier impermeability). With larger populations, the use of big data 

technologies, correlation with clinical characteristics and the integration of a multi-modal 

omics platforms and approaches, proteomics and metabolomics can offer a real 

personalised insight into the granular detail of functional pathways and biomarkers of ASD. 
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This may allow for earlier ASD detection, intervention and even novel or personalised 

therapeutic strategies (204).  

Important clinical, phenotypic and intervention aspects in Autism 

Autism Diagnosis 

As we have previously discussed in Table 1 and Figure 2, the autism diagnosis arises from 

the assessment of behaviours. The presentation is heterogeneous with varied behaviours, 

and often-significant phenotypic differences between affected individuals. In spite of this 

heterogeneity, the foundation of diagnosis is relatively concrete, encompassing the core 

clinical features of social and communications difficulties, and restricted or repetitive 

behaviours (Figure 2), features that are readily identified by experienced clinical 

practitioners using validated and established assessment tools. The latest diagnostic 

criteria in the DSM-V and ICS-11 improve on previous iterations in a numbers of ways:  

i. Use of the consolidated umbrella term ASD, incorporating Asperger’s and PDD-NOS 

(pervasive developmental disorder – not otherwise specified), entities which were 

previously poorly defined. 

ii. The unification of social and communication criteria to a social-communication 

factor, reducing the number of broad categories from three to two. 

iii. The incorporation of sensory issues within the restricted and repetitive behaviours 

factor reflects the clinical experience of their ubiquity within ASD phenotypes. 

iv. Onset within the first 3 years of life, previously a requirement in DSM-IV, is no 

longer a condition. This modification accounts for the heterogeneity of age at 

diagnosis. We recognise that ASD symptoms can be well-masked (known as 

camouflaging) by children right up in to mid to late childhood (especially in girls) 

(205). Other ASD symptoms may not become apparent until the child encounters 

difficulties later in life, when external social demands exceed the child’s limited 

capacity to deal with them (205).  

The gold standard for ASD diagnosis encompasses two core assessments, the structured 

interview and both structured and unstructured observation of behaviour. The interview is 

conducted with the parents and involves a detailed developmental history, relevant family 

history, age at first concern, symptoms of concern, co-morbid issues etc. Preferably, the 

observations of child behaviour and social interactions should occur in home and in a peer 

group setting (typically school). Instruments commonly used to complete these 

assessments are the Autism Diagnostic Observation Schedule 2nd Edition (ADOS-2)(206) and 
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the Diagnostic Interview for Social and Communication Disorders (DISCO)(207). Typically, 

these instruments are used in an MDT setting with trained clinical personnel undertaking 

the assessments. While recent evidence suggests that the ASD diagnosis can be strongly 

fixed from as young as 14 months of age (208), there is a growing acknowledgement that 

ASD symptomology can fluctuate over time (209). Whether this is a biological effect in 

some cases of ASD or a treatment effect secondary to early intervention is yet to be 

determined. Finally, all children at the point of ASD diagnosis should undergo a 

comprehensive medical examination(210). Co-morbidity medical conditions are very 

common in ASD, as well as ASD arising in the syndromic context. Neurological and physical 

examination thus are important (head size, neurocutaneous syndromes) and may guide 

further investigations (brain imaging, genetics) especially in the context of co-existing 

intellectual difficulties or abnormal examination findings.  

Autism Screening 

ASD as a medical condition is an extremely important one, with a huge individual and 

societal cost (56). The prevalence (50), and possibly the incidence (211) of ASD has been 

increasing for decades. Yet as diagnostics and interventions have evolved over this time, 

access to services is often a critical issue for those affected by ASD and their caregivers. 

Many ASD services, especially those serving marginalised areas remain chronically 

underfunded (212), and some populations that are most at risk have the longest wait for a 

diagnosis or multi-disciplinary therapy (213).  

Most recognised indicators of ASD in very early life are based on abnormal developmental 

attainment or recognition of subtle physical and behavioural signs (eye contact, proto-

declarative pointing, responsive to name, social gestures and imitative play). There is 

evidence to suggest that symptoms of ASD may be apparent in infants as young as 6 

months, and we know that the diagnosis is reliably stable from around 14 months (208, 

210). Both these observations raise the issue of ASD screening in early childhood (214, 

215).   

Since 2015, the American Academy of Paediatrics (AAP) has recommended universal 

population based ASD screening in early childhood (216). This recommendation has 

remained, in spite of some reservations expressed by the United States Preventive Services 

Task Force (USPSTF) about the lack of data about the potential harms or benefits of such a 

universal screening scheme. Certainly from the parent’s perspective, there is some 

evidence that early interaction with developmental services and increased knowledge of 
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child development outweighed any short term emotional distress triggered by ASD 

screening (even in false positive cases) (217). Regardless, screening may be particularly 

effective in higher risk groups such as those with ASD affected siblings or specific perinatal 

exposures (prematurity or neonatal infection). Given the strong evidence for the role of 

intrapartum infections in ASD risk, the ongoing COVID-19 pandemic perhaps represents an 

opportunity to follow closely, an important cohort of children whose mothers contracted 

COVID-19 while pregnant during the current pandemic (218).  

In spite of some initial reservations about universal screening, it is clear that positive 

change can be brought about through increasing public and professional awareness, and 

early engagement with services. This should lead to downward revisions of the age at 

which ASD symptoms are recognised, at which ASD is diagnosed and when interventions 

are implemented, all leading to better outcomes.  

Comorbid Psychiatric, Medical, Emotional and Behavioural Problems 

Children and adolescents with Autism Spectrum Disorders (ASD) frequently suffer from co-

existing clinical disorders (in up to 70% of autistic individuals) (210). In younger age groups, 

fine motor problems, epilepsy, restrictive eating habits and sleep problems are extremely 

common (219, 220, 221, 222). While in older paediatric cohorts, anxiety, tics, obsessive-

compulsive disorder (OCD), attention deficit disorder (ADD), cognitive difficulties, 

dyspraxia, eating disorders and depression are all more prevalent (210, 223, 224, 225).  

It is reported that children with ASD have an increased prevalence of both internalizing 

(emotional) problems, such as social difficulties, anxiety, depression, and withdrawal 

symptoms; and externalising (behavioural) problems such as attention problems, 

hyperactivity, and conduct disorders (226, 227). Researchers using the Child Behavior 

Checklist (CBCL) (a caregiver administered questionnaire that characterises internalising 

and externalising traits in children at different age groups) report that scores on the Social, 

Thought, and Attention problems scales were more than two standard deviations higher in 

a cohort of children with autism compared to a neuro-typical sample (228). A CBCL ASD 

profile, consisting of high scores on the Withdrawn, Social problems and Thought problems 

scales has also been previously described (229, 230). Children with ASD often exhibit 

maladaptive behaviours, defined as co-occurring, internalising and externalising 

behavioural problems that negatively affect everyday activities (231). These behaviours are 

sometimes more distressing to caregivers than the core autistic symptoms themselves 
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(232). EBPs can restrict remedial interventions, and negatively affect long-term outcomes 

of ASD affected children.  

While other authors have highlighted the occurrence of emotional and behavioural 

problems (EBPs) in various ASD groups and at various time points, consensus on how and 

when EBP present and evolve over time is lacking (2, 3). Later in this thesis, we aim to 

illustrate the temporal evolution of EBPs in our ASD cohort using serial CBCL scoring, 

highlighting how EBPs development in early childhood (2 years) and how these maladaptive 

problems evolve over the important early childhood window. Early identification of these 

EBPs may help to identify children with subtle features of ASD (who have not been 

identified yet), with specific EBP syndromes (which can hamper education and 

socialisation), allowing effective and timely engagement with services or interventions.  

Interventions and therapy 

No two children with ASD are alike and we should tailor interventions as much as 

practicable to best suit the needs of each individual. Behavioural and speech therapy based 

approaches have shown the best results so far, with pharmacological treatment most 

useful in the management of comorbid conditions (seizures, depression, ADHD). The aim of 

treatment should be to maximise the individual’s independence, to create a nurturing 

educational environment geared towards optimisation of their relative strengths, to 

manage treatable comorbidities, and to improve social and communicative abilities. We 

should also consider the family unit, with practical, financial, social and respite supports 

available as required and on an ongoing basis (233).  

Early intervention should be prioritised, as young children with ASD can become socially 

isolated (even from their parents) as their ASD progresses. This can bring about impaired 

educational opportunities owing to the development of core ASD features and confounding 

comorbidities. Interventions in these early years may take advantage of optimal brain 

plasticity, which may confer additional benefit to interventions versus those instituted later 

in life (234, 235). There is emerging evidence that “prodromal” social and communication 

interventions can be effective when administered even before core ASD symptoms have 

developed (10).  

The cornerstone of early interventions are based on early intensive behavioural 

intervention models, themselves originally derived from the core components of applied 

behavioural analysis (ABA) (cognition, language, sensorimotor and adaptive behaviours) 

(236). Newer interpretations such as the Early Start Denver Model (ESDM) give added 
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emphasis to parental involvement and improve upon developmental and relationship 

aspects, fostering a more holistic approach. This is a high intensity model delivered by 

therapists for 15 hours per week, with concurrent parental training. Children engaged with 

ESDM have demonstrated greater improvements in autism symptoms, intelligence, 

language, and adaptive and social behaviours versus standard community intervention 

groups (237).  

Low intensity, parent administered approaches have also shown positive results, such as 

improved joint attention and joint engagement (238). Parents are tutored to have 

improved awareness of, and to become more attuned to, their child’s communication style 

and signals. The aim is to facilitate joint engagement, practice positive parenting 

techniques and to improve social and communication skills in the child (238). These 

techniques can help frustration and low confidence levels experienced by parents who can 

experience great difficulty responding to their child’s needs (237, 239). The Picture 

Exchange Communication System (PECS) can be used in nonverbal children with 

demonstrable improvements in functional communication (240), while targeted 

behavioural interventions (cognitive behavioural therapy (CBT)) can be effective in reducing 

anxiety and aggression in persons of all ages with ASD (241, 242).  
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Conclusion: 

In summary, autism has proven to be a more complex entity than previously believed. ASD 

prevalence is increasing due to a mixture of biological and methodological factors. It is an 

extremely important disorder with a vast financial health burden for governments and a vast 

psychological one for family units and affected loved ones. Recent progress in our 

understanding of ASD aetiology is moving our scope beyond a purely genetic underlying 

cause. Environmental risks play an important role, and the variety of environmental risks 

implicated in ASD is broad. Already these risks have helped to illustrate how gene-

environment interplay can affect immunity and fetal development, as well as offering 

potential for new therapeutic targets and interventions. Already the avenues of inquiry 

through which we may identify a reliable biomarker are expanding. The marriage of 

established techniques (ELISA, genomic sequencing), newer methodologies (proteomics, 

metabolomics) and technological solutions (machine learning, artificial intelligence) may 

present novel signatures or biomarkers of ASD which may be useful in identifying ASD 

antenatally or in early infancy thereby allowing early intervention.  

In this thesis I aim, first, to investigate the role of maternal immune activation in autism 

aetiology using a variety of these techniques, with the expressed aim of identifying possible 

early onset or antenatal biomarkers of autism. Second, I aim to elaborate on the natural 

history of emotional and behavioural problems arising in autistic children and to access their 

impact on children and their families. 
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Aims and Objectives: 

The general aim of this thesis is, 

1. To investigate, in a well-characterised cohort of ASD affected children, the potential 

contributory role of maternal immune activation and early protein or metabolic 

dysregulation in ASD aetiology; with the aim of identifying a potential biomarkers which may 

aid in the early identification of, and timely management of, the disorder. 

A secondary aim of this work is, 

2. To characterise the clinical features of this ASD cohort with a focus on the temporal 

development of emotional and behavioural comorbidities and the timing of their onset in 

this group. 

To that end, I will achieve these aims via the following objectives: 

a. Examination of mid-gestation cytokine profiles in mothers of children with 

an ASD diagnosis at two mid-gestation time points (15 and 20 weeks) across 

two sites as part of a large multi-centre pregnancy study with the aim of 

identifying a potential gestational ASD biomarker. 

b. Validation of candidate maternal cytokines (including an ultrasensitive assay 

of interleukin 17) at a single specific mid-gestational time-point (20-weeks’ 

gestation) in a carefully characterised expanded birth cohort.  

c. Discovery analysis of proteomic and metabolomic signatures in cord blood 

plasma and late childhood serum samples from the ASD cohort versus 

matched controls 

d. Characterise clinically the development of emotional and behavioural 

problems (EBPs) in our ASD cohort with an emphasis on the evolution of 

EBPs over time and the timing of onset. 

e. Development a maternal and child genetic biobank/repository of bio-

samples taken from mother-child dyads enrolled in the study. Children 

included with ASD had either an early (<5 years old) or late (>5 years old) 

ASD diagnosis and samples were stored for interval RNA, genetic and HLA-G 

analysis.
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f.  

Thesis layout and chapter summary 

The thesis contains seven chapters in total. In Table 2 (below), I have outlined the individual manuscripts created for each chapter. In addition 

to those noted and numbered (papers I – V), I have also written an introductory (Chapter 1) and discussion chapter (Chapter 7).  

Table 2: Snapshot of thesis chapters and papers 

Chapter Paper Question Hypothesis Methods Key Findings 

 

 

1 

 

 

0 

Introduction chapter and 

general review of the autism 

literature 

Broad review regarding key 

facets of autism aetiology as 

well as important historical and 

clinical features. 

Literature review  ASD aetiology is not fully understood. Novel 

tools are providing exciting opportunities to 

investigate the interplay of genes and the 

environment 

 

 

 

2 

 

 

 

 

I 

Literature review, published 

article 

The COVID-19 pandemic 

presents an ideal opportunity to 

investigate the effects of 

maternal infection and 

inflammation on foetal and 

early childhood development 

Literature review We outline literature concerning the role of 

maternal inflammation in ASD and review 

the emerging pathology of COVID-19 and its 

potential impact on child development. 
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3 

 

 

 

II 

Examination of mid-

gestation cytokine 

dysregulation in mothers of 

children with ASD in two 

geographically remote 

cohorts 

Mid-gestation cytokine 

dysregulation is linked with 

abnormal foetal development 

and childhood developmental 

disorders including ASD 

Using multiplex ELISA 

technology, we examined mid-

gestation cytokine 

concentrations in two distinct 

birth cohort groups (in Ireland & 

New Zealand). We compared 

the levels of a range of cytokines 

in mothers of ASD affected 

children versus controls.  

Altered expression of the pro-inflammatory 

cytokine, interleukin-17 (IL-17), between 

groups. The ASD affected group displayed 

significantly higher levels of IL-17.   

 

 

 

4 

 

 

 

III 

A more focused examination 

of cytokine dysregulation 

during pregnancy in mothers 

of children with ASD 

Mid-gestation cytokine 

dysregulation is linked with 

abnormal foetal development 

and childhood developmental 

disorders including ASD 

Using multiplex and 

ultrasensitive ELISA (specifically 

for IL-17), we examined mid-

gestation cytokines in an 

expanded Irish ASD cohort. We 

compared cytokine levels in 

mothers of ASD affected 

children versus controls. 

Altered expression of mid-gestation 

interleukin-4 levels (an anti-inflammatory 

cytokine). The levels of which were reduced 

in the ASD cohort versus matched controls 

 

 

 

 

 

 

Can an -omics approach 

highlight longitudinally 

persistent altered 

expression of proteins or 

Given the heterogeneity within 

ASD symptomology and 

phenotypes, we cannot account 

for the origin of ASD by a single 

Using a combination of 

proteomic (mass spectrometry), 

metabolomic (ultra-

performance liquid 

Our findings suggest in utero dysregulation 

of glycolysis, sulphur metabolism, 

mitochondrial and androstenedione 

networks, with dysregulated serum GAPDH, 
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5 

 

 

IV 

(TBP) 

metabolic molecules in 

children with ASD?  

genetic mutation or 

environmental exposure. 

Combined methods capturing 

an array of metabolomic and 

proteomic signatures may be 

predictive of ASD 

chromatography), and machine 

learning techniques we 

compared the protein and 

metabolome milieu of archived 

cord blood and late childhood 

samples in ASD affected children 

versus matched controls.  

SELENBP1, and BLVRB persisting into late 

childhood in ASD 

 

 

 

 

6 

 

 

 

 

V 

(TBP) 

At what age do emotional 

and behavioural problems 

(EBPs) arise in ASD cohorts, 

how do they change over 

time, and how are they 

characterised? 

EBPs are important modifiers of 

outcome in children with ASD. 

They are, however, under-

recognised by both parents and 

clinicians. Improved and earlier 

identification of EBPs may 

improve clinical outcomes in 

ASD affected groups.  

We followed a population of 

children with proven ASD from 

the BASELINE birth cohort from 

birth until late childhood. We 

measured EBPs using the Child 

Behavioural Checklist (CBCL) at 2 

years and 5 years, We compared 

scoring between the ASD group 

& matched controls.  

EBPs are important modifiers of outcomes in 

children with ASD that develop in early 

childhood. Early intervention can improve 

outcomes with children with EBPs so early 

assessment for EBPs in children with ASD is 

warranted. 

7 0 Discussion chapter  Summary and discussion of 

findings 

Summary of findings, contextualisation of 

findings in literature, strengths & limitations 

of the thesis, future directions of research.  

TBP = To be published at a later date 
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Chapter 2 

Paper 1: Literature and Narrative Review Article 

Maternal Immune Activation and Interleukin 17A in the Pathogenesis of Autistic 

Spectrum Disorder; and why it matters in the COVID-19 era.  

 

Authors: 

Michael Carter, 

Sophie Casey, Gerard W. O’Keeffe, Louise Gibson, Louise Gallagher,  

Deirdre M. Murray 

 

Published: 
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Abstract: 

Autism spectrum disorder (ASD) is the commonest neurodevelopmental disability. It is a 

highly complex disorder with an increasing prevalence and an unclear aetiology. Consensus 

indicates that ASD arises as a genetically modulated and environmentally influenced 

condition. Although pathogenic rare genetic variants are detected in around 20% of cases 

of ASD, no single factor is responsible for the vast majority of ASD cases or that explains 

their characteristic clinical heterogeneity. However, a growing body of evidence suggests 

that ASD susceptibility involves an interplay between genetic factors and environmental 

exposures. One such environmental exposure which has received significant attention in 

this regard is maternal immune activation (MIA) resulting from bacterial or viral infection 

during pregnancy. Reproducible rodent models of ASD are well established whereby 

induction of MIA in pregnant dams, leads to offspring displaying neuroanatomical, 

functional and behavioural changes analogous to those seen in ASD. Blockade of specific 

inflammatory cytokines such as interleukin-17A during gestation remediates many of these 

observed behavioural effects, suggesting a causative or contributory role. Here we review 

the growing body of animal and human-based evidence indicating that interleukin-17A may 

mediate the observed effects of MIA on neurodevelopmental outcomes in the offspring. 

This is particularly important given the current COVID-19 pandemic as SARS-CoV-2 infection 

during pregnancy is a potent stimulator of the maternal immune response, however the 

long-term effects of maternal SARS-CoV-2 infection on neurodevelopmental outcomes is 

unclear. This underscores the importance of monitoring neurodevelopmental outcomes in 

children exposed to SARS-CoV-2-induced MIA during gestation.  
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Introduction: 

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterised by a 

spectrum of deficits in social interactions and communication combined with stereotypical 

and repetitive behaviours. Up to 50% of those affected can have intellectual disability (ID) 

and limited verbal communication (1-3). In recent decades, the prevalence of ASD has 

consistently increased from approximately 1 in 1,000 in the 1960s (4), to 1 in 44 today in 

the United States (5). Increasing prevalence may in part, be explained by changes in 

reporting practices, increased recognition of ASD symptoms, broadening of the ASD 

diagnosis (1), and improved accessibility to services (6, 7). A significant ratio of 4:1 from 

male to female still exists with markedly differing prevalence rates between the sexes, 1/38 

in males and 1/151 among females (8). Although genetic susceptibilities are recognised, the 

mechanism of disease development is unknown and does not follow a clear pattern of 

inheritance (9, 10). This suggests possible mediation by additional unknown biological or 

environmental factors (11). Both common and rare genetic risk factors have been identified 

with more than four hundred diverse genes now linked to ASD. Singly, these genetic factors 

each convey only a modest increase in ASD risk (~1%), however collectively they can 

contribute to a far greater risk (12, 13). Up to 20% of individuals with ASD may possess 

copy number variants (CNV) and de novo loss of function single nucleotide variants (SNV) 

that are individually rare but in combination, increase an individual’s ASD risk (12). While 

newer methods of genetic analysis (such as whole genome sequencing) are uncovering new 

candidate genes with regularity (14), the heterogeneity of the clinical and phenotypic 

groups within ASD strongly suggest that in those with a genetic predisposition, 

environmental factors may act in concert to bring about a multisystem dysfunction leading 

to ASD. A well-characterised environmental factor known to impact early fetal brain 

development and increase ASD risk is maternal inflammation during pregnancy, which is 

commonly called maternal immune activation (MIA). Numerous epidemiological studies 

have linked gestational infections with elevated risk of ASD in offspring (15-17), and animal 

models of MIA have simulated gestational infection resulting in MIA-induced neural and 

behavioural abnormalities analogous to those seen in ASD (18-20). 

Focused early intervention in young children with ASD has been shown to result in 

normalized patterns of brain activity, and is associated with improved functional outcomes 

and reduced morbidity (237, 243). Most children affected by ASD can have a reliable and 

stable ASD diagnosis from as early as 14 months of age (208), yet in spite of this, the average 

age of ASD diagnosis is closer to 5 years (244, 245). Numerous studies sought to identify 
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blood-based biomarkers of ASD in affected adolescents and adults (120, 154) and have 

reported alterations of molecules involved in iron transport (155), inflammation (28, 156), 

brain development (157), and metabolism (158). None to date has identified and validated 

reliable mechanistic biomarkers with the ability to improve ASD detection in the crucial early 

developmental period. Multiple descriptive ASD biomarkers such as characteristic MRI brain 

findings, abnormalities of gaze preference on eye tracking or characteristic EEG findings in 

infants with ASD; show promise in terms of aiding earlier ASD detection. However, none is 

directly involved in the pathogenesis of ASD and arises of the condition rather than 

contributes to it. The infant brain doubles in volume over the first year coinciding with 

maximal neuroplasticity and synaptogenesis. Recognition of an early mechanistic biomarker 

gives us the best chance of implementing strategies during this critical early childhood 

window allowing ASD diagnosis and intervention at the earliest possible stage.  

Here we highlight recent research in this area, both from pre-clinical animal studies and 

epidemiological human studies, along with a proposed mechanistic pathway, that we can 

encourage other research groups with access to suitable maternal-child cohorts to examine 

this question. We encourage researchers to look at the prospective study of children born 

during the COVID-19 era, when their gestations may have been complicated by mild or even 

asymptomatic SARS-CoV-2 infection. Otherwise, the long-term effect, if any, of COVID-19 on 

the fetal brain could remain unknown for years to come.   
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Inflammation, viral infection and ASD: What are the implications of the COVID-19 

pandemic? 

There is growing scientific evidence that aberrant immune activation occurs in ASD (119, 

120) based on studies of autistic children and young adults (27, 121). As early as 1971, Stella 

Chess reported ASD cases associated with the 1964 Rubella outbreak in the United States 

(246), and in a 1977 follow up study, Chess et al. quoted ASD prevalence rates of 8 to 13% in 

children of mothers who were infected during that outbreak (125). Large epidemiological 

studies indicate that conditions such as maternal autoimmune disorders and mid-trimester 

viral infections that trigger gestational pro-inflammatory states (i.e. MIA), are linked with 

elevated ASD, schizophrenia and bipolar disorder risk in offspring (113, 124, 125, 126). More 

recently, a range of conditions associated with proinflammatory states in pregnancy such as 

obesity, psychosocial stress and pre-eclampsia were associated with increased ASD risk in 

children (145, 146). Thus, gestational maternal immune activation (MIA) appears to play a 

role in the pathogenesis of the ASD phenotype in exposed offspring. 

Maternal Immune Activation and neurodevelopmental outcomes. 

We define MIA as a triggering of the maternal immune system by infectious or infectious‐

like stimuli resulting in an increase in measurable inflammatory markers during pregnancy 

(148, 149). MIA has been most commonly simulated in preclinical rodent, murine and 

nonhuman primate (rhesus macaque) animal models by Poly (I:C) (polyinosinic-polycytidylic 

acid) or LPS (lipopolysaccharide) injection which respectively model viral and bacterial 

infection (24, 26, 123). Poly (I:C) is a synthetic analogue of double stranded RNA, mimics the 

effects of viral infection (168). The triggered immune response results in offspring with 

behavioural, immunological, and neurological abnormalities that approximate to autistic 

symptoms observed in humans, notably, impaired sociability and repetitive behaviours (24, 

142, 247). Offspring born to poly (I:C) treated dams have consistently, across all exposure 

categories (administration of varying doses of poly (I:C) and at varying gestations), shown 

impairment of social interaction, this is manifest as reduced communication in ultrasonic 

vocalisations which are usually triggered by separation from the dam in the first two 

postnatal weeks. Marble burying, a well-recognised behavioural paradigm to measure 

repetitive behaviours in rodents, again is consistently increased in murine offspring following 

poly (I:C) treatment (248). These offspring have proven useful in pre-clinical etiological 

studies as well as identification of therapeutic targets. 
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Cytokine dysregulation may play a causative role in observed neuronal dysfunction in pre-

clinical models of MIA (142, 151, 169). In a recent study, Choi et al convincingly demonstrated 

that simulated MIA in murine models leads to elevation in maternal IL-6, which in turn 

activates maternal Th17 cells. These maternal Th17 cells produce IL-17, which is thought to 

cross the placenta triggering increased expression of IL-17AR in the fetal brain and leading 

to cortical malformations and behavioural abnormalities (24, 160). These malformations 

parallel abnormalities found in brain development in children, adolescents and adults with 

ASD (249, 250). Poly (I:C) treatment also leads to raised IL-17A mRNA levels in placental tissue 

of these mice (24). Through inhibition of IL-6 and IL-17A signalling with antibody blockade of 

the IL-17A cytokine, Choi at al also determined that a sustained increase in IL-17A expression 

seemed to be pathogenic in ASD, as IL-17A blockade prevented the development of ASD-like 

phenotypes (24). Specific behaviours in mice which model core diagnostic features of ASD 

(including repetitive burying and increased neonatal ultrasonic vocalisations (USV)) were 

normalized in the previously MIA-exposed offspring (251, 252).  

 

Figure 6: Potential outcomes in the inflammation-exposed fetus in the context of MIA related IL-17 

induction   

Improved fetal resilience is associated with lower intensity of maternal immune activation. ASD risk 

after prenatal exposure to maternal fever has been found to increase in a dose dependent manner 

(129, 253) and similar effects were identified in animal models of MIA (254). A balanced maternal diet 

seems to contribute to improved fetal resilience also (167, 255, 256). Exposure to relatively higher 

grades of immune activation via high intensity MIA (146), intrapartum infection (257, 258) and genetic 
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risk factors lead to reduced fetal resilience, and increased likelihood of unfavourable developmental 

outcomes.  

Alterations in cytokine expression in human studies: 

While many studies have examined the cytokine profiles of individuals with ASD, only a 

very limited number of studies to date have examined mid-gestation cytokine levels in 

mothers of children who subsequently develop ASD. Three studies retrospectively analysed 

maternal blood sampled during pregnancy. A 2017 study by Jones et al, reported elevated 

mid-gestation cytokines and chemokines in mothers of children with ASD associated with 

ID, and particularly early onset ASD (as defined by the authors as early or sustained delays 

in language or social skills, and excluding those showing clear skill regression) (34). 

Dysregulation was noted in a number of cytokines including interleukins IL-1α, IL-1β, IL-2, 

IL-4, IL-6, IL-8, and IL-17A between 15 and 19 weeks’ gestation. An earlier study noted 

elevations in mid-gestation serum IL-4, IL-5 and IFN-gamma levels in mothers of ASD 

affected children (33). While, more recently, Irwin et al (2018) demonstrated alterations in 

IL-4, MCP-1 and IL-10 levels in 28-week gestation serum of mothers who birthed ASD 

affected children (181). Other authors have examined amniotic fluid at mid-gestation and 

found elevated levels of IL-4, IL-10, TNF- α and TNF- β in ASD patients versus controls (182). 

Yet, amniotic fluid cytokine concentrations are more indicative of the fetal immune state 

rather than the maternal state (259, 260). In Table 3, we outline a number of the cytokines 

most frequently found to be dysregulated in the serum or cerebrospinal fluid of ASD 

affected individuals, and gestational serum and amniotic fluid samples from mothers of 

ASD affected children.
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Table 3: Cytokine dysregulation in ASD affected individuals and in gestational serum and amniotic fluid samples of mothers with ASD affected offspring 

Cytokine Category Altered in 

blood/CSF 

of ASD 

individual 

Altered in 

gestational 

blood 

Altered in 

amniotic fluid 

Cytokine characteristics  

 

Relevance to ASD 

TNFα Pro-

inflammatory 

(156, 261, 

262, 263) 

(34) (182) Apoptosis of infected cells. Elevated in the CSF and blood of ASD 

affected individuals (156, 261, 262). 

IL-1β Pro-

inflammatory 

(156, 261, 

264, 265) 

(34)  A potent pro-inflammatory cytokine involved in both acute and chronic 

inflammation. Correlated with ASD symptom severity (121).  

IL-6 Pro-

inflammatory 

(156, 261, 

263, 264, 

265, 266, 

267) 

(34)  Induces production of acute phase proteins and stimulates B-cell 

antibody production (268). Pleiotropic (affects hematologic, hepatic, 

endocrine and metabolic function). Thought to impact synapse 

formation and neuronal migration (269). Potentially mediates IL-17 

linked ASD risk in pregnancy (24, 142) 

IFNγ Pro-

inflammatory 

(120, 156, 

266) 

(33, 34)  Interfaces between innate and adaptive immune response. Secreted by 

NK cells, and promotes NK killing. Activates macrophages, which 

produce IL-12 and -23, stimulating Th1 and Th17 cell respectively. 

Inhibits Th2 cells. Versatile, with a role in defence against intracellular 
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pathogens, tumour surveillance, autoimmunity, allergy and the 

protection of the amniotic space during pregnancy (270). 

IL-17 Pro-

inflammatory, 

Chemotactic 

(27, 29, 

156, 263, 

267, 271) 

(34)  Derived from Th17 cells, a subset of CD4 cells. Potentiates the innate 

PMN response throughout inflammation. Postulated to trigger 

alterations in the blood brain barrier and lead to cortical dysplasia 

(142). 

IL-4 Pro-/Anti-

inflammatory, 

Allergy 

(265) (33, 34, 

181) 

(182) A Th2 derived cytokine, often linked with asthma and allergic type 

inflammation (119). Dual role: pro/anti-inflammatory properties. 

Crucially important in mitigating inflammation during pregnancy 

(primarily through suppression of Th1 T-cells and associated cytokines 

(IL-2 and IFNγ). 

GM-CSF Growth factor (272) (34)  A colony-stimulating factor. Produced by stromal cells, it targets bone 

marrow, and precursor cells, mediating haematopoiesis. 

IL-8 Chemotactic (30, 264, 

266) 

(34)  Produced by fibroblasts, neutrophils and macrophages. Chemo-

attractant for phagocytes at site of inflammation.  

Note: The numbers in parentheses indicate the relevant references 
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A growing body of evidence supports a role in ASD pathogenesis for Th17 cells and their 

product cytokine, IL-17A (See Figure 6 (271, 273)). The IL17A gene itself has been identified 

by a small genome-wide CNV study to amplify copy number variants (CNVs) in ASD affected 

cohorts (274). Elevated levels of IL-17A have been reported in the blood of ASD affected 

individuals, and these correlate positively with severity of ASD behavioural symptoms (27, 

34, 271). Yet, others have found high concentrations of IL-17A in individuals affected by 

obesity or high BMI (275), both of which are more likely in ASD groups (276). This is a 

potential confounder for any retrospective cohort based study designs.  

STRING analysis (Figure 7 (277)) indicates that IL-17A has proven or predicted interactions 

with IL-2, IL-6, IL-10, IL-13, IL-17F, IL-17RA, IL-17RC, CTLA4, STAT3 and STAT6. Each of these 

proteins have been previously reported to have altered expression in children with ASD, as 

outlined below. Of these, the most persistently described, and hence, potential key player 

is IL-17A, along with its receptor IL17RA and receptor complex, IL17RC. 

 

Figure 7: STRING diagram illustrating the known and predicted protein IL-17A interactions  

Network nodes represent proteins - each node represents all the proteins produced by a single, 

protein-coding gene locus. Edges (lines) represent protein-protein associations that are specific and 

meaningful, i.e. proteins jointly contribute to a shared function; this does not necessarily mean they 

are physically binding each other. Blue connecting lines indicate that protein interaction information 
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was derived from curated databases, pink indicates the interaction was experimentally determined, 

yellow indicates the interaction was determined via text mining, black indicates protein co-expression, 

and lilac indicates protein homology. Analysis was performed on 28 July 2021 via the string-db.org 

domain.  

IL-17A associated pro-inflammatory mediators in ASD: 

Upregulation of pro-inflammatory pathways has been persistently associated with ASD. IL-6 

is a versatile cytokine, with multiple functions throughout the body. It plays roles in 

immunity, inflammation, hematopoiesis and oncogenesis. IL-6 works to promote pro-

inflammatory Th17 cells (IL-17 producers) and to downregulate anti-inflammatory Treg cells 

(regulatory T-Helper cells) (278, 279). Th17 cells produce cytokines that cross the placental 

barrier (151). This transplacental effect has been well characterised with IL-6, which was 

shown to alter offspring behaviour and brain development (161, 280). 

Like IL-17A, IL-17F is also produced by Th17 cells (281). IL-17F is reported to be involved in 

the regulation of proinflammatory gene expression and responses (282). IL-17RA and IL-17RC 

are both members of the IL-17 receptor family. In order for IL-17A (or indeed IL-17F) to have 

biological effects on tissues, IL-17RA must be present (281). IL-17RA is expressed in immune 

cells, and some children affected by ASD appear to possess higher levels of this receptor 

compared to neuro-typical controls (283). IL-17RA blockade may reduce monocyte 

associated oxidative stress which may improve neuro-inflammation associated with ASD 

(283). IL-17RC is also essential for the formation of the IL-17 receptor complex (284). IL-17RC 

levels in neutrophils are raised in children with ASD compared to neuro-typical controls. In 

fact, expression of this receptor (mRNA and protein) was completely absent in a cohort of 

neuro-typical children. The presence of both IL-17A receptor subunits in ASD patients may 

magnify the effects of IL-17A resulting in an autistic phenotype (285). 

The transcription factor STAT3 (signal transducer and activator of transcription 3) is a key 

player in the development of T helper cells and regulates the expression of the T helper cell 

specific transcriptional regulator – retinoic acid receptor related orphan receptor γ-t (RORγt) 

via IL-6 (286, 287). IL-6 is a potent driver of RORγt activity. RORγt is exclusively found in 

lymphoid cells such as Th17 cells (CD 4 helper cells), and is required for differentiation of 

Tregs to Th17 cells (287). STAT3 proteins occur at elevated levels in the peripheral blood 

mononuclear cells (PBMCs) of children affected by ASD (288). Inhibition of STAT3 mitigates 

MIA associated behavioural and immunological abnormalities seen in animal models (169), 

while RORγt KO models reverse outcomes in MIA exposed mouse pups (24).   

https://uccireland-my.sharepoint.com/personal/michael_carter_ucc_ie/Documents/Desktop/Thesis%20documents/Chapter%200/string-db.org
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Lastly, IL-13 is a cytokine derived from T cells, which has both inflammatory and anti-

inflammatory properties. IL-13 inhibits the production of other inflammatory cytokines (IL-

1α, IL-1β, IL-6) through its effects on inflammatory macrophages (289). IL-13 is recognised as 

a key driver in allergic and inflammatory airway disease, where its effects are potentiated by 

IL-17 (290). Raised IL-13 has been noted in the plasma and PMBCs of children affected by 

ASD (156, 291), particularly those with comorbid asthma (although IL-13 is known to be 

skewed in those with co-morbid atopic conditions) (292).  

IL-17A associated anti-inflammatory mediators in ASD: 

Another member of the STAT family, STAT6, suppresses the IL-17A inflammatory response. 

In certain conditions, STAT6 signalling attenuates IL-17A producing T-cells, reducing their 

production of IL-17A (293). IL-4 mediated inhibition of Th17 cells and IL-17A production is 

STAT6 dependent (294). In human studies, children with ASD reportedly have reduced levels 

of STAT6-expressing CD45 cells (CD45+STAT6+) in their PBMC profile compared to neuro-

typical controls (295). STAT6, as part of the IL-4 signalling cascade can enhance the 

expression of anti-inflammatory mediators. This pathway is critical for acceptance of the 

fetal graft, through reduction of Th17 cells and increase of both IL-4 and Tregs in the fetal 

environment (114, 296).  

In addition to downregulation of the STAT6 mediated pathways, downregulation of other 

anti-inflammatory cytokines is also reported in autism.  Anti-inflammatory cytokine IL-10 acts 

as a “master” immuno-regulator (297) and IL-10 concentrations are significantly lower in ASD 

children compared  with neuro-typical controls (298, 299). Cytotoxic T-lymphocyte antigen 4 

(CTLA4) is a glycoprotein located on T cells (300) and is induced following T cell activation. 

This anti-inflammatory molecule is expressed at lower levels in the peripheral blood 

mononuclear cells (PBMCs) of children with ASD (301). Reductions in the levels of these anti-

inflammatory and regulatory proteins may lead those with ASD to acquire a more pro-

inflammatory state.  
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Linking immunity and genetics in ASD. 

Bioinformatics analysis of large CNV studies suggest strongly that innate immune processes 

are implicated in ASD risk (83), this may indicate that immune dysfunction in ASD may be 

genetically driven or influenced. MIA downregulates expression of susceptibility genes 

known to be highly penetrant in ASD and heavily involved in neurogenesis, cell signalling, 

synaptogenesis and axonal guidance in the early stages of fetal development (83, 95). When 

compared with curated ASD associated gene sets (e.g. via the SFARI Gene database 

(http://gene.sfari.org/), MIA downregulated genes were substantially enriched. The 

strongest enrichment of MIA downregulated genes was observed in the ASD gene categories 

with the highest likelihood of a link to ASD i.e. SFARI “High Confidence” or “Syndromic” ASD 

gene sets. This suggests that MIA may bestow increased ASD risk through downregulating 

the expression of the same genes that are highly penetrant in ASD during the early stages of 

fetal development.  

Loss of function mutations in TSC1 and TSC2 genes are linked to syndromic ASD, and these 

genes are critical upstream regulators of the mTor pathway. mTor has important functions 

in innate immunity and metabolism in particular (186, 187, 188). 

MIA also has downstream effects, in some cases influencing the transcriptome rather the 

genes themselves. FMR1 and CHD8 are both highly penetrant genes for ASD, yet MIA does 

not seem to influence expression of these genes directly. Rather, it wields an influence on 

downstream gene targets such as FMRP (fragile X syndrome protein complex). This raises the 

possibility that MIA may act as an environmental factor disrupting crucial early 

developmental genomic pathways through influence on downstream gene targets (83). This 

might suggest that MIA could act both in a direct (genetic) and indirect fashion 

(epigenetic/regulatory) with the end effects converging on similar pathways.  

As previously, mentioned, normal pregnancy is associated with suppression of immunity, 

allowing the fetus to develop inside the mother’s innate immune system. HLA-G antigen 

recognition controls the placental immune response and allows acceptance of the fetal graft. 

HLA-G interacts with the CD8 cell surface antigen found on most cytotoxic T-

lymphocytes that mediate efficient cell-cell interactions within the immune system 

(302). Higher rates of HLA-G mutations have been found in mothers of children with ASD 

(133). The Th17 pathway in particular has been identified as a likely effector of inflammatory 

changes on the developing fetal brain, with downstream effects on behaviour and cognitive 
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development (142, 303). We hypothesize that the physiological changes in maternal 

immunity during pregnancy are dysregulated in some mothers of children with ASD.  

Genome-wide association studies (GWAS); comparing cases to controls, represent the gold 

standard for identifying common genetic risk variants for multifactorial disorders like ASD. 

Until now, GWAS have been limited largely by their small sample sizes. Extremely large 

samples are needed to find robustly associated risk variants, increasingly; researchers are 

examining larger and larger GWAS numbers by accessing population-based cohorts. A recent 

study linked four immune related genes with ASD traits seen in the general population such 

as rigidity and attention to detail. This raises the possibility that ASD candidate genes may be 

associated with ASD symptomology, even in the general population. This may allow gene 

studies on a population basis rather than specifically in ASD cohort, greatly increasing power 

in these studies (304).  

Many of the inflammatory proteins reported to have altered expression in ASD are linked to 

pro-inflammatory Th-17 cells, their product IL-17A, and the IL-17 receptors and receptor 

complexes. It appears that IL-6 activation (regulated by STAT3 and STAT6 via RORγt activity) 

of IL-17 expression, and subsequent upregulation of IL-17 receptors and receptor complexes 

may have a key role in the pathogenesis of ASD.  The majority of linked molecules identified 

above are pro-inflammatory and found in higher quantities in those with ASD, with a 

corresponding downregulation of anti-inflammatory proteins. Whether this dysregulation of 

IL-17 is an inherent or acquired state is unclear.  

Circulating T cell and IL-17A levels are altered in a subset of children with ASD. MIA (including 

IL-17A) seems to play a role in altering important developmental pathways through direct 

interaction with ASD susceptibility genes, and indirectly, through interaction with their gene 

products. Circulating levels of IL-17A are dysregulated during pregnancy in mothers of 

children who develop ASD and ID (34, 271, 274). Murine models support a causative role for 

IL-17A in the pathogenesis of ASD. We conclude from the existing evidence that IL-17A 

dysregulation in the mother or developing infant could play a causal role in the development 

of at least some subsets of ASD and may be the link between environmental exposure and 

genetic susceptibility. Understanding the role of IL-17A and its associated targets on 

neurodevelopmental outcomes is now becoming increasingly important. 
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What is the relevance of the ongoing COVID-19 pandemic to MIA-induced ASD risk? 

Coronavirus disease 2019 (COVID-19), a disease caused by the novel coronavirus, severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has become a pandemic, affecting 

every corner of the globe. Although, the disease (COVID-19) affects primarily the respiratory 

systems of those affected, it has been found to affect and damage other organs, including 

the kidneys (305), liver (306), brain (307, 308) and heart (309, 310). Worldwide reported 

cases and COVID-19 related mortality are most likely an underestimate due to variability of 

public health capacities between countries, but as of August 2021, there have been almost 

200 million confirmed cases of COVID-19, and over 4.2 million deaths reported to the WHO 

(311).  

Our current knowledge of COVID-19 is based only on our limited experience with SARS CoV-

2 since December 2019 and analogously, through our experience of other coronaviruses 

(SARS CoV and MERS, Middle East Respiratory Syndrome). The long-term consequences of 

in-utero SARS-CoV-2 exposure and/or congenital infection are almost entirely unknown. 

There is clear evidence that prenatal exposure to viral infections increases the risk of adverse 

developmental, neurological and psychiatric outcomes in later childhood and adult life (25, 

26, 113). In this next section, we discuss the implications of the COVID-19 pandemic in the 

context of MIA-induced alterations in neurodevelopmental outcomes. 

COVID-19 and cytokine storm: 

Preclinical work shows that MIA, which stimulates interleukin-17A release from Th17 cells, 

can establish sustained fetal-placental inflammatory responses. This inflammatory milieu 

can persist into childhood and affect the development of the young “primed” brain. 

Remarkably, in murine models, social difficulties in MIA-exposed offspring are remediable 

through a variety of mechanisms including IL-17 blockade (24, 142). Cytokine storm is a 

general term applied to maladaptive cytokine release in responses to infection and other 

stimuli (312). In the context of sepsis, cytokine storm is considered one of the major causes 

of acute respiratory distress syndrome (ARDS), systemic inflammatory response syndrome 

(SIRS) and multi-organ failure (313, 314). In COVID-19, cytokine storm seems to play a role in 

disease aggravation and correlates positively with severity of disease (315). IL-17A target IL-

6 and C-reactive protein (CRP) specifically, have been shown to correlate positively with 

increased mortality (316). Elevated numbers of Th17 cells have been isolated in the blood of 

individuals with fatal COVID-19 infection (317), while many authors have demonstrated 

significantly elevated levels of IL-17A in those with both mild and severe COVID-19 (318, 319, 

320). Coronavirus infection results in macrophage, and dendritic cell activation and IL-6 
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release (321). This instigates an amplification cascade (JAK – STAT1/3 pathway) that results 

in cis signalling (binding of cell membrane bound IL-6 receptors) in lymphocytes with 

downregulation of Tregs and increased differentiation of TH17 cells; as well as trans-

signalling (binding of soluble IL-6 receptor) effects on many other cell types (endothelial 

cells). This widespread immune activation and cytokine production contributes to the 

pathophysiology of severe COVID-19 (322). Indeed, some authors have specifically suggested 

therapies intended to target both Th17 cells and IL-17A in COVID-19 disease (323, 324). We 

have already outlined how Th17 specific (T-helper 17 cell) pathways are initiated via 

activated macrophages that produce IL-6 and IL-1β. As outlined, IL-6 in particular, is a potent 

potentiator and trigger for IL-17A release (312, 323, 325). IL-17A therefore, may be a key 

player in the COVID-19 cytokine storm.  

Coronavirus (SARS-CoV-2) neurotropism and neurological effects: 

Coronaviruses have a demonstrated specific neuro-tropism that allows them access to, and 

to proliferate in, the host’s CNS (326, 327). Cell entry seems to occur through the 

angiotensin-converting enzyme – 2 (ACE-2) and transmembrane protease serine 2 (TMP S2) 

receptors, both of which are widely expressed in the placenta and at the feto-maternal 

interface. While trans-placental infection of the fetus is, yet to be proven conclusively, 

vertical transmission is certainly plausible and may lead directly to inflammatory processes 

in the fetal brain, in addition to indirect effects via the host/ maternal immune response. The 

neurological sequelae of COVID-19 are wide-ranging and relatively common. The majority of 

neurological presentations so far have fallen into 5 categories, (i) Encephalopathy (including 

delirium and impaired consciousness), (ii) Inflammatory CNS disorders (including 

encephalitis and Acute Disseminating Encephalomyelitis (ADEM)), (iii) Cerebrovascular 

accident/stroke, (iv) PNS disorders (including Guillain-Barré Syndrome and cranial nerve 

palsies, (v) “Miscellaneous” central neurological disorders (such as raised intracranial 

pressure, seizures, and myelitis) (328). Hyposmia/Anosmia and hypogeusia (329) are 

recognised as 2 important hallmarks of acute SARS-CoV-2 infection, while more severe 

neurological complications have included cerebrovascular accidents (CVA), encephalitis, 

encephalopathy and neuropsychiatric disorders (308, 330). Protein‐protein network analysis 

for Guillain-Barre syndrome (GBS) and COVID-19 revealed that the combined gene set 

showed an increased connectivity as compared to COVID‐19 or GBS alone, this was 

particularly true of genes related to Th17 cell differentiation. Transcriptome analysis of 

peripheral blood mononuclear cells (PBMC) from patients with COVID‐19 and GBS 

demonstrated the activation of interleukin‐17 signalling in both conditions (331). Viral RNA 
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has been isolated in clinical CSF samples in those with COVID-19 and neurological symptoms 

(332), and post-mortem examination of brain tissue has identified both viral RNA and 

neutrophilic infiltrates suggestive of aberrant immune response (333).  

Recent pluripotent stem cell derived organoid models have been used to model SARS-CoV-2 

infection in a wide range of tissues including gut, lung, liver, kidney and brain (307, 334). 

These models demonstrate the virus’ ability to infiltrate and proliferate in a variety of 

different cell/tissue types. Within the brain, the areas with the highest avidity for SARS-CoV-

2 are the choroid plexus and the hippocampus (307). This is an interesting finding, as the 

choroid plexuses themselves represent the interface between cerebrospinal fluid (CSF) and 

blood compartments (in a similar fashion to the blood-brain barrier). They are located in each 

of the four ventricles, and are intimately related with immediately adjacent CSF, capillary 

blood supply and neural tissue. ACE-2 receptors also appear to be highly expressed in the 

choroid plexus (335). In this sense, they provide a comprehensive roadmap upon which 

SARS-CoV-2 can potentially travel. The neurological features on COVID-19 infection are 

diverse and wide-ranging. Most studies to date have focused on symptomology in adult 

patients, but novel models of SARS-CoV-2 infection in a variety of human and animal tissues 

is casting new light on the mechanisms underlying COVID’s infectivity and its ill-effects. There 

appears to be a variety of mechanisms underlying COVID’s pathogenicity, not limited to 

direct viral effects on tissue, but also collateral effects via immune and thrombotic processes 

(336). Although there is little research on the effects of COVID on fetuses in early pregnancy, 

the same processes of direct viral effects and secondary immune and inflammatory effects 

are likely to be at play. 

Maternal COVID-19 infection and perinatal exposure: 

Pregnant women are not thought to be more susceptible to contracting coronavirus than the 

general population (337), but given alterations in the pregnant immune state (114), they may 

be more susceptible to more severe infection (338, 339). Studies from previous pandemics, 

H1N1 influenza (2009), SARS (2003) and MERS (2012), suggest the possibility of significant 

maternal and neonatal morbidity and mortality (340, 341). Indeed, both MERS and SARS 

resulted in maternal death in a significant number of cases, but the specific risk factors for a 

fatal outcome during pregnancy are not clear. Our experience with these previous 

coronaviruses indicates higher risk of adverse outcomes for the fetus and infant including 

fetal growth restriction (FGR), and preterm delivery, both of which have previously been 

linked to increased ASD incidence (342) as well as NICU admission, spontaneous abortion 

and perinatal death. As with other Coronaviruses, maternal SARS-CoV-2 infection has been 
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associated with negative perinatal outcomes. Preterm delivery, fetal distress, stillbirth and 

perinatal death have been widely reported (339, 343, 344, 345). Figures from China show 

that while up to 3% of pregnant women infected with COVID-19 required admission to 

intensive care (346, 347), a UK study showed 1% of pregnant women admitted with SARS 

CoV-2 required ECMO (Extra-corporeal membrane oxygenation) and 10% Intensive Care Unit 

(ICU) management (348).  

Caesarean section (CS) has been implicated as a risk factor for the development of ASD in 

offspring. The mechanisms underlying this are unclear, yet the risk of ASD is increased by 

approximately 33% in both elective and emergency Caesarean section procedures (349). In 

a systematic review of perinatal and maternal outcomes during the pandemic, Caesarean 

section rates were reported at extremely high levels, up to 90% in some centres (range from 

approximately 50 – 90%) (350). For comparison in work published in 2020, Turner at al noted 

an all-cause national Caesarean section rate in Ireland of approximately 26% (351). These 

higher rates were observed in most centres despite recommendations from the Royal 

College of Obstetrics and Gynaecology (RCOG) and the International Federation of 

Gynecology and Obstetrics (IFGO) against decisions for CS being influenced by maternal SARS 

CoV-2 status. 

More specifically to neonatal outcomes, the WHO quotes worldwide preterm delivery rates 

of approximately 10% (352). Two large review studies reported preterm delivery rates of 20 

– 25% in SARS CoV-2 affected pregnancies (353, 354). Women with SARS CoV-2 seemed to 

be more likely to endure a preterm delivery (354). The majority of these deliveries were 

iatrogenic, but in some reviews, up to half were attributable to either fetal or maternal 

compromise (355). 

Maternal and neonatal ICU admission rates were also higher in the SARS CoV-2 affected 

cohorts.  Maternal ICU admission and mechanical ventilation rates were high versus age 

matched non-pregnant women (354) . While rates of stillbirth and neonatal death appear 

similar to uninfected foetuses, NICU admission rates were notably higher in COVID affected 

pregnancies (348), commonly as a precautionary step in the care of the neonate. Neonatal 

morbidity was higher in the SARS CoV-2 affected groups and was associated with preterm 

delivery in mothers with more severe COVID-19 primary infection. Hypoxaemia and 

respiratory difficulties in mothers had knock on effects of reduced placenta perfusion, pre-

placental hypoxemia, fetal distress, and preterm delivery (356). 
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Given our knowledge of the potential developmental effects of Th17 activation in pregnancy, 

children in utero during this pandemic may have significant inflammatory exposures if 

maternal infection occurs. There remain unanswered questions about the impact that 

asymptomatic and mild maternal infection has on the fetal brain in early pregnancy. 

Prospective follow up studies will need to follow infants whose mothers were infected as 

well as health unaffected controls. There is enormous potential to leverage archived 

serological samples from pregnancy and neonatal cohorts to study the relationships (or 

associations) between markers of maternal inflammation and later neurodevelopmental 

outcomes in offspring born during the pandemic. While in general, the likelihood of 

intrauterine maternal-fetal transmission of coronaviruses is low—there have been no 

documented cases of vertical transmission occurring with either SARS or MERS. There are 

current reports of possible vertical transmission of SARS-CoV-2 in several cases of third 

trimester maternal infection (357, 358, 359). Little to no information exists about children 

exposed in the 1st and 2nd trimesters yet. While generally placental seeding does not seem 

common, some cases have reported strong evidence of placental infection with the 

demonstration of high viral load and immuno-histological evidence of SARS-CoV-2 in 

placental tissue (357). Currently, we can only surmise what the true effect (if any) of 

gestational COVID-19 on the incidence of ASD will be, but already some have concerns that 

the incidence may increase (360, 361). No studies have yet been reported on 

neurodevelopmental outcomes, as the oldest offspring are still in early childhood. Still, the 

evidence we have outlined within this review from MIA studies examining IL-17A and its 

pathway members provides a strong basis to build upon our current hypothesis and ask the 

question; could COVID-19 induced MIA act via IL-17A signalling to increase the risk of ASD-

like phenotypes in vulnerable offspring? 

Discussion: improving outcomes for ASD affected individuals and families: 

We believe that in spite of the tragedy of the COVID-19 emergency, we are presented with a 

serendipitous opportunity to progress scientific knowledge regarding prenatal exposures 

and ASD risk. During the COVID-19 pandemic, we have witnessed a novel infection, affect an 

immunologically naïve population within an extremely well defined period of exposure. 

COVID-19 is now a notifiable illness, and has been characterised and monitored more than 

any illness in history. Many countries have developed stringent mandatory testing protocols, 

and track and trace programmes. Within all this, exists an opportunity to study the 

longitudinal effects of this infection on offspring of those affected by gestational COVID. 

Further investigation of mid-gestational cytokine profiles (IL-17A in particular) and their 



60 
 

potential for genetic interplay could be a crucial cog in the development of actionable and 

cost-effective improvements in the current models of ASD care. Identification of pathways 

of immune dysregulation during pregnancy could lead to the identification of a risk marker 

of ASD that could be characterised in broader ASD cohorts. This would facilitate the 

identification of a predictive marker of ASD allowing earlier dedicated ASD screening in at 

risk children. Coupled with these potential biochemical markers, known early clinical signs of 

ASD exist. Crystallisation of the ASD diagnosis can be as early as 14 months old according to 

some authors, and there are clinically detectable signs of ASD from a younger age still (208, 

362, 363). The first children born of this pandemic are now reaching their toddler years, and 

they may represent a group with increased risk of ASD or other developmental conditions. 

Taken together, a postulated early biochemical marker and established early clinical markers 

could allow targeted early ASD screening, which would lead to earlier intervention, and 

improved outcomes. Therapies instituted in this age group have the potential to significantly 

improve clinical outcomes in ASD affected children. The timing of therapy is important with 

the most dramatic symptomatic and developmental improvements in those detected at an 

earlier age of diagnosis (364, 365).  

We believe that it is the obligation of the scientific community to glean what benefit we 

can from this pandemic. In spite of social distancing measures, systematic national 

“lockdowns” and working from home, there has been unprecedented scientific 

collaboration to try to counter the scourge of COVID. This has led to some outstanding 

success, not least in the development of two highly effective mRNA vaccines. In order to 

facilitate international research, the development of an international gestational COVID-19 

consortium and registry would be an important step in coordinating research activities and 

aims. Isolation of relevant clinical bio-samples and prospective identification of patients will 

have already begun in some centres, and should be facilitated by the public health 

infrastructures that have been built up around the pandemic. Multidisciplinary 

collaborative follow up programmes should be established to identify, assess and treat 

children with potential negative post-COVID outcomes. 
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List of abbreviations: 

ACE-2  Angiotensin-converting enzyme – 2 

ADHD  Attention Deficit Hyperactivity Disorder 

ARDS  Acute respiratory distress syndrome 

ASD  Autism Spectrum Disorder 

CS  Caesarean section 

CD8 cell  Cluster of Differentiation 8, Cytotoxic T-lymphocytes 

CHD8  Chromodomain helicase DNA binding protein 8 gene 

CNV  Copy Number Variant 

COVID-19 Corona Virus Disease-2019 

FMR1  Fragile X mental retardation 1 gene 

GWAS  Genome-wide association study  

HLA-G gene Human Leukocyte Antigen G coding gene 

ID  Intellectual Disability 

IL  Interleukin 

IL17A gene Interleukin 17A gene 

LPS  Lipopolysaccharide 

MERS  Middle Eastern Respiratory Syndrome 

MIA  Maternal Immune Activation 

mTor  Mammalian Target of Rapamycin 

Poly (I:C) Polyinosinic: polycytidylic acid 

PNS  Peripheral nervous system 

RORγt  Retinoid-related orphan receptor gamma t 

SARS-CoV-2  Severe Acute Respiratory Syndrome – Coronavirus 2 

SNV  Single Nucleotide Variant 
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Th17  T helper 17 cell 

TSC1; TSC 2 Tuberous sclerosis complex 1 / 2
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Abstract 

Autism spectrum disorder (ASD) is a developmental disorder characterised by deficits 

in social interactions and communication, with stereotypical and repetitive 

behaviours. Recent evidence suggests that maternal immune dysregulation may 

predispose offspring to ASD. Independent samples t-tests revealed downregulation 

of IL-17A concentrations in cases, when compared to controls, at both 15w (p = 0.02), 

and 20w (p = 0.02), which persisted at 20w following adjustment for confounding 

variables. This adds to the growing body of evidence that maternal immune 

regulation may play a role in foetal neurodevelopment.  

 

Keywords: IL-17A, Autism Spectrum Disorder, Cytokine, Inflammation, Maternal 

Immune Activation 
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Introduction 

ASD is an intricate continuum of neurodevelopmental disorders all of which have an 

onset in early childhood. These disorders are characterised by impairments in social 

interaction and communication, and the presence of restricted, ritualistic or 

repetitive interests, behaviours and activities (6, 7). To meet the diagnostic criteria, 

symptoms must have been present during the early developmental period, and must 

cause significant functional impairments (social or occupational) of varying 

severities(366). It reportedly affects approximately 1.5% of the population in the 

developed world (367). Although deficits can be present from infancy, diagnosis is 

often delayed. Classic Autism is typically formally diagnosed at an average of 

5.6 years (standard deviation (SD) 4.1), and Asperger’s at an average of 9.9 years 

(standard deviation (SD) 5.3) (368). An early, accessible biomarker which could aid 

early detection and intervention (369) would be a significant step forward in the care 

of these children.  

There is growing evidence that disturbance of inflammatory and immune responses 

may be a significant contributing factor behind the pathophysiology of many 

psychiatric disorders (115, 116, 119, 370). Alterations of immune cell expression have 

been documented repeatedly in ASD affected children and adults as well as animals 

with an ASD-like phenotype (27, 121, 122), and maternal viral or bacterial infections 

have been found to be significantly associated with ASD in offspring (371). Maternal 

immune activation (MIA) is believed to disrupt the delicate processes underlying 

neuronal development, increasing the risk of disordered neurodevelopment (279, 

372).  

MIA may typically be modelled in animals using lipopolysaccharide (LPS), 

Polyinosinic:polycytidylic acid (Poly(I:C)), or valproic acid. MIA in rodents results in a 

wide array of enduring ASD-like behavioural alterations in offspring. 

Neurodevelopment of the rodent brain is said to be equivalent to that noted in 

human mid-gestational neurodevelopment between gestational days 10 – 20 (373). 

Inflammatory insults during this time have resulted in reduced social approach and 

reciprocal social behaviour, increased repetitive and stereotypical behaviours, 
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typically measured using a marble burying test, abnormal prepulse inhibition and 

ultrasonic vocalisations, impaired learning and memory, measured using a variety of 

maze tests, and reduced novel object recognition (26, 374). Few large models of MIA 

induced ASD exist, though non-human primate models are more common than 

others are, and extend findings in rodent models. A mid-gestation viral challenge in 

the rhesus monkey may manifest as repetitive behaviours, decreased affiliative 

vocalisations, inappropriate social interactions with novel animals, and impaired 

social attention (375, 376).  

Human epidemiological studies have shown that immune disorders and mid-

trimester viral illnesses, which lead to a pro-inflammatory state in mothers during 

pregnancy, are associated with increased ASD, schizophrenia and bipolar disorder 

risk in offspring (113, 124, 125, 126). In 1977, Chess noted ASD rates of 8 – 13% in 

offspring of United States (US) mothers who were infected in the 1964 Rubella 

outbreak (125). More recently, Maher et al. linked preeclampsia to increased ASD 

risk (377).  

Midgestation in particular appears to be an important neurodevelopmental period. 

Some of the key processes occurring during this period include the development of 

the hippocampus, cortical plate, the longitudinal fissure, sulci and gyri, cerebellum, 

superior and inferior colliculi, primary visual, motor and sensory cortices, the 

cerebrospinal tract, as well as spinal cord myelination, as well as neurogenesis. The 

brain also significantly increases in size between gestational weeks 13 and 21 (378, 

379, 380, 381). Insults during this time have been found to result in 

neurodevelopmental and psychiatric disorders in both humans and animals (382, 

383, 384).   

Very few clinical studies have examined the cytokine profiles of mothers who go on 

to have a child with ASD. A retrospective 2017 study reported elevated levels of 

several circulating cytokines and chemokines in mid-gestational mothers who 

progressed to bear a child affected by ASD. This study was able to examine children 

with an early diagnosis of ASD, with and without intellectual disability.  These 

included granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-1α, IL-6, 

interferon-γ (IFN-γ), IL-8 and monocyte chemoattractant protein-1 (MCP-1) (385). An 
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earlier study performed by Goines et al. showed dysregulation in a number of serum 

cytokines including IFN-γ, IL-4, IL-5 and IL-10 at a single time point between 15 and 

19 weeks’ gestation (386). Elevated MCP-1 has also been observed in amniotic fluid 

samples of ASD infants (387). Brown et al. identified increased levels of the 

inflammatory marker C-reactive protein (CRP) in prospectively collected maternal 

serum samples during early pregnancy (388). In recent times more conditions with a 

pro-inflammatory milieu, such as obesity, psychosocial stress and pre-eclampsia have 

also been reported to increase the risk of ASD (145, 377),(146). Thus, MIA and 

cytokine dysregulation during pregnancy seems to play a role in the pathogenesis of 

the ASD phenotype.  

In the present study, we wished to examine the mid-gestational cytokine profiles in 

mothers of children with a subsequent ASD diagnosis examined at two mid-gestation 

time points (15 and 20 weeks) across two sites of a large multi-centre pregnancy 

study with the aim of identifying a gestational ASD biomarker which may aid in the 

timely treatment and management of the disorder. 
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Methods 

Study Population 

Maternal-child dyads were recruited to the population-based SCOPE study 

(www.scopestudy.net). This study used a cohort from the two SCOPE centres from 

which paediatric follow-up was completed. These sites were Cork, Ireland (Cork 

ECM5 (10) 05/02/08) and Auckland, New Zealand (SCOPE-NZ) (AKX/02/00/364). In 

Cork, children had detailed follow-up from birth to 5 years through the Cork 

BASELINE Birth Cohort Study. All children who scored below the “cut-off value” in the 

Ages and Stages Questionnaire (suggestive of abnormal development) were referred 

for paediatric assessment. Those with suspected ASD at 2 or 5 years were referred to 

early intervention services for full ASD assessment. Further follow-up was completed 

after Early Intervention Services (EIS) assessment to confirm diagnosis of ASD. 

Diagnosis was considered to be confirmed if made by a professional (EIS or child 

psychiatrist). In Auckland, telephone follow-up using standardised questionnaires 

was carried out as part of the Children of SCOPE study at 6 years and ASD diagnosis 

was by parent report. Cases from both sites were enrolled to the cohort. 

Inclusion criteria for enrolment were: 

 Biobanked maternal antenatal serum samples 

 Developmental follow-up completed for the child at 5 or 6  years of age (site 

dependant)  

 Cases had a diagnosis of ASD according to the local selection criteria 

 Controls had no underlying medical or developmental conditions 

SCOPE-IRELAND and the Cork BASELINE Birth Cohort study was carried out with local 

ethical approval from the Cork Research Ethics Committee (Cork ECM5 (10) 

05/02/08). Full written informed consent was obtained in all cases. SCOPE-NZ and 

the Children of SCOPE study was carried out with ethical approval gained from local 

ethics committees (New Zealand Health and Disability Ethics Committees 

(AKX/02/00/364 and NTX/10/10/106) and all women provided written informed 

consent. A patient recruitment flowchart is outlined in Figure 1. 



70 
 

Demographic Variables 

Demographic and relevant clinical data regarding the participants is presented in 

Table 3. ‘Age, maternal’ represents maternal age in years at the time they were 

approached to participate in the study whilst pregnant. ‘Birthweight, g’ is the infant’s 

birthweight in grams. ‘SEI’ stands for Socioeconomic Index and this variable was 

calculated using the New Zealand Socioeconomic Index guide. The same index was 

used across both locations, and Cork participants were scored based on the same 

criteria as their New Zealand counterparts (389). Perceived Stress Scores (PSS) are 

based on the 10 question PSS questionnaire (390). An individual’s scores on the PSS 

can range from zero to 40 with higher scores indicating higher perceived stress. Low 

stress scores range from 0-13, moderate stress scores range from 14-26, and high 

stress scores range from 27-40. Gestational age at delivery is presented in weeks, and 

APGAR (appearance, pulse, grimace, activity and respiration) scores are presented as 

being < 7 or ≥ 7 at both 1 and 5 minutes of age. Household income represents the 

combined household income and is quoted in New Zealand Dollars ($) and Euros (€). 

Body Mass index (BMI) is categorised using the World Health Organisation (WHO) 

criteria and is measured in kilograms per metre squared. Underweight and normal 

BMI categories are considered together as are overweight and obese categories. 

Folate intake was categorised as yes or no for: (i) any supplemental folate in the 

preconceptual period and (ii) at the 15-week visit.  
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Biofluid Collection 

Serum samples were obtained from mothers recruited to the SCOPE-NZ and SCOPE-

Cork studies at both 15 and 20 weeks gestation within the greater Auckland area, 

New Zealand and Cork University Maternity Hospital, Cork, Ireland. Biobank 

specimens were archived at -80°C until required. Maternal mid-pregnancy specimens 

from 15 and 20 weeks were retrieved from the multi-centre SCOPE study sites with 

ongoing paediatric follow-up. Identical protocols for collection, processing and 

storage of samples were followed at both sites.  

Venepuncture was performed by SCOPE study specific research midwives at each of 

the sites in accordance with best practice guidance (SCOPE Consortium standard 

operating procedures (SOP)). Maternal specimens were collected in serum separator 

tubes (Becton-Dickinson Frankin Lakes, New Jersey) and immediately placed on ice 

and transported to the laboratory. Before proceeding to centrifugation, serum 

samples were stored at 4°C for 30 minutes from time of collection to allow clot 

formation. Presence of the clot was confirmed visually, and samples were then 

centrifuged at 2400xg for 10 minutes at 4°C. Serum samples were transferred into 

ice-cold 5mL sterile polypropylene tubes (VWR, Radnor, Pennsylvania) via sterile 

Pasteur pipettes. The samples were centrifuged again at 3000xg for 10 minutes at 

4°C. Sera were then aliquoted to red capped, barcode-labelled cryovials (VWR) in 

volumes of 250 microlitres. Aliquots were logged in the SCOPE database 

(MedSciNet), and stored at -80°C within four hours of collection(391). For transport 

of NZ serum samples to Cork, Ireland: the maternal specimens were packed on dry 

ice and shipped directly to the SCOPE Ireland biobank repository, where they were 

stored at −80 °C until their use in cytokine and chemokine profiling. 
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Cytokine Analysis 

Serologic concentrations (pg/ml) of eight cytokines, chemokines and 

proinflammatory proteins were investigated at 15- and 20-weeks gestation using the 

Mesoscale Discovery V-plex cytokine, chemokine and proinflammatory 

electrochemiluminescent assays (Meso Scale Diagnostics, Rockville, Maryland). 

Cytokines were chosen for further examination based on evidence of dysregulated 

expression in preclinical models (392, 393, 394, 395) and autistic patients (370, 396, 

397, 398). 

IL-16 and IL-17A were examined using the V-plex multiplex Cytokine Panel 1 kit 

(KD15050D). Eotaxin and MCP-1 were examined using the V-plex multiplex 

Chemokine Panel 1 kit (K15047D). IFN-γ, IL-1β, IL-6 and IL-8 were examined using the 

V-plex multiplex Proinflammatory Panel 1 kit (K15049D). All standards and samples 

were run in duplicate. 

All plates were prepared according to manufacturer’s instructions and analysed on 

the Meso QuickPlex SQ 120. Results were generated as calculated concentration 

means on the Mesoscale (MSD) Discovery Workbench 4.0 assay analysis software. 

Calibration curves used to calculate concentrations of individual cytokines are 

established by fitting the calibrator signals to a four-parameter logistic model with a 

1/Y² weighting. The MSD analysis software determines individual cytokine 

concentrations from electrochemiluminescent signals via backfitting to the 

calibration curve. Calculated concentrations are also multiplied by the dilution factor 

applied to the samples, which in this case, was 4. Samples were excluded if %CV was 

higher than 25% between duplicates as previously described (399). Lower and upper 

limits of detection (LLOD and ULOD) as well as interassay coefficients of variation 

(CVs) for each protein are outlined in Table 4. Limits of detection represent calculated 

concentrations, which correspond to signals 2.5 standard deviations above/below 

the blank (zero calibrator). 
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Table 4:  Median LLOD and ULOD for each of the tested cytokines. All units are 

pg/ml. 

Proteins Median LLOD 

(pg/ml) 

Median ULOD 

(pg/ml) 

 Interassay 

CV (%) 

 

IL-17A 1.60 6560.00  8.63  

IFN-γ 0.34 1400.00  10.13  

Eotaxin 0.44 1820.00  12.04  

MCP-1 0.13 530.00  10.43  

IL-16 0.83 3400.00  6.35  

IL-1β 0.14 575.00  9.07  

IL-6 0.19 765.00  8.76  

IL-8 0.15 599.00  9.18  

 

Samples were chosen due to early ASD presentation (formal diagnosis prior to 5 

years) and sample availability. Several were excluded from the individual final 

analyses due to either poor %CV values or concentrations reading below the LLOD 

for individual cytokines. Of the combined 25 cases and 38 controls, the final sample 

numbers for cases after all exclusions are outlined in Table 5.  
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Table 5: Final Sample Numbers for Combined Cork and Auckland Cases and Controls. Derived from the original 25 cases and 38 controls. 

Proteins Cases 

15w 

Controls 

15w 

Excluded 

15w 

Cases 

20w 

Controls 

20w 

Excluded 

20w 

Total Excluded 

(Below LLOD) 

Total Excluded 

(%CV >25%) 

IL-17A 20 34 9 20 31 12 10 11 

IFN-γ 20 28 15 19 30 14 2 27 

Eotaxin 15 23 25 18 16 29 7 47 

MCP-1 21 32 10 19 32 12 1 22 

IL-16 22 35 6 21 37 5 5 6 

IL-1β 14 19 30 14 22 27 25 32 

IL-6 20 28 15 20 29 14 1 28 

IL-8 22 28 13 19 29 15 0 28 
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Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software Inc., 

San Diego, CA) and IBM SPSS Statistics 24/26 (SPSS Statistics, Chicago, IL). All cytokine 

variables were Log₁₀ transformed prior to analysis to achieve normality (400). 

Independent samples t-tests were used to investigate differences between cases and 

controls for the cytokine variables. Multiple logistic regression models were used to 

assess whether cytokine concentrations can predict ASD outcome after adjusting for 

individual confounding variables. A confounder was defined as a variable that was 

associated with both case/control status and the cytokine variable under 

investigation. For comparisons of continuous variables between groups, 

independent samples t-tests were used when there were two groups and one-way 

ANOVAs were used when there were more than two groups. Relationships between 

categorical variables were investigated using the chi-squared test. Statistical 

significance (2-tailed) was set at p≤0.05 and all tests were two-sided. 
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Results 

Participant Details  

Table 6: Demographic characteristics of participants. 

Demographics for combined NZ and IRE cohorts (n=63) 

Variables Cases (n=25) Controls 

(n=38) 

p-value 

Age (maternal), years 30.4 (5.7) 30.6 (3.6) 0.9 

Birthweight, g 3604.0 (666.0) 3439.0 (431.0) 0.2 

Sex (Infant) 

Male 

Female 

 

23 (92) 

2 (8) 

 

25 (66) 

13 (34) 

0.02 

Mode of Delivery 

Unassisted vaginal 

Assisted vaginal 

Pre-labour LSCS 

Labour LSCS 

 

9 (36) 

4 (16) 

1 (4) 

11 (44) 

 

16 (42) 

15 (40) 

2 (5) 

5 (13) 

0.04 

Gestational Age at delivery 39.9 (1.5) 40.0 (1.4) 0.9 

1-minute Apgar 

<7 

≥7 

 

2 (8) 

23 (92) 

 

0  

38 (100) 

0.08 

5-minute Apgar 

<7 

≥7 

 

0 

25 (100) 

 

0 

38 (100) 

* 
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Ethnicity 

Caucasian 

Non-Caucasian 

 

23 (92) 

2 (8) 

 

35 (92) 

3 (8) 

1 

SEI (maternal) 52.6 (16.2) 49.8 (11.7) 0.4 

Household Income  

Unknown 

<$75K (<€64K) 

$75 – 100K (€64-84K) 

>$100K (>€85K) 

 

2 (8) 

6 (24) 

10 (40) 

7 (28) 

 

2 (5) 

11 (29) 

8 (21) 

17 (45) 

0.4 

Smoking status in pregnancy 

No, never smoked 

No, ex-smoker 

Yes, current smoker 

 

20 (80) 

4 (16) 

1 (4) 

 

24 (63) 

11 (29) 

3 (8) 

0.4 

PSS (Perceived stress score) 13.8 (7.3) 14.7 (6.7) 0.6 

BMI (WHO categories) 

Underweight/Normal 

(≤25kg/m2) 

Overweight/Obese (>25kg/m2) 

 

14 (56) 

11 (44) 

 

27 (71) 

11 (29) 

0.2 

Folate – pre-conceptual 

No 

Yes 

 

9 (36) 

16 (64) 

 

11 (29) 

27 (71) 

0.6 

Folate – 15 week visit 

No 

 

3 (12) 

 

15 (40) 

0.02 
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Of the 2034 mothers recruited to SCOPE-NZ, 1208 agreed to participate in the follow 

up birth cohort study, Children of SCOPE. 16 NZ children who completed 

developmental follow-up and had an ASD diagnosis by 6 years were selected for 

cytokine profiling (compared to 16 controls). While the NZ cohort was originally 

matched, one case was excluded from analysis due to possible chromosomal 

abnormality, and its corresponding control was one of only two females remaining in 

the cohort, so was not excluded, resulting in 15 NZ cases total.  

Of the 2183 mothers recruited to Cork’s Baseline birth cohort study, 1537 were 

recruited from SCOPE Ireland at the 20 weeks visit and an additional 600 children 

were recruited to the cohort postnatally. In total, 1249 children completed 5-year 

follow up assessment in the Cork BASELINE Birth Cohort Study. Of these children, 23 

had a reported diagnosis of ASD, and 10 had available mid-gestation samples and 

were selected for cytokine profiling (compared to 22 controls). The study clinical 

research fellow contacted cases selected from the Cork cohort via telephone in 

June/July 2019, and all cases were verbally confirmed to have ASD (diagnosed by 

local EIS or child psychologist). While the Cork cohort was originally matched, 

numerous samples were excluded, resulting in a lack of matching.  

Yes 22 (88) 23 (61) 

Comparison is made between cases and controls across the whole cohort. P-values 

are calculated using the Pearson Chi square for categorical data, and independent 

samples t-test where appropriate for continuous variables. Variations in local 

Caesarean section practices from each site likely give rise to the significant 

difference in Mode of Delivery rates. Eight of eleven (73%) of the ASD cases 

delivered by lower segment Caesarean section - “Labour LSCS” were in NZ. “Pre-

labour LSCS” was excluded when identifying confounding variables due to small 

sample numbers (n = 3). There are no significant differences in birth weight, either 

between cases and controls, or between subjects from each site. Numbers are 

presented as mean (SD) or n (%). 
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The cohort of ASD cases from NZ and Cork were combined (n=25), and samples from 

the mothers of these children were analysed alongside those from the mothers of 

neurotypical controls n=38 (see Figure 8).  

Detailed clinical characteristics of participants and mothers from both cohorts are 

provided in Table 6. As previously stated, several samples from both locations were 

excluded from the final analysis due to either poor %CV values or concentrations 

reading below the LLOD for individual cytokines. This resulted in an altered 

male/female ratio between cases and controls and ultimately an unmatched cohort. 

Other significant differences between cases and controls included mode of delivery 

and folate use in early pregnancy (15w).  

 

 

Figure 8: Flow chart outlining participant enrolment and follow up across both sites.  
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Mid-Gestational Cytokine Analysis 

To determine whether there was any difference in inflammatory markers between 

mothers of ASD and neurotypical children at either 15 or 20 weeks gestation, 

electrochemiluminescent Mesoscale assays were performed.  

Of the original panel of eight cytokines, one was significantly altered - IL-17A. IL-17A 

was significantly altered at both 15w and 20w in mothers of children who went on to 

have a child affected by ASD, compared to controls. IL-17A concentrations were 

significantly different between cases (Mean (M)  = -0.22; Standard Deviation (SD) = 

0.28) and controls (M = -0.001; SD = 0.35) at 15w (t(52) = 2.43; p = 0.02), and between 

cases (M = -0.26; SD = 0.38) and controls (M = -0.002; SD = 0.40) at 20w (t(49) = 2.32; 

p = 0.02) (Figure 9a). After adjusting for confounding by folate, IL-17A no longer 

showed a statistically significant association with ASD risk at 15w (adjusted odds ratio 

[aOR] = 0.17 (95% CI = 0.02 – 1.57); p = 0.12). Downregulation at 20w remained, as 

there were no changes in associations after adjustment for confounding by folate 

(aOR = 0.14 (95% CI = 0.02 – 0.87); p = 0.03).  

 

Figure 9 – (a) IL-17A is Downregulated, at 20 Weeks Gestation in Mothers of ASD 

Children versus Controls.  
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This remains after adjusting for confounding variables –Folate intake at 15w. All data 

are mean ± SEM; independent samples t-tests, analysed on a case vs control basis. * 

= p < 0.05. 

Expression of IFN-γ, IL-16, Eotaxin, MCP-1, IL-1β, IL-8 and IL-6 was not significantly 

different in mothers who went on to have a child with ASD when compared to 

controls at either time point. Therefore, levels of these cytokines were not associated 

with increased ASD risk. 

IFN-γ was not found to be significantly different between cases (M = 0.26; SD = 0.28) 

and controls (M = 0.25; SD = 0.31) at 15w (t (46) = 0.19; p = 0.85) or between cases 

(M = 0.34; SD = 0.31) and controls (M = 0.39; SD = 0.41) at 20w (t (47) = 0.51; p = 0.62) 

(Figure 10a). IL-16 was not significantly different between cases (M = 2.04; SD = 0.16) 

and controls (M = 2.01; SD = 0.18) at 15w (t (55) = 0.64; p = 0.52), or between cases 

(M = 2.01; SD = 0.19) and controls (M = 2.02; SD = 0.20) at 20w (t (56) = 0.12; p = 0.92) 

(Figure 10b). Sex was found to be a confounder for IL-16 at 15w, though levels 

remained not significantly associated with development of ASD after adjusting for 

confounding by sex (aOR = 2.38 (95% CI = 0.63 – 89.61); p = 0.64). Eotaxin was not 

significantly different between cases (M = 1.50; SD = 0.27) and controls (M = 1.57; SD 

= 0.31) at 15w (t (36) = 0.73; p = 0.47), or between cases (M = 1.61; SD = 0.31) and 

controls (M = 1.62; SD = 0.23) at 20w (t (32) = 0.11; p = 0.91) (Figure 10c). MCP-1 was 

not significantly different between cases (M = 1.87; SD = 0.26) and controls (M = 1.87; 

SD = 0.23) at 15w (t (51) = 0.10; p = 0.92), or between cases (M = 1.87; SD = 0.29) and 

controls (M = 1.90; SD = 0.19) at 20w (t (49) = 0.58; p = 0.56) (Figure 10d). IL-8 was 

not significantly different between cases (M = 0.56; SD = 0.25) and controls (M = 0.57; 

SD = 0.36) at 15w (t (48) = 0.15; p = 0.88), or between cases (M = 0.54; SD = 0.23) and 

controls (M = 0.61; SD = 0.28) at 20w (t (46) = 0.89; p = 0.38) (Figure 10e). IL-1β was 

not significantly different between cases (M = -1.39; SD = 0.83) and controls (M = -

1.03; SD =).75) at 15w (t (31) = 1.28; p = 0.21), or between cases (M = -1.37; SD = 

0.89) and controls (M = -1.23; SD = 0.65) at 20w (t (34) = 0.54; p = 0.59) (Figure 10f). 

Mode of delivery was found to be a confounder for IL-1β at 15w and 20w, though IL-

1β at 15w (aOR = 0.83 (95% CI = 0.28 – 2.45); p = 0.74) and 20w (aOR = 0.76 (95% CI 

= 0.26 – 2.23); p = 0.61) remained not significantly associated with development of 
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ASD after adjusting for confounding by mode of delivery. IL-6 was not significantly 

different between cases (M = -0.44; SD = 0.22) and controls (M = -0.40; SD = 0.24) at 

15w (t (46) = 0.54; p = 0.59), or between cases (M = -0.36; SD = 0.27) and controls (M 

= -0.39; SD = 0.19) at 20w (t (47) = 0.50; p = 0.62) (Figure 10g). Sex was found to be a 

confounder for IL-6 at 15w, though IL-6 at 15w remained not significantly associated 

with development of ASD after adjusting for confounding by sex (aOR = 0.30 (95% CI 

= 0.17 – 5.17); p = 0.41).  
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Figure 10 – (a) IFN-γ, (b) IL-16, (c) Eotaxin, (d) MCP1, (e) IL-8, (f) IL-1β and (g) IL-6 

were not Significantly Altered at Either 15 or 20 Weeks Gestation 
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in Mothers of ASD Children when Compared to Neurotypical Controls. All data are 

mean ± SEM; independent samples t-tests, analysed on a case vs control basis. 

Maternal health 

To examine whether other factors might have altered maternal cytokine profiles we 

examined maternal health factors and medication use during pregnancy.  

None of the participants had any of the following pre-existing inflammatory 

conditions – inflammatory bowel disease, rheumatoid or inflammatory arthritis, 

venous thromboembolic disease. No subjects suffered from either psoriasis or 

ankylosing spondylitis. The commonest reported medical condition was asthma. 

Several participants from each site had physician diagnosed asthma; 12 suffered 

from mild asthma and 3 suffered from moderate asthma. The individuals with 

moderately severe asthma (one case (Cork), two controls (NZ)) were being treated 

with regular low dose inhaled corticosteroid and long acting beta agonist or 

Terbutaline combination therapy. The subjects with mild asthma were 7 controls (4 

Cork, 3 NZ) and 5 cases (2 Cork, 3 NZ). None of the asthmatics received oral steroid 

therapy at any point during pregnancy or in the preceding year.  Hypothyroidism was 

also relatively common and occurred in three cases (2 NZ, 1 Cork) and two controls 

(1 NZ, 1 Cork). Two of the three cases had evidence of hypothyroidism first detected 

during the 1st trimester and became euthyroid with treatment. Those others with a 

history of hypothyroidism were treated prior to pregnancy and were euthyroid 

throughout. Finally, a single case in Cork had coeliac disease (on gluten free diet).  

With regard to antepartum infections, between 0 and 15 weeks gestation, upper 

respiratory tract infections were reported in 12 subjects, 5 (4 NZ, 1 Cork) cases and 7 

(5 NZ, 2 Cork) controls. Other infections were also reported in three (all NZ) cases 

and seven (3 NZ, 4 Cork) controls (5 gastroenteritis, 3 lower urinary tract infections 

(UTI), 1 case of genital herpes and another vaginal candida, treated with 

Clotrimazole. At 15-20 weeks, no infections were reported in the NZ group, but two 

controls from Cork had a UTI and one case had an unspecified infection. None of the 

participants was taking regular anti-inflammatories and those taking paracetamol or 

aspirin did so only occasionally or for a specific episode. There was no significant 
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difference between case and control groups in terms of reported 

paracetamol/aspirin use.  

In summary, there were no significant differences in maternal health, inflammation 

or medication use between the two groups.  
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Discussion 

In the present report, we have identified IL-17A as a potential cytokine biomarker 

whose expression is significantly reduced in mid-gestation (20 weeks) in pregnancies 

resulting in a child with ASD after adjusting for folate intake at 15w. This novel finding 

adds to the growing body of evidence that in utero exposure to MIA and resultant 

cytokine dysfunction is associated with an increased risk of the subsequent 

development of ASD. 

Interestingly, the potential confounders identified within this study – sex, mode of 

delivery and maternal folate intake – are widely discussed risk factors for the 

development of ASD (401, 402, 403, 404). After adjusting for maternal folate intake 

at midgestation, IL-17A levels at 15w were no longer significantly associated with ASD 

development in offspring. A high number of case subjects (22) answered ‘yes’ to 

taking folate supplements during midgestation, while only three answered no. While 

no data are available on the doses of folate taken here, studies have linked both low 

and high dose maternal folate intake to DNA hyper/hypomethylation, gamma-

aminobutyric acid (GABA), dopamine and serotonin dysfunction, and altered synaptic 

plasticity, neurogenesis and growth cone development. These events trigger 

neurodevelopmental disturbances, which may lead to the development of ASD (401, 

402, 405). As previously mentioned, the current study had a larger ratio of males to 

females. It is widely understood that ASD is more commonly diagnosed in males. 

There are a number of theories on why this is the case. It appears that males may 

tend to externalise symptoms of the disorder, whereas females typically internalise 

symptoms, complicating diagnosis for females (406, 407). Mode of delivery was also 

identified as a confounder. Indeed, over 50% of mothers of ASD cases delivered by 

C-section which was initiated after the onset of labour. Emergency C-section is 

typically preceded by either foetal or maternal indications which may themselves be 

independent risk factors for ASD (408). C-section delivery has been linked to impaired 

cognitive and behavioural outcomes in both humans and animal models (404, 409, 

410). Delivery by C-section has been linked to reductions in endogenous oxytocin 

(411), and subsequent social deficits in mice. These deficits may be reversed in mice 

by exogenous oxytocin therapy early during the postnatal period (412). 
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Although this is one of the few human studies to examine maternal midgestation 

cytokine dysregulation linked to ASD, there is an abundance of data from animal 

studies on the cytokine and behavioural changes resulting from MIA. MIA has been 

replicated in small animal models where induction of MIA through maternal infection 

leads to an autistic phenotype in offspring, characterised in mice by increased self-

grooming, increased marble burying behaviour (repetitive, stereotyped behaviours) 

and deficits in ultrasonic vocalisations (communication). These alterations maybe 

prevented by inhibition of specific cytokines (IL-6 and IL-17A), which suggests that 

the cytokines themselves may have a causative role in the resultant neuronal 

dysfunction (142, 151, 413).  

In the murine MIA model of ASD, Poly(I:C) treatment has been found to increase IL-

17A levels in maternal blood and the postnatal brain as well as placental messenger 

RNA (mRNA) levels of the cytokine. To determine whether alterations in IL-17A 

expression are symptomatic of, or pathogenic in ASD, a recent study inhibited IL-17A 

signalling in Poly (I:C) treated pregnant mice and reported that ASD-like phenotypes 

in the offspring were prevented (24).  IL-17A and IL-6 appear to work in tandem. 

Knockout of IL-6 in Poly(I:C) treated dams results in failure to alter IL-17A levels in 

offspring, which suggests IL-6 acts upstream of IL-17A (393). Poly(I:C) is a synthetic 

analogue of double stranded RNA which mimics the effects of viral infection when 

injected into test subjects (168). It is used as a model of MIA extensively in rat, mouse 

and non-human primate studies. Pups of MIA-exposed dams in Poly(I:C) murine 

models have demonstrated communication challenges, reduced social approach, 

increased repetitive behaviours (24) and alterations in development of the cerebral 

cortex and cerebellum (150, 414).  

Accumulating evidence supports a role for T-helper 17 (Th17) cluster of 

differentiation 4 (CD4) cells and their product cytokine IL-17A in ASD. Th17 cells have 

previously been implicated in the pathogenesis of a variety of autoimmune and 

neuroinflammatory disorders (415). Upstream IL-6 is also a key player in 

differentiation of these Th17 cells (393). Th17/IL-17 mediated immunity has been 

found to cause severe damage to the brain in response to inflammation-sensitised 

hypoxia (416). The gene for IL-17A (IL17A) has been identified in a genome-wide 
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analysis to have enriched/overexpressed copy number variants in ASD cohorts (274). 

In subsets of children with ASD, IL-17A has been found at elevated levels in the blood 

(both plasma and serum) and correlated with increased severity of behavioural 

symptoms (27, 29). Nadeem et al. report that children affected by ASD have an 

increased number of IL-17A receptors in monocytes and that activation via IL-17A 

increases the child’s oxidative inflammation. Blocking the receptor may ameliorate 

inflammatory effects, which suggests an interesting therapeutic option for both 

inflammatory and behavioural symptoms (283). Indeed, IL-17A administration in a 

murine model improves sociability following  MIA (417). IL-17A/IL-17A receptor 

blockade has also been shown to ameliorate the symptoms of other disorders such 

as atherosclerosis (418), inflammation-sensitised encephalopathy (419) and 

ankylosing spondylitis (420). IL-6 has been detected at elevated levels in cerebellar 

tissues of humans affected by ASD in their lifetime. Altered levels of this cytokine 

have been linked to dysfunctional adhesion and migration of neural cells, as well as 

imbalanced excitatory and inhibitory functions. This suggests that altered expression 

of IL-6 may contribute to the autistic phenotype and pathogenesis (421). Levels are 

also significantly increased in the frontal cortex and plasma of ASD patients (422, 

423). Elevated IL-6 in the murine brain also results in an autistic behavioural 

phenotype, as well as abnormal dendritic morphology and distribution (424). Though 

we do not observe any notable alterations in IL-6 in this study, perhaps it acts at later 

time points when the nervous system is more developmentally mature.   

The present study has a number of strengths, which increase our confidence in the 

findings. It involves a multi-centre, multi-national maternal cohort of over 4000 

women, with very detailed maternal demography and 1st trimester health and 

lifestyle data at 15 weeks gestation. Of these women, 39 went on to have a child 

affected by ASD (~1% ASD rate). The rate of ASD seen in this cohort is similar to that 

seen across the developed world (~1.5%), so this study is a realistic reflection of ASD 

incidence. For this reason, we are confident that we have identified the majority of 

expected cases. Serum samples from both SCOPE study centres were collected, 

processed and biobanked according to identical protocols to ensure uniformity. 

Though it appears that our finding IL-17A downregulation goes against the previous 
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reports regarding induced upregulation of IL17 in animal studies (425), one must 

consider that this is currently one of the only studies in humans which has examined 

IL-17A in midgestation, and is therefore a novel finding. There is increasing evidence 

that IL-17A may cross the placenta from mother to foetus (425), which may, in 

theory, explain reduced levels in maternal serum and increased levels typically seen 

in the serum of offspring.  

Though the present study has some major strengths, we must also address its 

limitations. One major shortcoming of the current study is its inability to replicate the 

findings of similar mid-gestation ASD cytokine studies (385, 386, 387). However, 

results are conflicting amongst the previous studies. Goines et al. reported 

midgestational elevation of IFN-γ in mothers of children who develop ASD, which 

contrasts with the current study (386). Jones et al. from the same research group 

detected midgestational downregulation of IL-8 and MCP-1 in mothers of children 

who develop ASD without intellectual disability. We did not find significant 

alterations in these cytokines in our cohort (385). Abdallah et al. utilised amniotic 

fluid to profile elevated MCP-1 in mothers of children who developed ASD. While we 

see very slight downregulation of MCP-1 at 20w, Abdallah et al. do not specify weeks 

gestation at measurement in their study (387). The differences in findings between 

studies may relate to several factors: assays and measurement of cytokines 

(Luminex/Millipore – neither used Mesoscale assays), differences in the stage of 

gestation at measurement, and our small study size compared to other similar 

studies. The relatively small numbers of ASD cases makes it difficult to draw 

meaningful conclusions regarding different sub-types of ASD. A number of ASD 

samples were also lost due to poor quality, reflected by large but inconsistent (across 

multiplex plates) numbers lost due to poor %CV, further reducing our cohort size, 

subsequently resulting in a disproportionately large percentage of male cases 

compared to females. In addition to this, a large number of samples were below the 

LLOD for many cytokines (up to 25 – Table 2), which suggests the assay used may not 

have been sensitive enough. This ultimately created an unmatched cohort. The 

follow-up procedure was different at both sites, with a more detailed follow up at 2 

and 5 years available to the Cork BASELINE study. However, the diagnosis of ASD was 
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similar: parental report (Auckland), parental report of confirmed EIS or psychiatrist 

diagnosis. In Cork, children were diagnosed relatively early and so may be more on 

the severe end of the spectrum to that in Auckland.  A large percentage of cases were 

delivered via Caesarean section. This may skew results, as this mode of delivery has 

previously been associated with increased ASD incidence (426, 427, 428). Larger, 

longer-term studies, which consider long-term outcomes, will be required with 

repeated maternal cytokine profiling to attempt to replicate and expand our findings.  

Conclusion 

To conclude, this study has identified dysfunctional IL-17A expression at 20 weeks 

gestation in mothers of ASD children. IL-17A may act as a potential early marker of 

maternal immune dysfunction and if validated would aid screening of high risk infants 

to support focused early therapeutic intervention in infancy (429). The current study 

provides a foundation for further investigation of IL-17A in large maternal cohorts. 

This multicentre study also provides novel insight into the midgestation cytokine 

profiles in mothers of both neurotypical and ASD offspring and is another piece in 

the puzzle of this elusive disorder. 
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Abstract: 

Background: 

Alterations of gestational cytokine profiles have been reported in mothers of children 

with Autism Spectrum Disorder (ASD). There is increasing evidence that the 

intrauterine environment is an important determinant of ASD risk. The aim of this 

study is to examine the mid-gestational maternal serum cytokine profiles of the 

mothers of children affected by ASD from a well-characterised birth cohort. 

Methods: 

A nested sub-cohort within a large mother-child birth cohort were identified based 

on a confirmed multi-disciplinary diagnosis of ASD before the age 10 years and neuro-

typical matched controls (sex, birth gestation and birthweight) in a 2:1 ratio. IFN-γ, 

IL-1β, IL-4, IL-6, IL-8, IL-17A, GMCSF and TNFα were measured in archived maternal 

20-week serum using Meso Scale Diagnostics multiplex technology and validation of 

our IL-17A measurements were sought using an ultrasensitive single analyte assay.  

Results:  

From a birth cohort of 2137 children, 38 had a confirmed diagnosis of ASD before 10 

years. Of these, 25 had available maternal serum at 20 weeks’ gestation. In the final 

analysis, we examined the sera of 25 cases and 50 matched controls. The sex ratio 

was 4:1 males to females in each group, and the mean age at diagnosis of ASD was 

5.09 years (SD 2.13). Concentrations of IL-4 were significantly altered between the 

ASD-affected group and the matched control group. No other significant differences 

were found in the concentrations of the other cytokines analysed using either the 

multiplex or ultra-sensitive assay techniques.  

Conclusions: 

In a well-characterised prospective cohort of children with ASD, and supplementary 

to promising evidence from animal experiments and retrospective screening 

programmes, we confirmed mid-gestational alterations in maternal IL-4 cytokine 

levels in ASD-affected pregnancies versus matched neuro-typical controls.  

Keywords: Autism · Cytokine · ASD · IL-17A · Maternal immune activation · Early 

intervention 



94 
 

  



95 
 

Background:  

Autism spectrum disorder (ASD) is an intricate continuum of neurodevelopmental 

disorders, all of which have an onset in early childhood and persist throughout life. 

These disorders are characterised by core impairments in social communication, and 

the presence of restricted and repetitive interests and behaviours (5, 6, 7, 65). There 

exists within this spectrum a broad range of heterogeneity. Clinical phenotypes vary 

widely, aetiology remains unclear, and many different comorbidities afflict those 

with ASD. There is clearly a strong genetic component in many cases with heritability 

estimates of 50 – 90% (15, 16), while the apparent male preponderance with rates 

exceeding that of females three to fourfold, also hints at a strong genetic foundation 

(17, 18). Yet, even using newer techniques such as ASD-optimised ultrahigh 

resolution chromosomal microarray, we only find a single gene determinant in 

approximately 25% of cases (430, 431). A recent study of monozygotic twins (MZ) 

(who share 100% similar copies of their genetic material) quoted ASD concurrence 

rates as low as 59% between MZ siblings (22). We are yet to discover a single gene 

determinant that can account for more than a small percent of ASD cases. All this 

suggests that we cannot explain many cases of ASD by genetic factors alone, or at 

least we cannot explain them using our current understanding of ASD genetics or our 

current techniques of genetic analysis.  

This imperfect picture of ASD genetics has led some to investigate the role of 

environmental exposures in the aetiology of ASD. Researchers have identified many 

environmental risks in ASD. Advanced parental age, foetal environmental exposures, 

perinatal and obstetric events, maternal medication use, smoking and alcohol use, 

psychosocial hardship, nutrition and toxic exposures have all been implicated as risks 

in the pathogenesis of ASD (21, 22). Some authors attribute up to 17% of ASD risk to 

these exposures, yet the exact balance between genetic and environmental 

determinants and their roles in aetiology remains disputed (22, 23). Multiple 

mechanisms have been proposed through which each of these exposures may exert 

an influence, but there are only a handful that are likely to effect abnormal 

neurodevelopment. Animal models of inflammation and maternal immune 

activation are particularly well characterised, and have successfully modelled ASD 
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type behaviours and social difficulties in mice, rats and non-human primates (24, 25, 

26).  

Maternal immune activation (MIA) is defined as an increase in measured levels of 

inflammatory markers in mothers during pregnancy, and more specifically refers to 

a triggering of the maternal immune system by infectious or infectious‐like stimuli 

resulting in an increase in measurable inflammatory markers (148, 149). Through this 

activation, a cytokine cascade transmits to the foetus, resulting in adverse 

neurodevelopmental phenotypes and even remodelling or malformations of the 

developing foetal brain. There have been many studies, which have profiled cytokine 

signatures in ASD affected individuals (27, 28, 29, 30). A much smaller number of 

studies have characterised cytokine profiles in expectant mothers who progressed to 

give birth to children who develop ASD (33, 34). The few previous studies, which have 

examined gestational serum, have indicated mid-gestational upregulation in specific 

pro-inflammatory cytokines. These findings arise from retrospective examination of 

stored serum samples from the wide 15 – 19 week gestation window. None of these 

studies confirmed a formal psychiatric or multi-disciplinary team diagnosis of ASD, 

nor did they account for important and relevant underlying maternal inflammatory 

conditions such as inflammatory bowel disease (432) and rheumatoid arthritis (433). 

Our aim in this study was to measure candidate cytokines at a single specific mid-

gestational time-point (20-weeks’ gestation) in a carefully characterised 

prospectively recruited birth cohort. 
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Methods: 

Study population: 

Mother and child dyads were recruited from the Cork BASELINE Birth Cohort Study 

(Babies after SCOPE: Evaluating the Longitudinal Impact on Neurological and 

Nutritional Endpoints) (www.baselinestudy.net). In total, recruitment ran for just 

over three years, from August 2008 to October 2011. The SCOPE Ireland pregnancy 

cohort (www.scopestudy.net) formed the basis of recruitment of infants to BASELINE 

[n = 1537] and an additional 600 infants were recruited after delivery providing a 

total sample of 2137. The research team performed assessments on day of life 2 and 

at 2, 6, 12, 24 and 60 months of age. Team researchers performed specific 

developmental assessments at 24 months (using the Ages and Stages parental 

questionnaire, and the Child Behaviour Checklist) and at 60 months (using the 

Kaufman Brief Intelligence Test – 2 (KBIT-2) and the Child Behaviour Checklist). Blood 

and DNA samples were bio-banked at 15 and 20 weeks' gestation, at birth, and at 24 

and 60 months. Children with low scores at either time-point were examined further 

by the study paediatrician (DM) and were referred for early intervention assessment.  

In this study, archived mid-gestational (20 weeks) serum samples were analysed.  

The inclusion criteria for the study were:  

i. Subjects had bio-banked mid-gestational serum samples available, 

ii. All participants had completed 5 year follow up (ideally including 

developmental assessment),  

iii. Children who were suspected ASD cases had received a confirmed ASD 

diagnosis according to local practices, 

iv. Those participants with alternate developmental conditions (such as 

recognised genetic syndromes) were excluded 

Clinical Diagnosis: 

The majority of children received their ASD diagnosis through the Health Service 

Executive (HSE) ASD service. The standard tests utilised in this setting are the Autism 

Diagnostic Observation Schedule (ADOS), and parent report via either the Diagnostic 

Interview for Social & Communication Disorders (DISCO) or Autism Diagnostic 

http://www.baselinestudy.net/
http://www.scopestudy.net/
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Interview-Revised (ADI-R) questionnaires. A small number of children received their 

initial diagnosis through private multidisciplinary teams using the same assessment 

tools. All of these children later received a confirmatory diagnosis with the HSE ASD 

service.  

Demographic Variables: 

We have presented the demographic and relevant clinical data regarding the 

participants in Table 8. Male sex is indicated as a percentage in each participant 

group. Infant birthweight is presented in grams. Gestational age is in weeks. 

Customised birth centile indicates the percentile of the child’s birthweight in relation 

to their gestational age at birth. Centiles were adjusted for mothers’ height, weight 

at 15-week visit, ethnicity, and infant sex. The centiles were calculated using an 

online research calculator and were based on UK standards 

https://www.gestation.net/ (434). Maternal age is presented in years and sub-

categorised in to three age ranges, 18 – 28, 29 – 39, >40 years. We present maternal 

BMI in kg/m2 and sub-categorise according to WHO criteria, underweight BMI <18.5, 

normal BMI 18.5 – 24.99, overweight BMI 25 – 29.99 and obese BMI >30 kg/m2. We 

present the Apgar scores (435) at one and five minutes as the proportion from each 

group with a tally less than seven. In our group there were three categories of 

marriage status, single, married or de facto (stable relationship akin to marriage) and 

finally we document smoking status in this pregnancy as (No) non-smoker, (Yes, but 

stopped) smoked until pregnancy was discovered, and (Still smoking) continues to 

smoke. The 10-question Perceived Stress Score questionnaire forms the basis for the 

Perceived Stress Scores (PSS). An individual’s scores on the PSS can range from zero 

to 40 with higher scores indicating higher perceived stress. Low stress scores range 

from 0-13, moderate stress scores range from 14-26, and high stress scores range 

from 27-40 (436). Past medical history indicates the relevant past medical history of 

mothers in the study, and intrapartum infections correspond to reported infections 

in the first 20 weeks of pregnancy.  

Ethical Approval: 

Ethical approval for both the SCOPE study (Cork ECM5 (10) 05/02/08) and Cork 

BASELINE Birth Cohort Study (ECM3 (x) 05/04/19) were provided locally by the Cork 

https://www.gestation.net/
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Research Ethics Committee (CREC). We obtained written informed consent from the 

mothers of each case and control recruited for additional enrolment in the PiRAMiD 

study (Predicting early onset Autism through Maternal Immune Activation and 

Proteomic Discovery). Additional ethical approval for the PiRAMiD study was 

obtained from CREC (ECM 3 (k) 03/12/19). 

Bio-fluid collection: 

We obtained archived serum samples of mothers recruited to the SCOPE-Cork study 

at 20 weeks’ gestation within Cork University Maternity Hospital, Cork, Ireland. 

Biobank specimens were archived at - 80°C in the SCOPE (Cork) ISO accredited 

biobank facility until required. SCOPE study specific research midwives in accordance 

with best practice guidance (SCOPE Consortium S.O.P.) had performed venepuncture 

at the 20-week visit. Maternal specimens were collected in serum separator tubes 

(Becton-Dickinson Franklin Lakes, New Jersey), immediately placed on ice, and 

transported to the laboratory. Before proceeding to centrifugation, serum samples 

were stored at 4°C for 30 minutes from time of collection to allow clot formation. 

Researchers confirmed the presence of the clot visually, and samples were then 

centrifuged at 2400xg for 10 minutes at 4°C. Serum samples were transferred to ice 

cold 5mL sterile PP (polypropylene) tubes (VWR, Radnor, Pennsylvania) via sterile 

Pasteur pipettes. Samples were again centrifuged at 3000xg for 10 minutes at 4°C. 

Sera were then aliquoted to red capped, barcode-labelled cryovials (VWR) in volumes 

of 250 microlitres. Aliquots were logged in the SCOPE database (MedSciNet), and 

stored at -80°C within four hours of initial collection (391). 

Cytokine analysis: 

We selected our candidate cytokines (IL-1β, IL-4, IL-6, IL-8, IL-17A, GM-CSF, TNFα, 

IFNγ) based on previous literature highlighting aberrations in cytokine levels in 

individuals with ASD (120) versus healthy controls. We also reviewed the literature 

and focused on a number of publications which have measured mid-gestation (15 – 

19 weeks) cytokines previously (33, 34), and on IL-17A in particular. Much of the 

recent literature espouses IL-17A’s potential as a key player in MIA associated 

neurodevelopmental outcomes (24, 113, 251). In order to quantify IL-17A more 

precisely, we examined IL-17A as part of a multiplex ELISA (enzyme-linked 
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immunosorbent assay), and we measured IL-17A levels individually, using a separate 

ultrasensitive ELISA assay. 

MSD Multiplex V-plex assay  

We profiled the serologic concentrations (pg/ml) of eight cytokines and 

proinflammatory proteins at 20 weeks’ gestation using the Mesoscale Discovery V-

plex cytokine and proinflammatory electro-chemi-luminescent (ECL) assays (Meso 

Scale Diagnostics, Rockville, Maryland 20850-3173, United States).  

We used the V-plex multi-spot Cytokine Panel 1 (human) kit (LOT No: Z0047047) to 

examine IL-17A and GMCSF, and we examined IFN-γ, IL-1β, IL-4, IL-6, IL-8 and TNFα 

using the V-plex multi-spot Proinflammatory Panel 1 (human) kit (LOT No: Z0047096). 

We ran all standards in triplicate, but we ran all participant samples in duplicate due 

to low sample volumes. 

MSD S-plex IL-17A ultrasensitive assay  

We profiled serologic concentrations (fg/ml) of IL-17A at 20 weeks’ gestation using 

the Mesoscale Discovery S-plex (Lot No: Z00S0003) IL-17A ECL assay (Meso Scale 

Diagnostics, Rockville, Maryland 20850-3173, United States). We ran all standards 

and participant samples in triplicate (single analyte kits require a smaller volume of 

serum for analysis than multiplex kits).  

We performed all experiments as per the manufacturer’s instructions and analysed 

the plates on a MESO QuickPlex SQ 120 instrument. Numeric results were generated 

as “calculated concentration means” on the MSD Discovery Workbench 4.0 assay 

analysis software. Samples were excluded if the coefficient of variation (%CV) was 

higher than 25% between duplicates/triplicates as previously described (399). We 

have outlined the Lower limits of detection (LLOD), lower limits of quantification 

(LLOQ) and the upper limits of quantification (ULOQ) as well as inter-assay CV 

(Coefficient of variation) for each cytokine in Table 7 for both the multiplex and 

ultrasensitive assays.  
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Table 7: Sensitivity of assays per each analyte examined 

 

 

LLOD 

Median 

LLOD 

Range 

LLOQ ULOQ Inter-

assay CV 

Proinflammatory Panel  pg/mL pg/mL pg/mL pg/mL % 

IFNγ 0.37 0.21 – 

0.62 

1.76 938 8.16 

IL-1β 0.05 0.01 – 

0.07 

0.646 375 7.95 

IL-4 0.02 0.01 – 

0.03 

0.218 158 6.23 

IL-6 0.06 0.05 – 

0.09 

0.633 488 8.62 

IL-8 0.07 0.03 – 

0.14 

0.591 375 7.8 

TNFα 0.04 0.01 – 

0.13 

0.690 248 6.74 

Cytokine Panel pg/mL pg/mL pg/mL pg/mL % 

GMCSF 0.16 0.08 – 

0.19 

0.842 750 10.78 

IL-17A 0.31 0.19 – 

0.55 

3.19 3650 11.45 

Ultrasensitive IL-17A fg/ml fg/ml fg/ml fg/ml % 

IL-17A 13 N/A 60 140000 8.67 

LLOD, LLOQ, ULOQ for each analyte tested using the MSD proinflammatory panel 1, 

cytokine panel 1, and MSD S-plex Human IL-17A kits. The units of measurement 

used in the multiplex assays are pg/ml (10-12grams (picograms) per millilitre), while 

the units in the ultrasensitive assay are fg/ml (10-15grams (femtograms) per 

millilitre).  The quantitative range of the assay lies between the LLOQ and ULOQ. 
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Inter-assay CV is a measure of the variance between runs of sample replicates on 

different plates and assesses plate-to-plate consistency – which is satisfactory. 

Statistical analysis 

We compared the ASD cases (n=25) as a whole with the neuro-typical controls 

(n=50), All data were analysed using GraphPad Prism 7 (GraphPad Software Inc., San 

Diego, CA) and IBM SPSS Statistics 26 (SPSS Statistics, Chicago, IL). ROUT analysis 

(437) was performed to remove outliers for each analyte (Q = 1%). Data were 

analysed using Mann-Whitney U-test, as data were non-parametric. Statistical 

significance (2-tailed) was set at p <0.05.  

Results:  

Of the initial 2137 recruited, 1249 completed 5-year follow up (see Figure 11) 

included in the final analysis group were 75 child-mother pairs. Each mother had 

stored serum from 20 weeks’ gestation for analysis and had no significant past 

medical history of inflammatory disease. The case and control split was one case to 

two controls (25 cases to 50 controls). We selected neuro-typical, healthy controls 

from the same BASELINE birth cohort, and we matched controls to cases based on  

i. Infant sex,  

ii. Gestational age at birth,  

iii. Birthweight and  

iv. Maternal BMI at 15-week visit.  

We identified 22 children with a confirmed diagnosis of ASD at the 5-year 

developmental assessments and a further 13 cases were diagnosed between 5 and 

10 years. These “later” cases consisted of children who received their formal ASD 

diagnosis after 5 years of age. These cases were identified on review of the 5-year 

follow up documentation. Those with expressed parental concern about ASD, 

developmental assessment suggestive of ASD, or at risk ASD scoring in the Child 

Behavior Checklist (CBCL) were added to the cases cohort. The clinical research fellow 

verified these additional later ASD cases via a follow up telephone interview. 

Following confirmation of each ASD diagnosis, the research fellow invited each 

candidate and his or her parents to attend a follow on cognitive (KBIT-2) and ASD 
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symptomology (SCQ) assessment. The cohort and their parents’ medical histories 

were further characterised using a study-specific health questionnaire.  

In total, there were 10 case exclusions. Nine (9) cases had no stored serum from mid-

gestation. We excluded these cases along with their matched controls. We excluded 

one further case (and matched controls) due to a genetic diagnosis of Bannayan-

Riley-Ruvalcaba syndrome. We have depicted the recruitment stream in Figure 11. 

Of the 1249 children still enrolled at 5-years, 38 children contacted at 10 years had a 

confirmed diagnosis of ASD. This gives us a prevalence of 3%, generally, in line with 

what others have quoted recently (17, 50).   

 

Figure 11: Recruitment numbers flow chart:  

Participants in Baseline were drawn from two streams, those recruited at 15-week 

booking appointment (n=1537) and those recruited in the immediate post-natal 
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period (600). Twenty-two participants had a known ASD diagnosis at 5-year follow 

up and a further 13, a diagnosis between 5 and 10 years.  
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Cohort Characteristics: 

In our cohort, the ratio of male to female ASD affected children was 4:1; this is 

consistent with most consensus of male preponderance in ASD (18, 70). There was 

no difference between groups in relation to infant birthweight or gestational age at 

delivery. There were no significant differences between those infants with low (<7) 

reported 1- and 5-minute Apgar scores.  The groups matched closely in terms of 

maternal age and maternal BMI. All mothers participating in the study were first time 

mothers. The groups were ethnically homogenous, with all participants bar one of 

Caucasian European background. The exception was a single control of Australasian 

descent. With regard to inflammatory conditions and potential modifiers of 

inflammation, no participants reported use of any anti-inflammatories or steroids 

during pregnancy. Each group reported approximately equal rates of smoking. 

Perceived stress scores (PSS) did not significantly differ between groups, though 

more controls reported moderate to high stress. One mother in the control group 

reported suffering from Psoriasis, and a mother in the cases group reported having 

coeliac disease. There was no significant difference between groups in the commonly 

reported medical conditions of anaemia (diagnosed prior to pregnancy), asthma, 

depression (none on active treatment) and thyroid disease. Of those with thyroid 

disease, one participant from each group had hyperthyroidism; the remainder were 

euthyroid following treatment. In the first 20 weeks of pregnancy, 44% of controls 

reported at least one infection (most commonly a Respiratory Tract Infection), while 

only 20% of cases did so, again, this was non-significant. We have detailed the 

participant demographics in Table 8.  
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Table 8: Demographic characteristic of study participants. 

 Cases (n=25) Controls (n=50)  

Variable n or M (%) or SD n or M (%) or SD p-

value 

Male sex 20 (80%) 40 (80%) 1 

Infant birthweight 3488 SD 532 3496 SD 455 0.80 

Gestational age 39.65 SD 1.5 39.78 SD 1.5 0.75 

Customised birthweight 

centile 

48.23 SD 26.5 51.90 SD 26.9 0.51 

Maternal age 30.76 SD 5.3 31.46 SD 3.9 0.52 

18 – 28 8 (32%) 9 (18%) 0.26 

29 – 39 17 (68%) 39 (78%)  

>40 0 (0%) 2 (4%)  

Maternal BMI 25.80 SD 4.9 25.23 SD 4.0 0.60 

Underweight 1 (4%) 1 (2%) 0.25 

Normal 13 (52%) 26 (52%)  

Overweight 7 (28%) 14 (28%)  

Obese 4 (16%) 9 (18%)  

Apgar 1 minute <7 4 (16%) 3 (6%) 0.16 

Apgar 5 minute <7 1 (4%) 1 (2%) 0.61 

Marital Status     0.87 

Single 2 (8%) 3 (6%)  

Married 20 (80%) 39 (78%)  

De facto 3 (12%) 8 (16%)  
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Smoked (pregnancy)     0.85 

No 20 (80%) 37 (74%)  

Yes, but stopped 2 (8%) 5 (10%)  

Still smoking 3 (12%) 8 (16%)  

PSS (moderate or high) 8 (32%) 24 (48%) 0.24 

Past Medical history      

Anaemia 2 (8%) 8 (16%) 0.34 

Thyroid disease 4 (16%) 3 (6%) 0.26 

Depression 2 (8%) 5 (10%) 0.74 

Asthma 4 (16%) 5 (10%) 0.41 

Intrapartum infection 

(<20w) 

     

Respiratory tract infection (RTI) 3 (12%) 13 (26%) 0.16 

Urinary tract infection (UTI) 2 (8%) 7 (14%) 0.45 

Gastroenteritis (GE) 0 (0%) 2 (4%) 0.31 

In Table 8, we calculated all p-values using the Pearson Chi square for categorical 

data, and independent samples t-test or Mann-Whitney U-test where appropriate 

for continuous variables depending on the normality of the distribution. There are 

no significant differences demonstrated between the groups in any of the variables 

listed. Cases and controls are well matched with little variance between the key 

matching variables, infant sex, gestational age and birthweight. Data are presented 

as either the mean (SD) with continuous variables or n (percentage) with categorical 

ones.  
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Cytokine Analysis: 

Table 9: Summary table of cytokine analysis results.  

 Cases Controls p-value ROUT analysis 

Median IQR Median IQR <0.05 Case Control 

IFN-γ 2.773 2.164 – 4.403 2.763 1.793 – 4.699 0.99 2 3 

IL-1β 0.032 0.011 – 0.049 0.067 0.018 – 0.109 0.09 2 0 

IL-4 0.027 0.019 – 0.031 0.053 0.029 – 0.074 0.04 1 0 

IL-6 0.444 0.240 – 0.756 0.404 0.252 – 0.556 0.49 0 3 

IL-8 5.519 3.895 – 7.001 4.881 3.515 – 5.785 0.10 0 5 

TNFα 1.127 0.845 – 1.690 1.114 0.921 – 1.464 0.69 0 2 

GM-

CSF 

0.120 0.081 – 0.279 0.163 0.103 – 0.242 0.38 0 2 

IL-17A 0.691 0.487 – 0.985 0.842 0.394 – 1.010 0.85 0 0 

IL-17A 

(U) 

3.468 3.364 – 3.585 3.449 3.313 – 3.613 0.80 0 0 

We quote all analyte concentrations in pg/mL except for ultrasensitive IL-17A assay 

(IL-17A (U)) which we quote in fg/mL. p-values are statistically significant at values 

less than 0.05. Outliers were removed using ROUT analysis on GraphPad Prism 7 

(GraphPad Software Inc., San Diego, CA). The final column “ROUT analysis” 

indicates the number of outliers removed from each group per analyte. We used 

Mann Whitney U-tests for the calculation of p-values as data were non-parametric.  
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MSD Multiplex V-plex: 
IFN-γ 

 

IFNγ was not significantly altered in mothers of ASD affected children (median 2.773) 

at 20 weeks’ gestation compared to neuro-typical controls (median 2.763). ROUT 

analysis (Q = 1%) was performed to identify and exclude outliers. In total, five outliers 

were removed (3 controls and 2 cases). Final analysis was performed on n=22 cases 

and n=37 controls  p = 0.99.  

Figure 12: IFNγ concentration in ASD cases versus matched controls 
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IL-1β 

 

IL-1β was not significantly altered in mothers of ASD affected children (median 0.032) 

at 20 weeks’ gestation compared to neuro-typical controls (median 0.067). ROUT 

analysis (Q = 1%) was performed to identify and exclude outliers. In total, two outliers 

were removed (2 cases). Final analysis was performed on n=11 cases and n=15 

controls p = 0.09.  

Figure 13: IL-1β concentration is ASD cases versus matched controls 
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IL-4 

 

 

IL-4 was significantly altered in mothers of ASD affected children (median 0.027) at 

20 weeks’ gestation compared to neuro-typical controls (median 0.053).  

ROUT analysis (Q = 1%) was performed to identify and exclude outliers. 1 outlier was 

removed (1 case).  Final analysis was performed on n=6 cases and n=10 controls. *p 

= 0.04  

Figure 14: IL-4 concentration in ASD cases versus matched controls 
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IL-6 

 

IL-6 was not significantly altered in mothers of ASD affected children (median 0.444) 

at 20 weeks’ gestation compared to neuro-typical controls (median 0.404). ROUT 

analysis (Q = 1%) was performed to identify and exclude outliers. 3 outliers were 

removed (3 controls). Final analysis was performed on n=25 cases and n=39 controls. 

p = 0.49  

Figure 15: IL-6 concentrations in ASD cases versus matched controls 
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IL-8 

 

 

IL-8 was not significantly altered in mothers of ASD affected children (median 5.519) 

at 20 weeks’ gestation compared to neuro-typical controls (median 4.881). ROUT 

analysis (Q = 1%) was performed to identify and exclude outliers. 5 outliers were 

removed (5 controls). Final analysis was performed on n=23 cases and n=36 controls. 

p = 0.10  

Figure 16: IL-8 concentration in ASD cases versus matched controls 
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TNFα 

 

 

TNFα was not significantly altered in mothers of ASD affected children (median 1.127) 

at 20 weeks’ gestation compared to neuro-typical controls (median 1.114). ROUT 

analysis (Q = 1%) was performed to identify and exclude outliers. 2 outliers were 

removed (2 controls). Final analysis was performed on n=24 cases and n=40 controls. 

p = 0.69  

Figure 17: TNFα concentration in ASD cases versus matched controls 
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GM-CSF 

 

 

GM-CSF was not significantly altered in mothers of ASD affected children (median 

0.120) at 20 weeks’ gestation compared to neuro-typical controls (median 0.163). 

ROUT analysis (Q = 1%) was performed to identify and exclude outliers. 2 outliers 

were removed (2 controls). Final analysis was performed on n=8 cases and n=22 

controls. p = 0.38  

Figure 18: GM-CSF concentration in ASD cases versus matched controls 
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IL-17A 

 

IL-17A was not significantly altered in mothers of ASD affected children (median 

0.691) at 20 weeks’ gestation compared to neuro-typical controls (median 0.842). 

ROUT analysis (Q = 1%) was performed to identify and exclude outliers, none were 

found. Final analysis was performed on n=18 cases and n=36 controls. p = 0.85  

Figure 19: IL-17A concentrations from the Multiplex analysis in ASD cases versus controls 
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MSD S-plex ultrasensitive assay: 

IL-17A (U) 

 

IL-17A was not significantly altered in mothers of ASD affected children (median 

3.468) at 20 weeks’ gestation compared to neuro-typical controls (median 3.449). 

ROUT analysis (Q = 1%) was performed to identify and exclude outliers, none were 

identified. Final analysis was performed on n=25 cases and n=49 controls. p = 0.80  

Figure 20: IL-17A (Ultrasensitive) concentrations of IL-17A in ASD cases versus controls 
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Post hoc analysis to examine the effect of storage duration on sample quality: 

Our study used samples that had been stored for an extended time (ranging from 9.1 

year to 11.8 years) before their analysis (Table 10). Somewhat mitigating this, the 

majority of samples were collected and stored for a similar duration before use. 

While degradation is highly likely to have occurred in each sample, we expect that, 

as all samples were stored under similar conditions, that the degree of cytokine 

degradation is comparable across all samples. To test this, we correlated sample age 

with the concentrations of each analyte (Table 11). We found that seven of nine 

analytes correlated negatively with sample age suggesting some degradation over 

the period from the most recent to the earliest sampling. Two analytes, IL-6 and GM-

CSF, correlated positively but the correlations were “weak” and “negligible” 

respectively. One analyte, TNFα demonstrated a significant “fair” negative 

correlation (438) with sample age ρ (Rho) -0.308 (p = 0.01), which is also reflected by 

linear regression analysis (F1, 63) = 5.037; p = 0.028. R2 = 0.074 (439). This finding 

confirms significant and moderate TNFα degradation in the timeframe of our sample 

acquisition, but no other cytokines were significantly altered in this period. While we 

undertook steps to reduce cytokine loss from degradation, by avoidance of freeze 

thaw cycles and remotely monitored ultra-low temperature storage at −80°C (185, 

440), it remains likely that sample degradation occurred irrespective of remedial 

action. However, both controls and ASD samples were stored for similar lengths of 

time.   
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Table 10: Sample ages (years) 

p-value was calculated using the Mann-Whitney U test as data is not normally distributed  

 Total sample number Median sample age (IQR) p - value 

Case 25 9.75 (9.48 – 10.71) 0.61 

Control 50 10.08 (9.52 – 10.57)  
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Table 11: Correlation between sample age and analyte concentration 

 IFNγ  IL-1β  IL-4  IL-6  IL-8  TNFα  IL17A GMCSF *IL17A 

Samples 

(n) 

64 28 17 67 64 66 54 32 74 

ρ (Rho) -

0.103 

-

0.346 

-

0.065 

0.104 -

0.137 

-

0.308 

-

0.063 

0.062 -0.194 

p 0.42 0.71 0.81 0.41 0.27 0.01 0.66 0.76 0.1 

Spearman’s Rank Correlation results. We measured correlation using Spearman’s 

rank correlation (Rho) ρ bivariate analysis of sample age and each individual 

concentration of analyte per sample. Number of samples analysed (n) per analyte. 

Statistical significance is considered when p value <0.05. *analyte measured using 

ultra-sensitive MSD assay.  
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Discussion: 

We have shown that the expression of IL-4 in maternal serum is altered significantly 

between ASD affected and matched control groups at 20 weeks’ gestation in a small, 

but carefully characterised cohort of mothers and children where the child has a 

diagnosis of ASD by age 10 years.  

Previous evidence indicates that aberrations of the immune system may play a role 

in ASD, (34, 120, 163). Some propose that alterations in cytokine expression could 

facilitate the classification of ASD subtypes (27, 34, 121) as well as work as 

biomarkers of response to treatment. In the diagnosis and management of ASD, 

earlier is better, and identification of reliable biomarkers during pregnancy may allow 

for targeted behavioural interventions from early infancy. This could also aid the 

development of targeted pharmacological strategies which have already shown 

promise in animal models (24), and analogues of which are currently in use in routine 

medicine practice (164, 165).  

IL-4 

That we have demonstrated alterations in IL-4 is an interesting finding. In the small 

number of studies that have examined mid-gestational serum of mothers to ASD 

affected children, IL-4 is the only cytokine to demonstrate altered expression across 

all studies (33, 34, 181). Interestingly, while previous authors found levels of IL-4 to 

be elevated in the ASD affected group versus controls, we have found the opposite. 

Physiologically, IL-4 is a pleiotropic, generally anti-inflammatory cytokine that 

functions to suppress the pro-inflammatory milieu. Produced by activated T-cells, NK 

cells, and mast cell, IL-4 aids the conversion of naïve T helper cells into Th2 cells as 

well as potentiating the Th2 response (441, 442). IL-4 also has a role in the 

developmental and maintenance of key regulatory T-cells (Tregs) through STAT6 

signalling pathways (443). Tregs are important mediators of inflammation during 

pregnancy and at the feto-maternal interface (114). We find IL-4 itself at the feto-

maternal interface throughout pregnancy (444), indeed in normal pregnancy; levels 

of IL-4 persist and increase as the pregnancy progresses (445). Low circulating levels 

of IL-4 during pregnancy have been linked with spontaneous abortions, pre-
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eclampsia, intra-uterine growth restriction and pre-term delivery (296, 446, 447). 

Failure of the usual pregnancy homeostasis (elevated IL-4 levels) may lead to a more 

pro-inflammatory pregnancy environment with subsequent effects on maternal 

health, obstetrics outcomes, and child health and development. 

Animal-based studies:  

Although there are very few human studies that have examined the molecular links 

between MIA and ASD, many animal-based studies have addressed the question of 

MIA and the association of elaboration of cytokines and parallel behavioural changes 

in offspring. MIA has been replicated in a variety of small animal models: mouse, rat 

and simian phenotypes of ASD have been created through intrauterine inflammatory 

exposure (123). These models provide valuable insights into the effects inflammation 

can have on social and communicative behaviour in progeny (123, 142). Remedial 

steps have been possible with improvements in and resolution of some ASD traits 

following blockade of specific inflammatory pathways (IL-6 and IL-17A) (24). This 

work suggested that these two cytokines in particular are significantly involved in the 

neuronal dysfunction brought about through MIA (24, 142, 151, 169).  

In MIA-mouse models of ASD, a commonly used synthetic analogue of double 

stranded RNA which mimics the effects of viral infection, Polyinosinic:polycytidylic 

acid or Poly(I:C) (168), is shown to increase IL-17A levels in maternal blood and the 

postnatal brain of offspring (146). Importantly, there is also an increase in placental 

mRNA levels of the cytokine, suggesting upregulation of IL-17A activity at the feto-

maternal interface. Determining the role alterations of IL-17A have to play in ASD 

pathogenicity has become a key question over the past few years.  In 2016, Choi et 

al demonstrated persuasively that simulated MIA in murine models leads to 

elevation in maternal IL-6, leading to downstream activation of maternal Th17 cells. 

Maternal Th17 cells produce IL-17A that is hypothesised to cross to the foetus via the 

placenta leading to increased expression of IL-17AR in the foetal brain, contributing 

to cortical malformations and behavioural abnormalities (24, 160). Conversely, 

inhibition of IL-17A signalling via IL-17A specific antibodies prevented ASD 

phenotypes in offspring (24). In support of the synergy between IL-6 and IL-17A, Gene 
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knockout of IL-6 in Poly(I:C) treated dams results in failure to alter IL-17A levels in 

offspring, which suggests IL-6 acts upstream of IL-17A (393).  

Human studies: 

Quite a number of human based studies have examined immune/cytokine 

aberrations in individuals affected by ASD themselves. In Table 12, for simplicity, we 

have categorised the cytokines measured in our analysis based on their overall 

function (178, 179, 180). We also highlight their role in ASD according to the 

literature
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Table 12: Cytokines included in our analysis and their roles and relevance to ASD 

Cytokine Category Altered in 

blood/CSF 

of ASD 

individual 

Altered in 

gestational 

blood 

Altered 

in 

amniotic 

fluid 

Cytokine characteristics  

Relevance to ASD 

TNFα Pro-

inflammatory 

(156, 261, 

262, 263) 

(34) (182) Apoptosis of infected cells. Elevated in the CSF and blood of ASD affected 

individuals (156, 261, 262). 

IL-1β Pro-

inflammatory 

(156, 261, 

264, 265) 

(34) - A potent pro-inflammatory cytokine involved in both acute and chronic 

inflammation. Correlated with ASD symptom severity (121).  

IL-6 Pro-

inflammatory 

(156, 261, 

263, 264, 

265, 266, 

267) 

(34) - Induces production of acute phase proteins and stimulates B-cell antibody 

production (268). Pleiotropic (affects hematologic, hepatic, endocrine and 

metabolic function). Thought to impact synapse formation and neuronal 

migration (269). Potentially mediates IL-17 linked ASD risk in pregnancy (24, 

142) 
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IFNγ Pro-

inflammatory 

(120, 156, 

266) 

(33, 34) - Interfaces between innate and adaptive immune response. Secreted by NK 

cells, and promotes NK killing. Activates macrophages, which produce IL-12 

and -23, stimulating Th1 and Th17 cell respectively. Inhibits Th2 cells. 

Versatile, with a role in defence against intracellular pathogens, tumour 

surveillance, autoimmunity, allergy and the protection of the amniotic space 

during pregnancy (270). 

IL-17 Pro-

inflammatory, 

Chemotactic 

(27, 29, 

156, 263, 

267, 271) 

(34) - Derived from Th17 cells, a subset of CD4 cells. Potentiates the innate PMN 

response throughout inflammation. Postulated to trigger alterations in the 

blood brain barrier and lead to cortical dysplasia (142). 

IL-4 Pro-/Anti-

inflammatory, 

Allergy 

(265) (33, 34, 

181) 

(182) A Th2 derived cytokine, often linked with asthma and allergic type 

inflammation (119). Dual role: pro/anti-inflammatory properties. Crucially 

important in mitigating inflammation during pregnancy (primarily through 

suppression of Th1 T-cells and associated cytokines (IL-2 and IFNγ). 

GM-CSF Growth factor (272) (34) - A colony-stimulating factor. Produced by stromal cells, it targets bone 

marrow, and precursor cells, mediating haematopoiesis. 
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IL-8 Chemotactic (30, 264, 

266) 

(34) - Produced by fibroblasts, neutrophils and macrophages. Chemo-attractant for 

phagocytes at site of inflammation.  

Note: Reference numbers for supportive scientific literature in parentheses (all are human based studies)
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While the cytokine profiles of ASD affected individuals have been well characterised, 

very few studies have investigated the relationship between mid-gestation cytokine 

levels and ASD risk in offspring. To our knowledge, only three human studies have 

examined maternal serum (33, 34, 181), and one more has examined amniotic fluid 

cytokine profiles in mothers of ASD affected children (182). Below, we have 

summarised the findings from these studies, which effectively provide all of our 

current understanding of gestational cytokine profiles in the setting of ASD.  

Previous literature on gestational samples analysis in ASD: 

Working from the same laboratory and using similar methods, Goines et al (2011) 

and more recently, Jones et al (2017) both demonstrated elevated mid-gestational 

cytokine levels between groups of ASD affected children versus controls or children 

without ASD. Goines et al demonstrated elevated levels of mid-gestation (15 – 19 

weeks’ gestation) IFNγ, IL-4 and IL-5 with an associated 50% increased ASD risk. While 

Jones et al showed elevated levels of mid-gestation GM-CSF, IL-6, IFNγ and IL-1α in 

the ASD affected group versus children with developmental delay, but not ASD. The 

authors do not mention the age of the samples used in either study, but the samples 

used were sourced from the same birth cohort in Orange County, California between 

2000 and 2003. In both studies, the samples were initially stored at room 

temperature and later at - 20°C freezer conditions before long-term storage at - 80°C. 

This initial handling may have contributed to some cytokine degradation. In the 

Goines study, ASD cases were matched with neuro-typical controls based solely on 

child characteristics (sex, birth month and year), something which the authors 

acknowledge in their limitations. Neither study had access to comprehensive 

maternal health information during the pregnancy (including intrapartum 

infections). Nor did they have a record of relevant maternal medical history, all, 

information important to the interpretation of their findings. 

Irwin et al (2018) demonstrated alterations in IL-4, MCP-1 and IL-10 levels in 28-week 

gestation serum of mothers who birthed ASD affected children (181). Specifically, IL-

4 (usually anti-inflammatory or involved in allergic type inflammation (119)) was 

increased and associated with higher ASD symptomology (as measured by the Social 

Communication Questionnaire (SCQ)) in offspring. Higher concentrations of IL-10 
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(anti-inflammatory) were associated with fewer ASD symptoms in offspring 

(measured by the Social Responsiveness Scale (SRS)), and finally, elevated MCP-1 was 

associated with fewer ASD symptoms (as measured by the SCQ). The samples used 

in this analysis were reported to be at least 5 years old. No controls were used in this 

analysis, instead a large cohort of ASD affected individuals were enrolled, and the 28-

week gestation cytokine concentrations were correlated with ASD symptomology at 

7 years of age. This is novel in two senses, none has previously assessed the cytokine 

profile in the third trimester, and none has correlated cytokine findings with severity 

of ASD symptomology in this way. As with previous authors, they had no access to 

relevant maternal pre-conceptual medical history or gestational infections data. 

Finally, Abdallah et al (2013) examined amniotic fluid samples and found elevated 

levels of IL-4, IL-10, TNFα, and TNFβ. In a preliminary study (2012), they also 

identified elevations in MMP-9 in ASD cases relative to controls (183). Advanced 

sample age is again an issue with the oldest samples in this analysis being 29 years 

old, the youngest 10 years old. The samples were stored at - 20°C  according to local 

guidance (184). Both the storage conditions and the samples ages are likely to have 

contributed to significant cytokine degradation (185).  

Limitations:  

The samples used in our study fall outside the ideal sample age for accurate analysis 

of cytokines (185). To our mind, this is the single most important limitation 

confronting studies of this nature. Unfortunately, the shelf life of archived samples is 

finite, and even samples in long-term ultra-low temperature storage (−80°C) suffer 

from degradation of cytokines and chemokines over time (185, 440). Retrospective 

sample analysis, would present an excellent opportunity to study cytokine 

aberrations in ASD, if the time to ASD diagnosis was shorter. One UK study found that 

the average delay between concerns first being noted by parents and the child 

receiving a diagnosis of an ASD was 4.6 years (SD 4.4 years) (448). ASD services 

continue to be under-resourced (212) and diagnoses are chronically delayed (449). 

Under current conditions, our experience of retrospective analysis of archival 

samples suggests that this style of study design is not well suited to addressing this 
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question. Even large-scale population based studies would suffer from the same 

issues of sample fidelity over longer periods.  

To ensure future study designs are capable of accurate mid-gestation cytokine 

analysis, they should be prospective, and concentrate on early ASD case 

identification or screening. Early identification should be paramount, the diagnostic 

stability of ASD is reliably fixed from as early as 14 months old (208) so screening and 

identification within the first 2 - 3 years of life is possible. Cytokines should be 

analysed contemporaneously, acute phase reactants such as IL-1β and IL-6 have 

demonstrated greater than 50% degradation within 3 years even in −80°C freezer 

conditions (185). IL-4 is stable only for 3 years, while IL-17A, IFNγ, and TNFα, all suffer 

more than 50% degradation within 4 years at ultra-low temperature storage (185). 

Basic handling of samples and initial processing requires optimisation to ensure the 

risk of sample degradation is minimised: (i) Store samples at ultra-low temperatures, 

(ii) initial processing should be rapid (<1 hour from venepuncture to freezer storage) 

and (iii) freeze-thaws cycles should be minimised. With robust methods of early 

screening in place, early confirmatory diagnosis within the first 2/3 years, and 

analysis of gestational samples within 3 years, it should be feasible to increase the 

yield and validity of such studies, and greatly reduce cytokine loss through prolonged 

storage. While this approach would allow for study of children presenting with the 

earliest signs of ASD, or targeted high-risk groups (ASD affected siblings). It would 

likely miss those presenting later, including those who are a high-functioning 

phenotype or of female sex.  

Finally, our small sample size is a major limitation, and results should be interpreted 

with caution. Analysis of IL-4 levels in the groups yielded results on only 16 individuals 

(6 cases and 10 controls). Attrition of the viable samples was due to a combination 

of the low absolute concentrations of IL-4 in the samples (likely exacerbated by 

advanced sample age), concentrations at or below the sensitivity (LLOD) of the MSD 

multiplex format and high CV values. It is difficult to make inferences about results in 

samples this size, and larger scale group analysis is warranted.  
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Strengths: 

Although our study has suffered from some of the same limitations as previous 

studies, our study is strengthened by the quality of our cohort. Each child had a 

concrete specialist service ASD diagnosis, confirmed by the clinical paediatric fellow. 

Each child was well characterised clinically and matching was strictly observed. 

Matching was not only based on child characteristics (Sex, Gestational age, 

Birthweight), but also on an important maternal characteristic, BMI at 15 weeks’ 

gestation. This enhanced the validity of our results. In addition to detailed child 

characteristics, we have also included important information regarding the past 

medical histories, medication or anti-inflammatory use, and pre-existing 

inflammatory conditions of the mothers included in the study. We present crucial 

information about infection rates in the first 20 weeks of pregnancy, all of which 

presents a major confounder to accurate analysis if this information is absent. Our 

methods were robust, and we identified two key issues of multiplex assay sensitivity 

and advanced sample age, and remedied the former through utilisation of 

ultrasensitive single analyte plates. 

Conclusion:  

In conclusion, in a carefully characterised maternal-child cohort study we did not 

replicate the findings of similar mid-gestational studies, but did find some evidence 

of mid-gestational cytokine aberrations (downregulated IL-4) in the mothers of 

children with ASD. Reduced levels of IL-4 are linked to a pro-inflammatory state 

during pregnancy and negative obstetric and foetal outcomes. All studies to date 

have had similar and significant limitations. Future studies should focus on 

minimising the time between sample acquisition and analysis, use of best practice 

for initial sample handling, and early identification and characterisation of cases and 

their mothers. Future analysis should be serial and include investigation of samples 

taken from early in pregnancy. The first trimester, and particularly 8 - 12 weeks’ 

gestation is a crucial period for organogenesis and differentiation, and analysis from 

this period will help complete the picture of gestational cytokine fluctuations and 

their effect on neurodevelopment.   
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CSF: Cerebrospinal Fluid 
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8, 10, 17A 

IL-17AR: Interleukin 17A receptor 
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LLOD: Lower Limit of Detection 
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LLOQ: Lower Limit of Quantification 

MIA: Maternal Immune Activation 

mRNA: messenger Ribonucleic Acid 

MSD: Meso Scale Discovery 

MZ: Monozygotic 

Poly (I:C): Polyinosinic: polycytidylic acid 

PMN: Polymorphonuclear cells 

PP: Polypropylene 

PSS: Perceived Stress Score 

ROUT: Robust regression and Outlier removal 

RTI: Respiratory Tract Infection 

SCQ: Social Communication Questionnaire 

SOP: Standard Operating Procedure 

SRS: Social Responsiveness Scale 

STAT6: Signal transducer and activator of transcription 6 

Th1, 2 and 17: T helper 1, T helper 2, and T helper 17 cells 

TNFα, TNFβ: Tumour Necrosis Factor alpha, beta 

Tregs: Regulatory T-cells 

ULOQ: Upper Limit of Quantification 

UTI: Urinary Tract Infection 
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ABSTRACT  

While there is considerable evidence implicating maternal immune activation (MIA) 

and cytokine dysregulation in the pathophysiology of Autism, inflammatory 

cytokines are unlikely to translate clinically as prognostic biomarkers due to their lack 

of specificity. Our aim was to identify perinatal molecular dysregulation in umbilical 

cord blood, which preceded the onset of childhood Autism, and ascertain whether 

these in-utero biomarker alterations persisted into pre-pubertal childhood. In a 

cohort of 2,137 mother-infant dyads, we undertook a nested case-control study in 

the BASELINE Birth Cohort. Proteomics and metabolomics analysis was performed on 

cord blood plasma from 22 children diagnosed with Autism at or before age 5, and 

44 neurotypical controls. In a clinical diagnostic follow-up between the ages of 7 and 

10 years (PiRAMiD), 24 children with Autism and 48 neurotypical controls provided 

blood samples for longitudinal profiling of molecular candidates. In cord blood, 

Autism outcome was associated with reduced levels of circulating steroid and steroid 

derivatives, alongside reduced levels of proteins, with roles in sulfur metabolism, 

glycolysis, and cell adhesion. Dysregulation of GAPDH, SELENBP1, and BLVRB proteins 

were evident in both cord blood and in serum from pre-pubertal children with 

Autism. Our findings were further corroborated using machine learning approaches, 

with AUROC in test sets for top performing models ranging from 0.82 to 0.86 for 

proteomic and metabolomic prediction models, respectively. Collectively, these data 

suggest cord blood molecular signatures precede the onset of Autism and have the 

potential to lead to prognostic biomarkers, while also highlighting potential materno-

feto-placental molecular processes, which underpin Autism aetiology, and warrant 

further investigation.  

 

 

Keywords: Autism, ASD, cord blood, proteomics, metabolomics, sulfur metabolism, 

steroid biosynthesis, glycolysis, machine learning.  
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INTRODUCTION  

Autism Spectrum Disorder (ASD) is a childhood onset neurological developmental 

disorder that affects social communication and behaviour (56). For the remainder of 

this document we will refer to ASD as Autism, and the names may occasionally be 

used interchangeably. Autism affects at least 1% of the Irish population, concurrent 

with rates in the US and the UK (450). It is amongst the top medical and psychiatric 

conditions in terms of personal, familial, societal, and economic strain (450). 

Although clinical features of Autism are often evident in early developmental years, 

the majority of children with Autism are not diagnosed reliably until at least 3 to 4 

years old, and in many cases much later (451). Pilot studies demonstrate that 

targeted intervention in high-risk infants, as young as 6 months old, can improve 

clinical outcomes (243, 452, 453); yet early intervention services for this cohort are 

not widely available, or financially supported (454). Robust biological predictors of 

Autism outcome have the potential to enable early, targeted interventions, elucidate 

the underlying pathophysiology of Autism, and identify novel therapeutic targets, 

alleviating symptoms of Autism (455, 456).  

 

The prevalence of Autism has consistently increased over the past two decades, from 

1 in 1,000 in the early 1990s, to 1 in 68 presently in the USA (50). Researchers 

attribute this to increased recognition of Autistic symptoms, improved diagnostics, 

broadening of the construct over time, and increased environmental influences (52). 

While genetic variants causative in Autism have been identified, the underlying 

contributions owing to a large proportion of Autism cases remains unexplained by 

genomics alone. This makes the clinical and translational utility of genomics 

indistinct. Additionally, there are substantial differences in Autism prevalence 

between genders (1/42 males; 1/189 females), which is unexplained by genetic 

variants suggesting mediation by unknown biological factors (17, 18).  

 

Pharmacological management in Autism generally focuses on symptoms and co-

occurring conditions (such as irritability and anxiety respectively), without addressing 
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the underlying core Autism symptoms (1). To date, risperidone and aripiprazole are 

the only FDA-approved drug treatments for irritability in Autism. These drugs are 

antipsychotics with a wide variety of therapeutic indications, none specific to autism 

(154). In order to develop targeted therapeutic treatments for Autism, and improve 

diagnosis, classification, and stratification, a better understanding of the molecular 

pathways underlying autism is required. Greater understanding of Autism 

pathophysiology may result in the identification of blood biomarkers with practicable 

therapeutic applications. The emergence of one clear molecular pathway indicative 

of risk or an Autism specific molecular pathway would be a significant advancement 

in our understanding of brain development in autism.  

Although several studies have explored blood-based biomarkers of Autism in children 

and adults (154, 455), few have explored cord blood for prognostic markers of 

Autism, and no studies have had access to longitudinal samples for the exploration 

of persistent molecular changes from birth into childhood. Numerous studies sought 

to identify blood-based biomarkers of ASD in affected adolescents and adults (120, 

154) and have reported alterations of molecules involved in iron transport (155), 

inflammation (28, 156), brain development (157), and metabolism (158). There is 

accumulating evidence that autistic individuals have significant differences in brain 

development, and this evidence suggests that the neurobiological alterations that 

occur prenatally or during the first years of life may underlie the neuroanatomical 

and behavioural aspects of Autism (201, 457). It is therefore plausible that there are 

differential molecular changes present in cord blood at birth, preceding the diagnosis 

of Autism. Here, we describe the first integrated proteomic and metabolomics study 

to profile cord blood from neonates with a later Autism diagnosis. The umbilical cord 

at birth represents an opportunity to explore the in-utero environment, and capture 

the early materno-feto-placental molecular mechanisms implicated in 

neurodevelopmental outcomes. We conducted a nested case-control study 

recruiting participants from the Cork Baseline Birth Cohort with the aim of 

undertaking integrated OMICS analysis in cord blood and a follow-up longitudinal 

profiling study, to identify persistent markers of Autism at birth and in children aged 

between 7 and 10 years.  
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MATERIALS AND METHODS 

For extended materials and methods, please refer to supplementary information.  

Participants  

We recruited children from the Cork Birth Cohort Study, BASELINE (Babies after 

SCOPE: Evaluating the Longitudinal Impact on Neurological and Nutritional 

Endpoints) (www.baselinestudy.net) (458). The research team performed 

developmental assessments using the Ages and Stages Questionnaire (ASQ) at 2 

years. At 5 years, the children also completed a cognitive assessment (KBIT-2) with a 

trained research nurse. The parents completed a Child Behaviour Checklist (CBCL) 

questionnaire at both time-points. Between June 2019 and August 2020, the clinical 

research fellow contacted each child who had a confirmed or suspected Autism 

diagnosis at 5 years. Suspected Autism was based on the CBCL findings at 5 year 

follow up or parental report. The fellow confirmed their diagnosis and invited them 

to attend a further developmental assessment in later childhood, as part of the 

PiRAMiD (Predicting early onset autism through maternal immune activation and 

proteomic discovery) study. In the follow up assessment, children were aged 

between 7 and 10 years. Children were matched based on sex, birth gestation, birth 

weight and maternal BMI at 15 weeks’ gestation. Neurotypical controls were 

recruited from the same birth cohort. Two matched controls for each Autism case 

were initially included, but follow up of all controls was challenging due to safety 

restrictions and social distancing protocols encountered during the Covid-19 

pandemic. Notwithstanding, each case matched with at least one control. Controls 

also attended a late childhood developmental assessment. Please refer to Figure 21 

for participant flow chart.   

http://www.baselinestudy.net/
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Figure 21: Study design: 

A nested case control study of 22 ASD cases and 44 matched controls were selected based on 

their neurodevelopmental outcomes, and a formal Autism diagnosis at 5-year BASELINE 

follow-up. We used cord blood plasma collected from these children in the immediate post-

natal period for our multi-omics analysis. Longitudinal follow up was at 2 years, and 5 years 

in BASELINE, and in later childhood (7-10 years) in PiRAMiD. The greater number of children 

with ASD at this time point is accounted for by recruitment of children who received a formal 

ASD diagnosis after the 5-year BASELINE assessment. These children were clinically 

characterised using information gathered at the PiRAMiD follow up appointment as well as 

extensive prenatal maternal health records from the SCOPE database. 
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Clinical Diagnosis of Autism  

Most children received their ASD diagnosis through the Health Service Executive 

(HSE) Early Intervention Team (EIT). The standard tests utilised in this setting are the 

Autism Diagnostic Observation Schedule, Second Edition (ADOS-2), and parent report 

via, either the Diagnostic Interview for Social & Communication Disorders (DISCO) or 

Autism Diagnostic Interview-Revised (ADI-R) questionnaires. A small number of 

children received their initial diagnosis through private multidisciplinary teams 

(MDTs) using the same assessment tools. All of these children later received a 

confirmatory diagnosis with the EIT service.  

 

Biospecimens  

Cord blood was obtained at birth from children enrolled within BASELINE by 

researchers involved in the study. Cord blood samples were collected in 4 ml BD 

EDTA-Vacutainer tubes (Becton Dickinson). Once collected, samples were stored on 

ice.  After centrifugation, the plasma was stored in 200µl aliquots at −80 °C. Children 

with Autism and controls who attended the later childhood assessments (age range 

at attendance 7 – 10 years) provided blood for biochemical analysis. Serum was 

collected in BD Vacutainer serum tubes and following centrifugation, sera were 

stored in 250µl aliquots (Wilmut) at −80 °C. Samples were stored in – 80°C long-term 

storage ISO accredited bio-banking facilities. Local standard operating protocols were 

followed in all handling and storage of human bio-samples.  

 

Proteomics analysis of cord blood  

The full list of all reagents and chemicals used for proteomic analysis are detailed in 

supplementary information.  

 

High-abundance protein depletion of cord blood  

To improve the dynamic range for proteomic analysis, 45µl of cord blood plasma 

from each participant was immunodepleted of the 14 most abundant proteins 

(Alpha-1-antitrypsin, A1-acid glycoprotein, Serum Albumin, Alpha2-macroglobulin, 

Apolipoprotein A-I, Apolipoprotein A-II, Complement C3, Fibrinogen alpha/beta/ 
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gamma, Haptoglobin, IgG A, IgG G, IgG M, Transthyretin, and Serotransferrin).  This 

was performed using the Agilent Hu14 Affinity Removal System (MARS) coupled to a 

High-Performance Liquid Chromatography (HPLC) system (full details in 

supplementary methods).  

Sample preparation and mass spectrometry  

Sample preparation for mass spectrometry including protein quantification, protein 

digestion, and peptide purification was performed as previously described (459) and 

are further detailed in supplementary methods. All samples were run on a timsTOF 

Pro mass spectrometer (Bruker Daltonics, Bremen Germany) connected to the 

Evosep One chromatography system (EvoSep BioSystems, Odense, Denmark). Full 

methods are detailed in supplementary methods  

 

Data pre-processing, bioinformatics and statistical analysis  

Raw data acquired on the timsTOF were analysed in FragPipe (V18.0) using the built-

in DIA-SpecLib_Quant workflow. Protein group (PG) files generated were 

subsequently uploaded into Perseus (V2.0.5.0) where the data was grouped by case-

control status, filtered for outliers, contaminants, and missing values. Only proteins 

present in >70% of samples in at least one group and that had a value ≥1 were taken 

forward for quantification. The data was subsequently log2 transformed, normalised 

based on median values and analysed for differential expression, using a Students t-

test. The STRING database (https://string-db.org/) was employed to explore the 

converging pathways and coordinated changes in functional, biological, and cellular 

processes at the level of the proteome. STRING uses protein accession numbers to 

identify the protein-protein interactions and pathway relationships present. Exports 

from STRING include KEGG and GO pathway analysis results which were performed 

on all proteins differentially expressed (p <0.05) within the BASELINE data set. 

 

Proteomic analysis of serum from children  

High-abundance protein depletion of serum samples was undertaken whereby 45µl 

of serum collected from children in the PiRAMiD study were immunodepleted using 

HPLC. Sample preparation and mass spectrometry for proteomic analysis were 

performed as described above.  All data files generated from the serum of our 

https://string-db.org/
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PiRAMiD cohort underwent analysis in FragPipe (V18.0) with outputs processed in 

Perseus (V2.0.5.0). Furthermore, candidate biomarkers identified as differentially 

expressed in cord blood at birth (SELENBP1, GAPDH, BLVRB) were verified at the 

peptide level in the open –sources software tool Skyline 

(https://skyline.gs.washington.edu), for visualisation of MS1 and MS2 fragment data. 

The library was constructed by searching the QC injections, which were interspersed 

after every ten injections throughout the MS run. For our peptide targets, mass 

chromatograms were extracted for +2 and +3 precursor charge states and their 

associated fragment ions. All parent and fragment level data was visually confirmed, 

and peak editing was undertaken where necessary, using the peptide Retention Time 

(RT), dotproduct (idop), mass accuracy (<10ppm), and a confirmed library match, to 

reliably identify and quantify peptides across the DIA runs (Supplementary methods).    

 

Metabolomics analysis of cord blood  

The full list of all reagents and chemicals used for proteomic analysis are detailed in 

supplementary information. Preparation of cord blood EDTA plasma for 

metabolomic analysis by LC-MS/MS was carried out according to established 

protocols for serum/plasma (460). Full details on the sample preparation and mass 

spectrometry methods in Supplementary information. 

 

Data pre-processing, bioinformatics and statistical analysis  

We uploaded MSE data from the metabolic profiling of cord blood samples on to 

Progenesis QI 2.4 software (Nonlinear Dynamics, Newcastle, U.K.) for peak picking 

and alignment. Data were normalized to ‘All Compounds’ in Progenesis QI. The 

coefficient of variation (CV) was computed for each compound across all QC runs 

(n=8) to evaluate repeatability of measurement, and compounds with > 30% CV 

within the QCs were removed. Any compound which had >30% missing values across 

the entire sample set or >30% in either subgroup (case or control) was removed. 1782 

features (429 from negative mode, 1353 from positive) remained which were then 

log2 transformed and normalised on the median values. T-tests for significant 

differences between the cases and controls were then carried out and corrected for 

false discovery rate (FDR) using the Benjamini-Hochberg procedure. Spearman’s 

https://skyline.gs.washington.edu/


   
 

146 
 

correlation coefficient was used for the assessment of correlation between steroid 

metabolites. All pre-processing and statistical analysis was conducted using Python 

(461) and R statistical software (462). Python libraries used include Pandas (463), 

Numpy (464), Matplotlib (465), Scipy (466), Scikitlearn (467). R packages applied 

were ggplot2 (468), ggcorrplot (469), Tidyverse (470) and mixOmics (471). 

  

Targeted steroid analysis in cord blood and serum from children  

A targeted LC-MS/MS method using a Waters ACQUITY-Xevo TQMS instrument was 

developed in house for the quantification of 13 steroids in both cord blood and serum 

samples from children in the BASELINE and PiRAMiD cohorts respectively. 

Differential expression of these 13 metabolites between Autism cases and matched 

controls was assessed using the Mann Whitney U test. ANCOVA was employed to 

adjust for age of participants at the time of sample collection and potential variations 

in steroid concentrations due to age ranges. The sample preparation method, the full 

list of steroids quantified and their acquisition parameters are included in 

supplementary information. 

  

Machine Learning (ML) for predictive modelling in Autism  

ML modelling was performed on the discovery proteomics and metabolomics in cord 

blood, and the targeted steroid MRM data in cord blood. Compounds that passed QC 

and missing value filtering were taken forward for machine learning analysis. The 

metabolite and protein quantifications were standardized to ensure optimum run 

times for ML analysis. Feature ranking was applied to determine the features with 

the highest predictive values for the prediction of Autism. Random Forest’s Gini index 

was used to determine the optimum subset of variables for prediction. The top 20, 

and top 10 features identified in the feature ranking, as well as the features that 

displayed significant alterations following t-tests were selected for modelling, and 

comparison of predictive scores between subsets of features. Separate Random 

Forest and Logistic Regression models were used to assess each subset on their 

predictive value. Each model was trained using 5-fold cross validation to reduce 

overfitting. Area Under the Receiver Operator Characteristic (AUROC) curve was used 
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to compare model performance. ML methods have been undertaken as previously 

described (472).  
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RESULTS 

Participants 

The SCOPE Ireland pregnancy cohort (www.scopestudy.net) formed the basis of initial 

recruitment of infants to BASELINE [n = 1537] and an additional 600 infants were 

recruited after delivery providing a total sample of 2137 children who were followed 

from birth. At 5-year follow up, 22 children had a formal ASD diagnosis. A further 26 

children scored in the “at risk/borderline range” for Autism Spectrum 

Disorder/Pervasive Development Disorder based on the CBCL; expressed parental 

concern regarding the possibility of Autism; or reports of an Autism associated 

developmental delay (most commonly speech delay).  

The clinical research fellow, between May 2019 and March 2020, contacted all 22 

children who had an Autism diagnosis at the 5-year assessment, confirming their 

Autism diagnosis through parental report. The fellow also verified if an interval 

diagnosis of Autism had been made in the 26 additional children identified as being 

at risk of Autism at the earlier 5-year follow up. Of those, 15 children had received 

an interval Autism diagnosis, meaning the PiRAMiD Autism cohort totalled 37 

children. Ultimately, of the children with a confirmed ASD diagnosis (n = 37), 34 (92%) 

were able to participate. Two families could not attend due to childcare or work 

difficulties, while one child was excluded due to an underlying genetic syndrome.  

We selected healthy, neurotypical controls from the same BASELINE cohort and 

matched controls with cases for (i) Infant sex, (ii) Gestational age, (iii) Birthweight 

and (iv) Maternal BMI at 15-week visit. Initial matching was on a 2:1 basis but control 

recruitment was incomplete due to the constraints of social distancing and COVID-

19 safety protocols in 2020. Each case was at least matched with one control, and 56 

controls attended the later childhood follow up (PiRAMiD). Of those who attended 

the later childhood appointments, 25 of 34 (74%) cases and 51 of 56 (91%) controls 

allowed blood sampling. Participant demographics were assessed for significant 

differences between groups and are presented in Table 13.  

http://www.scopestudy.net/
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Table 13: Demographics and participant characteristic in the BASELINE cohort for 

cord blood analysis 

Variable Cases (n=22) Controls (n=44)  

 n or Median (%) or IQR n or 

Median 

(%) or IQR p-

value 

Male sex 18 (82%) 36 (82%) 1 

Infant 

birthweight (Kg) 

3.54 (3.05 – 3.76) 3.53 (3.25 - 3.7) 0.92 

Gestational age 39.8 (38 – 41) 40.2 (38.3 – 41) 0.60 

Maternal age 32 (29.5 – 34.3) 31 (29.5 – 32) 0.32 

Maternal BMI 25.5 (23.6 – 30) 25.4 (23 – 29) 0.50 

Socioeconomic 

Index 

50 (37.5 – 50) 44 (23.3 – 52) 0.39 

Alcohol (in 

pregnancy) 

    0.13 

No 15 (68%) 20 (46%)  

Yes, but stopped 2 (9%) 13 (30%)  

Drank in 

pregnancy 

5 (23%) 11 (24%)  

Smoking (in 

pregnancy) 

    0.96 

No 18 (82%) 35 (80%)  

Yes, but stopped 2 (9%) 4 (9%)  

Smoked in 

pregnancy 

2 (9%) 5 (11%)  
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PSS score at 15 

weeks 

9.5 (8 – 13.3) 12 (9 - 17) 0.20 

Inhaled steroids 

in pregnancy 

1 (4.5%) 4 (9%) 0.51 

Paracetamol in 

pregnancy 

6 (27%) 14 (32%) 0.70 

Infection during 

1st trimester 

2 (9%) 4 (9%) 1 

Participants and clinical characteristics of the BASELINE Birth Cohort for cord 

blood analysis. Relevant clinic characteristics for the children with cord blood 

analysis. The key matching variables were sex, gestational age at birth (in weeks), 

birthweight, maternal BMI at 15 weeks gestation. Also demonstrated are relevant 

other variables including maternal age at delivery, SEI recorded at 15 weeks 

gestation, alcohol and smoking status during pregnancy, paracetamol, inhaled 

corticosteroid use during pregnancy, and perceived stress scale scores at 15 

weeks. Finally, we document the rates of documented infections (Urinary Tract 

infections (UTI) and upper respiratory tract infections (URTI)) in the first trimester 

in each group. We present data as numbers and percentages (n %) or medians and 

interquartile range (IQR). P-values were calculated using Mann-Whitney-U Test 

for non-parametric continuous data, and using Pearson Chi Square for categorical 

data. P-values are significant at <0.05. 
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Table 14: PiRAMiD characteristics 

Variable Cases (n=24) Controls (n=46)  

 n or Median (%) or IQR n or 

Median 

(%) or IQR p-

value 

Male sex 19 (79%) 30 (65%) 0.23 

Age at follow-up 8.46 (8.08 – 9.14) 9.24 (8.50 – 

9.75) 

0.02 

Infant 

birthweight (Kg) 

3.38 (3.01 – 3.69) 3.54 (3.36 - 3.87) 0.30 

Gestational age 39.1 (38.2 – 40.5) 40.1 (39.6 – 41) 0.09 

Maternal age 32 (29.3 – 34.8) 32 (30 – 34.3) 0.88 

Inhaled steroids 

(child use) 

0 (0%) 5 (11%) 0.09 

This table presents the basic clinical characteristics of the children whose samples 

from the 7-10 year assessment were analysed. The age at follow up is significantly 

different between groups; ANCOVA was used to adjust for differences in age at 

time of sampling. Other important potential confounders such as steroid use were 

not found to differ between groups.  

 

Proteomics signature of Autism in cord blood 

We profiled 680 proteins in cord blood for differential expression between 22 cases 

and 44 controls in the BASELINE cohort. After filtration, 558 proteins were present in 

>70% of samples and were taken forward for differential expression analysis. We 

identified 41 proteins as significantly differentially expressed (prior to FDR 

correction) between Autism cases and controls (p <0.05) (see Figure 22, Figure 23, 

Figure 24, Figure 25). No compounds retained significance following correction for 

false discovery at 5%. The full list of differentially expressed proteins, along with p-

values and fold changes are listed in supplementary information (Supplementary 
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Table 1). The 41 significantly altered proteins were uploaded into the STRING 

database to identify the pathways and processes altered in Autism. The top networks 

implicated mapped to keratin signalling (n = 5), cell adhesion molecules (n = 8), 

metabolism, cell signalling (n = 19), complement (n = 2), Heme degradation (n = 2) 

and hemoglobin/oxygen transport (n = 2), with some overlap between pathways 

Figure 26.  
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Figure 22: PLS-DA (Partial least squares-discriminant analysis)  

Cord Blood analysis. PLS-DA plot of samples with clustering ellipses. We observed no 

clear separation between groups. 
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Figure 23: Autism vs control and changes in protein expression:  

Y-axis is log10 p-values and X-axis is log2 FC. Blue dots above the horizontal midline 

are significantly altered. Compounds to the left on the graph are reduced in the 

autism cohort, and those on the right are increased. Volcano plot of all proteins 

identified and measured in proteomics analysis of cord blood plasma samples. We 

profiled 680 proteins for differential expression, 41/680 were identified as significant 

at a p<0.05. No compounds retained significance after applying a 5% FDR  
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Figure 24: Violin plots of altered protein expression in autism cohort versus controls. 

**indicated p value <0.01, and * indicates p-value <0.05. These plots are the top 

15/41 proteins identified as significant prior to FDR correction  

 

Figure 25: Proteomic prediction model of ASD.  
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Receiver Operator Characteristic (ROC) curve showing predictive performance of the 

random forest model for the prediction of autism using significantly altered proteins 

(n=41). Mean AUROC of 0.82 indicates strong discriminatory potential for the 

identification of autism from proteomic analysis of cord blood. 

 

Figure 26: STRING analysis of the 41 differently expressed proteins in cord blood in 

Autism.  

String pathway analysis showing protein-protein interactions, and the molecular and 

biological processes implicated.  

Proteomic signature of Autism in serum from children  

We profiled 508 proteins in serum from 24 children with Autism and 48 controls for 

differential expression changes between diagnostic groups. Of the 508 proteins 

profiled, 404 proteins were present in >70% of samples, and we identified 11 proteins 

as significantly differentially expressed in children with Autism in comparison to 

controls (P value <0.05; Supplementary Figure 2). Furthermore, we observed altered 

expression of GAPDH, SELENBP1 and BLVRB proteins in serum in children with Autism 

in comparison to controls. Findings were in keeping with proteins differentially 
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expressed in cord blood, although opposite effects in terms of the direction of change 

was observed between cases and controls. The full list of differentially expressed 

proteins are listed in supplementary information (Supplementary Table 2).   

Metabolomics signature of Autism in cord blood  

Following post-filtering for coefficient of variation and missing values, discovery MS 

analysis successfully profiled 1782 metabolites for differential expression. PCA and 

PLS-DA analyses were completed to assess for outliers in samples as well as to 

determine if autism cases and controls displayed clear separation. A PLS-DA sample 

plot displayed partial overlap between cases and controls with no clear separation 

being displayed Figure 27. We identified 32 metabolites were identified as 

significantly altered between 24 children with Autism and 48 controls (P value < 0.05; 

Figure 28 and Figure 29). No compounds retained significance following correction 

for false discovery at 5% (Supplementary Table 3). Of the 32 significant compounds, 

seven (7) are classified as steroid and steroid derivatives (Supplementary Table 3).  

 

Figure 27: Results from discovery metabolomics analysis.  

PLS-DA plot of samples with clustering ellipses. We observed no clear separation 

between groups. 
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Figure 28: Volcano plot of all compounds measured in discovery metabolomics 

analysis.  

Discovery metabolomics on the available cord blood samples resulted in the profiling 

of 2540/2612 distinct metabolites after data quality and filtering steps were 

completed. We identified 42 of 2540 quantified metabolites as significantly altered at 

p < 0.05 following a student’s t-test. After the application of the Benjamini-Hochberg 

procedure no compounds were found to be significantly altered (FDRate >0.05). 
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Figure 29: Violin plots of the top 15/32 significant compounds identified prior to FDR 

correction. 

 

Figure 30: Receiver Operator Characteristic (ROC) curve  

Showing predictive performance of the random forest model for the prediction of 

autism using significantly altered discovery metabolites (n=42) 
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Figure 31: Pathway analysis plot  

Displaying pathways identified from the significant metabolites for which a putative 

ID was obtained.  

Cord blood and childhood steroid measurements in Autism 

Based our findings of altered steroids and steroid derivatives, targeted Multiple 

Reaction Monitoring (MRM) acquisition was employed for quantitation of key 

metabolites that map to the steroid pathway (Figure 32). Thirteen (13) steroid 

metabolites, which mapped to the steroid synthesis pathway, were simultaneously 

quantified in cord blood and child serum samples using MRM mass spectrometry. 

Ratios of measured steroid metabolites were also assessed for differential 

expression. Androstenedione and the ratio of androstenedione to 

dehydroepiandrosterone sulfate (DHEAS) were significantly decreased in cord blood 

in Autism cases in comparison to controls (P= 0.034 and P=0.008, respectively), see 

Figure 33 and Supplementary Table 4). All other steroid metabolites and ratios 
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assessed, including testosterone displayed no significance between diagnostic 

groups.  

To test for gender effects, post-hoc analysis was conducted in male subjects only (n 

= 18 Cases, n = 36 Controls) and female subjects (n = 4 Cases, n = 8 Controls), 

significance of androstenedione was lost in both groups (P>0.1) although we 

acknowledge these comparisons were underpowered. Spearman’s correlation 

coefficient identified strong correlations between androstenedione and 

corticosterone in the Autism cases that were not observed in neurotypical controls 

(Figure 34). Furthermore, we observed a positive correlation between 

androstenedione and cortisol while a negative correlation was present in controls. 

 

Figure 32: Steroid biosynthesis pathway:  

Graphical display of the steroid synthesis metabolic pathway. Metabolites targeted 

in our MRM analysis are highlighted in red. 
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Figure 33: Cord blood steroid metabolites altered in the autism cohort.  

Violin plots displaying the expression of steroid metabolites (androstenedione and 

DHEAS) in the cord blood samples. * = p<0.05. 

 

Figure 34: Heat map  

Displaying pairwise Spearman’s correlation coefficient of all measured metabolites in 

cord blood of ASD cases (left) and neurotypical controls (right). 

Of the 13 steroid metabolites targeted in the serum samples from children in the 

PiRAMiD cohort, just six steroids (cortisol, 11-deoxycortisol, corticosterone, estrone 

glucuronide, DHEAS, androstenedione, testosterone) were above the limit of 

quantitation and were tested for differential expression.  No significant differences 

were observed between Autism cases (n = 24) and neurotypical controls (n = 42). 

Analysis of metabolite ratios did not identify significant differences between cases 

and controls (Supplementary Table 4). To test if childhood steroid levels were 
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confounded by age at which samples were taken (7-10 years old), ANCOVA was 

undertaken and again, no significant differences in steroid levels were observed 

between cases and controls (Supplementary Table 3).  

Proteomic and metabolomics prediction models of Autism 

Cord blood proteomics 

Using the full set of measured proteins (n=558) an area under the receiver operator 

characteristic (AUROC) curve of 0.59 and 0.52 was observed in the logistic regression 

and random forest models respectively. Good predictive performance was observed 

when modelling with the significantly altered proteins (n=41). This resulted in an 

AUROC curve of 0.82 and 0.75 in the logistic regression and random forest models 

respectively (Figure 25). Results of feature ranking and all ML model testing for the 

cord blood predictions (proteomic) can be found in Supplementary Figure 3. 

Child serum proteomics  

ML using the full set of proteins quantified in serum samples (n=404) resulted in an 

AUROC of 0.57 and 0.40 in the random forest and logistic regression models, 

respectively. ML was also applied to assess the performance of the proteins 

identified as significantly altered in the Autism cases and these models achieved 

improved predictive performance with an AUROC of 0.78 and 0.74 in the random 

forest and logistic regression models, respectively. For full ML ranking and modelling 

results see Supplementary Figure 4. 

Cord blood metabolomics  

ML using the full set of metabolites quantified in cord blood (n = 1782) resulted in an 

AUROC of 0.38 and 0.36 in the random forest and logistic regression models, 

respectively (Supplementary figure 5). Predictive performance was improved when 

modelling with significantly altered metabolites achieving an AUROC of 0.77 and 0.81 

in the logistic regression and random forest models, respectively (Figure 30 and 

supplementary figure 5).  

 

Cord blood steroid measurements   

Targeted MRM analysis of the steroid synthesis pathway quantified 13 steroid 

metabolites in cord blood, which were used to develop predictive models (Figure 33 

and Figure 34). Machine learning modelling resulted in an AUROC of 0.66 (+-0.07) 
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and 0.65 (+-0.08) in the logistic regression and random forest models respectively 

(Supplementary Figure 5). The significantly altered features were also the top 

random forest features with androstenedione:DHEAS ratio and androstenedione 

ranking as the 1st and 2nd most predictive features (Supplementary Figure 5B and 

D).  
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DISCUSSION  

Our study provides evidence for altered protein and metabolite molecular profiles in 

cord blood, which precede a diagnosis of Autism. The identification of a cord blood 

signature associated with Autism risk is consistent with recent findings in a 

Norwegian Autism Birth Cohort, which reported a pronounced cytokine signature in 

cord blood plasma, and maternal mid-gestational plasma, from children later 

diagnosed with Autism (473). While there is considerable evidence for maternal 

immune activation in Autism, our findings build on this by further implicating 

proteomic and metabolomic systemic molecular processes such as altered sulfur and 

steroid metabolism in the pathophysiology of Autism. In addition, this is first study 

to test directly the prediction that in utero cord blood biomarkers of Autism can 

persist into childhood. In a diagnostic follow-up of children between the ages of 7 

and 10 years, we confirmed altered expression of GAPDH, SELENBP1 and BLVRB in 

serum in children with Autism in comparison to controls. Although our study size was 

modest, our results point to a persistent peripheral molecular signature in Autism, 

with perturbations in protein expression being more pronounced at parturition in 

comparison to childhood. Machine learning algorithms were developed using both 

proteomic and metabolomic signatures in cord blood to predict Autism outcome, 

with metabolomic features demonstrating greater predictive value (AUROC 0.86), 

than proteomic features (AUROC 0.82). Our findings have broad relevance to child-

onset neurodevelopmental disorders where early intervention is of critical 

importance for improving clinical outcomes. We also lack early markers of 

vulnerability (pre-symptom development), our findings could promote earlier 

interventions should evidence based therapies targeting very young children 

emerge. Facilitating increased surveillance within the first years of life.  

 

Discovery proteomic profiling identified 41 proteins as significantly differently 

expressed in cord blood from children with Autism in comparison to NT controls 

Figure 22. Of interest, SELENBP1 a transporter of selenium was decreased in Autism 

profiles at birth. SELENBP1 has been previously linked with schizophrenia and autism 
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(474). It is a key protein in sulfur metabolism and a crucial enzyme responsible for 

biosynthesis of hydrogen sulfide (475). Impaired sulfate metabolism is an oft-

replicated biochemical endophenotype associated with Autism, where it has been 

widely documented that children with Autism have a reduced ability to metabolise 

sulfate (110, 476, 477, 478). SELENBP1 has also been implicated as a biomarker of 

neurological impairment (479) and is associated with major psychiatric disorders 

(480, 481).  

In addition, we observed reduced levels of two haemoglobin degradation proteins 

BLVRB and BLVRA, and two haemoglobin/oxygen transport proteins HBQ1 and HBM 

in Autism cord blood plasma. These findings indicate an underlying metabolic 

disturbance contributing to Iron deficiency anaemia, which has been consistently 

implicated in Autism (155, 482).  

Further, we identified five proteins which map to Keratin signalling, where keratin 

has been shown to be vital for an effective and robust materno-fetal interface 

including extraembryonic tissue development (483).  

Furthermore, levels of GAPDH were decreased in cord blood in our Autism cohort. 

GAPDH, a moonlighting protein, is ubiquitous throughout human body tissues, 

including the fetal brain. GAPDH has established roles in glycolysis, metabolic 

function, modulation of the cytoskeleton, and acts as a molecular switch under 

oxidative stress (484, 485, 486, 487). Recently, using immunoglobulins harvested 

from mothers of children with Autism, GAPDH protein was identified as a novel 

autoantibody target in archived fetal brain samples (488). Autoantibodies to GAPDH 

have previously been linked to other psychopathologies including depression and 

schizophrenia (488, 489). 

Finally, we found eight Cell Adhesion Molecules or CAMs (Lumican, AXL, COL15A1, 

ALCAM, MCAM, CDH5, CD93, PTPRS, EPHA4), to be differentially expressed in cord 

blood. Genetic studies have reported the involvement of CAMs in Autism, which have 

an integral role in cell-cell and cell-extracellular matrix interactions, neuronal 

development, axonal guidance and synaptic formation and function (485). 
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Proteomic analysis of serum samples from the follow up PiRAMiD cohort observed 

altered expression of GAPDH, SELENBP1 and BLVRB proteins in serum from children 

with Autism versus controls. These findings illustrate the persistence of the 

previously identified in utero protein signatures into pre-pubertal childhood. 

Interestingly, while these proteins were elevated in serum from the Autism cohort in 

late childhood, their expression was decreased in cord blood at parturition. We 

speculate these persistent and coordinated systemic fluctuations in GAPDH, 

SELENBP1 and BLVRB proteins point to key molecular pathways implicated in Autism 

aetiology, which manifest (in-utero) within the perinatal environment and likely 

oscillate throughout childhood. It is also noteworthy that the proteomic signature 

was less pronounced in childhood serum samples in comparison to cord blood 

samples, with respect to the number of proteins differentially expressed and effect 

sizes between Autism cases and controls. These results suggest cord blood is a 

valuable bio-fluid for biomarker discovery, as it captures a snapshot of perinatal 

molecular mechanisms implicated in Autism, and constructs the overlap between 

genes and environment.  

 

Discovery metabolomics profiling identified 32 metabolites as significantly 

differentially expressed in cord blood from children with Autism in comparison to 

controls (Figure 3A-E). Although no features passed adjustment for multiple testing, 

7 metabolites were classified as steroid and steroid derivatives (5-Androstenediol, 

3¸4-Dihydroxy-tamoxifen, Pregnenolone sulfate, 19-Hydroxydeoxycorticosterone, 

Tetrahydrodeoxycorticosterone, 19Hydroxyandrost-4-ene-3¸17-dione, and 6beta-

Hydroxytestosterone), all of which were reduced in Autistic cord blood samples 

versus controls. There is substantial evidence for prenatal steroid dysregulation in 

the aetiology of autism (490, 491), and numerous targeted steroid investigations 

have reported elevated androstenedione and testosterone levels in amniotic fluid 

(11-17 weeks gestation) where children developed autism (492, 493, 494, 495). There 

is some evidence to suggest that elevated exposure to testosterone in fetal 

development leads to a specific phenotype with altered vocabulary, eye gaze, 

restriction of interests and increased attention to detail (493). Unlike amniotic fluid 

which captures this perinatal testosterone surge between 11 and 17 weeks gestation, 
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cord blood samples represent prenatal exposure at the time of parturition (491). 

Previous studies exploring/measuring testosterone levels in cord blood directly did 

not demonstrate an association with Autism outcome or symptomology (496, 497, 

498). Our measurements in cord blood concur with these observations. While 

testosterone was not specifically altered, we confirmed reduced androstenedione in 

cord blood in Autism cases in comparison to controls. Androstenedione is an 

endogenous androgen steroid hormone that is a precursor to testosterone, as well 

other androgens and estrogens (Figure 32)(499). Broadly, our discovery results 

indicate depleted androstenedione and steroid-derivatives (conjugated steroids) in 

Autistic children, suggesting altered steroid hormone biosynthesis at parturition. This 

supports previous findings for an association between prenatal androgen 

dysregulation and Autism outcome. Although previous investigations report elevated 

serum androstenedione levels in pre-pubertal children (500), as well as adults with 

Autism (501), and teenagers with ADHD (502), we did not find altered 

androstenedione levels in Autistic children between 7 and 10 years in this study.  

Collectively, proteomics and metabolomics profiling converged on altered systemic 

metabolism, including sulfur metabolism and glycolysis. We observed reduced 

SELENBP1, a key protein involved in sulfur metabolism, which coincided with 

increased sulfate levels in cord blood from autistic children. Maternal circulating 

sulfate levels have been reported to increase two-fold during the third trimester of 

pregnancy, illustrating the importance of sulfate in fetal development (477). Sulfate 

has many roles in the body, and there is robust evidence to suggest steroid sulfation 

and desulfation plays a crucial role in controlling steroid action (503). In this study, 

we confirmed a reduction in androstenedione and observed a general depletion of 

steroid derivatives in cord blood in Autism cases versus controls, which we speculate 

may be associated with our sulfur metabolism findings. In further support of 

converging molecular networks, steroid biosynthesis and the immune response are 

intrinsically linked during pregnancy (491). Equally the complement system is one the 

most important defences mechanisms of the innate immune system.  We identified 

two complement proteins C9 and CFB as differentially expressed in Autistic cord 

blood samples, and although the detection/quantification of cytokines is below the 
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limit of detection using mass spectrometry methods employed here, it is highly likely 

that perturbations in cytokine levels are present in the background proteome of cord 

blood and autism outcome (473). Taken together, our results provide concurrent 

evidence for the role of steroid biosynthesis, sulfur metabolism, and complement 

related immune responses in Autism. Alterations of which are likely to converge, 

creating a sub-optimal prenatal environment and perturb fetal neurodevelopment.  

Study strengths and limitations 

Strengths of this study extend to the sourcing of cases and controls from a clinically 

based study of 2,137 mother-infant dyads with continuous diagnostic follow-up from 

pregnancy to childhood (7 – 10 years).  This longitudinal follow up allowed analysis 

of cord blood plasma from parturition, and follow up serum samples collected in 

childhood (age 7 to 10 years).  Longitudinal proteomic and metabolomics profiling in 

this manner is novel and may allow identification of mechanistic or at least persistent 

dysregulation of proteins and metabolites during childhood in autism. Protocols for 

blood collection, processing, and biobanking were all quality controlled by the 

accredited INFANT biobank. The biobank adheres to the International Society for 

Biological and Environmental Repositories (ISBER) best practices, the Molecular 

Medicine Ireland Guidelines for Standardised Biobanking, and OECD Guidelines for 

Human Biobanks and Genetic Research Databases. As expected, we identified a 

significant male predominance in our Autism cohorts. Male predominance in Autism 

is a well-recognised phenomenon as it is three to four times more likely to arise in 

males (59). The diagnostic groups were matched in a 2:1 ratio (controls: cases) on 

age and birthdate for analysis of the cord blood samples, but due to the Covid-19 

pandemic recruitment of controls was incomplete and it was not possible to maintain 

stringent matching. This may be a potential confounder in our follow up omics 

analysis. Our study utilised inter-omics profiling and state of the art mass 

spectrometry approach's including data independent acquisition (DIA) coupled with 

Fragpipe search engine for DIA-Neural Network (NN) analysis. This is the current gold 

standard in mass spectrometry. While discovery metabolomics profiling has the 

benefit of allowing the evaluation of many unique compounds, but a major drawback 

is the high dimensional data generated, and subsequent challenges of experimentally 

confirming the identification of measured compounds. Although putative 
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identifications were obtainable, the confidence in these identifications varies. 

Therefore, targeted validation was undertaken using MRM assays of the steroid 

metabolites, for which mass spectrometry standards were available. We were 

cautious in our statistical approaches, our cord blood samples were matched as 

closely as possible between cases and controls, we adjusted for multiple 

comparisons, and report both p-value and FDR adjusted p-values in the proteomic 

and metabolomics results tables. This study is limited by relatively small sample sizes 

for the development of a prediction model, and due to male predominance in 

Autism, female participation was too small to compare gender specific effects. We 

employed two different ML algorithms (random forest and logistic regression) to 

assess convergences across prediction models, and applied 5-fold cross validation to 

minimize the risk of overfitting. Access to longitudinal biological samples for 

molecular profiling in clinical disease is incredibly rare, and this highlights the 

importance of large cohort studies with biobanking of valuable samples in a 

longitudinal manner. This study successfully demonstrates molecular changes in 

SELENBP1, GAPDH, and BLVRB in cord blood from infants with Autism at parturition, 

and in serum from children with Autism between the ages of 7 and 10 years, and 

future research groups taking a similar approach may prove to be a fruitful endeavor.  

CONCLUSION 

Our study extends the findings of research in Autism and supports the idea that the 

early prenatal and feto-maternal environment plays a role in the development of 

Autism.  We uncovered concurrent evidence for dysregulation of proteins and 

metabolites in cord blood, which map to sulfur metabolism, glycolysis, complement 

signalling, and steroid:androstenedione networks. We hypothesise these processes 

play a role in the prenatal neurobiological components/pathways implicated in 

Autism aetiology.  

Using machine-learning approaches, we developed diagnostic signatures with 

encouraging performance in test sets to distinguish Autism cases from controls, 

which suggest both proteomic and metabolomic measures may help predict Autism 

outcomes in larger cohort studies. Future work should elaborate on the mechanistic 

underpinnings of how SELENBP1, GAPDH, and BLVRB drive changes in the developing 
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brain, and determine if these systemic measures can serve as longitudinal biomarkers 

of Autism severity. While longitudinal age-related deficiencies in androstenedione 

measurements were not observed in this cohort, this research provided fundamental 

evidence that cord blood should be considered a valuable bio-fluid. Cord blood has 

the potential to identify disease specific biomarkers for prognosis, which may also 

serve as systemic therapeutic targets for treating symptoms of Autism. Collectively, 

our data suggests cord blood molecular signatures of Autism are evident a birth. In 

combination with clinical data and cytokine profiling, these measures may be useful 

in precision risk screening of infants most likely to develop Autism, or further 

facilitate surveillance of children at risk in order to direct early therapeutic 

intervention in all cases.  
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Abstract: 

Children with autistic spectrum disorder (ASD) are at increased risk of developing emotional 

and behavioural problems beyond the core features that define the disorder. Co-morbid 

emotional and behavioural problems occur, and include symptoms of aggression, 

depression, anxiety, and social withdrawal. These maladaptive behaviours are less studied 

than the core ASD features, yet they are important modifiers of mental health for both child 

and family. High levels of EBPs can compound the core autism symptoms and even limit a 

child’s ability to engage in therapy.  

We identified a nested sub-cohort within a large mother-child birth cohort based on a 

confirmed multi-disciplinary diagnosis of autism before the age 10 years. We matched this 

group with neurotypical controls from the same cohort. Participants completed 

psychometric testing with the Child Behavioral Checklist (CBCL) at 2 and 5 years, and the 

Kaufman Brief Intelligence Test (KBIT-2) and Social Communication Questionnaire (SCQ) in 

late childhood.  

From a birth cohort of 2137 children, thirty-four autistic children and fifty-one controls were 

studied. We found that the development of emotional and behavioural problems in autistic 

children differed significantly from the neurotypical group at 2 years (mean total problem 
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score was 35.3 vs 23.7 p = 0.01), and deviated further by the age of five (mean total problem 

score 59.9 vs 24.6 p =<0.01).  

Our results show that EBPs start early and are pervasive in the paediatric autistic population. 

They are a reminder of the need for a continued and sustained focus on interventions aimed 

at improving not only autism core features, but also EBPs. Our findings support the need for 

targeted consideration of the emotional and behavioural health of autistic children starting 

in early childhood, and continuing right through the range of their development. 

Keywords: 

ASD · Autism · Emotional problems · Behavioural problems · Early intervention · 

Developmental disorders  
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Introduction: 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by social 

communication and interaction deficits and restricted, repetitive patterns of interests and 

behaviour that are evident in early childhood. The prevalence of ASD has been progressively 

increasing for decades (50, 51, 52), and is now ranging from 0.39% to 2.6% in different 

jurisdictions (17, 55, 56, 57).  

Healthcare costs associated with ASD represent an onerous burden. A 2014 estimate of 

annual costs of routine ASD care and intervention in the UK and USA put the figure at £3.1 

billion per annum and $61 billion per annum respectively (450). The development of 

methods for the early identification of ASD are paramount to improving outcomes, and to 

reducing associated healthcare expenditure. Earlier identification allows earlier intervention, 

and consequent improvements in communication, cognitive and behavioural outcomes in 

autistic children (504, 505). Studies examining outcomes between infant groups displaying 

early signs of ASD found that targeted early intervention significantly reduced the odds of a 

persistent ASD diagnosis at 3 years (10). Yet in spite of such findings, autism services continue 

to be under-resourced (212) and diagnoses are chronically delayed (448, 449). 

Children and adolescents with Autism Spectrum Disorders (ASD) frequently suffer from 

emotional and behavioural problems (EBP) (226). More specifically, it is reported that 

children with ASD have an increased prevalence of both internalizing/emotional problems 

(social difficulties, anxiety, depression, and withdrawal symptoms); and 

externalising/behavioural problems (attention problems, hyperactivity, and conduct 

disorders) (226, 227). Using the Child Behavior Checklist (CBCL) others report that scores on 

the Social, Thought, and Attention problems scales were more than two standard deviations 

higher in a cohort of children with autism compared to a neuro-typical sample (228). A CBCL 

ASD profile, consisting of high scores on the Withdrawn, Social problems and Thought 

problems scales has been previously described (229, 230). Children with ASD often exhibit 

maladaptive behaviours, defined as co-occurring, internalising and externalising behavioural 

problems that negatively affect everyday activities (231). These behaviours are sometimes 

more distressing to caregivers than the core autistic symptoms themselves (232). EBPs can 

restrict remedial interventions, and negatively affect long-term outcomes of ASD affected 

children.  

While other authors have highlighted the occurrence of EBPs in various ASD groups and at 

various time points, consensus on how and when EBP present and evolve over time is lacking 
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(2, 3). Our aim is to illustrate the temporal evolution of EBPs in our ASD population using 

serial CBCL scoring, highlighting their development in early childhood and how these 

maladaptive problems evolve over the important early childhood window. The identification 

of EBPs may be possible in children as young as 2 years and may help to identify those with 

features of ASD or specific EBP syndromes, allowing more effective and timely intervention.  



   
 

179 
 

Methods: 

Participants: 

Children were recruited from the Cork Birth Cohort Study, BASELINE (Babies after SCOPE: 

Evaluating the Longitudinal Impact on Neurological and Nutritional Endpoints) 

(www.baselinestudy.net) (458). We assessed early environmental exposures and early 

developmental outcome as previously outlined (458). Clinical assessments of the children 

were undertaken at 2, 6, 12, 24 months and 5 years of age. The research team performed 

specific developmental assessments at 24 months and 5 years of age, and the parents 

completed a Child Behaviour Checklist (CBCL) questionnaire at both time-points. At 5 years, 

the children also completed a cognitive assessment, the KBIT-2, administered by a trained 

research nurse.  

The clinical research fellow contacted the children with a confirmed or suspected ASD 

diagnosis at 5 years and invited them to attend a further developmental assessment in late 

childhood (children aged between 8 and 11 years at the time of this follow up assessment). 

Next, we matched each confirmed case based on the child’s sex, birth gestation, birth weight 

and maternal BMI at 15 weeks’ gestation, with neurotypical controls recruited from the same 

birth cohort. We matched two controls per each case at the onset of the study, however 

safety restrictions and social distancing protocols encountered during the Covid-19 

pandemic reduced our ability to assess controls. At completion of recruitment, each case 

matched with at least one control, and 17 were matched with two. Following matching, 

controls also attended a late childhood developmental assessment. 

Clinical Diagnosis: 

The majority of children received their ASD diagnosis through the Health Service Executive 

(HSE) Early Intervention Team (EIT). The standard tests utilised in this setting are the Autism 

Diagnostic Observation Schedule, Second Edition (ADOS-2), and parent report via, either the 

Diagnostic Interview for Social & Communication Disorders (DISCO) or Autism Diagnostic 

Interview-Revised (ADI-R) questionnaires. A small number of children received their initial 

diagnosis through private multidisciplinary teams (MDTs) using the same assessment tools. 

All of these children later received a confirmatory diagnosis with the EIT service.  

http://www.baselinestudy.net/


   
 

180 
 

Measure of behaviour, maladaptive and emotional problems (24 month and 5-year 

visits):  

We measured CBCL scores at the 24 month and 5 year assessments. The CBCL (1.5 – 5 years 

version) questionnaire (506) provides scores for three summary scales (i.e., Internalizing, 

Externalizing and Total Problems). It also provides scores for five DSM IV-Oriented scales (i.e., 

Affective Problems, Anxiety Problems, Pervasive Developmental Problems, Attention 

Deficit/Hyperactive Problems and Oppositional Defiant Problems), and seven syndrome 

scales (i.e., Emotionally Reactive, Anxious/Depressed, Somatic Complaints, Withdrawn, 

Sleep Problems, Attention Problems, and Aggressive Behaviour) (see Figure 35).  

Children with scores in the prescribed clinical and borderline ranges (whereby any score that 

falls below the 93rd percentile is considered normal, a score between the 93–97th percentile 

is borderline clinical, and any score above the 97th percentile is in the clinical range) are at 

higher risk for developing or experiencing emotional and behavioural problems (EBP) / 

maladaptive problems. Higher scores indicate greater emotional and behaviour problems. 

The yield describes a child’s behaviour and emotional state over the prior two-month period.  

Emotionally Reactive (ER), Anxious/Depression (AD), Somatic Complaints (SC), and 

Withdrawn (WD) scales combine to yield the Internalising Problems (IP) score. The Attention 

Problems and Aggressive Behaviour scales combine to yield the Externalising Problems (EP) 

composite score (506, 507, 508). The sleep problem scale does not fit within either the 

internalising or externalising categories. In this study, one of the primary caregivers (typically 

the child’s mother) completed the 100-item questionnaire for each participant.  



   
 

181 
 

 

Figure 35: Layout of the subscales scored in the CBCL (1.5 - 5 years).  

Syndrome scales combine to form the internalising and externalising problems scores. 

Measure of ASD symptomology (Late childhood visit): 

Active ASD symptomology was assessed using the Social Communication Questionnaire 

(SCQ) as part of the later childhood visit (509). Previously known as the Autism Screening 

Questionnaire, the SCQ is a brief instrument that helps to evaluate the communication skills 

and social functioning of an individual who may have an autism spectrum disorder (510). 

Aside from its use as a screener to determine if an individual requires referral for formal ASD 

evaluation, we can use the SCQ to compare ASD symptoms and severity across groups. The 

questionnaire has two forms; Current and Lifetime forms; and three subscales, 

communication difficulties, restrictive and repetitive behaviours, and social reciprocity. We 

utilised the Lifetime Form, which examines the child’s entire developmental history. The SCQ 

consists of 40 items with ‘‘yes’’ or ‘‘no’’ answers. The first item is untallied and clarifies if the 

participant is verbal or non-verbal. Total scores range from 0 – 39 in verbal participants (and 

0 – 33 in non-verbal participants). Higher scores represent greater social-communication 

impairment. The quoted cut-off score for ASD risk is 15 or greater. In younger age groups, 

various lower cut-offs have been proposed (511). Our focus was on children aged between 

approximately 8 - 11 years, and we used a cut-off of ≥15 as clinically significant. We 
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administered the SCQ to all participants, to ensure the absence of undetected clinical ASD 

symptomology in our control group. 

Measure of cognitive ability (5-year and late childhood visits): 

The Kaufman Brief Intelligence Test, Second Edition (KBIT – 2) (512) provides a brief, 

individualised format for the measurement of verbal and nonverbal intelligence in children 

and adults from the ages of four to 90 years. The test consists of three distinct subtests, two 

of which are Verbal subtests, the other, Nonverbal. As a brief intelligence test, it takes 

approximately 30 minutes to administer. The KBIT – 2 assesses verbal and nonverbal 

intelligence independently, providing a Verbal scaled score, a Nonverbal scaled score, and a 

Composite IQ score. Standard scores have a mean of 100, standard deviation of 15. The basal 

standard score for the each subset is 40. Standard scores can be categorised as lower 

extreme (≤69), below average (70-84), average (85-115), above average (116-130), or upper 

extreme (≥131) based on the standard score ranges. The KBIT – 2 manual allows for 

administration to individuals with autism, as well as those with poor verbal skills or 

intellectual disability. However, there are no normative data for these populations provided. 

Clinical visit in later childhood (8 – 11 years): 

Appointments were organised via email and telephone communication with the parents of 

participants. A formal ASD diagnosis was confirmed prior to attendance, and in the case of 

controls, the absence of ASD was confirmed. Each participant completed a follow up 

cognitive assessment (KBIT-2), a study-specific demographic and general medical 

questionnaire, a measure of ASD symptomology (Social Communication Questionnaire 

(SCQ)), and anthropometrics (height, weight and BMI). We discussed the appointment in 

detail with parents prior to attendance. For some children, we used “social stories” to help 

prepare them for the appointment (513). We emailed and posted each personalised story to 

the participants in advance. The story contained images of the venue, the clinical research 

fellow and the equipment that would be required. We outlined the sequence of the 

appointment in clear language, and the children were encouraged to express concerns or 

worries, which we addressed remotely over the phone and in person on the day.  

Statistical Analysis: 

We compared ASD cases with neuro-typical controls. Where required, data were normalised 

using Log transformation prior to analysis and we performed statistical analysis using IBM 

SPSS Statistics 26 (SPSS Statistics, Chicago, IL). Continuous or quantitative data were analysed 

using independent t-tests or Mann-Whitney U-tests depending on the normality of the data. 
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Categorical data were analysed using the Chi Square test (χ2). We measured the relationships 

between individual assessments using Spearman correlations. We used mixed model 

analysis to examine the changes in CBCL scores over time between groups. Group (Cases, 

Controls), Time (24 months, 5 years) and the interaction (Group*Time) were fixed effects in 

the model and each subject was a random effect. If the interaction Group*Time was 

statistically significant indicating that changes over time differed between the ASD group and 

the Control group, only then pairwise comparisons were performed (see sleep and 

oppositional defiant scales). The pairwise comparisons were between groups at each time-

point and between time-points for each group. Statistical significance (2-tailed) was <0.05.  

Ethical Approval: 

Ethical approval for both the Cork BASELINE Birth Cohort Study (ECM3 (x) 05/04/19) and this 

study (ECM 3 (k) 03/12/19) were provided locally by the Cork Research Ethics Committee 

(CREC). We obtained written informed consent from the mothers of each participant 

recruited. All children received age-specific study information and completed signed 

informed assent forms where their cognitive ability allowed. In children with ID, their mother 

acted in surrogate to complete consent.   
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Results: 

Study population: 

We outline the details of participant recruitment in Figure 36. The SCOPE Ireland pregnancy 

cohort (www.scopestudy.net) formed the basis of initial recruitment of infants to BASELINE 

[n = 1537] and an additional 600 infants were recruited after delivery providing a total 

sample of 2137 children who were followed from birth. At the 5-year appointment, 22 

children already had a formally ASD diagnosis. A further 26 children either, scored in the “at 

risk/borderline range” for Autism Spectrum Disorder/Pervasive Development Disorder on 

the CBCL, parents expressed specific concerns regarding the possibility of ASD, or the child 

was reported to have an ASD associated developmental delay (most commonly speech 

delay). The clinical research fellow, between May 2019 and March 2020, contacted all 22 

children who had a confirmed ASD diagnosis at the 5-year assessment, confirming their ASD 

diagnosis. The fellow also verified if an interval diagnosis of ASD had been made in the 26 

additional children identified as being at risk of ASD at 5-year follow up. Of those, 15 children 

had received an interval ASD diagnosis, meaning the ASD cohort totalled 37 children. 

Ultimately, of the children with a confirmed ASD diagnosis (n = 37), 34 (92%) were able to 

participate. Two families could not attend due to childcare or work difficulties, while we 

excluded one child due to an underlying genetic syndrome. We drew healthy, neurotypical 

controls from the same BASELINE cohort and matched controls with cases for (i) Infant sex, 

(ii) Gestational age, (iii) Birthweight and (iv) Maternal BMI at 15-week visit.  

 

Figure 36: Recruitment flow chart.  

We recruited all participants (cases and controls) from the Baseline cohort 

http://www.scopestudy.net/
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Participant characteristics: 

In Table 15, we display the clinical characteristics of the study participants. Twenty-six (76%) 

of those with ASD were of male sex, while 35 (69%) of controls were. Neither birthweight 

nor gestational age differed between groups. Maternal age did not differ between groups.  

Table 15: Demographic characteristics of the whole cohort 

 Case (n=34) Control (n=51)  

Variable M SD M SD p-

value 

Birthweight (grams) 3372 501 3556 518 0.11 

Gestational age (weeks) 39.4 1.45 39.9 1.47 0.18 

Maternal age at delivery (years) 31.32 5.33 31.8 4.29 0.65 

 n % n %  

18 – 28 years 9 (26.5) 7 (13.7) 0.34 

29 – 39 years 24 (70.6) 42 (82.4)  

>40 years 1 (2.9) 2 (3.9)  

Male sex 26 (76) 35 (69) 0.43 

Maternal BMI at 15 weeks* 11 (40) 19 (43) 0.84 

Birth Season     0.23 

Spring (Mar – May) 7 (20.6) 18 (35.3)  

Summer (June – Aug) 6 (17.6) 10 (19.6)  

Autumn (Sept – Nov) 14 (41.2) 11 (21.6)  

Winter (Dec – Feb) 7 (20.6) 12 (23.5)  

We calculated all p-values using the Pearson Chi square χ2 for categorical data, and independent samples t-test 

for matched cases and controls. There are no significant differences demonstrated between the groups in any 

of the matching variables. We present the data as mean and standard deviation (SD) with continuous variables 

or number (n) and percentage (%) with categorical ones. *Maternal BMI was not available in all participants. 27 

of 34 cases (and 44 of 51 controls) had maternal BMI documented. In those cases without maternal BMI data, 

we matched based on only the three child-specific variables of sex, gestational age, and birthweight.  
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Temporal evolution of Emotional and Behavioural Problems: 

In Table 16, we outline the mean CBCL scores for cases and controls at each time point of 

CBCL assessment (24 months and 5 years), and compare the means using mixed model 

analysis. In total, there are eight participants (<10% of all participants) absent from the 24 

months analysis (1 case and 7 controls), and there are four (<5% of all participants) absent 

from the 5 year data (all controls). As the numbers absent are relatively small (<10% of the 

total), it is unlikely any significant bias was introduced. All participants completed at least 

one of the CBCL assessments, and all subjects included in this analysis remain enrolled in the 

study.  

CBCL Summed Scores: 

When we examined the summed scores, we found that in the Total Problem Score, at 24-

months, the ASD group scored significantly higher than controls (35.3 vs 23.7 p = 0.01), and 

at 5-years, the ASD group again scored significantly higher than controls (59.9 vs 24.6 p 

<0.01). We found that in the Total Internalising scores, at 24-months, the ASD group scored 

similarly to controls (8.2 vs 5.6 p = 0.11), but at 5-years, the ASD group scored significantly 

higher than controls (19.7 vs 7.4 p <0.01). We found that in the Total Externalising scores, at 

24-months, the ASD group scored significantly higher than controls (13.5 vs 9.5 p = 0.03), and 

at 5-years, the ASD group again scored significantly higher than controls (19.4 vs 8.1 p 

=<0.01), see Table 16.  

Individual CBCL Syndrome Scales: 

Significant differences between cases and controls were evident in three scales at both time 

points, emotionally reactive, withdrawn and attention problems. Significant differences 

between the groups were seen in three more scales at the 5-year time point only: 

Anxious/Depressed, Somatic Complaints and Aggression. As with the summed scores, when 

scores differed between groups, the autism group scores were higher. There was no 

significant difference between groups in the Sleep problems scale therefore these scores 

were not included in pairwise analysis (See Table 16).  
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DSM IV Oriented scales: 

Scoring differed between groups, in four out of five of the DSM IV scales. In the autism group, 

scores significantly increased with age (indicating worse symptomology), see Table 16 and 

Table 17. These scales were Affective, Anxiety, Pervasive Developmental Disorder and 

Attention Deficit Hyperactivity Disorder. Oppositional Defiant Disorder scale showed no 

statistical difference between groups and did not progress to pairwise analysis. 

Table 16: Mixed Model Analysis and pairwise comparison of CBCL scores per cases versus controls at two time 

points (24 months and 5 years) 

Subscales  

(range) 

Fixed 

Effect 

CBCL 24 months  CBCL 5-years  

Case (n=33) Control (n=44)  Case (n=34) Control (n=47)  

Syndrome           

scale scores 

Group

* time 

Mean  

(CI95) 

Mean  

(CI95) 

p Mean  

(CI95) 

Mean  

(CI95) 

p 

Emotional 

Reactivity 

(0 – 18) 

<0.01 2.7 

(2 – 3.5) 

1.5 

(0.9 – 2.2) 

0.02 6.7  

(5.5 – 8) 

2.3 

(1.2 – 3.3) 

<0.01 

Anxious/ 

Depressed 

(0 – 16) 

 <0.01 1.6 

(0.8 – 2.3) 

1.5  

(0.8 – 2.1) 

0.85 4.1  

(3.1 – 4.9) 

2.2  

(1.4 – 3) 

<0.01 

Somatic 

Complaints 

(0 – 22) 

 <0.01 2 

(1.2 – 2.7) 

1.7  

(1.1 – 2.3) 

0.51 3.6 

(2.9 – 4.4) 

1.4 

(0.8 – 2.1) 

<0.01 

Withdrawn 

(0 – 16) 

<0.01 1.9  

(1.2 – 2.4) 

0.9  

(0.4 – 1.4) 

0.02 5.2  

(4.5 - 6) 

1.4  

(0.8 – 2.1) 

<0.01 

Sleep Probs 

(0 – 14) 

 0.08 2.7  

(1.9 – 3.6) 

2.5  

(1.7 – 3.2) 

 3.7  

(2.7 - 4.8) 

2.3  

(1.4 – 3) 

 

Attention 

probs (0 – 10) 

<0.01 3.2  

(2.5 – 3.9) 

1.9  

(1.2 – 2.5) 

0.01 5.2  

(4.4 – 5.9) 

1.7  

(1 – 2.3) 

<0.01 

Aggressive 

 (0 – 38) 

<0.01 10.3  

(8.1 – 12.6) 

7.6  

(5.6 – 9.5) 

0.07 14.2  

(11.8 – 16.5) 

6.4  

(4.4 – 8.4) 

<0.01 
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CBCL Summed 

scores 

       

Total Internal 

(0 – 72) 

<0.01 8.2  

(5.8 – 10.6) 

5.6  

(3.6 – 7.7) 

0.11 19.7  

(16.7 – 22.6) 

7.4  

(4.9 – 9.8) 

<0.01 

Total External 

(0 – 48) 

<0.01 13.5  

(10.7 – 16.3) 

9.5  

(7 – 11.9) 

0.03 19.4  

(16.4 – 22.2) 

8.1  

(5.6 – 10.5) 

<0.01 

Total Probs 

(0 – 200) 

<0.01 35.3  

(28.5 – 42) 

23.7  

(17.8 – 29.5) 

0.01 59.9  

(52 – 67.8) 

24.6  

(17.9 – 31.3) 

<0.01 

DSM IV 

subscales 

       

Affective 

(0 – 20) 

<0.01 2.4  

(1.6 – 3.1) 

1.5  

(0.8 – 2.2) 

0.12 4.6  

(3.7 – 5.6) 

1.7  

(0.9 – 2.5) 

<0.01 

Anxiety 

(0 – 20) 

<0.01 2.4  

(1.5 – 3.2) 

2.1  

(1.3 – 2.9) 

0.64 5.8  

(4.6 –7) 

2.9  

(1.9 – 3.9) 

<0.01 

PDD 

(0 – 24) 

<0.01 4.5  

(3.5 – 5.6) 

1.9  

(1 – 2.8) 

<0.01 8.6  

(7.4 – 9.8) 

2.5  

(1.5 – 3.5) 

<0.01 

ADHD 

(0 – 12) 

<0.01 5.5  

(4.4 – 6.5) 

3.9  

(3 – 4.8) 

0.03 6.6  

(5.5 – 7.6) 

2.9  

(2 – 3.8) 

<0.01 

Opp. Def. 

(0 – 12) 

0.18 3.9  

(3.1 – 4.7) 

2.6  

(1.9 – 3.3) 

 4.8  

(3.8 – 5.8) 

2.6  

(1.8 – 3.4) 

 

All data are presented as mean scores with 95% confidence interval following in parentheses (CI95). We calculated p 

values using mixed model analysis (see also 

Table 17). Those variables, which did not reach significance for the Fixed effects interaction, group*time did not 

proceed to additional pairwise analysis (Sleep and Oppositional Defiant). We consider p-values as significant <0.05. 

 

 

In Table 17, we demonstrate the relationship between mean CBCL scores within each group 

and how they change over time. In the ASD group, across all domains except sleep problems, 

oppositional defiant, and ADHD subscales, there is a statistically significant change over time. 

All changes in the ASD group indicate a worsening of symptoms between 24-month and 5-
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year appointments. In the control group, only two subscales demonstrate significant change 

from 24 months to 5 years, the Anxious/Depressed and ADHD subscales. Anxious/Depressed 

showed a worsening of symptoms, while the ADHD subscale showed improvement.  

At 5 years, the gap between cases and controls widened with differences between groups 

reaching significance across a greater spread of the CBCL subscales. The ASD group scored 

significantly higher than the control group across all domains. This reflects a general 

deterioration in EBP scores in the ASD group over early childhood (24 months – 5 years). The 

pairwise comparison mirrors this within the ASD group over time, which demonstrates 

statistically significant change between the 24-month and 5 year time points. The controls 

however, show no such deterioration, and show a significant improvement in the 

anxious/depressed, total internalising and ADD subscales (see Table 17).  

Table 17: Mixed models analysis of CBCL scores within each group over time i.e. how the mean scores within 

each group changed over time (at 2 and 5 years of age).  

Subscale 

(Range) 

Fixed Effects Pairwise comparison of the change in score per group between two 

time points, 24 months and 5-years 

Syndrome scores Group*time Mean ΔT Cases p-values Mean ΔT Controls p-values 

Emotionally Reactive 

(0 – 18) 

<0.01 +4 

(3 – 5) 

<0.01 +0.7 

(-0.2 – 1.6) 

0.11 

Anxious/ Depressed 

(0 – 16) 

 <0.01 +2.5 

(1.6 – 3.3) 

<0.01 +0.7 

(-0.5 – 1.5) 

0.02 

Somatic Complaints 

(0 – 22) 

 <0.01 +1.7 

(0.8 – 2.5) 

<0.01 -0.2 

(-1 – 0.5) 

0.47 

Withdrawn 

(0 – 16) 

<0.01 +3.4 

(2.7 – 4.1) 

<0.01 +0.5 

(-0.1 – 1.1) 

0.11 

Sleep Problems 

(0 – 14) 

 0.08 +1 

(0 - 2) 

 -0.2 

(-1 – 0.7) 

 

Attention Problems  

(0 – 10) 

<0.01 +2 

(1.2 – 2.8) 

<0.01 -0.2 

(-0.9 – 0.5) 

0.53 

Aggressive <0.01 +3.8  <0.01 -1.2 0.33 
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 (0 – 38) (1.2 – 6.5) (-3.5 – 1.2) 

CBCL Summed scores      

Total Internal 

(0 – 72) 

<0.01 +11.5 

(8.9 - 14) 

<0.01 +1.7 

(-0.5 – 4) 

0.13 

Total External 

(0 – 48) 

<0.01 +5.8 

(2.6 - 9) 

<0.01 -1.4 

(-4.1 – 1.4) 

0.33 

Total Problems 

(0 – 200) 

<0.01 +24.6 

(17.1 – 32.1) 

<0.01 +0.9 

(-5.6 – 7.5) 

0.78 

DSM IV subscales      

Affective 

(0 – 20) 

<0.01 +2.3 

(1.2 – 3.3) 

<0.01 +0.2 

(-0.7 – 1.1) 

0.63 

Anxiety 

(0 – 20) 

<0.01 +3.4 

(2.5 – 4.3) 

<0.01 +0.8 

(0 – 1.6) 

0.06 

PDD 

(0 – 24) 

<0.01 +4 

(2.9 - 5) 

<0.01 +0.6 

(-0.4 – 1.5) 

0.21 

ADHD 

(0 – 12) 

<0.01 +1.1 

(0 – 2.2) 

0.06 -1 

(-2 – 0) 

<0.05 

Opp. Def. 

(0 – 12) 

 0.18 +0.9 

(-0.1 – 1.9) 

 0 

(-0.9 – 0.9) 

 

All data are presented as p-values calculated using mixed model analysis. We have examined the CBCL scores using 

Pairwise comparison when the group*time interaction was statistically significant. This indicates mean scoring 

differences between the case and control groups at each time-point (Mean difference at 24 months and 5 years), 

and the mean scoring change over the time-period from 24 months – 5 years within each group (Mean difference 

in case/control scores over time). p-values are significant at <0.05. Certain subscales (Anxious/Depressed, Somatic 

Complaints, Sleep problems, Total Internalising problems, Affect and Anxious) were log transformed prior to 

analysis in order to ensure data was parametric. ΔT (delta time) is the change in score over time. (+) scores mean 

that the absolute score increased (worsening symptoms), and (-) meaning that the score decreased (improved).  

 

We graphically display changes in CBCL scores over time in Figure 37 and Figure 38, 

demonstrating a greater burden of EBP comorbidities affecting the ASD group versus 

controls, particularly at the 5 years assessment. In Figure 37, for the total internalising scale 
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at 24 months, three (9%) individuals from the autism group and two (5%) from the controls 

are in the clinical range (one (3%) and four (10%) in the borderline range respectively). At 5 

years, this number increase to 17 (50%) individuals from the autism group and decreases to 

only two (4%) from the controls (six (18%) and eight (17%) were borderline respectively).  

For the total externalising scale at 24 months, two (6%) individuals from the autism group 

and two (5%) from the controls are in the clinical range (three (9%) and three (7%) in the 

borderline range respectively). At 5 years, this number increase to nine (26%) individuals 

from the autism group and decreases to only one (2%) from the controls (five (15%) and 

three (6%) were borderline respectively).  

For the total problem scale at 24 months, three (9%) individuals from the autism group and 

two (5%) from the controls are in the clinical range (two (6%) and three (7%) in the borderline 

range respectively). At 5 years, this number increase to 18 (53%) individuals from the autism 

group and decreases to only two (4%) from the controls (three (9%) and five (11%) were 

borderline respectively). 

In Figure 38, the line graphs demonstrate obviously higher median scores in the ASD group 

at both 2 and 5 years, and stable scoring among controls at both time-points relative to cases. 

Figure 37: Scoring cut-offs in the “total” or summed subscales.  

On the left, total internalising (T.Int) score, in the middle, (T.Ext) total externalising score and to the right, (TP) 

total problem score. These bar charts demonstrate the proportion of each group in the non-clinical, borderline or 

clinical ranges (as defined by the CBCL literature (see Methods)) at 24-month and 5-year assessment.  
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Cognitive ability and educational needs at later childhood follow up (8 - 11 years): 

Regarding the ASD group alone, the mean age at diagnosis was 4.97 years (SD 1.97) and 

ranged from 2.3 to 10.2 years. Children with ASD reported receiving their initial diagnosis via 

specialist HSE services in 23 cases (67%), a private individual practitioner in 7 cases (21%) and 

through a private MDT in 4 cases (12%).  

In Table 18, we present ASD specific data and contrast some of the group’s psychometric 

characteristics arising from the late childhood visit. Child’s age at the late childhood visit 

differed significantly between groups, the mean age was 8.88 (SD 0.97) years in the ASD 

group versus 9.26 years (SD 0.88 years) in the control group (p = 0.03). The number of 

mothers who identified as homemakers or carers differed significantly between groups, with 

18 (53%) of the ASD group mothers identified as carers or homemakers whilst only six (12%) 

of the control group mothers self-identified as such (p = 0.01).  

Figure 38: Trend graph depicting the median scores of participants at 24 month and 5-year assessments.  

Left, the “summed” total scores, and Right, the individual subscale scores.  
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Table 18: Psychometric and developmental characteristics collected at late childhood visit 

  Case (n = 34) Control (n = 51)  

Variable M/n SD/ (%) M/n SD/ (%) p 

Age at late childhood visit (years) 8.88 0.97 9.26 0.88 0.03  

At least one sibling with ASD     0.32 

Male Sibling 5 (15) 3 (6)  

Female Sibling 3 (9) 3 (6)  

Mothers educated to degree or 

higher 

23 (68) 35 (69) 0.62 

Current maternal working status     <0.01 

Full time/Part time 15 (44) 43 (84)  

Homemaker/Carer 18 (53) 6 (12)  

Sickness beneficiary 1 (3) 2 (4)    

KBIT-2 Scoring# Median IQR Median IQR p 

Verbal IQ 107 97 – 122 119 113 – 

125 

<0.01 

Nonverbal IQ 107 89 – 118 115 109 – 

122 

0.11 

Composite IQ 111 90 - 124 115 108 - 

124 

<0.01 

Absolute SCQ scores 18.5 14 – 24 3 1 – 5 <0.01 

SCQ scores (cut-offs) n % n %  

ASD risk score ≥15 23 68 0 0 <0.01 

ASD risk score ≥13 29 85 0 0 <0.01 

Schooling     <0.01 

Mainstream 6 18 50 98  

Mainstream with support 14 41 1 2  
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ASD unit 8 23 0 0  

Special Education/Home tuition 6 18 0 0  

Developmental Co-morbidities      

Total (child may have ≥1 co-

morbidity) 

18 53 5 10 <0.01 

ADHD 7 21 0 0 <0.01 

Anxiety 0 0 1 2 0.41 

Learning Disability (LD) 6 18 0 0 0.01 

SPD 7 21 1 2 <0.01 

Data are represented as numbers (n), means (M) or medians with percentages (%), standard deviations 

(SD) or interquartile ranges (IQR). We calculated p-values using Chi Square (χ2) for categorical data and 

either t-tests or the Mann-Whitney U-test for continuous data, depending on the normality of the data in 

question. p – values are significant <0.05. #Three participants from the case group (9%) were unable to 

attend for KBIT-2 cognitive assessment. All controls participated.  

 

All controls attend mainstream school, while twenty (59%) of the autism group attend 

mainstream school, with more than two thirds of these children requiring added educational 

supports. Of the remaining ASD group children, eight (23%) attend a dedicated ASD unit, five 

children (15%) attend a Special Educational school, and the remaining child is home 

schooled. Six children (18%) report a learning disability (LD) (all in the ASD group p=0.01), 

five of whom attend special education school, and one attends an ASD unit. Five of the six 

children who reported LD completed the KBIT-2 assessment. Composite IQ scores in those 

with LD varied; the two children with reported mild LD scored 90 and 77 (in the average and 

below average range respectively). Three children with moderate LD who completed the 

KBIT-2 assessment, scored in the lower extreme range with composite IQ scores of 64, 51 

and 46.  

Generally, both case and control groups scored within the average or above average ranges 

in the KBIT-2 assessment. There was no difference between groups in the nonverbal domain, 

but scores did deviate significantly in the verbal and composite IQ domains p <0.001. If we 

exclude children with reported LD however, and only examine the cases without reported 

LD, then only the verbal domain remains significantly different (p = <0.01), with composite 

and non-verbal IQ scores not demonstrating statistical significance between groups (see 
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Table 18). Children with ASD have a significantly higher burden of developmental 

comorbidities when compared to their neuro-typical peers. Reports of ADHD, learning 

disability, and sensory processing disorder were all significantly greater in the autism group 

(see Table 18).
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Measure of ASD symptomology:  

Median SCQ scores were significantly different between cases and controls. In the ASD group 

median SCQ scores were 18.5 (IQR 14 - 24) and control group median SCQ scores were 3.0 

(IQR 1 – 5) p-value <0.01. None of the control group fell within the SCQ at risk range (Table 

18). EBPs at 5 years correlated significantly, strongly and positively with SCQ 

symptomatology, across both total SCQ scores and each individual SCQ subdomain (see Table 

19).  

Table 19: Correlation of ASD symptomatology (at 8 – 11 years) versus emotional and behavioural 

problems at 5 years. 

CBCL summed 

scales 

Total SCQ Restricted 

behaviours  

Communication 

difficulties  

Social reciprocity  

Total Problems 0.663* 0.648* 0.663* 0.557* 

Total internalising  0.606* 0.641* 0.587* 0.480* 

Total externalising  0.595* 0.546* 0.639* 0.533* 

We calculated correlation co-efficient using the spearman (rho) test. *correlation is significant at the <0.01 level.  

As four controls did not complete the 5-year CBCL, the number of participants was 34 cases and 47 controls. All 

participants completed the SCQ.  
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Discussion:  

Key Findings 

We have shown that children affected by ASD experience increasing difficulties with EBPs in 

the early years of life. From 24 months, the EBP profile of ASD affected children deviated 

significantly from that of neurotypical 24 month olds. At 5 years, children with ASD 

experienced a worsening of reported EBP symptoms, with more than half, scoring in the 

clinical range for Total Problem and Internalising Problem scores, with another 25% in the 

clinical range for Externalising Problems. During the same period, neurotypical peers 

displayed a general stabilisation of, or improvement in, their EBP scores.  

Subscales that did not differ significantly between groups at the 24-month time point 

(anxious/depressed, somatic complaints, aggression, total internalising problems, affective 

problems and anxiety problems) differed significantly at 5 years, suggesting a deterioration 

in the EBP symptoms experience by the ASD group versus their peers. Overall, the data 

demonstrates a greater burden of EBP comorbidities affecting the ASD group versus controls 

beginning in early childhood. This greater EBP burden affecting the ASD group further 

deteriorates by the age of 5 years. 

Previous studies have demonstrated variable levels of EBPs in ASD affected children (2, 3, 

514). While these studies often involved large ASD cohorts, the age ranges of the participants 

were often broad (2, 3). We contend that little is known about EBPs in early pre-schoolers, 

before ASD diagnosis, and no other study has mapped the course of these behavioural issues 

from such a young age, while EBPs occurring in later childhood and adolescence are much 

better characterised (507, 515). Overall, the literature on EBPs in children with ASD is 

inconclusive and limited. Our findings indicate that age will significantly affect the rates of 

reported EBPs and that EBPs begin to develop in early childhood, worsening into the early 

school-going years. It is not sufficient to coalesce large groups of ASD affected children, 

rather assessments should occur serially and at different age points, and should be 

monitored pre and post intervention. 

Family and Social Elements 

We recognise that EBPs worsen stress and Quality of Life scores in families of children with 

ASD (515, 516). Pervasive and severe social, emotional and behavioural deficits in children 

with ASD are also important modifiers of outcome. EBPs present further difficulties for 

caregivers, including elevated stress, mental and physical health problems, financial strain, 
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higher rates of divorce and lower overall family well-being (8, 9). More than half of parents 

describe as “very stressful” the time from first medical contact right up until completion of 

the ASD diagnostic process. A process, which can take more than 5 years. Reported parental 

stress is the single most important determinant of parental satisfaction with the ASD 

diagnostic process (448). Counterintuitively, stress is often worse if the child has a milder 

phenotype (likely due to significant uncertainty around the diagnosis). The negative parental 

and family effects of EBPs can mutually and adversely affect the child and may stymie the 

positive effects of behavioural interventions or family centred therapies (8, 448).  

We get a clearer indication of the socioeconomic effect of ASD through our questionnaire 

responses. Strikingly, more than half of mothers to ASD affected children, report either 

homemaker or carer roles as their current job situation. Only 12% of NT mothers reported 

similarly. Despite equal educational attainment, mothers in the control group are far more 

likely to self-report as being in part-time or full-time employment. This suggests that there 

may be long-lasting familial and financial ramifications for these families, with mothers in 

particular likely to suffer a loss in productivity and often becoming a permanent loss to the 

workforce.  

Raising a child with ASD can be an all-encompassing experience for families. Negative feelings 

towards children with ASD are common in parents. Negativity directed towards the child 

reduces the child's social capacity and functioning (517, 518). Negative emotions can worsen 

symptoms of ASD and lead to comorbid emotional and behavioural problems (EBP) (519, 

520). A chronic lack of institutional support for families and children affected by ASD is both 

a reason for, and potentiator of this negative spiral. Unfortunately, the assessment of 

outcomes for ASD interventions is usually centred exclusively on the child. Parent and family 

dynamics that may influence both the immediate and long-term effects of therapy are 

overlooked (8).  

Early parent acceptance of ASD diagnosis and engagement with interventions has been 

shown to have significant protective collateral effects on adjusting to the diagnosis. Early 

diagnosis and intervention before EBPs become prominent can improve parental wellbeing 

and so too their ability to provide care for their child. There is evidence that once established, 

EBPs persist and become recalcitrant to treatment (521). 

Neurodiversity: A confident and new terminology 

Over the past decade, there has been a cultural shift in the way adults and young people 

view their own ASD. There is more emphasis put on their point of difference or diversity, 
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rather than them having a deficit or a disorder (522). They have taken ownership of the 

descriptor “Autistic” and cast Autism in a positive light. This mind-set and the peer support 

structures that have built up around it can form a crucial psychological support system for 

young people with ADS and their families. It provides a sense of their own uniqueness but 

also of belonging to a wider, vibrant neurodiversity community. Parents of younger autistic 

children can find a voice through these organisations and are strong advocates for positive 

change in terms of services and accommodations for autistic people. This positive self-image 

can even be seen in newer linguistic descriptions of autism, the Irish, Uathachas (meaning 

singular, unique) and the Maori, Takiwātanga (meaning in their own time and space) putting 

a more positive slant of the original Greek-derived term, Autism (meaning self-ism).   

At the later childhood follow up, none of the ASD group reported symptoms of or a diagnosis 

of anxiety and only one child in the control group did. These health questionnaire responses 

however, are at odds with the 5-year CBCL scores. According to the CBCL (at 5 years), three 

ASD participants scored in the borderline category and five in the clinical range for the 

Anxious/Depressed subscale. Only one child from the control group scored in the borderline 

range (the child with parent reported anxiety at follow up). This may suggest a tendency to 

underreport psychopathology and other developmental comorbidities in the setting of 

children with ASD. The time interval between CBCL scoring and appointment follow-up is 

lengthy (up to 6 years in some cases). The disparity between the CBCL and questionnaire 

responses may be due to an amelioration of anxiety symptoms in the period between 5 years 

of age and the 8 – 11 years age group. This is consistent with findings by other authors in 

older school age children (523). Alternatively, while we recognise anxiety as a common 

comorbidity in ASD, perhaps it is not identified readily outside the clinical sphere (524). 

Caregivers may tend to attribute behaviours or emotional problems to underlying ASD core 

symptoms rather than to a distinct anxiety problem. 

While other authors have found that ASD symptomology does not correlate with EBPs or 

maladaptive behaviours (2, 3), we found that our measure of ASD symptomology (SCQ) 

correlated positively and strongly with the CBCL summed scores. Both total problem (TP) and 

total internalising scores correlated strongly and positively, and total externalising scores 

correlated moderately and positively. This may suggest that higher levels of ASD 

symptomology predispose to a higher likelihood of EBPs. The converse may also be true; 

EBPs that develop at a young age and worsen over time may impede therapy and contribute 

to worse functional outcomes. 
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The SCQ proved extremely effective at ensuring our control group was free of clinically 

significant ASD symptomology, and as a measure of ASD symptomology, the SCQ has proven 

to be a sensitive tool in our cohort. Using both the ≥15 and ≥13 cut-offs, we found that none 

of the controls scored in the clinical range. In this age group (8 – 11 years), it is an extremely 

sensitive measure of ASD symptomology. When using the SCQ as directed (with a cut-off of 

15), and analysing the raw SCQ scores with non-parametric Receiver Operating Characteristic 

(ROC) curve analysis, we calculated an extremely high Area under curve (AUC) of 0.98, 95% 

Confidence Interval (0.96 – 1.0), p = <0.001. If we further examine the ROC curve, we find 

that even with the cut-off set at 12, the sensitivity marginally improves to 85.3% while 

maintaining a specificity of 100%. This suggests that SCQ screening in this age group may be 

improved by considering a lower cut-off (i.e. 12 or 13), than that suggested by the original 

authors. Some authors have recommended use of cut-off scores as low as 11 in the setting 

of young children aged under 4 years (511, 525). Our finding suggest that perhaps the same 

provisions may help SCQ performance in this older school-going age bracket.  

Our findings add to the existing ASD literature by exploring the importance of assessing EBP 

in conjunction with ASD symptoms in ASD pre-schoolers. We present a well-characterised 

patient cohort with confirmed formal ASD diagnoses and follow up recorded at three distinct 

time-points (24 months, 5 years, and later childhood (8 – 11 years). Participants were 

assessed using validated and robust measures of ASD symptomology, cognition and 

behaviour. These measures, at different time-points, allow us to examine the temporal 

evolution of EBPs in our small, but well-characterised cohort.  

Limitations 

Our small numbers under power the study for detailed examination of societal or family 

factors, which may affect EBPs scores in children. It is difficult to infer whether early 

detection of EBPs and dedicated interventions may have ameliorated outcomes in our 

cohort. Child centred approaches neglect the impact of ASD on families, and metrics of 

outcome and intervention should include elements to address not only the child, but also 

the family unit and prevailing environments.  

It is worth noting that the mean age of autism diagnosis was almost 5 years, by which time 

over 50% of the ASD group had clinically significant EBP symptoms. As with early intervention 

improving clinical outcomes in ASD, early intervention has been found to improve the 

emotional and behavioural outcomes of autistic children. Future studies should focus on 

serial assessment at well-defined time-points and using larger cohort sizes. More reliable 
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data pertaining to onset, and evolution of EBPs will allow children with ASD to receive not 

only specific individualised ASD interventions, but also, where appropriate, behavioural and 

emotional therapy. 

Conclusion:  

We have shown that emotional and behavioural disorders are extremely common in ASD 

cohorts, and that they deteriorate with age. They are important modifiers of outcomes in 

children with ASD. EBPs co-develop with ASD symptoms in early childhood and can go under-

reported by caregivers. Early co-assessment of and intervention in EBPs in autistic children 

is vital to ensure improved outcomes for children with ASD and their families.  
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Chapter 7 

Discussion
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Discussion 

Overview of presented work and aims 

Despite the recent progress in basic research, and the huge strides taken in the study of 

genetics in ASD, we still define ASD based solely on the clinical observation of certain 

recognised behaviours. The lack of early and objective diagnostic measures is one of the 

greatest challenges facing autism intervention today. Recent research has focussed on the 

identification of specific biological abnormalities in autism, which might aid early diagnosis 

and inform treatment. Objective and measurable biomarkers can offer the means to identify 

and quantify biological abnormalities, not only for screening and diagnosis, but also for 

surveillance and measurement of treatment response. Antenatal biomarkers to stratify 

autism risk during pregnancy may inform selection of at risk candidates for early intervention 

(the period when it is most efficacious), and biomarkers to predict treatment response may, 

for those already diagnosed, optimise access to therapy and improve symptoms and 

functional outcomes. While myriad biological, pathological, and psychological anomalies 

have been associated with ASD, none has yet translated to a generalizable metric or marker 

that may assist in diagnosis or treatment. With this in mind, the primary focus of this thesis 

was to use a multimodal approach to identify abnormalities of cytokine, protein, and 

metabolite expression, which may help to better understand the pathological processes 

underlying ASD and offer a validated biological marker with utility in ASD screening, diagnosis 

and treatment.  

Given that the PiRAMiD project combined a laboratory and a clinical approach, it was crucial 

to direct a secondary focus on important clinical facets of autism that are remediable with 

current therapies, and improvement in which may ameliorate quality of life in affected 

children and their families. Emotional and behavioural problems are prevalent among 

autistic individuals and can negatively affect family life, and even a patient’s ability to 
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participate in therapy. Questions remain regarding the age at which EBPs first emerge, and 

how they can magnify the core symptoms of ASD. Interventions for EBPs can be effective, 

yet the administration of and access to targeted intervention in many health jurisdictions 

remains inconsistent. The secondary aim of this thesis was to understand when EBPs first 

arise in children, how they can modify ASD outcomes, and the role of early screening in 

minimising their deleterious effects. To achieve this, I have outlined my specific aims and 

objectives below.  

Aims:  

The general aim of this thesis was, 

1. To investigate, in a well-characterised cohort of autistic children, the potential 

contributory role of maternal immune activation and early protein or metabolic 

dysregulation in ASD aetiology, with the aim of identifying a potential biomarkers 

which may aid in the early identification of, and timely management of, the disorder. 

A secondary aim of this work was, 

2. To characterise the clinical features of this ASD cohort with a focus on the temporal 

development of emotional and behavioural comorbidities and the timing of their 

onset in this group. 

Objectives: 

I achieved these aims via the following objectives: 

1. Examination of mid-gestation cytokine profiles in mothers of children with an ASD 

diagnosis at two mid-gestation time points (15 and 20 weeks) across two sites as part 

of a large multi-centre pregnancy study with the aim of identifying a potential 

gestational ASD biomarker. 
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2. Validation of candidate maternal cytokines (including an ultrasensitive assay of 

interleukin 17) at a single specific mid-gestational time-point (20-weeks’ gestation) 

in a carefully characterised expanded birth cohort.  

3. Discovery analysis of proteomic and metabolomic signatures in cord blood plasma 

and late childhood serum samples from the ASD cohort versus matched controls 

4. Characterise clinically the development of emotional and behavioural problems 

(EBPs) in our ASD cohort with an emphasis on the evolution of EBPs over time and 

the timing of onset. 

5. Development a maternal and child genetic biobank/repository of bio-samples taken 

from mother-child dyads enrolled in the study. Children included with ASD had either 

an early (<5 years old) or late (>5 years old) ASD diagnosis and samples were stored 

for interval RNA, genetic and HLA-G analysis. 

In the discussion section that follows, I will summarise the findings from the PiRAMiD project, 

indicate how the expressed aims and objectives were achieved, and discuss the implications 

of my findings for future work in the field of autism biomarker research.  

Summary of main findings:  

The initial aim of this thesis was to investigate the role of maternal immune activation in ASD 

aetiology through quantification of inflammatory, protein and metabolomic molecules. 

Identification of potential biomarkers through these methods may allow earlier detection 

and intervention in autism. With regard to this aim, we found altered expression of specific 

cytokines (interleukins 17, and 4) at 20 weeks’ gestation in archived serum from mothers of 

autistic children (Chapter 3 and 4). In our initial experiment we examined a combined autism 

cohort with cases from Ireland, and New Zealand, all with an early autism diagnosis (<5 

years). To determine whether there was a difference in inflammatory markers between 

groups at either 15 or 20 weeks gestation, we performed electrochemiluminescence assays. 
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Of the initial multiplex panel of eight cytokines and chemokines (IFN-γ, IL-16, Eotaxin, MCP-

1, IL-1β, IL-8, IL-6 and IL-17A), one cytokine was significantly altered. We found that IL-17A 

levels were significantly reduced in the autism group versus controls at 20 weeks gestation 

(following adjustment for sex, mode of delivery and maternal folate intake at 15 weeks). This 

finding identifies IL-17A as a potential cytokine biomarker of autism risk measurable at mid-

gestation. This novel finding adds to the growing evidence that in-utero exposure to 

maternal immune activation and resultant cytokine dysfunction is associated with an 

increased risk of ASD in offspring. Very few other human studies have examined cytokine 

levels in mid-gestation, and the only other group to examine IL-17 specifically, found it to be 

elevated in their autism group (34). Elevated levels of IL-17A have been reported in the blood 

of autistic individuals, and these have correlated positively with severity of ASD behavioural 

symptoms (27, 271). While there is further evidence from animal models that IL-17, and the 

Th17 cells that produce it, may play a key role in MIA mediated autism risk (24, 142).  

Following on from the initial experiment, we wanted to replicate our findings. To that end, 

we further reviewed the literature to update our list of candidate cytokines. Adhering the 

most current evidence at the time, we focused our experiment on quantification of eight 

specific cytokines, IL-17A, GMCSF, IFN-γ, IL-1β, IL-4, IL-6, IL-8 and TNFα. We replaced Eotaxin, 

IL-16 and MCP-1 with GMCSF, TNFα, and IL-4 (119, 120). In this experiment, in an effort to 

validate our previous findings, we included a separate single-analyte ultrasensitive assay, 

specifically for IL-17A. We also quantified IL-17A as part of the regular multiplex assay along 

with the other analytes. We re-examined the Irish cohort, and expanded the numbers with 

children who were diagnosed later (>5 years), these children were captured during 

recruitment for the PiRAMiD study. We failed to reproduce the IL-17 data in either the 

multiplex or the ultrasensitive assays. We did however demonstrate altered expression of IL-

4 in mid-gestational serum between the autistic and control groups at 20 weeks’ gestation 

(Chapter 4). That we found alterations in IL-4 is intriguing. Only a small number of human-
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based studies have examined mid-gestational serum of mothers to autistic children. IL-4 is 

the only cytokine to demonstrate altered expression across all of these studies (33, 34, 181). 

Surprisingly, while previous authors found elevated levels of IL-4 in autism groups versus 

controls, we found the opposite. IL-4 is a pleiotropic and generally anti-inflammatory 

cytokine; we find it at the feto-maternal interface throughout pregnancy (444). In normal 

pregnancy, levels of IL-4 persist and increase as normal pregnancy progresses (445). 

Previously, low circulating IL-4 levels during pregnancy are linked with negative obstetric and 

neonatal outcomes (296, 446, 447). Given the typically anti-inflammatory effects of IL-4, it is 

reasonable to assume, that depleted levels of IL-4 may lead to a more pro-inflammatory fetal 

environment with the potential to affect negatively, both fetal and maternal health. 

Moving away from the specific characterisation of cytokine profiles, In Chapter 5, we 

examined comprehensively the proteome and metabolome of our cohort. When we studied 

cord blood plasma comparing cases and controls, we found profiles of altered protein and 

metabolite expression, which precede the autism diagnosis. Discovery proteomic analysis 

identified 41 proteins that were significantly altered between autism and neurotypical 

groups in cord blood, while discovery in the metabolomic analysis yielded 32 metabolites 

that were significantly altered between groups. Using machine-learning techniques, these 

profiles were found to predict autism in offspring with excellent test quality (AUROC) scores 

of 0.82 and 0.86, in the proteomic and metabolomic analyses respectively. In identifying, a 

cord blood signature associated with autism risk; our findings are consistent with those of 

the recent Norwegian Autism Birth Cohort study, who report a pronounced cytokine 

signature in cord blood plasma, and maternal mid-gestational plasma, from children who 

would go on to develop autism (473).  

Proteomic analysis of child serum from the follow up PiRAMiD cohort observed altered 

expression of GAPDH, SELENBP1 and BLVRB proteins in the autism group versus controls. 
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These proteins were also altered in the cord blood analysis. These findings illustrate the 

persistence of our previously identified birth protein signature into pre-pubertal childhood. 

Interestingly, while these proteins were elevated in serum from the Autism cohort in late 

childhood, their expression was decreased in cord blood at parturition. GAPDH is pleiotropic 

protein that is ubiquitous throughout human body tissues, including the fetal brain. It has 

established roles in glycolysis, metabolic function, modulation of the cytoskeleton, and it acts 

as a molecular switch under oxidative stress (484, 485, 487). Researchers recently identified 

GAPDH as a novel autoantibody target in archived fetal brain samples; while previously, 

autoantibodies to GAPDH have been linked to other psychopathologies including depression 

and schizophrenia (488, 489). SELENBP1, a transporter of selenium, has been linked with 

schizophrenia and autism. It is a key protein in sulphur metabolism and a crucial enzyme 

responsible for biosynthesis of hydrogen sulphide (475). Impaired sulphate metabolism is a 

replicated biochemical endo-phenotype associated with Autism, and is widely documented 

in autistic children (476, 477, 478).  

We speculate that these persistent and coordinated systemic fluctuations in GAPDH and 

SELENBP1 may point to key molecular pathways implicated in Autism aetiology, which 

manifest within the prenatal environment and likely oscillate throughout childhood. We 

believe that this work is the first to test directly the prediction that birth/in utero markers 

(cord blood signatures) of autism can persist into childhood. Collectively, these findings 

suggests cord blood molecular signatures of autism are evident from birth, and in 

combination with clinical data and cytokine profiling, these processes may be useful in 

precision screening of “at risk” infants, and in streaming them to targeted early 

interventions.  

Future work might aim to elucidate the direct mechanistic underpinnings of how SELENBP1 

and GAPDH drive changes in the developing brain, and determine if these systemic measures 
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can serve as longitudinal biomarkers of Autism severity or risk. Additionally, this research 

provided fundamental evidence that we should consider cord blood to be a valuable bio-fluid 

in autism risk studies. Cord blood has the potential to identify disease specific prognostic 

biomarkers, which may also serve as systemic therapeutic targets for treating and targeting 

aspects of Autism symptomology. 

Finally, Chapter 6 focuses on the secondary of our initial aims. Through the clinical 

characterisation of our autism cohort, we addressed how elements of their diagnosis affects 

theirs, and their family’s lives. We showed that autistic children experience increasing 

difficulties with emotional and behavioural problems (EBP) in the early years of life. From 24 

months, the EBP profile of autistic children deviated significantly from that of neurotypical 

peers. At 5 years, children with ASD experienced a worsening of reported EBP symptoms. 

During the same period, neurotypical matches displayed a general stabilisation of, or 

improvement in, their EBP scores. Subscales that did not differ significantly between groups 

at the 24-month time point (anxious/depressed, somatic complaints, aggression, total 

internalising problems, affective problems and anxiety problems) differed significantly at 5 

years, suggesting a deterioration in the EBP symptoms experience by the ASD group versus 

their peers. Overall, the data demonstrates a greater burden of EBP comorbidities affecting 

the ASD group versus controls, with an onset in early childhood, and well established before 

starting school. While EBPs arise of themselves as co-morbid problems in autistic children, 

they are also modified by important environmental factors such as parental stress, negative 

feelings towards the child and parental failure to accept the autism diagnosis (517, 519). 

These factors are often compounded by delays in the initial diagnosis, parental 

dissatisfaction with the diagnostic process and poor access to therapy or services once 

diagnosed (448). Amelioration of these factors is possible, improvements in diagnostic wait 

times and engagement with therapy after diagnosis are basic aspirations, while earlier 

screening for EBPs would allow earlier, and parent-led interventions.  
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Other authors have demonstrated variable levels of EBPs in autistic children, and findings 

overall are inconsistent (2, 3, 514). Larger studies, in order to recruit large numbers, often 

involve participants from a broad range of ages, meaning that conclusions are generalised 

and imprecise (2, 3). Even in larger cohort, information regarding EBPs in the very young is 

lacking. While larger cohort numbers are desirable, it is not sufficient to coalesce large 

groups of autistic children. In future, assessments of EBPs should occur serially and at 

different age points; this would allow longitudinal analysis and stratification of cohorts 

depending on age. Ideally, health departments should incorporate EBP screening into early 

stage assessments of ASD, given they are so frequently co-morbid. Coupled with improved 

and equitable access to diagnostics and therapies, this would see holistic improvements in 

ASD and EBP symptomology, family wellbeing, and mental health.  

Limitations and Strengths: 

Limitations of this thesis 
We recruited both the autism and control samples from the same cohort of children enrolled 

in the BAELINE birth cohort study. The autism group consisted of 22 children with a formal 

ASD diagnosis at 5 year follow up, and a further 15 children who were formally diagnosed 

during the period between the 5-year and later childhood follow up appointments. They 

were originally identified as “at risk” as they had either scored in the “at risk/borderline 

range” for the Pervasive Development Disorder subscale on the CBCL, or their parents had 

expressed specific concerns regarding the possibility of ASD, or the child was reported to 

have an ASD associated developmental delay (most commonly speech delay). A small 

number of later diagnosed children did not reach the “at risk” criteria at 5 years, but still 

received a formal ASD diagnosis in the community. These became apparent during selection 

and recruitment of matched controls, four children in the original control group had received 

an interim autism diagnosis. They had not met the “at risk” criteria at the 5-year appointment 

and so escaped capture. These participants were re-categorised as cases, and matched with 
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new controls. It is likely then that other cases in the total sample of more than 2000 children 

also escaped detection. Overall, the prevalence of autism in our cohort was approximately 

1.7%; this is consistent with recent reports from other groups, and suggests that recruitment 

to the autism group was near total. In order to remediate this problem, one could contact 

and question all original participants regarding any interval diagnoses. This was not possible 

given the time constraints of the thesis.   

One of the primary limitations, highlighted throughout this thesis is the small sample size. 

We expect this limitation, to a degree, in longitudinal autism studies with serial bio-sample 

analysis, due to the relative scarcity of such cohorts. In our cohort, analysis of IL-4 levels in 

the groups yielded results on only 16 individuals (6 cases and 10 controls). This was due to 

an initial small case cohort as well as methodological issues such as attrition of viable 

samples, which arose due to a combination of the low absolute concentrations of IL-4 in the 

samples, and concentrations at or below the sensitivity (Lower Limit of Detection LLOD) of 

the MSD multiplex format. One should interpret these results with caution, as it is difficult 

to make meaningful inferences from results in samples this small. Larger scale group analyses 

are warranted. 

In devising the overarching PiRAMiD plan for recruitment and follow up, one oversight was 

our failure to perform a further CBCL at the age 8 – 11 years appointment. This would have 

allowed further characterisation of EBPs in the cohort as well as helping to advance our 

understanding of the temporal evolution of such comorbidities.   

Perhaps the most important limitation encountered in this thesis is a methodological one. 

Unfortunately, many of the bio-samples used in these studies fall well outside the ideal 

sample age for accurate cytokines quantification and analysis (185). To my mind, this is the 

single most important limitation confronting studies of this nature. The shelf life of archived 

samples is finite, and even samples handled under the strictest protocols and stored in long-
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term ultra-low temperature storage (−80°C) suffer from significant cytokine and chemokine 

degradation over time (185, 440). The effect of long-term storage seems somewhat less 

pronounced in metabolomic (526, 527) and proteomic studies (528) but studies still 

demonstrate significant degradation over longer timeframes. Use of tissues or bio-fluids as 

early as possible following sampling is always preferable. Retrospective sample analysis, such 

as in Chapters 3, 4, and 5, would present an excellent opportunity to study cytokine, 

proteomic and metabolomic aberrations in ASD, if samples were used in a timely fashion. 

This will remain difficult to achieve as long as ASD services continue to be under-resourced 

(212) and diagnoses chronically delayed (449). Under current conditions, our experience of 

retrospective analysis of archival samples suggests that this style of study design is not well 

suited to addressing this question. Even large-scale population based studies would suffer 

from the same issues of sample fidelity over longer periods.  

Remediation of limitations 

Future study designs should be prospective, and concentrate on early ASD case identification 

or screening. Early identification should be paramount, the diagnostic stability of ASD is 

reliably fixed from as early as 14 months old (208) so screening and identification within the 

first 2 years of life is possible. If possible, cytokines should be analysed contemporaneously 

to limit degradation which will occur within 3 years even in −80°C freezer conditions (185). 

Basic handling of samples and initial processing requires optimisation to ensure the risk of 

sample degradation is minimised:  

(i) Store samples at ultra-low temperatures (-80°C),  

(ii) Initial processing should be rapid (<1 hour from venepuncture to freezer 

storage),  

(iii) Freeze-thaws cycles should be minimised, and  
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(iv) Samples should be aliquoted to reduce exposure to freeze-thaw cycles, and 

facilitate more rapid freezing.  

With robust methods of early screening in place, early confirmatory diagnosis within the first 

2 years, and analysis of gestational samples within 3 years, it should be feasible to increase 

the yield and validity of such studies, and greatly reduce cytokine, metabolome and 

proteomic degradation through prolonged storage. This approach would best suit the study 

of children presenting with the earliest signs of ASD, or in targeted high-risk groups, for 

example, in ASD affected siblings. 

Finally, given that we had a small sample size to begin with, sampling of blood samples from 

as many participants as possible was critical to improving the validity of our results. In Figure 

39, we can see the successful sampling rates for participants at the late childhood visit. We 

used these child samples in the metabolomic and proteomic analysis. Unfortunately, in spite 

of my best efforts, only 73% of the autistic children who attended allowed venepuncture. 

The success rate was better in the control group (91%). In an effort to improve venepuncture 

rates, I introduced individualised social stories to prepare children from the autistic group 

before they came to the clinics. These social stories were prepared in accordance with the 

10:2 criteria developed by Carol Gray et al (513), however it is unclear if this intervention had 

any impact as it was used for a handful of especially nervous children. Other authors have 

reported venepuncture compliance rates >90% in autistic children with extensive cognitive 

behavioural therapy based, parent-administered, preparation material (including social 

stories) before a clinical visit and venepuncture (529). Future studies would benefit from 

such a tailored, prophylactic, preparatory approach to venepuncture and other painful 

procedures.  
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Figure 39: Blood sampling in our cohort.  

Autistic children

• 26 Males

• 8 Females

• 25/34 (73.5% 
success) gave blood

Maternal

• 89/90 gave blood 
(99% success rate)

Controls

• 37 Males

• 19 Females

• 51/56 (91.1% 
success) gave blood



   
 

216 
 

Strengths of this thesis 
Summarily, I hope that the strengths of the work in this thesis outweigh the limitations. To 

help ensure the success of the project, I have endeavoured to combined robust clinical 

assessment tools with validated and innovative laboratory and analytical techniques. This, 

all in an attempt to help decipher the underlying machinations of autism and to potentially 

uncover novel insights into the pathophysiology of ASD.  

Perhaps the greatest strength of this work is the extensive clinical characterisation of the 

mother and child cohorts. Participants have been followed from the prenatal period with 

serial, longitudinal, blood sampling in the mid-gestational (maternal), natal (umbilical cord 

blood), later childhood (8-11 years) periods. Coupled with these valuable biochemical 

samples, the SCOPE study documented the health characteristics of each mother during 

pregnancy in fine detail, as well as critical information related to parturition and neonatal 

outcomes. The children, through the BASELINE study, had comprehensive clinical and 

psychometric assessments at 2 year, 5 years, before further clinical and psychometric 

assessments in later childhood as part of the PiRAMiD study. The clinical research fellow, Dr 

Michael Carter, conducted the PiRAMiD follow up appointments. During the course of the 

visit, the child had a number of general and specific assessments:  

(i) anthropometric measurements (height, weight, BMI and centiles)  

(ii) completion of a general health and demographic questionnaire which included 

information regarding current maternal, paternal, and child health, use of 

medications and further details concerning their ASD diagnosis and relevant family 

and educational history 

(iii) a general paediatric physical examination to ensure that there was no significant 

current infections 

(iv) completion of the ASD screening tool, the social communication questionnaire (SCQ) 

(v) completion of the Kaufman Brief Intelligence Test, second edition (KBIT-2) 
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(vi) and finally venepuncture to include serum/plasma, EDTA and RNA blood sampling 

from the child-mother dyad 

This detailed characterisation is very useful as it reduces the risk of introducing potential 

confounders to the data. During the cytokine analysis for examples, we were able to ensure 

none of the participants were actively unwell or carrying an infection while the blood 

samples were taken, while we could also document any recent anti-inflammatory or steroid 

use, which may suppress the cytokine milieu artificially. Using the PiRAMiD data, and the 

previous data from SCOPE and BASELINE we were able to develop a longitudinal picture of 

each participant, both in terms of their blood biochemistry and there phenotype and 

symptomology. This allowed us to examine the temporal evolution of emotional and 

behavioural comorbidities as well as examine the proteome and metabolome in a 

longitudinal fashion.  

Another strength was adherence to strict Standard Operating Procedures for handling, 

processing and storage of all biological samples. Cord blood plasma from parturition and 

follow up serum samples collected in childhood (age 7 to 10 years) were used for the 

longitudinal proteomic and metabolomics profiling. The samples were collected, processed, 

and bio-banked according to the quality controlled INFANT biobank protocols. The ISO 

accredited biobank adheres to the  International Society for Biological and Environmental 

Repositories (ISBER) best practices,  and the Molecular Medicine Ireland Guidelines for 

Standardised Biobanking and OECD Guidelines for Human Biobanks and Genetic Research 

Databases. This ensures that, as much as possible, the fidelity of samples is maintained and 

the risk of sample or tissue degradation is minimised 

Finally, in adopting a blended multi-omics approach, we were able to offer a comprehensive, 

serial snapshot of important biological processes at different time-points in the child’s life. 

Firstly, using innovative processes such as Electro-chemo-luminescence (Figure 40), we were 
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able to examine the mid-gestation (20 weeks) cytokine milieu in our cohort of mothers to 

autistic children and find altered expression of interleukin-17, a result that we were able to 

validate in a separate cohort of autism children from New Zealand. In an expanded local 

cohort, including children with a later ASD diagnosis (>5 years), when we examined mid-

gestation (20-weeks) cytokine levels, we found altered expression of interukin-4 versus 

controls. We could not replicate the original finding of altered interleukin-17, even when 

using an ultrasensitive assay, this may have reflected differences between the original cohort 

which all had an early diagnosis (<5 years), and the expanded cohort which included those 

with a later diagnosis.  

 

Figure 40: Electro-chemo-luminescence:  

Biological samples are added to the 96 well plate. Electrochemiluminescent labels generate light when 
stimulated by electricity in the correct chemical environment. This reaction is incorporated into 
immunoassays and provides a light signal that is used to measure target proteins and other molecules. 
Samples are analysed using a specific MSD mesoscale instrument. Each well can measure up to 10 
individual cytokines (multiplex). Ultrasensitive assays (S-plex) are also available and significantly 
improve detection of low concentration analytes, with sensitivity in the femtogram/ml range.  

 

Secondly, our Omics study utilised inter-omics profiling and state of the art mass 

spectrometry and machine-learning approaches including data independent acquisition 

(DIA) coupled with Frag-pipe search engine utility for DIA-Neural Network (NN) analysis. This 

is the current gold standard in mass spectrometry for proteomics. Targeted validation of the 

metabolomic data was undertaken using MRM (Multiple reaction monitoring). These MRM 
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assays allowed highly selective and sensitive monitoring and quantification of steroid 

pathway biomolecules, with mass spectrometry standards available. The pioneering use of 

multiple Omics platforms and machine learning allowed us to be the first group to identify 

persistent altered expression of specific molecules which were present in umbilical cord 

blood, and which persisted in to later childhood. This is a novel finding.   
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Conclusions and Future Directions:  

Summary 

In summary, we have found that IL-17A levels were significantly reduced in our autism cohort 

versus controls at 20 weeks gestation. This result is novel in that only one other study has 

identified altered IL-17A in mid-gestational serum. While they found levels of IL-17A to be 

increased, we found reduced levels in maternal serum. That we drew our cohort from two 

geographically distinct locations (Ireland and New Zealand) adds to the validity of our 

findings. Our results identify IL-17A as a potential cytokine biomarker of autism risk 

measurable at mid-gestation and adds to the growing evidence that in-utero exposure to 

maternal immune activation is associated with an increased risk of ASD in offspring. 

We also demonstrated altered expression of IL-4 in mid-gestational serum between the 

autistic and control groups at 20 weeks’ gestation. Again, only a small number of human-

based studies have examined mid-gestational serum of mothers to autistic children, yet all 

have identified altered expression of IL-4. While previous authors found elevated levels of IL-

4 in their autism cohort, again, we found the opposite. IL-4 is critical for normal homeostasis 

in pregnancy, and its expression increases as natural, healthy pregnancy progresses. 

Deviation from this norm, gives added credence to our findings. It is conceivable that low 

levels of circulating IL-4 lead to a pre-inflammatory fetal environment with the potential for 

negative neonatal outcomes. These findings further add to the evidence in the growing body 

of mid-gestation cytokine literature.  

In our inventive use of multiple -Omics platforms and machine learning technology we are 

the first group to identify persistent altered expression of specific molecules present in 

umbilical cord blood, and which persisted in to later childhood in autistic children. This is 

truly a novel finding, and adds to the rapidly expanding literature utilising multiomics 

research in search of potential autism biomarkers. This line of inquiry may prove particularly 
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useful in the identification of underlying mechanistic pathways, such as those pathways, we 

identified involving sulfur and steroid metabolism, and glycolysis. Multiomics research may 

have applications, for not only screening and early diagnosis but also therapeutics.  

Finally, there is conflicting evidence as to the age at which autistic children first develop 

emotional and behavioural problems. We have shown that many autistic children develop 

(EBP) within the first two years of life, and that these problems worsen throughout early 

childhood. EBPs become apparent years before the typical age of autism diagnosis (5 years), 

such that, by the age of five many autistic children experience a significant worsening of their 

EBP symptoms. EBPs correlate moderately with ASD symptomology, which suggests that 

they may contribute to core ASD symptoms. This may occur through any number of ways, 

including increased anxiety, social withdrawal, poor engagement with therapy, and low self-

esteem. In finding that EBPs develop at such an early stage, we have further evidenced the 

crucial importance of early screening and intervention. These problems can be mitigated 

with therapy, but they must be identified first. Early intervention is only possible if children 

are diagnosed in a timely fashion rather than waiting until their fifth or sixth year before 

receiving an autism diagnosis, by which point many will have established co-morbid EBPs. It 

is incumbent upon national health systems to develop means of early screening and therapy 

in at risk children thereby allowing mitigation against the development of refractory mental 

and emotional health problems, which may be preventable.  

Improving Future Research 

In order to do better in the future, researchers investigating blood-based biomarkers of 

autism should examine large and diverse pregnancy and birth cohorts. Not only that, but 

samples should be examined in a timely fashion. While proteins and metabolic molecules 

have demonstrated more durability, cytokine and chemokines have proven to be particularly 

vulnerable to degradation over time in spite of best practice processing and storage. 
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Cytokine analysis thus, should occur as soon as possible following initial sampling, to ensure 

the fidelity of results.  

Clinical cohorts of autistic children, when examining co-morbidities and EBPs should stratify 

their cohorts according to age, and include children aged under 2 years in their analysis. 

Symptoms of ASD and EBPs can be identified in the very young, and tools exist for the 

examination of these children. Efforts to identify EBPs at a younger age may help identify 

children with actual autism sooner, and allow early intervention targeting EBPs, ASD or both, 

when it is most effective.  

Advocacy and Service Development 

Previously, we indicated how ASD diagnosis is chronically delayed and access to services is 

variable and often poor. Those children with the greatest clinical need often arise in social 

circumstances, which further disadvantage them socially and financially. Universal screening 

for ASD as part of early years monitoring is feasible, with enormous potential to identify 

autistic children in their early years. Early co-screening for EBPs is also plausible, and 

instruments exist which can screen for both ASD and EBPs in the same assessment (CBCL). 

Healthcare providers and public health nurses would require very little additional training to 

tally and score these assessments, meaning that screening could be incorporated into the 

existing early years developmental follow up programme.  

Any screening programme is only as effective as its follow on therapeutic service, and critical 

to any early screening programme will be clinical engagement after diagnosis. Interaction 

with ASD services cannot begin and end with the diagnosis. The current reality for many 

children in Ireland is that they engage with services only to receive a diagnosis, and then are 

discharged without significant medical, psychological or occupational therapy oversight. Yet 

this regrettable situation is remediable. Family-based, parent-led and psychology delivered 

therapies are effective in treating ASD and EBPs, and help foster a more holistic approach to 



   
 

223 
 

therapy. Stakeholders in Ireland should focus first on the development of core therapeutic 

infrastructure, and then on elaboration of universal ASD and concurrent EBP screening as 

part of routine early childhood follow up. As public awareness and the prevalence of ASD 

continue to trend upwards, and with ongoing population growth, the need for such basic 

services will only become more pressured. Practicable solutions exist, and it is only a matter 

of instituting them.
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PiRAMiD - Blood sampling and sample processing SOP 

Purpose:  

This SOP describes the procedure for blood collection for extraction of RNA.  

  

Responsibility:  

It is the responsibility of the research personnel carrying out this procedure to 
ensure that all steps are completed both competently and safely.  

 

Equipment/reagent requirements:  

Blood collection system  

Personal protective equipment; gloves, laboratory coat, protective glasses  

Blood collection tube: Tempus™ Blood RNA Tubes (Applied Biosystems), BD™ 
serum, BD™ EDTA blood tubes. 

A polystyrene container with ice to maintain temperature at 4°C for processing and 
/or transport to processing laboratory, or alternatively use a water-bath (plus a 
thermometer) with iced water to maintain the temperature at 4°C or a pre-
conditioned gel pack at 4°C  

Refrigerator (2-4°C) if overnight sample storage is required  

Freezer -20°C/-80°C if short-term storage is required  

Vortex for sample mixing  

 

Preparation of skin: 

Local anaesthetic cream or cryogesic freeze spray is to be used for each child as per 

manufacturer’s instructions. The cream should be applied 20 minutes prior to 

venepuncture, or the cryospray immediately before venepuncture. 

 

A loose tourniquet should be applied to the selected site. The site is to be cleaned for 30 

secs with 70% isopropyl alcohol wipe prior to venepuncture.  Blood to be taken using 

vacutainer 23g butterfly needle system.  After collection of blood, release tourniquet, apply 

clean gauze over puncture site and remove needle. Dispose of the needle in a sharps bin 

and soiled waste should be disposed of as per infection guidelines.  

 

Appropriate PPE (Personal Protective Equipment) should be worn while performing 

venepuncture i.e. gloves. 

 

If access is proving difficult, no more than one attempt should be made on any one child, 

unless there is an excellent chance of success and the child and parents are agreeable.  
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Collection of samples: 

 

Blood is to be collected in Vacutainers as outlined below. Samples should be filled to the 

indicator mark on each bottle. The ascribed volume of blood required is noted in the table 

below.  

 

Blood bottles provided should be filled in turn in the following order: 

 

Plain Serum EDTA Plasma Tempus RNA 

Red  Lavender  Dark blue top 

6 ml  6 ml  3ml 

 

1. 6ml of blood placed into the serum (red bottle) 
2. 6 ml of blood placed into the EDTA (lavender bottle) 
3. 3 ml of blood placed into the Tempus (dark blue bottle) * 

 

* IMPORTANT: Immediately after the Tempus tube is filled, stabilize the blood by shaking 

the tube vigorously for 10 seconds to ensure that the Reagent makes uniform contact with 

the sample, ensuring complete blood cell lysis.  

 

Label the vacutainers with unique PiRAMiD study number, participant’s DOB and the time 

and date the sample was taken. Following initial processing (clot formation) serum 

vacutainers are to be placed in the pre-refrigerated (4°C) freezer box before transfer to 

CUMH lab within 1 hour. Fill freezer box with frozen ice packs before bringing to CUMH 

laboratory by hand.  

 

Samples must be processed and stored within 3 hours of collection (including spin down 

and aliquoting for biobank freezing at -80°C) 

Serum – Red top 

1. BD serum collection tube must be without additives 

2. Allow at least 30 - 60 mins from collection for clot formation prior to processing. 
Keep at room temperature for clot formation.  If less than 30 minutes, there is 
likely to be retained cellular content in the sample. If more than 60 minutes, 
there is a risk of cell lysis – contaminating the sample. Ensure there is clot 
formation prior to centrifuging. Keep bagged in cold box on ice during this 
period. If haemolysis (pink to red tinge in sample) is observed, this information 
should be recorded. 
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3. Centrifuge the 6ml red capped vacutainer at 2400xg for 10 min at 4oC.  

4. Keep vacutainer and second spin tube on ice until aliquots are completed.  
Using a sterile Pasteur pipette, pipette the serum into a sterile second spin tube 
labelled with patient ID and marked in red to represent serum and centrifuge at 
3000xg for 10 min at 4oC. 

5. Using a new sterile pipette tip, transfer 250ul aliquots of the serum into the red 
capped barcoded micro cryotubes. Fit red caps to micro cryotubes.  

6. Scan barcodes into PiRAMiD spreadsheet and store micro cryotubes in –Wilmut 

96 unit racks at -80C in the PiRAMiD allocated freezer space.  

 

Whole blood – EDTA Lavender Top 

1. Invert the EDTA tubes 5-6 times to ensure anticoagulant mixing and absence of 
clots.  

2. Record the time of blood draw and fasting status on the blood collection form. 
For clinical research studies/trials, record the relevant data and document as 
per the study protocol. 

3. The blood should be delivered to INFANT Lab, CUMH. Keep bagged at room 
temperature. 

4. For whole blood analyses, samples can be aliquoted to barcoded cryovials or 
stored in original 6mL EDTA tube. 

5. Freeze samples within 1 hour of blood draw, in the designated PiRAMiD -80◦C 
freezers. This is located on the 5th floor, Infant Laboratory, CUMH. 

6. Record time of freezing and freezer storage location on paper and electronic log 
sheet 

 

RNA - Tempus Blood Tubes  

1. Draw blood directly into the evacuated Tempus Blood RNA Tube.  Filling the 
blood collection tube to the black mark on the tube label indicates that the 
correct amount of blood has been drawn.  Under-filling or overfilling of the tube 
can affect laboratory results due to the incorrect blood/additive ratio.  

2. Immediately after the Tempus tube is filled, stabilise the blood by shaking the 
tube vigorously 10 seconds ensuring that the stabilising reagent makes uniform 
contact with the sample. IMPORTANT: Failure to mix the stabilising reagent 
with the blood leads to inadequate stabilisation of the gene expression profile 
and the formation of microclots that can potentially clog the purification filter.   

3. The Tempus Blood RNA tube is appropriately labelled either with a unique study 
identification number and/or a bar code label generated electronically.  

4. Record the time that the sample was taken in the study specific documentation.    

5. Maintain the tubes at 4°C using a freezer box / polystyrene container with ice.  
Transport tubes to the processing laboratory as soon as is practicable (same 
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time as serum and EDTA) or within a maximum of 24 hours for direct storage at 
-80°C.  Tubes should be transported at 4°C in a polystyrene container on ice.  

6. Record the time of processing in the study specific documentation or data 
management system. Note:  As a general rule samples should be processed and 
reach the appropriate storage conditions as soon as is practicable (This is true 
for all sample types).
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PiRAMiD - Venepuncture SOP 

Purpose:  
This SOP describes the procedure for blood collection from research 

subjects.  

 

Safety: 

1. The research personnel will greet the research subject, identify themselves, 

and  then indicate the blood collection procedure to the research subject.  

2. The  research  subject  will  be  approached  in  a  friendly  calm  manner  

and  their cooperation will be gained prior to blood collection 

3. The  research  subject  will  be  correctly  identified  prior  to  blood  

collection,  by  asking them to give their name and date of birth.  

4. The  research  subject  will  be  positioned  safely  and  comfortably  in  the  

chair  provided for  venepuncture,  ensuring  that  the  protective  arm  is  in  

the  correct  position  to  support  the  research subject  in  the  event  of  

fainting  or  any  other adverse event.   

5. All  sample  containers  and  equipment  needed  to  competently  and  

efficiently  carry out the venepuncture will be assembled prior to the 

procedure.   

6. The research personnel will wear gloves at all times during venepuncture.  

7. Research  personnel  will  use  appropriate  barrier  precautions,  such  as  

gloves,  gowns, masks, and  protective eyewear  to  prevent exposure  to  

skin and mucus  membranes when working with known infectious research 

subjects. 

8. The research personnel will take care to prevent needle stick injuries when 

using  and disposing of needles.  

9. Blood bottles will not be labelled in advance of venepuncture.  

10. All blood samples will be labelled immediately after venepuncture.  

11. A sharps container will be placed close to the use‐area as practical.  

 

Procedure:  

1. The research subject’s arm will be held extended and positioned comfortably

 on  the arm‐rest of the venepuncture chair.  

2. The  tourniquet will be applied 3‐4 inches above  the selected puncture site, 

applied as loosely as possible while still being effective. 

3. The tourniquet will not be left in position for longer than two minutes. 

4. The research subject will be asked to make a fist without pumping the 

hand.  

5. The puncture site will be cleansed with 70% alcohol swab using a circular  

motion from the centre to the periphery, and be allowed to air dry prior to

 venepuncture.  

6. The needle will then be inserted  through the skin, bevel edge uppermost, 

into the lumen of the vein. The tourniquet  will  be  released  when  the  last

  specimen  tube  to  be  drawn  is  filling, or sooner if good flow is established. 
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7. Clean dry gauze or cotton wool will be placed on the venepuncture site 

and the  needle will be removed.  

8. The  research  personnel  will  press  down  on  the  gauze/cotton  wool  

once  the  needle has  been  drawn  out  of  the  vein  applying  adequate  

pressure  to  avoid  formation of a haematoma.  

9. The  research  subjects  arm  will  not  be  placed  in  a  bent  position  at  

any  time  following venepuncture.  

10. The research subjects arm will be inspected to ensure bleeding has stopped

 and  a waterproof plaster strip will be applied.  

11. The  research  personnel  will  ensure  that  the  research  subject  has  not  

experienced any adverse events from the venepuncture and will then assist 

them  from the chair. 

12. All  contaminated  materials/supplies  will  be  disposed  of  in  the  

designated  containers.  

13. All  blood  specimen  tubes will  be labelled immediately at  the  research  

subjects  bedside with the appropriate research study labels. 
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Adolescent ASSENT FORM 

PiRAMiD Study: PRedicting early onset Autism through 

Maternal Immune Activation and proteomic Discovery. 

 

INFORMATION SHEET AND ASSENT FORM FOR CHILDREN CONTROL GROUP  

(Use in conjunction with the Parent(s)/Guardian(s) ICF – Informed Consent 

Form) 

Introduction: 

You have been invited to take part in an important study that is looking for ways to help 
children with Autistic Spectrum Disorder (ASD). We hope to help doctors to say which 
children are at risk of getting ASD at as young an age as possible. ASD is a condition that can 
make it very hard for children to talk, and play with other children. Children with ASD can be 
very lonely and can find it hard to make friends. This study hopes that by doing a simple 
blood test, we might be able to figure out which children have ASD at a younger age and help 
them sooner. While you do not have ASD, we are asking your permission to take part in 
this study as part of a control group (controls are healthy people who we compare with 

people who have a 
condition like ASD). This 
allows us to compare 
children who have (ASD) 
Autism Spectrum 
Disorder with other 
children that are the 
same age but do not 
have ASD.  
 
The National Children’s 
Research Centre has 
awarded us money to 
begin a new study and 
this gives us a way to try 
to answer some 
important questions 
about ASD. This study is 
called the PiRAMiD study 
(PRedicting early onset 

Autism through Maternal Immune Activation and proteomic Discovery). 
This research is taking place in The INFANT CENTRE (The Irish Centre 
for Fetal and Neonatal Translational Research), University College 
Cork in Cork University Hospital. 
 

What is informed Assent? 

This fact sheet will help you to understand what will happen to you during this study. When 

you have read it, you can decide if you would like to take part. If you do want to take part in 

the study, you will sign your name on the assent form at the end of this fact sheet. This is 
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called “informed assent”. It means that you have been told all about the study, that you 

understand what will happen, and that you want to take part.  

We will also explain the study to your parent(s)/guardian(s) and they will decide whether 

they would like you to take part. They will be given a separate fact sheet called a Parent 

Information Leaflet and  

 

Informed Consent Form (ICF) to sign if they are happy for you to participate. Both you and 

your parent(s)/guardian(s) must agree for you to take part in the study. If this information 

sheet contains words or names that you do not 

understand, please ask your 

parent(s)/guardian(s) to explain them or else 

you can ask someone on the study team. 

Do I have to take part? 

It is great that you are reading this document 

and thinking about joining this study but we 

understand if you decide not to take part. It is 

up to you and your parent(s)/guardian(s) to 

decide. You can say “No” now, or at any time 

during the study if you change your mind for 

any reason. You just need to tell the people in 

charge of the study. This will not change the 

way you are treated by your doctors in the 

Hospital now, or in the future. 

What will I have to do if I take part? 

If you wish to join this study, once you have 

read this fact sheet you should sign the Assent 

Form at the end of this document. By signing 

this form, you allow us to look at your hospital 

record. You also agree to your parent(s)/guardian(s) filling out questionnaires about you, and 

allow us to study this information. We would also ask to take a small sample of blood from 

you. The blood test will be done by our experienced children’s doctor, and should only take 

a couple of minutes. We will study blood samples from you, your mother and your father, to 

try to answer our questions about what causes ASD in children. Your parent(s)/guardian(s) 

will be asked to complete a questionnaire about you and should take no longer than 10 

minutes to do. This questionnaire asks 40 questions about your listening, talking, behaviour 

and emotional skills.  

We would also ask you to visit the INFANT Centre at the hospital to complete another test of 

your growth and abilities. The test should take no longer than 1 hour in total to complete, 

with a break if needed.  

What are the good or bad things that might happen if I take part? 
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The good things about taking part in this study is that it will help us to understand what 

causes Autism Spectrum Disorder and allow us to check your strengths and weaknesses. We 

hope this understanding will lead to better care for future children who have ASD.  

There are no expected bad things from taking part in this study for you, but there is a blood 

test involved which is a little bit painful. If you are worried about anything in the study, you 

can ask your parent(s)/guardian(s) or you can ask the research doctor to explain things 

better to you.  

 

What happens to my information collected in the study? 

All the information you give us on your questionnaire will be treated in confidence (kept 

secret) and we will make sure not to have your name on it. If the information we get says 

you are at risk of harm, then we would have to act to reduce this risk. All your personal 

information will be kept safely at the INFANT centre and information without your name on 

it will be stored on the researchers’ password protected computers at UCC. Once the study 

is finished, we will make a report that we hope will bring new information about ASD to UCC, 

and the world. Nobody reading the report/paper will know it is you as the report will only 

have the group results – these are results from everyone who took part in the study, without 

names, addresses or dates of birth. Your parent(s)/guardian(s) may also ask for a sum up of 

the results once everything is finished and it will be available on the INFANT website once 

ready.  

What if I have any questions? 

If this fact sheet contains words or information that you do not understand, please ask your 

parent(s)/guardian(s) to explain them or else ask the study doctor during your visit. You can 

keep a copy of this form and make sure that we have answered all your questions before you 

decide whether you want to take part in the study.  Otherwise, if you are happy to take part 

in this research study, please fill in and sign the assent form at the end of this document.  
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PiRAMiD study (PRedicting early onset Autism through Maternal Immune Activation and 

proteomic Discovery) 

This assent form must be used in conjunction with the appropriate parent/legal guardian 
consent form. On its own, it does not provide informed consent for a minor to take part 

in the study. 

 
Please circle whatever you agree with: 
     

1. I read through the fact sheet with my parent(s)/guardian(s) and I understand 
the information that is given for this study. 
 

Yes        No 

2. I understand what this study is about and what I am expected to do. 
 

Yes         No  

3. I agree to information being collected about me from my 

parent(s)/guardian(s). 

 
Yes        No 

4. I agree to the researchers accessing my medical notes and for this to be part 
of this study. 
 

Yes        No 
5. I agree to the researchers taking a sample of my blood for this study 

 

Yes        No 

6. I would like to take part in this study and I understand that I don’t have to if I 
don’t want to. 
 

Yes        No 
 
____________________________ 
Name of Participant (Please Print) 
 
____________________________    
 ____________________ 
Signature        Date 

Participant Name: 

Participant DOB: 

Study Number: 

Principal Investigator: Professor Deirdre Murray 

Professor of Paediatrics and Child Health 

University College Cork 
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INFORMATION SHEET AND ASSENT FORM FOR CHILDREN – CASES 

PiRAMiD Study: PRedicting early onset Autism through 

Maternal Immune Activation and proteomic Discovery. 

 

INFORMATION SHEET AND ASSENT FORM FOR CHILDREN – CASES 

(Use in conjunction with the Parent(s)/Guardian(s) ICF – Informed Consent 

Form) 

Introduction: 

As a baby, you took part in a study carried out in Cork University Hospital (CUH) called the 

BASELINE study (Babies After Scope: Evaluating the Longitudinal Impact using Neurological 

and Nutritional Endpoints). This was an important research study which is still going on, 

and involved you having a number of checks at different times in your childhood. You were 

checked at age 2 months, 6 months, 12 months, 2 years and 5 years. During these checks 

we were looking for information about your growth and health. The research done so far, 

with your help, has already led to us having a better knowledge of children’s growth, 

development, diet, and 

allergies.  

We are now inviting you 

and your parents to take 

part in another study 

called PiRAMiD 

(PRedicting early onset 

Autism through 

Maternal Immune 

Activation and 

proteomic Discovery). 

PiRAMiD is an exciting 

new study looking at 

why some of the children 

from BASELINE have ASD 

(Autism Spectrum 

Disorder) and others do 

not. This research is 

being done by The INFANT CENTRE (Irish Centre for Fetal and 

Neonatal Translational Research) in CUH and is paid for by the NCRC 

(National Children’s Research Centre in Dublin). 

What is Informed Assent? 

This fact sheet will help you to understand what will happen to you during this study. When 

you have read the information, you can decide if you would like to take part. If you do want 

to take part in the study, you will sign your name on the Assent Form at the end of this fact 

sheet. This is called “informed assent”. It means that you have been told all about the 

study, that you understand what will happen, and that you want to take part.  
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We will also explain the study to your parent(s)/guardian(s) and they will decide whether 

they would like you to take part. They will be given a separate Parent Information Leaflet 

and Informed Consent Form to sign if they 

are happy for you to participate. Both you 

and your parent(s)/guardian(s) must agree 

that you want to take part in the study. If this 

fact sheet contains words or ideas that you 

do not understand, please ask your 

parent(s)/guardian(s) to explain them or else 

ask the study doctor. 

Do I have to take part? 

It is great that you are reading this document 

and considering taking part in this study but 

we understand if you decide not to take part. 

It is up to you and your parent(s)/guardian(s) 

to decide. You can say “No” now, or at any 

time during the study if you change your 

mind for any reason. You just need to tell the 

people in charge of the study. This will not 

affect the way you are treated by your 

doctors in the CUH now, or in the future. 

What will I have to do if I take part? 

If you wish to take part in this study, once you have read this information you should sign 

the Assent Form at the end of this document. By signing this form, you allow us to look at 

your hospital notes. You also agree to your parent(s)/guardian(s) filling in questionnaires 

about you, and allow us to study this information. Your parent(s)/guardian(s) will be asked 

to complete a questionnaire when you come to the INFANT centre and should take no 

longer than 10 minutes to do. This questionnaire has 40 questions and it tests for ASD 

(Autistic Spectrum Disorder). The questions are about your listening, talking, behaviour and 

emotional skills. During the visit we will also measure your growth and abilities, and we will 

take a small sample of blood from you. These checks and tests should take no longer than 1 

hour in total to finish, and you can have a break if necessary (we have snacks). The blood 

test will be performed by our experienced children’s doctor, and should only take a couple 

of minutes. We will study blood samples from you, your mother and your father, and try to 

answer our questions about what causes ASD in children. 

What are the good or bad things that might happen if I take part? 

The good things about taking part in this study is that it will help us to understand what 

causes Autism Spectrum Disorder, to try to see if there are signs of ASD in the blood, of 

children affected by ASD, and their parents. This may help us to predict ASD and help us to 

understand why it happens. This is the first step in looking for better ways to treat or 

prevent ASD. 

There are no expected bad things from taking part in this study for you, but there is a blood 

test which is a little bit painful. If you are worried about anything in the study, you can ask 

about these with your parent(s)/guardian(s) or you can ask the research doctor.  
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What happens to my information collected in the study? 

All the information you give us will be treated in confidence (kept secret) and we will 

protect your privacy (name or any personal details), we will make sure not to have your 

name on anything. If the information we receive suggests you are at risk of harm, then we 

would have to act to reduce this risk. All your personal information will be stored safely at 

the INFANT centre and information  

 

without your name on it will be stored on the researchers’ password protected computers 

at UCC. Once the study is finished, we will make a report that we hope will bring new 

information about ASD to UCC, and the world. Nobody reading the report/paper will know 

it is you as the report will only have the group results – that is results from everyone who 

took part in the study, without names, addresses or dates of birth. Your 

parent(s)/guardian(s) may also request a summary of the findings once complete and it will 

be available on the INFANT website once ready.  

What if I have any questions? 

If this fact sheet contains words or ideas that you do not understand, please ask your 

parent(s)/guardian(s) to explain them or else ask the study staff present during your visit. 

You can keep a copy of this form and make sure that we have answered all your questions 

before you decide whether you want to take part in the study.  Otherwise, if you are happy 

to take part in this research study, please fill in and sign the assent form at the end of this 

document.   
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Adolescent ASSENT FORM 

PiRAMiD study (PRedicting early onset Autism through Maternal Immune Activation and 

proteomic Discovery) 

This assent form must be used in conjunction with the appropriate parent/legal guardian 
consent form. On its own, it does not provide informed consent for a minor to take part 

in the study. 

 
Please circle whatever you agree with: 
     

7. I read through the fact sheet with my parent(s)/guardian(s) and I understand 
the information that is given about this study. 
 

Yes        No 

8. I understand what this study is about and what I am supposed to do. 
 

Yes         No  

9. I agree to information being collected about me from my 

parent(s)/guardian(s). 

 

Yes        No 

10. I agree to the researchers accessing my previous INFANT files and for my 

medical notes to be used in this study. 

 

Yes        No 

11. I agree to the researchers taking a sample of my blood for this study 

 

Yes        No 

12. I would like to take part in this study and I understand that I don’t have to if I 

don’t want to. 

 

Yes        No 
____________________________ 
Name of Participant (Please Print) 
 
____________________________    
 ____________________ 

Participant Name: 

Participant DOB: 

Study Number: 

Principal Investigator: Professor Deirdre Murray 

Professor of Paediatrics and Child Health 

University College Cork 
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Signature        Date 
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Adolescent ASSENT FORM CONTROL GROUP 

PiRAMiD Study: PRedicting early onset Autism through 

Maternal Immune Activation and proteomic Discovery. 

 

INFORMATION SHEET AND ASSENT FORM FOR CHILDREN – CONTROL GROUP 

(BASELINE) 

(Use in conjunction with the Parent(s)/Guardian(s) ICF – Informed Consent 

Form) 

Introduction: 

As a baby, you took part in a study in Cork University Hospital (CUH) called the BASELINE 

study (Babies After Scope: Evaluating the Longitudinal Impact using Neurological and 

Nutritional Endpoints) as part of a control group (controls are healthy people who we 

compare with people who have specific illnesses). During the study you had a number of 

tests at different times in your childhood. You were checked at age 2 months, 6 months, 12 

months, 2 years and at 5 years of age. During these checks we were looking for information 

about your growth and health. The research we have done with you and your family’s help 

has already helped us to understand children’s growth, development, diet, and allergies 

better.  

Now, we are inviting you 

and your parents to take 

part in another study 

called PiRAMiD 

(PRedicting early onset 

Autism through 

Maternal Immune 

Activation and 

proteomic Discovery). 

PiRAMiD is an exciting 

new study looking at 

why some of the 

children from BASELINE 

have ASD (Autism 

Spectrum Disorder) and 

others do not. This 

research is being done 

by The INFANT CENTRE (Irish Centre for Fetal and Neonatal Translational Research) in Cork 

University Hospital and is paid for by the NCRC (National Children’s Research Centre in 

Dublin).  

What is informed Assent? 

This fact sheet will help you understand what will happen to you during this study. When 

you have read the information, you can decide if you would like to take part. If you do want 

to take part in the study, you will sign your name on the assent form at the end of this fact 
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sheet. This is called “informed assent”. It means that you have been told all about the 

study, that you understand what will happen, and that you want to take part.  

We will also explain the study to your parent(s)/guardian(s) and they will decide whether 

they would like you to take part. They will be given a Parent Information Leaflet and 

Informed Consent Form to sign if they are happy for you to participate. Both you and your 

parent(s)/guardian(s) must agree  

 

that you want to take part in the study. If this fact sheet contains words or ideas that you 

do not understand, please ask your parent(s)/guardian(s) to explain them or else ask the 

study doctor. 

Do I have to take part? 

It is great that you are reading this document 

and thinking about joining this study but we 

understand if you decide not to take part. It 

is up to you and your parent(s)/guardian(s) to 

decide. You can say “No” now, or at any time 

during the study if you change your mind for 

any reason. You just need to tell the people 

in charge of the study. This will not affect the 

way you are treated by your doctors in the 

Cork University Hospital now, or in the 

future. 

What will I have to do if I take part? 

If you wish to join this study, once you have 

read this information you should sign the 

Assent Form at the end of this document. By 

signing this form, you allow us to look at your 

hospital medical notes. You also agree to 

your parent(s)/guardian(s) filling in 

questionnaires about you, and allow us to study this information. Your 

parent(s)/guardian(s) will be asked to complete a questionnaire about you when you come 

to the INFANT centre and should take no longer than 10 minutes to do. The questions are 

about your listening, talking, behaviour and emotional skills. During the visit we will also 

measure your growth and abilities and we will take a small sample of blood from you. 

These checks and tests should take no longer than 1 hour in total to finish, and you can 

have a break if necessary (we have snacks). The blood test will be performed by our 

experienced children’s doctor and should only take a couple of minutes. We will study 

blood samples from you, your mother and your father, and try to answer our questions 

about what causes ASD in children. 

What are the good or bad things that might happen if I take part? 

The good things about taking part in this study is that it will help us to understand what 

causes Autism Spectrum Disorder, and allow us to check your strengths and weaknesses 
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against your previous appointments with us. We hope this understanding will lead to better 

care for future children who have ASD.  

There are no expected bad things from taking part in this study for you but there is a blood 

test which is a little bit painful. If you are worried about anything in the study, you can ask 

your parent(s)/guardian(s) or you can ask the research doctor to explain things better to 

you.  

What happens to my information collected in the study? 

All the information you give us will be treated in confidence (kept secret) and we will 

protect your privacy (name or any personal details), we will make sure not to have your 

name on anything. If the  

 

information we receive suggests you are at risk of harm, then we would have to act to 

reduce this risk. All your personal information will be stored safely at the INFANT centre 

and information without your name on it will be stored on the researchers’ password 

protected computers at UCC. Once the study is finished, we will make a report that we 

hope will bring new information about ASD to UCC, and the world. Nobody reading the 

report/paper will know it is you as the report will only have the group results – that is 

results from everyone who took part in the study, without names, addresses or dates of 

birth. Your parent(s)/guardian(s) may also request a summary of the findings once 

complete and it will be available on the INFANT website once ready.  

What if I have any questions? 

If this fact sheet contains words or ideas that you do not understand, please ask your 

parent(s)/guardian(s) to explain them or else ask the study staff present during your visit. 

You can keep a copy of this form and make sure that we have answered all your questions 

before you decide whether you want to take part in the study.  Otherwise, if you are happy 

to take part in this research study, please fill in and sign the assent form at the end of this 

document.   
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PiRAMiD study (PRedicting early onset Autism through Maternal Immune Activation and 

proteomic Discovery) 

This assent form must be used in conjunction with the appropriate parent/legal guardian 
consent form. On its own, it does not provide informed consent for a minor to take part 

in the study. 

 
Please circle whatever you agree with: 
     

13. I read through the fact sheet with my parent(s)/guardian(s) and I understand 
the information that is given about this study. 
 

Yes        No 

14. I understand what this study is about and what I am supposed to do. 
 

Yes         No  

15. I agree to information being collected about me from my 

parent(s)/guardian(s). 

 
Yes        No 

16. I agree to the researchers accessing my previous INFANT files and for my 
medical notes to be used in this study. 
 

Yes        No 
17. I agree to the researchers taking a sample of my blood for this study 

 

Yes        No 

18. I would like to take part in this study and I understand that I don’t have to if I 
don’t want to. 
 

Yes        No 
 
____________________________ 
Name of Participant (Please Print) 
 
____________________________    
 ____________________ 
Signature        Date:

Participant Name: 

Participant DOB: 

Study Number: 

Principal Investigator: Professor Deirdre Murray 

Professor of Paediatrics and Child Health 

University College Cork 
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Appendix 2: Supplementary Material from Multi-Omics study
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Supplementary Figures 

Figure 1: Multiomics recruitment flow chart 

 

Figure 41: Recruitment flow to multi-omics study 
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Supplementary Figure 2:  Proteomic analysis

 

Figure 42: Serum proteomics Graphics and Outputs 
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Supplementary Figure 3: Cord blood Proteomics

 

Figure 43: Cord blood Proteomics and Outputs 
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Supplemetary Figure 4: PiRAMiD proteomics (Age 7 - 10)

 

Figure 44: Late Childhood Proteomics and Outputs 
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Supplementary Figure 5: Cord Blood Metabolomics

 

Figure 45: Cord Blood Metabolomics and Outputs 
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SUPPLEMENTARY INFORMATION  

MATERIALS AND METHODS 
 

REAGENTS AND CHEMICALS 

Proteomics   

All reagents used were HPLC grade and prepared using ultrapure water with 18.2 MΩ 

cm resistivity (Milli-Q direct water purification system, Watford, UK). COmplete 

ULTRA Tablets, mini, EASYpack were purchased from Roche (Ireland). Bio-rad 

Bradford dye reagent was purchased from Bio-Rad (Kildare, Ireland). Sodium 

phosphate monobasic monohydrate, Sodium phosphate dibasic dehydrate, Acetic 

acid, Ammonium Bicarbonate, Bovine Serum Albumin (BSA), Tetraethylammonium 

bicarbonate buffer (TEAB), Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 

Iodoacetamide (IAA), Formic Acid (FA), and  Trifluroacetic acid (TFA) were all 

purchased from Sigma-Aldrich (Ireland). RapiGest SF surfactant was purchased from 

Waters (Wexford, Ireland). Promega Seq Grade trypsin was purchased from 

Promega (Madison, USA), Sodium chloride (NaCl) and Acetonitrile were purchased 

from Fisher Scientific (Loughborough, UK). LoBind tubes were purchased from 

(Merck and Sarstedt, Feltham, UK and Wexford, Ireland). 0.22um spin filters and the 

Human-14 Multi Affinity Removal column were purchased from Agilent technologies 

(Ireland). 10kDa Molecular weight cut-of (MWCO) Amicon ultra-2 Centrifugal filter 

units and Zip-tip pipette tips with 0.6ul C18 resin were purchased from Merk-Millipore 

(Ireland). 96 well plates were purchased from Sarsted (Wexford, Ireland).  

HPLC immunodepletion: Due to the dynamic range of proteins in plasma, 

immunodepletions are important to remove the most highly abundant proteins from 

each sample. We used a Human 14 multiple affinity removal column coupled to a 

High performance liquid chromatography (HPLC) system, thereby targeting the top 

14 most abundant proteins in plasma. The 14 proteins targeted and depleted from 

each sample were; Albumin, Apolipoprotein AI, Apolipoprotein AII, Complement C3, 

Fibrinogen, Haptoglobin, IgA, IgG, IgM, Transferrin, Transthyretin, α1-Antitrypsin, α1-

Acid Glycoprotein, α2-Macroglobulin.  

Firstly, each of the 66 plasma samples underwent a 1:4 sample dilution (45ul crude 

sample:135ul buffer A with protease inhibitor) before being transferred into a 0.22um 

spin filter and spun down in the centrifuge at 16,000g and room temperature. 160ul 

of the filtered sample was then drawn up, injected into the HPLC system and a pre-

designed method based on manufactures instructions was run.  
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The unbound proteins, which are allowed to ‘flow through’ create the LA fraction. LA 

fractions were used for all subsequent analytical steps outlined below. We are 

generally interested in the proteins which exist in lower abundances due to their 

potential in acting as protein signatures and potential biomarkers indicative of ASD 

and other diseases. 

 

Concentration buffer exchange: LA and HA fractions are relatively dilute after 

HPLC immunodepletion, therefore concentration of these fractions is important for 

subsequent pre-processing steps. 10kDA Molecular Weight Cut-Off(MWCO) Amicon 

Ultra-2 centrifugal filters were used firstly, to concentrate our fractions and secondly, 

to perform buffer exchange steps. All steps were undertaken according to 

manufacturer’s guidelines. Buffer exchange involved reconstituting each newly 

concentrated sample to its original volume using a 50mM ammonium bicarbonate 

solution. 

A 50mM ammonium bicarbonate solution is preferable for storage of samples 

between steps and additionally is compatible with subsequent stages of protein 

digestion. Samples were stored at -20oC between immmunodepletion and 

concentrating steps. They were then stored again at -80oC until protein quantification 

of all samples could take place. 

 

Protein quantification: Protein quantification is essential to find out the total 

concentration of protein in each sample, when compared against a known standard. 

In this instance, protein quantification prior to sample digestion was determined using 

a Bradford assay, and Bovine Serum Albumin (BSA) was used to create standard 

solutions of varying concentration. A quality control (QC) was created by pooling 3ul 

from each sample. The QC was treated in the same way as each sample. 10ul of 

each reconstituted sample, QC and standard was pipetted in duplicate into a separate 

well of a 96 well plate. 200ul of Bradford reagent at 1:5 dilution was then added to 

each sample and standard. Absorbance readings were measured using a plate 

reader at 595nm. The standard curve was plotted using excel, and sample 

concentrations were determined from this graph. 

Undertaking protein quantification of the QC at the same time facilitated us in 

determining its protein concentration, for digestion and its similarity in concentration 

to the other 66 plasma samples. OCs are important to condition the mass 
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spectrometry instrument column before and additionally at set intervals during the 

experiment run to monitor performance.  

 

Protein digestion: Based on calculations from Bradford assays, the protein 

concentration of each sample was known. The volume of each sample corresponding 

to 50ug of protein was transferred into a new labelled Eppendorf for tryptic protein 

digestion. This is a two-day process using RapiGest, TCEP, IAA, Trypsin, FA and 

TFA, and is followed with desalination and sample clean-up using Zip-tips. All 

processes were undertaken as previously described in English et al., (2015).   

 

LC-MS/MS analysis (discovery proteomic analysis): Following HPLC depletion, 

sample concentration and buffer exchange, protein quantification, and sample clean-

up, all samples and internal standards were sent on dry ice to UCD for LC-MS/MS 

analysis.  

Proteomics samples were loaded onto EvoTips and run on a timsTOF Pro mass 

spectrometer (Bruker Daltonics, Bremen, Germany) coupled to the EvoSep One 

system (EvoSep BioSystems, Odense, Denmark). The peptides were separated on 

a reversed-phase C18 Endurance column (15cm x 150μm ID, C18, 1.9 μm) using the 

preset 30 SPD method. Mobile phases were 0.1% (v/v) formic acid in water (phase 

A) and 0.1% (v/v) formic acid in acetonitrile (phase B). The peptides were separated 

by an increasing gradient of mobile phase B for 44 minutes using a flow rate of 0.5 

uL/min. The timsTOF Pro mass spectrometer was operated in positive ion polarity 

with TIMS (Trapped Ion Mobility Spectrometry) and PASEF (Parallel Accumulation 

Serial Fragmentation) modes enabled.  The accumulation and ramp times for the 

TIMS were both set to 100 ms., with an ion mobility (1/k0) range from 0.6 to 1.6 

Vs/cm.  Spectra were recorded in the mass range from 100 to 1,700 m/z.  The 

precursor (MS) Intensity Threshold was set to 2,500 and the precursor Target 

Intensity set to 20,000.  Each PASEF cycle consisted of one MS ramp for precursor 

detection followed by 10 PASEF MS/MS ramps, with a total cycle time of 1.17 s.  A 

diaPASEF scheme consisting of 46 precursor isolation windows of 25 m/z width, 

covering a mass range of 300 – 1450 m/z and an ion mobility range of 0.6 to 1.6 

Vs/cm, was created using the Bruker timsControl interface (2.0.53). 
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Bioinformatics and statistical analysis:  Fragpipe (version 18.0) is a computational 

platform comprising a suite of tools for the analysis of proteomics mass spectrometry 

data, from peptide searching to validation and quantitation. Using these tools 

FragPipe provides multiple workflows including DIA_Speclib_Quant which was used 

for the analysis of the DDA and DIA data.  In this workflow MSFragger is first used to 

search DDA data, search results are validated by Percolator and proteins identified 

with ProteinProphet. A spectral library is built by EasyPQP and quantitation of DIA 

data is performed by the DIA-NN module. The protein groups output file (pg_matrix) 

contains normalised intensities and are filtered at 1% FDR. Statistical analysis was 

performed in Perseus (V2.0.5.0) using the pg_matrix file as input. 

 

Proteomic analysis of serum from the PiRAMiD cohort 

DIA data was processed in the open-source Skyline software tool (open-source 

Skyline software tool1 (https://skyline.gs.washington.edu). This tool provided the 

interface for visual confirmation of protein biomarkers in the samples profiled, without 

any file conversion. The library was constructed by searching the QC injections, which 

were interspersed after every ten injections throughout the run. As detailed in the 

online tutorials and publications by the Skyline team, the msms.txt file resulting from 

the MaxQuant search was used to build the library in Skyline. For our peptide targets, 

mass chromatograms were extracted for +2 and +3 precursor charge states and their 

associated fragment ions. Based on our proteomic discovery results, a skyline target 

list was created for SERBINBP1, GAPDH, BLVRB  protein candidates according to 

the detailed protocol of Egertson et al (2015)(530). For our dataset, the m/z tolerance 

was <10ppm and the average retention time window was 2 minutes.  All parent and 

fragment level data was visually confirmed across the samples, and peak editing was 

undertaken where necessary, using the peptide Retention Time (RT), dotproduct 

(idop), mass accuracy (<20ppm), and a confirmed library match to reliably identify 

and quantify peptides across the DIA runs.   For statistical analysis, peak areas of the 

fragment level data was filtered from the Skyline document grid for analysis in 

mapDIA, an open source bioinformatics tool for pre-processing and  quantitative 

analysis of DIA data (531).  Total Ion Sum (TIS) intensity normalisation procedure 

was applied, followed by peptide fragment selection using 2 standard deviation 

threshold for outlier detection, in the independent sample setup.  Differential 

expression analysis was based on a Bayesian latent variable model, as described 

(531). 

https://skyline.gs.washington.edu/
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Metabolomics 

REAGENTS AND CHEMICALS 

Metabolomics Ultrapure water with 18.2 MΩ cm resistivity (Milli-Q direct water 

purification system, Watford, UK) was used to prepare all mobile phase components. 

LC grade methanol and estrone glucuronide standard were purchased from Merck 

(Feltham, UK). Cortisol sulfate was purchased from Generon. LC-MS grade 

acetonitrile (ACN), methanol and formic acid were purchased from Fisher Scientific 

(Loughborough, UK). LC–MS glass vials, Ostro 96 well phospholipid and protein 

removal plates plus 2 mL collection plates, MassTrak Endrocrine steroid calibrator 

set and ultra-performance liquid chromatography (UPLC) columns were purchased 

from Waters (Waters, Wexford, Ireland). Isotope-labelled steroid mix was purchased 

from Chromsystems. Nitrogen and argon gas were supplied by BOC gases (Dublin, 

Ireland). Metabolomics Ultrapure water with 18.2 MΩ cm resistivity (Milli-Q direct 

water purification system, Watford, UK) was used to prepare all mobile phase 

components. LC grade methanol and estrone glucuronide standard were purchased 

from Merck (Feltham, UK). Cortisol sulfate was purchased from Generon. LC-MS 

grade acetonitrile (ACN), methanol and formic acid were purchased from Fisher 

Scientific (Loughborough, UK). LC–MS glass vials, Ostro 96 well phospholipid and 

protein removal plates plus 2 mL collection plates, MassTrak Endrocrine steroid 

calibrator set and ultra-performance liquid chromatography (UPLC) columns were 

purchased from Waters (Waters, Wexford, Ireland). Isotope-labelled steroid mix was 

purchased from Chromsystems. Nitrogen and argon gas were supplied by BOC 

gases (Dublin, Ireland). 

 

Targeted Steroid analysis at birth and age 11 

Chemical reagents, Standards and Columns 

All reagents used in this study were of LC-MS grade unless specified otherwise. 

Acetonitrile (HPLC grade), methanol, ammonium acetate and formic acid were 

purchased from Sigma-Aldrich (Wicklow, Ireland). Certified calibrators as part of Mass 

Trak kit were purchased from Waters Corporation (Drinagh, Co. Wexford, Ireland), 

which contained the following steroids at appropriate concentrations. DHEA-S (61-

29392 nmol/L), cortisol (3-1388 nmol/L), 21-deoxycortisol (0.14-141 nmol/L), 
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corticosterone (0.14-141 nmol/L), 11-deoxycortisol (0.15-144 nmol/L), 

androstenedione (0.17–169 nmol/L), 11-deoxycorticosterone (0.03-59 nmol/L), 

testosterone (0.05-74 nmol/L), DHEA (0.90-224 nmol/L), 17 a-hydroxyprogesterone 

(0.15-293 nmol/L), DHT (0.10-8.2 nmol/L) and progesterone (0.08-164 nmol/L). 

Additional standards not present in the MassTrak endocrine calibrator kit were 

purchased from Generon (Clontarf, Dublin, Ireland) and Merck, These included 

estrone glucuronide (Merck), cortisol sulfate (Generon), andepiandrosterone (Merck). 

These additional standards were made up to a stock solution of 1mg/ml and were 

diluted to appropriate concentration to be spiked into the calibrators. The internal 

standard (IS) in a methanol solution was purchased from Chromsystems to be spiked 

into relevant samples and standards. The contents of the IS consisted of aldosterone-

d4, corticosterone-d8, cortisol-d4, cortisone-d8, 11-deoxycortisol-d5, 21-

deoxycortisol-d8, androstendione-13C3, dehydroepiandrosterone-d5, 11- 

deoxycorticosterone-d8, DHEAS-d6, dihydrotestosterone-d3, estradiol-d5, 17-

hydroxyprogesterone-13C3, progesterone-13C3 and testosterone-d3. All standards 

and stock solutions mentioned above were stored at -200C, excluding the MassTrak 

endocrine calibrator kit which was stored at 40C after reconstitution with water as per 

instructions. 

 

Sample Extraction  

10μl of IS solution and 50μl of the individual cord blood serum and paediatric plasma 

aliquots were added to individual wells within an Ostro Plate (Waters Corporation, 

Milford, MA, USA). After the addition of the IS, 150μl of 1% formic acid in acetonitrile 

solution was added to the samples and mixed via aspiration. The Ostro Plate was put 

on a positive pressure manifold at 60 psi for 5 minutes using compressed nitrogen 

gas and drawn through the sorbent contained at the base of each well to retain 

proteins and phospholipids and thus extracting the analytes of interest. The resulting 

solution collected in the collection plate was taken and dried down by placing in a 

MiVac QUATTRO concentrator vacuum centrifuge for 2 hours at 450C. The dried 

samples were then reconstituted in 150μl of equal parts of 2mM ammonium acetate 

in H20 and 2mM ammonium acetate in methanol for injection into the LC-MS/MS. 

 

Maximizing measurement accuracy and selectivity of endocrine steroids 

As per the guidelines stated by the European Medicines Agency (EMA) and the Food 

and Drug Administration (FDA), quality control within a bioanalytical method occurs 

through the spiking of a known concentration of analyte into a blank biological matrix 

of use in the assay (European Medicines Agency et al., 2017; Food and Drug Agency, 
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2018). Stripped serum spiked with the relevant steroid analytes of known 

concentrations were used and were obtained as part of the MassTrak endocrine 

steroid calibrator and quality control kit. QCs contained progesterone (0.1, 1.0, 35.0 

ng/mL), testosterone (0.05, 0.5, 14.0 ng/mL), androstenedione (0.2, 2.0, 35.0 ng/mL), 

cortisol (10.0, 100.0, 350.0 ng/mL), corticosterone (0.2, 2.0, 35.0 ng/mL), 11-

deoxycortisol (0.2, 2.0, 35.0 ng/mL), 21-deoxycortisol (0.2, 2.0, 35.0 ng/mL), 11-

deoxycortocosterone (0.035, 0.35, 15.0 ng/ mL), 17-hydroxyprogesterone (0.2, 2.0, 

70.047ng/mL), dihydrotestosterone (0.1, 1.0, 1.75 ng/mL), dehydroepiandrosterone 

Sulfate (200, 2000, 8750 ng/mL), dehydroepiandrosterone (0.8, 8.0, 35.0 ng/mL) and 

consisted of a low, medium and high QC concentration respectfully. The LC-MS/MS 

performance characteristics are outlined below. The limit of detection (LOD) values 

for each steroid was determined by the concentrations of the analyte in the serum 

matrix where the signal-to-noise (S/N) ratio was equal to 3. The lower and upper limits 

of quantification (LLOQ and ULOQ, respectively) are depicted by the linear ranges 

for each steroid analytes. The linearity of the calibration curves was determined by 

the r2 value, where all curves had a value of ≥ 0.98. The matrix effect (i.e. the 

endogenous constitution of the sample) the stability and reactivity of the steroid 

analytes were determined by taking blank individual cord blood and paediatric blood 

samples and spiking with the IS. The matrix factor was calculated by calculating the 

ratio of the peak area of the IS within the serum/plasma matrix to the peak area 

without the matrix present. The credibility of the samples after multiple freeze thaw 

events was measured by spiking blank pooled cord serum with the IS and measuring 

the peak area over the course of three days. The pooled cord serum sample was 

frozen and thawed at 40C each day over the course of three days. Precision of the 

assay was determined by performing an intra-assay on 5 replicates of pooled cord 

blood serum within the individual assay. To determine precision across multiple 

assays, an inter-assay was performed on 3 replicates of pooled cord blood over the 

course of three days and comparing the coefficient variance between the samples. 

 

LC-MS/MS analysis  

Quantitative analysis was performed on a Waters Acquity UPLC coupled with a triple 

quadrupole mass detector (Xevo TQ MS) using electrospray ionization in positive 

mode for all steroids analysed but DHEA-S, estrone glucuronide, cortisol and cortisol 

sulfate, which were analysed in negative mode. The column temperature was set to 

500C, while the samples within the 96 well plate were kept at 80C. The mobile phase 

A used in the UPLC system was 2 mM ammonium acetate in water. Whilst mobile 

phase B consisted of 2 mM ammonium acetate in methanol. The flow rate of the 



   
 

291 
 

mobile phases through the column was 0.4 ml/min. The sample was injected using 

an autosampler in partial loop mode with needle overfill with a 50μL loop, the injection 

volume was 20 μL. The initial flow rate of the mobile phase consisted of 65% of mobile 

phase A, 35% of mobile phase B, ramping to 20:80(A:B) at 9 minutes. A one minute 

high organic flush 2:98 (A:B), followed by equilibration back to 65:35 (A:B) to complete 

the run with a total 11 minutes run time. Collison gas was provided through 

compressed tank of argon (BOC Gases Ireland, Dublin), while desolvation gas was 

created through a Peak nitrogen generator (Peak Scientific Instruments Ltd, 

Inchinnan, UK). The mass spectrometer was programmed to monitor the transitions 

involved in the MRM assay. Mass spectrometry programming was done through the 

use of the software MassLynx. In addition, MRM assay analysis of the analytes was 

performed using the software TargetLynx. Calibration curves were constructed and 

samples quantified using the ratio of analyte response/IS response with 1/x weighting. 

The internal standard used for each analyte was its corresponding isotopically 

labelled analogue where available. DHT-d3was used as the IS for epiandrosterone 

and DHEAS-d6 was used as the IS for cortisol sulfate and estrone glucuronide. 

 

 

SUPPLEMENTARY RESULTS 

TABLES 

Supplementary Table1: Discovery proteomic analysis in cord blood identified 41 

proteins as significantly differentially expressed (p <0.05) between ASD cases and 

neurotypical controls from the BASELINE birth cohort. 

Table 20: Supplementary Table 1: Discovery proteomic analysis in cord blood 

Gene 
Names Gene/Protein Names Protein IDs P Value FDR Fold Change  

Random 
Forest 
Ranking 

GDI2 
GDP Dissociation 
Inhibitor 2 P50395 

0.00216
6586 

0.5701
64158 0.9886 

7 

HBQ1 
Hemoglobin Subunit 
Theta 1 P09105 

0.00  
567223
9 

0.5701
64158 0.9897 

3 

LUM Lumican P51884 
0.00710
925 

0.5701
64158 1.0047 

- 

KRT2 

Keratin, type II 
cytoskeletal 2 
epidermal P35908 

0.00788
7589 

0.5701
64158 0.9791 

13 

AOC3 
Amine oxidase, 
copper containing 3 Q16853 

0.00984
5084 

0.5701
64158 1.0727 

15 
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KRT1 
Keratin, type II 
cytoskeletal 1 P04264 

0.01007
0379 

0.5701
64158 0.9904 

1 

KRT10 
Keratin, type I 
cytoskeletal 10 P13645 

0.01035
6839 

0.5701
64158 0.9831 

- 

CA2 Carbonic Anhydrase 2 P00918 
0.01042
5949 

0.5701
64158 0.9877 

- 

ADGRG6 
Adhesion G Protein-
Coupled Receptor G6 Q86SQ4 

0.01085
0719 

0.5701
64158 1.0221 

19 

BLVRB Biliverdin Reductase B P30043 
0.01141
9441 

0.5701
64158 1.0061 

- 

YWHAE 

Tyrosine 3-
Monooxygenase/Tryp
tophan 5-
Monooxygenase 
Activation Protein 
Epsilon. Provides 
instructions for 
making the 14-3-3 
epsilon protein  P62258 

0.01229
171 

0.5701
64158 0.9577 

- 

PRDX6 Peroxiredoxin 6 P30041 
0.01318
4028 

0.5701
64158 0.9869 

2 

MEGF8 
Multiple EGF Like 
Domains 8 Q7Z7M0 

0.01390
0606 

0.5701
64158 1.0338 

8 

GAPDH 

Glyceraldehyde-3-
phosphate 
dehydrogenase P04406 

0.01430
5194 

0.5701
64158 0.9804 

- 

ATIC 

5-Aminoimidazole-4-
Carboxamide 
Ribonucleotide 
Formyltransferase/IM
P Cyclohydrolase P31939 

0.01709
3495 

0.5826
85934 0.9963 

16 

AXL 
Tyrosine-protein 
kinase receptor UFO P30530 

0.01728
5258 

0.5826
85934 0.9971 

9 

SEZ6L2 
Seizure Related 6 
Homolog Like 2 Q6UXD5 

0.01775
208 

0.5826
85934 1.0752 

- 

ANXA7 Annexin A7 P20073 
0.01945
8539 

0.6023
13675 1.0051 

- 

DCD Dermcidin P81605 
0.02238
8773 

0.6023
13675 1.0065 

6 

EIF4A1 
Eukaryotic initiation 
factor 4A-I P60842 

0.02499
4724 

0.6023
13675 0.9932 

- 

RAN 
ras-related nuclear 
protein P62826 

0.02556
2896 

0.6023
13675 1.0026 

- 

AK1 Adenylate Kinase 1 P00568 
0.02603
7085 

0.6023
13675 0.9908 

5 

MCAM 

Cell surface 
glycoprotein MUC18; 
Melanoma Cell 
Adhesion Molecule P43121 

0.02793
1856 

0.6023
13675 1.3186 

- 

SELENBP1 
Selenium Binding 
Protein 1 Q13228 

0.02830
3213 

0.6023
13675 0.9982 

- 
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HBM 
Hemoglobin Subunit 
Mu Q6B0K9 

0.02850
1608 

0.6023
13675 1.1214 

- 

CD93 

Complement 
component C1q 
receptor; Cluster of 
Differentiation 93 Q9NPY3 

0.02891
0253 

0.6023
13675 1.0068 

- 

NENF 
Neudesin 
Neurotrophic Factor Q9UMX5 

0.03212
2857 

0.6023
13675 1.0218 

14 

CA1 Carbonic anhydrase 1 P00915 
0.03238
4499 

0.6023
13675 0.9620 

- 

NAGLU 

Alpha-N-
acetylglucosaminidas
e P54802 

0.03427
295 

0.6023
13675 1.0012 

- 

PTPRS 

Protein Tyrosine 
Phosphatase 
Receptor Type S Q13332 

0.03437
2813 

0.6023
13675 1.0032 

12 

EPHA4 
Ephrin type-A 
receptor 4 P54764 

0.03816
7904 

0.6023
13675 1.2826 

11 

CFB Complement factor B P00751 
0.03845
1334 

0.6023
13675 1.0080 

- 

ALCAM 

CD166 antigen; 
Activated Leukocyte 
Cell Adhesion 
Molecule Q13740 

0.03851
6272 

0.6023
13675 1.0891 

18 

KRT14 
Keratin, type I 
cytoskeletal 14 P02533 

0.03858
7889 

0.6023
13675 0.9410 

20 

COL15A1 
Collagen Type XV 
Alpha 1 Chain P39059 

0.03914
6764 

0.6023
13675 1.0323 

4 

LBP 
Lipopolysaccharide-
binding protein P18428 

0.04060
0093 

0.6023
13675 1.0049 

- 

CDH5 Cadherin-5 P33151 
0.04125
9138 

0.6023
13675 1.0105 

10 

CTSZ Cathepsin Z Q9UBR2 
0.04227
4464 

0.6023
13675 0.9998 

- 

BLVRA Biliverdin reductase A P53004 
0.04287
9132 

0.6023
13675 1.0055 

- 

C9 
Complement 
component C9 P02748 

0.04317
6608 

0.6023
13675 0.9997 

17 

KRT5 
Keratin, type II 
cytoskeletal 5 P13647 

0.04854
6057 

0.6421
44965 0.9457 

- 
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Supplementary table 2: Discovery proteomic analysis follow-up serum samples 

identified 11 proteins as significantly differentially expressed (p <0.05) between ASD 

cases and neurotypical controls from the PiRAMiD cohort. 

Table 21: Supplementary table 2: Discovery proteomic analysis follow-up serum samples 

Gene Names Gene/Protein Names Protein ID's p-value 

KRT16 Keratin, type I cytoskeletal 16 P08779 0.000933134 

GAPDH 
Glyceraldehyde-3-phosphate 
dehydrogenase P04406 0.010997854 

SELENBP1 Selenium Binding Protein 1 Q13228 0.016770749 

PNP Purine nucleoside Phosphorylase P00491 0.020355303 

HBB Hemoglobin Subunit Beta P68871 0.021538221 

C6 Complement component 6 P13671 0.0236205 

GDI1 GDP Dissociation Inhibitor 2 P31150 0.026480433 

APCS Serum amyloid P component P02743 0.033238926 

BLVRB Biliverdin Reductase B P30043 0.04388492 

HBA1 Hemoglobin Alpha 1 P69905 0.045904784 

PRDX2 Peroxiredoxin 2 P32119 0.0474467 
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Supplementary Table 3: Discovery metabolomics analysis in ASD cord blood 

identified 45 features as significantly differentially expressed (p <0.05) between ASD 

cases and controls from the BASELINE birth cohort. Where possible, putative 

annotations were checked and listed. 

 

Table 22: Supplementary Table 3: Discovery metabolomics analysis in ASD cord blood 

Compound Description Compound 

ID 

P_Value FDR Fold 

Change 

Rand

om 

Forest 

Rank 

2.69_217.1050m

/z 

2,3-Butanediol 

glucoside 

HMDB00408

22 0.004301 0.990192 

1.156236

91 

4 

13.39_664.4646

m/z 

PC(18:3(6Z,9Z,12Z)/

12:0) 

LMGP01011

640 0.004845 0.990192 

0.908641

331 

1 

6.88_175.1124m

/z 

4-Methyl-2-phenyl-

2-pentenal 

HMDB00372

81 0.005565 0.990192 

0.848721

83 

2 

2.30_103.0548m

/z UNKNOWN UNKNOWN 0.008796 0.990192 

1.148506

016 

9 

9.99_538.3869m

/z LysoPE(0:0/22:0) 

HMDB00114

90 0.009543 0.990192 

0.625783

637 

- 

7.27_263.2037m

/z 

2-

[2(Decylsulfanyl)eth

oxy]ethanol 

CSID1798304

8 0.010991 0.990192 

0.626183

356 

13 

4.72_558.2791n UNKNOWN UNKNOWN 0.014168 0.990192 

1.200699

924 

3 
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8.75_255.2111m

/z 5-Androstenediol 

HMDB00038

18 0.014295 0.990192 

0.790952

303 

14 

13.04_445.2524

m/z 

3,4-Dihydroxy-

tamoxifen 

HMDB00610

87 0.015983 0.990192 

0.914750

772 

8 

4.53_627.3747m

/z UNKNOWN UNKNOWN 0.019299 0.990192 

1.306797

897 

5 

6.94_119.0860m

/z Nona-2,4,6-trienal 

HMDB00324

41 0.019618 0.990192 

1.603443

605 

6 

4.25_305.2216m

/z 

Hydroxy-alpha-

sanshool 

HMDB00295

67 0.019984 0.990192 

0.603344

764 

- 

4.63_379.1958m

/z 

Pregnenolone 

sulfate 

HMDB00007

74 0.025526 0.990192 

0.846372

061 

- 

4.21_303.2067m

/z Phygrine 

HMDB00397

54 0.028519 0.990192 

0.530432

957 

- 

5.64_331.2632m

/z 

4,7,10,13,16-

Docosapentaenoic 

acid 

HMDB02466

21 0.02856 0.990192 

0.821931

033 

16 

8.13_171.1170m

/z 

10beta-12,13-

Dinor-8-oxo-6-

eremophilen-11-al 

HMDB00376

04 0.029591 0.990192 

0.914740

326 

- 

1.14_136.9307m

/z Sulfate 

HMDB00014

48 0.029977 0.990192 

1.240168

358 

7 

4.84_347.2219m

/z 

19-

Hydroxydeoxycorti

costerone 

HMDB00126

12 0.031493 0.990192 

0.805471

817 

10 

6.65_540.3659m

/z 

O-{Hydroxy[(2R)-2-

hydroxy-3-

(icosyloxy)propoxy]

phosphoryl}-L-

serine 

CSID1133767

68 0.033198 0.990192 

1.222018

159 

11 

5.91_345.2069m

/z UNKNOWN UNKNOWN 0.037099 0.990192 

0.843159

518 

- 
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12.70_774.5670

m/z PS(18:0/18:0) 

HMDB00123

78 0.03729 0.990192 

1.142462

403 

18 

2.27_224.1287m

/z UNKNOWN UNKNOWN 0.037552 0.990192 

1.095251

356 

- 

5.43_317.2467m

/z 

Tetrahydrodeoxyco

rticosterone 

HMDB00008

79 0.039772 0.990192 

0.865336

971 

17 

5.36_493.2726m

/z UNKNOWN UNKNOWN 0.040949 0.990192 

0.758581

583 

- 

4.51_303.1967m

/z 

19-Hydroxyandrost-

4-ene-3,17-dione 

HMDB00039

55 0.042417 0.990192 

0.748523

985 

12 

12.43_443.2386

m/z 

Dimethyl 3-

methoxy-4-oxo-5-

(8,11,14-

pentadecatrienyl)-

2-hexenedioate 

HMDB00320

99 0.043819 0.990192 

0.881774

145 

- 

4.96_283.1094m

/z 5b-Cyprinol sulfate 

HMDB00068

88 0.04431 0.990192 

1.142574

47 

- 

4.69_305.2119m

/z 

6beta-

Hydroxytestostero

ne 

HMDB00062

59 0.045265 0.990192 

0.821863

415 

- 

5.89_511.3269n UNKNOWN UNKNOWN 0.045982 0.990192 

1.258040

214 

15 

3.98_284.1849m

/z 

(3S,5R,6R,7E)-3,5,6-

Trihydroxy-7-

megastigmen-9-one 

HMDB00387

36 0.046058 0.990192 

0.798030

244 

20 

0.93_463.9451m

/z UNKNOWN UNKNOWN 0.046887 0.990192 

1.141164

805 

19 

14.53_383.3252

m/z 

N-(1,3-

Dihydroxyoctadec-

4-en-2-yl)acetamide 

HMDB02477

81 0.048732 0.990192 

0.890172

417 

- 
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Supplementary Table 4. Summary statistics of targeted steroid analysis in cord 

blood and children. Mean values with Standard deviation are reported for cases and 

controls with P-value from Mann-Whitney U test. No compounds passed FDR 

correction. 

Table 23: Supplementary Table 4. Summary statistics of targeted steroid analysis in cord blood and children 

Metabolite Cases Controls P-Value Age 11 – 

Ancova P-value 

with age 

adjustment 

Androstendiol 209.54 (77.65) 213.57(134.89) 0.5569 - 

Androstenedione 0.62 (0.35) 0.84(0.39) 0.0193 0.936457 

Androstenedione:D

HEAS 2893(1566.92) 1873.02(907.69) 0.01 0.17715 

Corticosterone 2.82 (3.78) 3.07(3.94) 0.5258 0.133795 

Cortisol 77.28 (91.41) 79.48(97.09) 0.7699 0.061413 

Cortisol Sulphate 1.14(0.62) 1.15(0.61) 0.8013 - 

DHEAS 1420.50 (448.82) 1381.38(586.85) 0.6707 0.877 

Esterone 

Glucuronide 0.04 (0.03) 0.05(0.04) 0.4033 0.74774 

Progesterone 931.93(501.02) 945.11(382.59) 0.4866 - 

Testosterone 0.09(0.08) 0.08 (0.07) 1 0.67396 

11 

Deoxycorticosteron

e 1.69 (1.18) 2.19(1.70) 0.0943 - 

11 Deoxycortisol 2.93(1.77) 3.37(2.16) 0.3207 - 
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17OHP 25.33 (9.86) 29.34(16.83) 0.4951 - 

21 Deoxycortisol 
  0.49(0.35) 0.88(1.35) 0.322 - 

 

 

 

 

 

 

Supplementary Figure 1: Flow chart. 2,137 mother and baby pairs were recruited 

between August 2008-October 2011 for the BASELINE cohort. The preceding 

SCOPE study provided 1,537 mothers, while an additional 600 infants were recruited 

in the initial post-natal period. 1,249 participants completed all follow-up assessments 

at 5-years. A nested case:control study was created based on; children who had a 

formal ASD diagnosis at this follow-up period, and available cord blood plasma 

samples taken in the immediate post-natal period. This initial BASELINE study 

consisted of 22 children with ASD, matched with 44 neurotypical controls. Participants 

were followed-up to explore persistent blood-based changes in children with ASD 

versus neurotypical controls. All children were invited for follow-up assessments. The 

cohort of children with an early ASD diagnosis n=22 were combined with children who 

were diagnosed with ASD at a later timepoint (7-10 yrs old) n=15. These 15 children 

were part of the original larger study cohort, and had red flags for ASD but no formal 

diagnosis. Based on successful visits and bloods samples taken, a follow-up nested 

case:control PiRAMiD study cohort was designed including 24 cases:48 controls. 

There was an overlap of 13 cases and 17 controls between both BASELINE and 

PiRAMiD cohorts. 

 

Supplementary Figure 2: Results from serum proteomic analysis.  A) PLS-DA plot 

of samples with clustering ellipses. No clear separation is observed between groups. 

B) Volcano plot of all proteins measured.  11 of 405 quantified proteins were 

significantly altered at p < 0.05 following a student’s t-test. After the application of the 

Benjamini-Hochberg procedure no compounds were found to be significantly altered 

(FDRate >0.05). C) Violin plots of the 11 significant proteins identified prior to FDR 

correction. D) Receiver Operator Characterisitc (ROC) curve showing predictive 

performance of the random forest model for the prediction of autism using significantly 
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altered serum proteins (n=11). E) Pathway analysis plot displaying pathways 

identified from the significant proteins. 

 

Supplementary Figure 3 ML Cord blood proteomics. A/B) ROC curves for logistic 

regression and random forest models trained on the full set of cord blood proteins 

quantified (n = 558). C/D) ROC curves for ML models trained using the top 20 cord 

blood proteins identified through random forest based feature ranking. E/F) ROC 

curves for models trained on the significantly altered cord blood proteins (n=41). G) 

Top 20 features ranked by random forest from the full set of quantified cord blood 

proteins for ability to predict autism. H) Rankings of top 20 significantly altered cord 

blood proteins for autism prediction as identified by random forest.  

 

Supplementary figure 4 ML Serum Proteomics. A/B) ROC curves for ML models 

trained using the full set of quantified serum proteins (n= 404). C/D) ROC curves for 

ML models trained using the top 20 serum proteins for autism prediction as identified 

by random forest. E/F) ROC curves for ML models trained using the significantly 

altered serum proteins (n=11). G) Top 20 random forest feature rankings on all serum 

proteins quantified. H) Ranking of significantly altered serum proteins as identified by 

random forest feature ranking.  

 

Supplementary Figure 5.  ML Metabolomics: A/B) ROC curve for random forest 

model trained on the full set of discovery metabolites quantified. B) ROC curve for 

logistic regression model trained on the full set of targeted steroid metabolites 

quantified. C) ROC curve for random forest model trained on the top 20 features 

identified from the full set of discovery cord blood metabolites. D) ROC Curve for the 

random forest model trained using the full set of targeted steroid metabolites. E) Top 

20 random forest feature rankings from the full set of discovery metabolomics. F) 

Random forest feature ranking from the full set of cord blood steroid metabolites. 
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PiRAMiD study: PRedicting early onset Autism through 

Maternal Immune Activation and Proteomic Discovery 

 

 

 

Questionnaire 

Date Completed: ___/___/___ 

 

 

Child ID: __________ 

Child DOB: ___/___/___ 

Child Gender: M / F 

 

Mother ID: __________ 

Mother DOB: ___/___/___ 

Maternal Age: ____ 

 

Paternal ID: __________ 

Dad DOB: ___/___/___ 

Paternal Age: ____ 
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Socio-demographics   

Marital Status    

I. Single  

II. Married/Living as married  

III. In a relationship (not living together) 

IV. In a relationship (living together) 

V. Separated/Divorced  

VI. Widowed  

VII. In a registered same sex civil partnership 

What is your highest level of education (mother)?    

I. No formal education  

II. Primary school  

III. Secondary school - Junior/Inter Certificate  

IV. Secondary school - Leaving Certificate  

V. Third level - Certificate  

VI. Third level - Diploma  

VII. Third level - Degree  

VIII. Third level - Higher/Graduate Diploma  

IX. Third level - Masters  

X. Third level – PhD 

XI. Other, please specify  

Parents combined net income (after deductions of tax and PRSI)  

Please tick one 

             Per Week               Per Month                     Per Year  

I. Under €230...Under €1,000...Under €12,000  

II. €231 to under €350...€1,001 to under €1,500...€12,001 to under €18,000   

III. €351 to under €460...€1,501 to under €2,000...€18,001 to under €24,000   

IV. €461 to under €575...€2,001 to under €2,500…€24,001 to under €30,000  

V. €576 to under €800...€2,501 to under €3,500...€30,001 to under €42,000  

VI. €801 to under €925...€3,501 to under €4,000...€42,001 to under €48,000  

VII. €926 to under €1,150…€4,001 to under €5,000...€48,001 to under €60,000  

VIII. €1,151 to under €1,500...€5,001 to under €6,500…€60,001 <€78,000 

IX. €1,501 to under €1,850...€6,501 to under €8,000...€78,001 to under €96,000  

X. €1,851 or more ...€8,001 or more ...€96,001 or more  

XI. Prefer not to say 

XII. Don’t Know 
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Current job situation   

I. Full time work  

II. Part time work  

III. Student  

IV. Homemaker  

V. Unemployed   

VI. Sickness beneficiary  

VII. Other  

  

Maternal Occupation  

(Please give specific details of your occupation; also if you have been unemployed 

for less than 6 months please give title of previous job) 

 

Paternal Occupation  

(Please give specific details of your occupation; also if you have been unemployed 

for less than 6 months please give title of previous job) 

 

Health 

Smoking 

Mother 

Do you currently smoke? 

I. Yes 

II. No 

III. eCigarettes 

Father 

Do you currently smoke? 

I. Yes 

II. No 

III. eCigarettes 

Maternal Occupation: 

Paternal Occupation: 
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If Yes, how often do you smoke?  

I. Daily/Almost Daily        

II. A few times per week  

III. Once a week  

IV. Less than once a week 

 

Do you allow smoking in your house?  

I. No 

II. No, but do so outside 

III. Yes, occasionally  

IV. Yes, regularly  

V. Yes, e-cigarettes only 

 

Child Health 

Does your child have a developmental disorder? 

I. ASD 

II. Asperger’s  

III. ADHD 

IV. Dyspraxia (Developmental co-ordination disorder) 

V. Sensory-Processing disorder 

VI. Dyslexia (specific learning disorder/difficult/disability - literacy) 

VII. Dyscalculia (specific learning disorder/difficult/disability - numeracy) 

VIII. Neuro-typical 

IX. No concerns 

X. Other 

 

Do any of your other children have any of the above conditions? 

 

 

 

Developmental Disorder (child): 

Developmental Disorder (sibling): Age/ Sex/ Developmental disorder 

                                                             ------------------------------------------- 

                                                             ------------------------------------------- 
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How was your child diagnosed with this condition, and at what age? 

I. Specialist ASD services (COPE, Marian house) 

II. Private individual practitioners (psychologist/psychiatrist/SLT) 

III. Private (MDT) Multidisciplinary team 

IV. Suspected diagnosis – No formal diagnosis 

 

 

If your child has a diagnosis of Autism/Asperger’s/ASD. What tools/instruments 

were used to make this diagnosis? 

I. DISCO 

II. ADOS 2 

III. ADI-R 

IV. CARS 

V. Unknown 

VI. Other 

 

Where does your child attend school? 

I. Mainstream 

II. Mainstream with support 

III. ASD unit 

IV. Special school 

V. Home tuition 

 

Is your child unwell or do they have an infection currently? 

Yes/No (please circle appropriate response) 

If “yes” please elaborate 

 

 

 

Diagnostic tool: 

Current ill-health (Child): 

Age at diagnosis: 
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Does your child have any underlying medical conditions? 

Yes/No (please circle appropriate response) 

I. Asthma 

II. Eczema 

III. Epilepsy 

IV. Inflammatory Bowel Disease 

V. Dental caries/decay 

VI. Other (please specify) 

 

Is your child on any medications? 

 

Anthropometrics: 

I. HT (m) 

II. WT (Kg) 

III. BMI 

IV. BMI range  

 

Maternal Health 

Are you unwell or do you have an infection currently? 

Yes/No (please circle appropriate response) 

If “yes” please elaborate 

 

 

 

 

 

 

Other conditions: 

Medication:  

Current ill-health (Maternal): 
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Do you have any underlying medical conditions? 

I. Inflammatory arthritis 

II. Inflammatory Bowel Disease 

III. Asthma/Eczema 

IV. Psoriasis 

V. Other 

 

Are you on any medications? 

 

Are you currently pregnant? 

Yes/No (please circle as appropriate) 

If yes, 

1st Trimester □ 

2nd Trimester □ 

3rd Trimester □ 

 

Do you have any other children? 

No   □ 

Yes, 1  □ 

Yes, 2  □ 

Yes, 3+  □ 

Please document their names and ages 

 

 

 

 

 

Other medical conditions: 

Medications: 
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Anthropometrics: 

I. HT (m) 

II. WT (Kg) 

III. BMI 

IV. BMI range 

 

Paternal Health 

Are you unwell or do you have an infection currently? 

Yes/No (please circle appropriate response) 

If “yes” please elaborate 

 

Do you have any underlying medical conditions? 

I. Inflammatory arthritis 

II. Inflammatory Bowel Disease 

III. Asthma/Eczema 

IV. Psoriasis 

V. Other 

 

Are you on any medications? 

 

Do you have any other children? 

No   □ 

Yes, 1  □ 

Yes, 2  □ 

Yes, 3+  □ 

 

Medications: 

Other medical conditions: 

Current ill-health (Paternal): 
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Anthropometrics (paternal): 

I. HT (m) 

II. WT (Kg) 

III. BMI 

IV. BMI range 

 

Psychometric Assessments (For researcher) 

KBIT-2 results 

Verbal 

Non-verbal 

Composite 

 

SCQ results (lifetime) 

Raw score 

<15   □ 

>15   □ 

 

Venepuncture 

Performed successfully? 

Serum   □ 

Tempus   □ 

EDTA    □ 
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Date:  

Study ID:                                                                       

Gender:                                                                        DOB: 
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Sample Social Story with a hypothetical patient 

named Robert 

 

Robert is going to see Dr. Mick Carter today. 
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TIME TO GO 

Robert and his parents will go to Dr. Mick. 

 
 
Robert and his Mum (Olga) will visit Dr. Mick today.  
 
 
First, Robert will look at pictures and puzzles and answer  
some questions.  
 
 
Then Robert will have some blood taken (if he wants to)   
 
 
Having blood taken means that Dr. Mick will take a little bit of  
blood from Mum’s, and Robert’s arms. 
 
 
Whenever blood is taken, there are things that Dr. Mick will do. 
 
 
This story will show you all the steps of having blood taken.  
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You will all go into a room like this one. 
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Robert will listen and look at some pictures with Dr. Mick. 
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Robert will do some puzzles, and answer some questions. 

 

Then Dr. Mick will take everyone’s blood. 
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Dr. Mick will bring out gloves, some tubes that collect blood 

and the needle that helps the blood go into the tubes. 
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 These are the things Dr. 
Mick will use. 
 

 
 
 

 

Dr. Mick will put on some 
plastic gloves to help keep 

everyone safe. 
         

 
 

Dr. Mick will wrap a band 
around your arm. It won’t 

hurt. 

         

 
Dr. Mick will put a spray on 

your arm.  
The spray may smell funny 
and cold on Kacey’s arm.  

This might feel different but 
it does not hurt. 

Dr. Mick will take the 
needle and put it into 
Robert’s arm. It is 
important that Robert 

 
Dr. Mick will use the needle to 
help get Robert’s blood out. 
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does not move his arm. 
You will need to keep 
your arm still so Dr. Mick 
can put the needle in 
without it hurting too 
much. Mum and Dad will 
be there for hugs.    

 
 
 

 

Blood goes from Robert’s arm 
into the needle.  
Then the blood goes from the 
needle and down the tube.   
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Dr. Mick will fill the tubes.  
 

                        

 
 

Then he will put a cotton ball 
over the needle in Robert’s 
arm.  
Dr. Mick will take out the 
needle and he will gently 
hold the cotton ball on your 
arm. 
                              

 

 
 

  
 

I am all done.  
Well done Robert. Everyone 

is so proud of you. 
 

                   

 

 

https://www.bing.com/images/search?view=detailV2&ccid=biS2faXA&id=AC44566CFE23ADA743C8F961B1C1F3AC56ED5E8A&thid=OIP.biS2faXAQW-rZBcrh-UBswHaE7&mediaurl=http://share.upmc.com/wp-content/uploads/2017/03/Tetanus.jpg&exph=527&expw=791&q=childs+arm+after+injection&simid=608026072394567113&selectedIndex=92
https://www.bing.com/images/search?view=detailV2&ccid=VpaVJWZ0&id=453D927E9705B0FAF77808A21472E4E3D4C79A4A&thid=OIP.VpaVJWZ0cldq3duvmd4MBQHaFj&mediaurl=https://health.clevelandclinic.org/wp-content/uploads/sites/3/2015/10/Bandaid.jpg&exph=3448&expw=4592&q=bandaid+child+arm&simid=608054827206118770&selectedIndex=2
https://www.bing.com/images/search?view=detailV2&ccid=gxSzLOvf&id=E262A0A2C11F04068A4B5F1251916BB22B9EB4EB&thid=OIP.gxSzLOvfPZbDrdYgusIoEgHaHa&mediaurl=https://rlv.zcache.co.uk/good_job_well_done_face_sticker-r50c0f1d960e148f4b79b6dc9b184f237_v9wf3_8byvr_540.jpg&exph=540&expw=540&q=Great+job+well+done&simid=608017413770642421&selectedIndex=3
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Autism spectrum disorder (ASD) is the commonest neurodevelopmental disability. It is a highly 

complex disorder with an increasing prevalence and an unclear etiology. Consensus indicates 

that ASD arises as a genetically modulated, and environmentally influenced condition. 

Although pathogenic rare genetic variants are detected in around 20% of cases of ASD, no 

single factor is responsible for the vast majority of ASD cases or that explains their 

characteristic clinical heterogeneity. However, a growing body of evidence suggests that ASD 

susceptibility involves an interplay between genetic factors and environmental exposures. 

One such environmental exposure which has received significant attention in this regard is 
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maternal immune activation (MIA) resulting from bacterial or viral infection during pregnancy. 

Reproducible rodent models of ASD are well-established whereby induction of MIA in 

pregnant dams, leads to offspring displaying neuroanatomical, functional, and behavioral 

changes analogous to those seen in ASD. Blockade of specific inflammatory cytokines such 

as interleukin-17A during gestation remediates many of these observed behavioral effects, 

suggesting a causative or contributory role. Here, we review the growing body of animal and 

human-based evidence indicating that interleukin-17A may mediate the observed effects of 

MIA on neurodevelopmental outcomes in the offspring. This is particularly important given the 

current corona virus disease-2019 (COVID-19) pandemic as severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) infection during pregnancy is a potent stimulator of 

the maternal immune response, however the long-term effects of maternal SARS-CoV-2 

infection on neurodevelopmental outcomes is unclear. This underscores the importance of 

monitoring neurodevelopmental outcomes in children exposed to SARS-CoV-2-induced MIA 

during gestation. 

Keywords: ASD, autism, cytokine, maternal immune activation, MIA, interleukin-17A (IL-17A), COVID-19 
INTRODUCTION 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by a spectrum of deficits 
in social interactions and communication combined with stereotypical and repetitive behaviors. Up to 50% 
of those affected can have intellectual disability (ID) and limited verbal communication (1– 3). In recent 
decades, the prevalence of ASD has consistently increased from approximately 1 in 1,000 in the 1960s (4), 
to 1 in 44 today in the United States (5). Increasing prevalence may in part, be explained by changes in 
reporting practices, increased recognition of ASD symptoms, broadening of the ASD diagnosis (1), and 
improved accessibility to services (6, 7). A significant ratio of 4:1 from male to female still exists with 
markedly differing prevalence rates between the sexes, 1/38 in males and 1/151 among females (8). 
Although genetic susceptibilities are recognized, the mechanism of disease development is unknown and 
does not follow a clear pattern of inheritance (9, 10). This suggests possible mediation by additional 
unknown biological or environmental factors (11). Both common and rare genetic risk factors have been 
identified with more than 400 diverse genes now linked to ASD. Singly, these genetic factors each convey 
only a modest increase in ASD risk (∼1%), however collectively they can contribute to a far greater risk (12, 
13). Up to 20% of individuals with ASD may possess copy number variants (CNVs) and de novo loss of 
function single nucleotide variants (SNVs) that are individually rare but in combination, increase an 
individual’s ASD risk (12). While newer methods of genetic analysis (such as whole genome sequencing) are 
uncovering new candidate genes with regularity (14), the heterogeneity of the clinical and phenotypic 
groups within ASD strongly suggest that in those with a genetic predisposition, environmental factors may 
act in concert to bring about a multisystem dysfunction leading to ASD. A well-characterized environmental 
factor known to impact early fetal brain development and increase ASD risk is maternal inflammation during 
pregnancy, which is commonly called maternal immune activation (MIA). Numerous epidemiological studies 
have linked gestational infections with elevated risk of ASD in offspring (15–17), and animal models of MIA 
have simulated gestational infection resulting in MIAinduced neural and behavioral abnormalities 
analogous to those seen in ASD (18–20). 

Focused early intervention in young children with ASD has been shown to result in normalized patterns 
of brain 

 
Abbreviations: ACE-2, angiotensin-converting enzyme-2; ADHD, Attention Deficit Hyperactivity Disorder; ARDS, acute respiratory 

distress syndrome; ASD, autism spectrum disorder; CS, cesarean section; CD8 cell, cluster of differentiation 8, cytotoxic T-lymphocytes; 

CHD8, chromodomain helicase DNA binding protein 8 gene; CNV, copy number variant; COVID-19, corona virus disease-2019; FMR1, 

fragile X mental retardation 1 gene; GWAS, genome-wide association study; HLAG gene, human leukocyte antigen G coding gene; ID, 

intellectual disability; IL, interleukin; IL17A gene, interleukin 17A gene; LPS, lipopolysaccharide; MERS, Middle Eastern Respiratory 

Syndrome; MIA, maternal immune activation; mTor, mammalian target of rapamycin; Poly (I:C), polyinosinic:polycytidylic acid; PNS, 

peripheral nervous system; RORγt, retinoid-related orphan receptor gamma t; SARS-CoV-2, severe acute respiratory syndrome-

coronavirus 2; SNV, single nucleotide variant; Th17, T helper 17 cell; TSC1/TSC 2, Tuberous sclerosis complex ½. 
activity, and is associated with improved functional outcomes and reduced morbidity (21, 22). Most children 
affected by ASD can have a reliable and stable ASD diagnosis from as early as 14 months of age (23), yet in 

spite of this, the average age of ASD diagnosis is closer to 5 years (24, 25). Numerous studies sought to 
identify blood-based biomarkers of ASD in affected adolescents and adults (26, 27) and have reported 
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alterations of molecules involved in iron transport (28), inflammation (29, 30), brain development (31), and 
metabolism (32). None to date has identified and validated reliable mechanistic biomarkers with the ability 
to improve ASD detection in the crucial early developmental period. Multiple descriptive ASD biomarkers 
such as characteristic MRI brain findings, abnormalities of gaze preference on eye tracking or characteristic 
EEG findings in infants with ASD; show promise in terms of aiding earlier ASD detection. However, none is 
directly involved in the pathogenesis of ASD and arises of the condition rather than contributes to it. The 
infant brain doubles in volume over the first year coinciding with maximal neuroplasticity and 
synaptogenesis. Recognition of an early mechanistic biomarker gives us the best chance of implementing 
strategies during this critical early childhood window allowing ASD diagnosis and intervention at the earliest 
possible stage. 

Here, we highlight recent research in this area, both from preclinical animal studies and epidemiological 
human studies, along with a proposed mechanistic pathway, that we can encourage other research groups 
with access to suitable maternal-child cohorts to examine this question. We encourage researchers to look 
at the prospective study of children born during the corona virus disease-2019 (COVID-19) era, when their 
gestations may have been complicated by mild or even asymptomatic severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) infection. Otherwise, the long-term effect, if any, of COVID-19 on the fetal brain 
could remain unknown for years to come. 

INFLAMMATION, VIRAL INFECTION, AND ASD: WHAT ARE THE 

IMPLICATIONS OF THE COVID-19 PANDEMIC? 

There is growing scientific evidence that aberrant immune activation occurs in ASD (27, 33) based on studies 
of autistic children and young adults (34, 35). As early as 1971, Stella Chess reported ASD cases associated 
with the 1964 Rubella outbreak in the United States (36), and in a 1977 follow up study, Chess et al. quoted 
ASD prevalence rates of 8–13% in children of mothers who were infected during that outbreak (16). Large 
epidemiological studies indicate that conditions such as maternal autoimmune disorders and mid-trimester 
viral infections that trigger gestational pro-inflammatory states (i.e., MIA), are linked with elevated ASD, 
schizophrenia, and bipolar disorder risk in offspring (16, 17, 37, 38). More recently, a range of conditions 
associated with proinflammatory states in pregnancy such as obesity, psychosocial stress, and pre-
eclampsia were associated with increased ASD risk in children (39, 40). Thus, gestational MIA appears to 
play a role in the pathogenesis of the ASD phenotype in exposed offspring. 
MATERNAL IMMUNE ACTIVATION AND NEURODEVELOPMENTAL OUTCOMES 

We define MIA as a triggering of the maternal immune system by infectious or infectious-like stimuli 
resulting in an increase in measurable inflammatory markers during pregnancy (41, 42). Maternal immune 
activation has been most commonly simulated in preclinical rodent, murine and non-human primate (rhesus 
macaque) animal models by Poly (I:C) (polyinosinicpolycytidylic acid) or LPS (lipopolysaccharide) injection 
which, respectively, model viral and bacterial infection (18, 43, 44). Poly (I:C) is a synthetic analog of double 
stranded RNA, mimics the effects of viral infection (45). The triggered immune response results in offspring 
with behavioral, immunological, and neurological abnormalities that approximate to autistic symptoms 
observed in humans, notably, impaired sociability and repetitive behaviors (18, 46, 47). Offspring born to 
poly (I:C) treated dams have consistently, across all exposure categories [administration of varying doses of 
poly (I:C) and at varying gestations], shown impairment of social interaction, this is manifest as reduced 
communication in ultrasonic vocalizations (USV) which are usually triggered by separation from the dam in 
the first two postnatal weeks. Marble burying, a well-recognized behavioral paradigm to measure repetitive 
behaviors in rodents, again is consistently increased in murine offspring following poly (I:C) treatment (48). 
These offspring have proven useful in pre-clinical etiological studies as well as identification of therapeutic 
targets. 

Cytokine dysregulation may play a causative role in observed neuronal dysfunction in pre-clinical models 
of MIA (20, 46, 49). In a recent study, Choi et al. convincingly demonstrated that simulated MIA in murine 
models leads to elevation in maternal IL-6, which in turn activates maternal Th17 cells. These maternal Th17 
cells produce IL-17, which is thought to cross the placenta triggering increased expression of IL-17AR in the 
fetal brain and leading to cortical malformations and behavioral abnormalities (18, 50). These 
malformations parallel abnormalities found in brain development in children, adolescents and adults with 
ASD (51, 52). Poly (I:C) treatment also leads to raised IL-17A mRNA levels in placental tissue of these mice 
(18). Through inhibition of IL-6 and IL-17A signaling with antibody blockade of the IL-17A cytokine, Choi at 

al also determined that a sustained increase in IL-17A expression seemed to be pathogenic in ASD, as IL-17A 
blockade prevented the development of ASD-like phenotypes (18). Specific behaviors in mice which model 
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core diagnostic features of ASD (including repetitive burying and increased neonatal USV) were normalized 
in the previously MIA-exposed offspring (53, 54). 

Improved fetal resilience is associated with lower intensity of MIA. Autism spectrum disorder risk after 
prenatal exposure to maternal fever has been found to increase in a dose dependent manner (55, 56) and 
similar effects were identified in animal models of MIA (57). A balanced maternal diet seems to contribute 
to improved fetal resilience also (58–60). Exposure to relatively higher grades of immune activation via high 
intensity MIA (40), intrapartum infection (61, 62) and genetic risk factors lead to reduced fetal resilience, 
and increased likelihood of unfavorable developmental outcomes. 
ALTERATIONS IN CYTOKINE EXPRESSION IN HUMAN STUDIES 

While many studies have examined the cytokine profiles of individuals with ASD, only a very limited number 
of studies to date have examined mid-gestation cytokine levels in mothers of children who subsequently 
develop ASD. Three studies retrospectively analyzed maternal blood sampled during pregnancy. A 2017 
study by Jones et al., reported elevated midgestation cytokines and chemokines in mothers of children with 
ASD associated with ID, and particularly early onset ASD (as defined by the authors as early or sustained 
delays in language or social skills, and excluding those showing clear skill regression) (63). Dysregulation was 
noted in a number of cytokines including interleukins IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-8, and IL-17A between 
15 and 19 weeks’ gestation. An earlier study noted elevations in mid-gestation serum IL-4, IL-5, and IFN-
gamma levels in mothers of ASD affected children (15). While, more recently, Irwin et al. demonstrated 
alterations in IL-4, MCP-1, and IL-10 levels in 28-week gestation serum of mothers who birthed ASD affected 
children (64). Other authors have examined amniotic fluid at mid-gestation and found elevated levels of IL4, 
IL-10, TNF-α, and TNF-β in ASD patients vs. controls (65). Yet, amniotic fluid cytokine concentrations are 
more indicative of the fetal immune state rather than the maternal state (66, 67). In Table 1, we outline a 
number of the cytokines most frequently found to be dysregulated in the serum or cerebrospinal fluid (CSF) 
of ASD affected individuals, and gestational serum and amniotic fluid samples from mothers of ASD affected 
children. 

A growing body of evidence supports a role in ASD pathogenesis for Th17 cells and their product cytokine, 
IL-17A (Figure 1) (79, 82). The IL17A gene itself has been identified by a small genome-wide CNV study to 
have amplified CNVs in ASD affected cohorts (83). Elevated levels of IL-17A have been reported in the blood 
of ASD affected individuals, and these correlate positively with severity of ASD behavioral symptoms (35, 
63, 79). Yet, others have found high concentrations of IL-17A in individuals affected by obesity or high BMI 
(84), both of which are more likely in ASD groups (85). This is a potential confounder for any retrospective 
cohort based study designs. 

STRING analysis (Figure 2) (86) indicates that IL-17A has proven or predicted interactions with IL-2, IL-6, 
IL-10, IL13, IL-17F, IL-17RA, IL-17RC, CTLA4, STAT3, and STAT6. Each of these proteins have been previously 
reported to have altered expression in children with ASD, as outlined below. Of these, the most persistently 
described, and hence, potential key player is IL-17A, along with its receptor IL17RA and receptor complex, 
IL17RC. 

Network nodes represent proteins—each node represents all the proteins produced by a single, protein-
coding gene locus. Edges (lines) represent protein-protein associations that are specific and meaningful, i.e., 
proteins jointly contribute to a shared function; this does not necessarily mean they are physically binding 
each other. Blue connecting lines indicate that protein interaction information was derived from curated 
databases, pink indicates the interaction was experimentally determined, yellow indicates 
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The numbers in parentheses indicate the relevant references. 

the interaction was determined via text mining, black indicates protein co-expression, and lilac indicates 
protein homology. Analysis was performed on 28 July 2021 via the string-db.org domain. 

IL-17A ASSOCIATED PRO-INFLAMMATORY MEDIATORS IN ASD 

Upregulation of pro-inflammatory pathways has been persistently associated with ASD. IL-6 is a versatile 
cytokine, with multiple functions throughout the body. It plays roles in immunity, inflammation, 
hematopoiesis, and oncogenesis. IL-6 works to promote pro-inflammatory Th17 cells (IL17 producers) and 
to downregulate anti-inflammatory Treg cells (regulatory T-Helper cells) (87, 88). Th17 cells produce 
cytokines that cross the placental barrier (20). This transplacental effect has been well-characterized with 
IL-6, which was shown to alter offspring behavior and brain development (20, 89). 

Like IL-17A, IL-17F is also produced by Th17 cells (90). IL-17F is reported to be involved in the regulation 
of proinflammatory gene expression and responses (91). IL-17RA and IL-17RC are both members of the IL-
17 receptor family. In order for IL-17A (or indeed IL-17F) to have biological effects on tissues, IL-17RA must 
be present (90). IL-17RA is expressed in immune cells, and some children affected by ASD appear to possess 
higher levels of this receptor compared to neuro-typical controls (92). IL-17RA blockade may reduce 

monocyte associated oxidative stress which may improve neuro-inflammation associated with ASD (92). IL-
17RC is also essential for the formation of the IL-17 receptor complex (46). IL-17RC levels in neutrophils are 

TABLE 1 | Cytokine dysregulation in ASD affected individuals and in gestational serum and amniotic fluid samples of mothers with ASD affected offspring. 
Cytokine Category 

Altered in blood/CSF of 
ASD individual 

Altered in 
gestational blood 

Altered in 
amniotic fluid 

Cytokine characteristics relevance to ASD 

TNFα Pro-inflammatory (29, 68–70) (63) (65) Apoptosis of infected cells. Elevated in the CSF 
and blood of ASD affected individuals (29, 68, 69). 

IL-1β Pro-inflammatory (29, 68, 71, 72) (63)  A potent pro-inflammatory cytokine involved in both 
acute and chronic inflammation. Correlated with 
ASD symptom severity (34). 

IL-6 Pro-inflammatory (29, 68, 70–74) (63)  Induces production of acute phase proteins and 
stimulates B-cell antibody production (75). 
Pleiotropic (affects hematologic, hepatic, 
endocrine, and metabolic function). Thought to 
impact synapse formation and neuronal migration 
(76). Potentially mediates IL-17 linked ASD risk in 
pregnancy (18, 46). 

IFNγ Pro-inflammatory (27, 29, 73) (15, 63)  Interfaces between innate and adaptive immune 
response. Secreted by NK cells, and promotes NK 
killing. Activates macrophages, which produce IL-
12 and−23, stimulating Th1 and Th17 cell, 

respectively. Inhibits Th2 cells. Versatile, with a 
role in defense against intracellular pathogens, 
tumors surveillance, autoimmunity, allergy, and the 
protection of the amniotic space during pregnancy 
(77). 

IL-17 Pro-inflammatory, 
Chemotactic 

(29, 35, 70, 74, 78, 79) (63)  Derived from Th17 cells, a subset of CD4 cells. 
Potentiates the innate PMN response throughout 
inflammation. Postulated to trigger alterations in the 
blood brain barrier and lead to cortical dysplasia 
(46). 

IL-4 Pro-

/Antiinflammatory, 
Allergy 

(72) (15, 63, 64) (65) A Th2 derived cytokine, often linked with asthma 

and allergic type inflammation (33). Dual role: 
pro/anti-inflammatory properties. Crucially 
important in mitigating inflammation during 
pregnancy (primarily through suppression of Th1 T-
cells and associated cytokines (IL-2 and IFNγ). 

GM-CSF Growth factor (80) (63)  A colony-stimulating factor. Produced by stromal 
cells, it targets bone marrow, and precursor cells, 
mediating hematopoiesis. 

IL-8 Chemotactic (71, 73, 81) (63)  Produced by fibroblasts, neutrophils, and 
macrophages. Chemo-attractant for phagocytes at 
site of inflammation. 

 

https://string-db.org/
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raised in children with ASD compared to neuro-typical controls. In fact, expression of this receptor (mRNA 
and protein) was completely absent in a cohort of neuro-typical children. The presence of both IL-17A 
receptor subunits in ASD patients may magnify the effects of IL-17A resulting in an autistic phenotype (93). 

The transcription factor STAT3 (signal transducer and activator of transcription 3) is a key player in the 
development of T helper cells and regulates the expression of the T helper cell specific transcriptional 
regulator—retinoic acid receptor related orphan receptor γ-t (RORγt) via IL-6 (94, 95). IL6 is a potent driver 
of RORγt activity. RORγt is exclusively found in lymphoid cells such as Th17 cells (CD 4 helper cells), and is 
required for differentiation of Tregs to Th17 cells (95). STAT3 proteins occur at elevated levels in the 
peripheral blood mononuclear cells (PBMCs) of children affected by ASD (96). Inhibition of STAT3 mitigates 
MIA associated behavioral and immunological abnormalities seen in animal models (49), while RORγt KO 
models reverse outcomes in MIA exposed mouse pups (18). 

Lastly, IL-13 is a cytokine derived from T cells, which has both inflammatory and anti-inflammatory 
properties. IL-13 inhibits the production of other inflammatory cytokines (IL-1α, IL-1β, IL-6) through its 
effects on inflammatory macrophages (97). IL13 is recognized as a key driver in allergic and inflammatory 
airway disease, where its effects are potentiated by IL-17 (98). Raised IL-13 has been noted in the plasma 
and PMBCs of children affected by ASD (29, 99), particularly those with comorbid asthma (although IL-13 is 
known to be skewed in those with co-morbid atopic conditions) (35). 
IL-17A ASSOCIATED ANTI-INFLAMMATORY MEDIATORS IN ASD 

Another member of the STAT family, STAT6, suppresses the IL-17A inflammatory response. In certain 
conditions, STAT6 signaling attenuates IL-17A producing T-cells, reducing their production of IL-17A (100). 
IL-4 mediated inhibition of Th17 cells and IL-17A production is STAT6 dependent (101). In human studies, 
children with ASD reportedly have reduced levels of STAT6-expressing CD45 cells (CD45+STAT6+) in their 
PBMC profile compared to neuro-typical controls (80). STAT6, as part of the IL-4 signaling cascade can 
enhance the expression of antiinflammatory mediators. This pathway is critical for acceptance of the fetal 
graft, through reduction of Th17 cells and increase of both IL-4 and Tregs in the fetal environment (102, 
103). 

In addition to downregulation of the STAT6 mediated pathways, downregulation of other anti-
inflammatory cytokines is also reported in autism. Anti-inflammatory cytokine IL-10 acts as a “master” 

immuno-regulator (104) and IL-10 concentrations are significantly lower in ASD children compared with 
neurotypical controls (79, 105). Cytotoxic T-lymphocyte antigen 4 (CTLA4) is a glycoprotein located on T 

FIGURE 1 | Potential outcomes in the inflammation-exposed fetus in the context of MIA related IL-17 induction. Improved fetal resilience is associated with lower 
intensity of maternal immune activation. Autism spectrum disorder risk after prenatal exposure to maternal fever has been found to increase in a dose dependent 
manner ( 55 , 56 ) and similar effects were identified in animal models of MIA ( 57 ( ) . A balanced maternal diet seems to contribute to improved fetal resilience also 58 – 60 ). 
Exposure to relatively higher grades of immune activation via high intensity MIA ( 40 ) , intrapartum infection ( 61 , 62 ) , and genetic risk factors lead to reduced fetal 
resilience, and increased likelihood of unfavorable developmental outcomes. 
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cells (106) and is induced following T cell activation. This anti-inflammatory molecule is expressed at lower 
levels in the PBMCs of children with ASD (107). Reductions in the levels of these anti-inflammatory and 

 

regulatory proteins may lead those with ASD to acquire a more pro-inflammatory state. 

LINKING IMMUNITY AND GENETICS IN ASD 

Bioinformatics analysis of large CNV studies suggest strongly that innate immune processes are implicated 
in ASD risk (108), this may indicate that immune dysfunction in ASD may be genetically driven or influenced. 
Maternal immune activation downregulates expression of susceptibility genes known to be highly penetrant 
in ASD and heavily involved in neurogenesis, cell signaling, synaptogenesis, and axonal guidance in the early 
stages of fetal development (108, 109). When compared with curated ASD associated gene sets [e.g., via 
the SFARI Gene database (http://gene.sfari.org/)], MIA downregulated genes were substantially enriched. 
The strongest enrichment of MIA downregulated genes was observed in the ASD gene categories with the 
highest likelihood of a link to ASD i.e., SFARI “High Confidence” or “Syndromic” ASD gene sets. This suggests 
that MIA may bestow increased ASD risk through downregulating the expression of the same genes that are 
highly penetrant in ASD during the early stages of fetal development. 

Loss of function mutations in TSC1 and TSC2 genes are linked to syndromic ASD, and these genes are 
critical upstream regulators of the mammalian target of rapamycin (mTor) pathway. mTor has important 
functions in innate immunity and metabolism in particular (52, 110, 111). 

Maternal immune activation also has downstream effects, in some cases influencing the transcriptome 
rather the genes themselves. Fragile X mental retardation 1 gene (FMR1) and CHD8 are both highly 
penetrant genes for ASD, yet MIA does not seem to influence expression of these genes directly. Rather, it 
wields an influence on downstream gene targets such as FMRP (fragile X syndrome protein complex). This 
raises the possibility that MIA may act as an environmental factor disrupting crucial early developmental 
genomic pathways through influence on downstream gene targets (108). This might suggest that MIA could 
act both in a direct (genetic) and indirect fashion (epigenetic/regulatory) with the end effects converging 
on similar pathways. 

As previously, mentioned, normal pregnancy is associated with suppression of immunity, allowing the 

fetus to develop inside the mother’s innate immune system. Human leukocyte antigen G coding gene 
antigen recognition controls the placental immune response and allows acceptance of the fetal graft. 

FIGURE 2 | STRING diagram illustrating the known and predicted protein 
interactions for IL-17A. Network nodes represent proteins—each node 
represents all the proteins produced by a single, protein-coding gene locus. 
Edges (lines) represent protein-protein associations that are specific and 
meaningful, i.e., proteins jointly contribute to a shared function; this does not 
necessarily mean they are physically binding each other. Blue connecting lines 
indicate that protein interaction information was derived from curated 
databases, pink indicates the interaction was experimentally determined, 
yellow indicates the interaction was determined via text mining, black indicates 
protein co-expression, and lilac indicates protein homology. Analysis was 
performed on 28 July 2021 via the string-db.org domain. 

http://gene.sfari.org/
https://string-db.org/
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Human leukocyte antigen G coding gene interacts with the CD8 cell surface antigen found on most cytotoxic 
T-lymphocytes that mediate efficient cell–cell interactions within the immune system (112). Higher rates of 
HLA-G mutations have been found in mothers of children with ASD (113). The Th17 pathway in particular 
has been identified as a likely effector of inflammatory changes on the developing fetal brain, with 
downstream effects on behavior and cognitive development (46, 114). We hypothesize that the 
physiological changes in maternal immunity during pregnancy are dysregulated in some mothers of children 
with ASD. 

In summary, many of the inflammatory proteins reported to have altered expression in ASD are linked 
to pro-inflammatory Th-17 cells, their product IL-17A, and the IL-17 receptors and receptor complexes. It 
appears that IL-6 activation (regulated by STAT3 and STAT6 via RORγt activity) of IL-17 expression, and 
subsequent upregulation of IL-17 receptors and receptor complexes may have a key role in the pathogenesis 
of ASD. The majority of linked molecules identified above are proinflammatory and found in higher 
quantities in those with ASD, with a corresponding downregulation of anti-inflammatory proteins. Whether 
this dysregulation of IL-17 is an inherent or acquired state is unclear. 

Circulating T cell and IL-17A levels are altered in a subset of children with ASD. Maternal immune 
activation (including IL-17A) seems to play a role in altering important developmental pathways through 
direct interaction with ASD susceptibility genes, and indirectly, through interaction with their gene products. 
Circulating levels of IL-17A are dysregulated during pregnancy in mothers of children who develop ASD and 
ID (63, 79, 83). Murine models support a causative role for IL-17A in the pathogenesis of ASD. We conclude 
from the existing evidence that IL-17A dysregulation in the mother or developing infant could play a causal 
role in the development of at least some subsets of ASD and may be the link between environmental 
exposure and genetic susceptibility. Understanding the role of IL-17A and its associated targets on 
neurodevelopmental outcomes is now becomin increasingly important. 
WHAT IS THE RELEVANCE OF THE ONGOING COVID-19 PANDEMIC TO 

MIA-INDUCED ASD RISK? 

Coronavirus disease 2019 (COVID-19), a disease caused by the novel coronavirus, SARS-CoV-2, has become 
a pandemic, affecting every corner of the globe. Although, the disease (COVID-19) affects primarily the 
respiratory systems of those affected, it has been found to affect and damage other organs, including the 
kidneys (115), liver (116), brain (117, 118), and heart (119, 120). Worldwide reported cases and COVID19 
related mortality are most likely an underestimate due to variability of public health capacities between 
countries, but as of August 2021, there have been almost 200 million confirmed cases of COVID-19, and 
over 4.2 million deaths reported to the WHO (121). 

Our current knowledge of COVID-19 is based only on our limited experience with SARS-CoV-2 since 
December 2019 and analogously, through our experience of other coronaviruses (SARS CoV and MERS, 
Middle East Respiratory Syndrome). The long-term consequences of in-utero SARS-CoV-2 exposure and/or 
congenital infection are almost entirely unknown. There is clear evidence that prenatal exposure to viral 
infections increases the risk of adverse developmental, neurological, and psychiatric outcomes in later 
childhood and adult life (38, 44, 122). In this next section, we discuss the implications of the COVID-19 
pandemic in the context of MIA-induced alterations in neurodevelopmental outcomes. 

COVID-19 AND CYTOKINE STORM 

Preclinical work shows that MIA, which stimulates interleukin17A release from Th17 cells, can establish 
sustained fetalplacental inflammatory responses. This inflammatory milieu can persist into childhood and 
affect the development of the young “primed” brain. Remarkably, in murine models, social difficulties in 
MIA-exposed offspring are remediable through a variety of mechanisms including IL-17 blockade (18, 46). 
Cytokine storm is a general term applied to maladaptive cytokine release in responses to infection and other 
stimuli (123). In the context of sepsis, cytokine storm is considered one of the major causes of acute 
respiratory distress syndrome (ARDS), systemic inflammatory response syndrome (SIRS), and multi-organ 
failure (124, 125). In COVID-19, cytokine storm seems to play a role in disease aggravation and correlates 
positively with severity of disease (126). IL-17A target IL-6 and C-reactive protein (CRP) specifically, have 
been shown to correlate positively with increased mortality (127). Elevated numbers of Th17 cells have 
been isolated in the blood of individuals with fatal COVID19 infection (128), while many authors have 
demonstrated significantly elevated levels of IL-17A in those with both mild and severe COVID-19 (129–
131). Coronavirus infection results in macrophage, and dendritic cell activation and IL-6 release (132). This 

instigates an amplification cascade (JAK–STAT1/3 pathway) that results in cis signaling (binding of cell 
membrane bound IL-6 receptors) in lymphocytes with downregulation of Tregs and increased 
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differentiation of TH17 cells; as well as transsignaling (binding of soluble IL-6 receptor) effects on many 
other cell types (endothelial cells). This widespread immune activation and cytokine production contributes 
to the pathophysiology of severe COVID-19 (133). Indeed, some authors have specifically suggested 
therapies intended to target both Th17 cells and IL17A in COVID-19 disease (134, 135). We have already 
outlined how Th17 specific (T-helper 17 cell) pathways are initiated via activated macrophages that produce 
IL-6 and IL-1β. As outlined, IL-6 in particular, is a potent potentiator and trigger for IL-17A release (123, 134, 
136). IL-17A therefore, may be a key player in the COVID-19 cytokine storm. 

CORONAVIRUS (SARS-CoV-2) NEUROTROPISM AND NEUROLOGICAL EFFECTS 

Coronaviruses have a demonstrated specific neuro-tropism that allows them access to, and to proliferate 
in, the host’s CNS (137, 138). Cell entry seems to occur through the angiotensinconverting enzyme-2 (ACE-
2) and transmembrane protease serine 2 (TMP S2) receptors, both of which are widely expressed in the 
placenta and at the feto-maternal interface. While transplacental infection of the fetus is, yet to be proven 
conclusively, vertical transmission is certainly plausible and may lead directly to inflammatory processes in 
the fetal brain, in addition to indirect effects via the host/maternal immune response. The neurological 
sequelae of COVID-19 are wide-ranging and relatively common. The majority of neurological presentations 
so far have fallen into five categories, (i) Encephalopathy (including delirium and impaired consciousness), 
(ii) Inflammatory CNS disorders [including encephalitis and Acute Disseminating Encephalomyelitis (ADEM)], 
(iii) Cerebrovascular accident (CVA)/stroke, (iv) PNS disorders [including Guillain-Barré Syndrome (GBS) and 
cranial nerve palsies], (v) “Miscellaneous” central neurological disorders (such as raised intracranial 
pressure, seizures, and myelitis) (139). Hyposmia/Anosmia and hypogeusia (140) are recognized as two 
important hallmarks of acute SARS-CoV-2 infection, while more severe neurological complications have 
included CVAs, encephalitis, encephalopathy, and neuropsychiatric disorders (118, 141). Protein-protein 
network analysis for GBS and COVID-19 revealed that the combined gene set showed an increased 
connectivity as compared to COVID-19 or GBS alone, this was particularly true of genes related to Th17 cell 
differentiation. Transcriptome analysis of PBMC from patients with COVID-19 and GBS demonstrated the 
activation of interleukin-17 signaling in both conditions (142). Viral RNA has been isolated in clinical CSF 
samples in those with COVID-19 and neurological symptoms (143), and post-mortem examination of brain 
tissue has identified both viral RNA and neutrophilic infiltrates suggestive of aberrant immune response 
(144). 

Recent pluripotent stem cell derived organoid models have been used to model SARS-CoV-2 infection in 
a wide range of tissues including gut, lung, liver, kidney, and brain (117, 145). These models demonstrate 
the virus’ ability to infiltrate and proliferate in a variety of different cell/tissue types. Within the brain, the 
areas with the highest avidity for SARS-CoV2 are the choroid plexus and the hippocampus (117). This is an 
interesting finding, as the choroid plexuses themselves represent the interface between CSFand blood 
compartments (in a similar fashion to the blood-brain barrier). They are located in each of the four 
ventricles, and are intimately related with immediately adjacent CSF, capillary blood supply, and neural 
tissue. Angiotensin-converting enzyme-2 receptors also appear to be highly expressed in the choroid plexus 
(146). In this sense, they provide a comprehensive roadmap upon which SARS-CoV2 can potentially travel. 
The neurological features on COVID-19 infection are diverse and wide-ranging. Most studies to date have 
focused on symptomology in adult patients, but novel models of SARS-CoV-2 infection in a variety of human 
and animal tissues is casting new light on the mechanisms underlying COVID’s infectivity and its ill-effects. 
There appears to be a variety of mechanisms underlying COVID’s pathogenicity, not limited to direct viral 
effects on tissue, but also collateral effects via immune and thrombotic processes (147). Although there is 
little research on the effects of COVID on fetuses in early pregnancy, the same processes of direct viral 
effects and secondary immune and inflammatory effects are likely to be at play. 

MATERNAL COVID-19 INFECTION AND PERINATAL EXPOSURE 

Pregnant women are not thought to be more susceptible to contracting coronavirus than the general 
population (148), but given alterations in the pregnant immune state (103), they may be more susceptible 
to more severe infection (149, 150). Studies from previous pandemics, H1N1 influenza (2009), SARS (2003), 
and MERS (2012), suggest the possibility of significant maternal and neonatal morbidity and mortality (151, 
152). Indeed, both MERS and SARS resulted in maternal death in a significant number of cases, but the 

specific risk factors for a fatal outcome during pregnancy are not clear. Our experience with these previous 
coronaviruses indicates higher risk of adverse outcomes for the fetus and infant including fetal growth 



Carter et al. MIA IL-17 Inflammation ASD COVID-19 

Frontiers in Psychiatry | www.frontiersin.org 336 February 2022 | Volume 13 | Article 823096 

restriction (FGR), and preterm delivery, both of which have previously been linked to increased ASD 
incidence (153) as well as NICU admission, spontaneous abortion, and perinatal death. As with other 
Coronaviruses, maternal SARS-CoV-2 infection has been associated with negative perinatal outcomes. 
Preterm delivery, fetal distress, stillbirth, and perinatal death have been widely reported (150, 154–156). 
Figures from China show that while up to 3% of pregnant women infected with COVID-19 required 
admission to intensive care (157, 158), a UK study showed 1% of pregnant women admitted with SARS-CoV-
2 required ECMO (Extra-corporeal membrane oxygenation) and 10% Intensive Care Unit (ICU) management 
(159). 

Cesarean section (CS) has been implicated as a risk factor for the development of ASD in offspring. The 
mechanisms underlying this are unclear, yet the risk of ASD is increased by approximately 33% in both 
elective and emergency CS procedures (160). In a systematic review of perinatal and maternal outcomes 
during the pandemic, CS rates were reported at extremely high levels, up to 90% in some centers (range 
from approximately 50–90%) (161). For comparison in work published in 2020, Turner at al noted an all-
cause national CS rate in Ireland of approximately 26% (162). These higher rates were observed in most 
centers in spite of recommendations from the Royal College of Obstetrics and Gynecology (RCOG) and the 
International Federation of Gynecology and Obstetrics (IFGO) against decisions for CS being influenced by 
maternal SARS-CoV-2 status. 

More specifically to neonatal outcomes, the WHO quotes worldwide preterm delivery rates of 
approximately 10% (163). Two large review studies reported preterm delivery rates of 20– 25% in SARS-
CoV-2 affected pregnancies (164, 165). Women with SARS-CoV-2 seemed to be more likely to endure a 
preterm delivery (165). The majority of these deliveries were iatrogenic, but in some reviews, up to half 
were attributable to either fetal or maternal compromise (166). 

Maternal and neonatal ICU admission rates were also higher in the SARS-CoV-2 affected cohorts. 
Maternal ICU admission and mechanical ventilation rates were high vs. age matched nonpregnant women 
(165). While rates of stillbirth and neonatal death appear similar to uninfected fetuses, NICU admission 
rates were notably higher in COVID affected pregnancies (159), commonly as a precautionary step in the 
care of the neonate. Neonatal morbidity was higher in the SARS-CoV-2 affected groups and was associated 
with preterm delivery in mothers with more severe COVID-19 primary infection. Hypoxemia and respiratory 
difficulties in mothers had knock on effects of reduced placenta perfusion, pre-placental hypoxemia, fetal 
distress, and preterm delivery (167). 

Given our knowledge of the potential developmental effects of Th17 activation in pregnancy, children in-
utero during this pandemic may have significant inflammatory exposures if maternal infection occurs. There 
remain unanswered questions about the impact that asymptomatic and mild maternal infection has on the 
fetal brain in early pregnancy. Prospective follow up studies will need to follow infants whose mothers were 
infected as well as health unaffected controls. There is enormous potential to leverage archived serological 
samples from pregnancy and neonatal cohorts to study the relationships (or associations) between markers 
of maternal inflammation and later neurodevelopmental outcomes in offspring born during the pandemic. 
While in general, the likelihood of intrauterine maternal-fetal transmission of coronaviruses is low—there 
have been no documented cases of vertical transmission occurring with either SARS or MERS. There are 
current reports of possible vertical transmission of SARS-CoV-2 in several cases of third trimester maternal 
infection (168–170). Little to no information exists about children exposed in the first and second trimesters 
yet. While generally placental seeding does not seem common, some cases have reported strong evidence 
of placental infection with the demonstration of high viral load and immuno-histological evidence of SARS-
CoV-2 in placental tissue (168). Currently, we can only surmise what the true effect (if any) of gestational 
COVID-19 on the incidence of ASD will be, but already some have concerns that the incidence may increase 
(171, 172). No studies have yet been reported on neurodevelopmental outcomes, as the oldest offspring 
are still in early childhood. Still, the evidence we have outlined within this review from MIA studies 
examining IL-17A and its pathway members provides a strong basis to build upon our current hypothesis 
and ask the question; could COVID-19 induced MIA act via IL-17A signaling to increase the risk of ASD-like 
phenotypes in vulnerable offspring? 

DISCUSSION: IMPROVING OUTCOMES FOR ASD AFFECTED INDIVIDUALS AND FAMILIES 

We believe that in spite of the tragedy of the COVID-19 emergency, we are presented with a serendipitous 
opportunity to progress scientific knowledge regarding prenatal exposures and ASD risk. During the COVID-
19 pandemic, we have witnessed a novel infection, affect an immunologically naïve population within an 
extremely well-defined period of exposure. COVID19 is now a notifiable illness, and has been characterized 

and monitored more than any illness in history. Many countries have developed stringent mandatory testing 
protocols, and track and trace programmes. Within all this, exists an opportunity to study the longitudinal 
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effects of this infection on offspring of those affected by gestational COVID. Further investigation of mid-
gestational cytokine profiles (IL-17A in particular) and their potential for genetic interplay could be a crucial 
cog in the development of actionable and cost-effective improvements in the current models of ASD care. 
Identification of pathways of immune dysregulation during pregnancy could lead to the identification of a 
risk marker of ASD that could be characterized in broader ASD cohorts. This would facilitate the 
identification of a predictive marker of ASD allowing earlier dedicated ASD screening in at risk children. 
Coupled with these potential biochemical markers, known early clinical signs of ASD exist. Crystallization of 
the ASD diagnosis can be as early as 14 months old according to some authors, and there are clinically 
detectable signs of ASD from a younger age still (23, 173, 174). The first children born of this pandemic are 
now reaching their toddler years, and they may represent a group with increased risk of ASD or other 
developmental conditions. Taken together, a postulated early biochemical marker and established early 
clinical markers could allow targeted early ASD screening, which would lead to earlier intervention, and 
improved outcomes. Therapies instituted in this age group have the potential to significantly improve 
clinical outcomes in ASD affected children. The timing of therapy is important with the most dramatic 
symptomatic and developmental improvements in those detected at an earlier age of diagnosis (175, 176). 

We believe that it is the obligation of the scientific community to glean what benefit we can from this 
pandemic. In spite of social distancing measures, systematic national “lockdowns,” and working from home, 
there has been unprecedented scientific collaboration to try to counter the scourge of COVID. This has led 
to some outstanding success, not least in the development of two highly effective mRNA vaccines. In order 
to facilitate international research, the development of an international gestational COVID-19 consortium 
and registry would be an important step in coordinating research activities and aims. Isolation of relevant 
clinical bio-samples and prospective identification of patients will have already begun in some centers, and 
should be facilitated by the public health infrastructures that have been built up around the pandemic. 
Multidisciplinary collaborative follow up programmes should be established to identify, assess, and treat 
children with potential negative postCOVID outcomes. 
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Abstract 

Autism spectrum disorder (ASD) is a developmental disorder characterised by deficits in 

social interactions and communication, with stereotypical and repetitive behaviours. 

Recent evidence suggests that maternal immune dysregulation may predispose offspring 

to ASD. Independent samples t-tests revealed downregulation of IL-17A concentrations in 

cases, when compared to controls, at both 15 weeks (p = 0.02), and 20 weeks (p = 0.02), 

which persisted at 20 weeks following adjustment for confounding variables. This adds to 

the growing body of evidence that maternal immune regulation may play a role in foetal 

neurodevelopment. 
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Introduction 

ASD is an intricate continuum of 

neurodevelopmental disorders all of which have an 

onset in early childhood. These disorders are 

characterised by impairments in social interaction 

and communication, and the presence of restricted, 

ritualistic or repetitive interests, behaviours and 

activities (Birtwell, 2016; Magiati et al., 2016). To 

meet the diagnostic criteria, symptoms must have 

been present during the early developmental period, 

and must cause significant functional impairments 

(social or occupational) of varying severities 

(American Physchiatric Association, 2013).  

It reportedly affects approximately 1.5% of the 

population in the developed world (Lyall et al., 

2017). Although deficits can be present from infancy, 

diagnosis is often delayed. Classic Autism is typically 

formally diagnosed at an average of 5.6 years 

(standard deviation (SD) 4.1), and Asperger’s at an 

average of 9.9 years (standard deviation (SD) 5.3) 

(Crane et al., 2015). An early, accessible biomarker 

which could aid early detection and intervention 

(Boyd et al., 2012) would be a significant step 

forward in the care of these children. 

There is growing evidence that disturbance of 

inflammatory and immune responses may be a 

significant contributing factor behind the 

pathophysiology of many psychiatric disorders (Kim 

et al., 2007; Masi et al., 2015, 2017; Müller et al., 

2015). Alterations of immune cell expression have 

been documented repeatedly in ASD affected 

children and adults as well as animals with an ASD-

like phenotype (Akintunde et al., 2015; Ashwood et 

al., 2011; Fernández de Cossío et al., 2017), and 

maternal viral or bacterial infections have been 

found to be significantly associated with ASD in 

offspring (Malkova et al., 2012). Maternal immune 

activation (MIA) is believed to disrupt the delicate 

processes underlying neuronal development, 

increasing the risk of disordered neurodevelopment 

(Deverman & Patterson, 2009; Garay & McAllister, 

2010). 

MIA may typically be modelled in animals using 

lipopolysaccharide (LPS), Polyinosinic:polycytidylic 

acid (Poly(I:C)), or valproic acid. MIA in rodents 

results in a wide array of enduring ASD-like 

behavioural alterations in offspring. 

Neurodevelopment of the rodent brain is said to be 

equivalent to that noted in human mid-gestational 

neurodevelopment between gestational days 10–20 

(Patten et al., 2014). Inflammatory insults during this 

time have resulted in reductions in social approach 

and reciprocal social behaviour, increases in 

repetitive and stereotypical behaviours, typically 

measured using a marble burying test, abnormal 

prepulse inhibition and ultrasonic vocalisations, 

impaired learning and memory, measured using a 

variety of maze tests, and reduced novel object 

recognition (Boksa, 2010; Careaga et al., 2017). Few 

large models of MIA induced ASD exist, though non-

human primate models are more common than 

others, and extend findings in rodent models. A mid-

gestation viral challenge in the rhesus monkey may 

manifest as repetitive behaviours, decreased 

affiliative vocalisations, inappropriate social 

interactions with novel animals, and impaired social 

attention (Bauman et al., 2014; Machado et al., 

2015). 

Human epidemiological studies have shown that 

immune disorders and mid-trimester viral illnesses 

which lead to a pro-inflammatory state in mothers 

during pregnancy, are associated with increased 

ASD, schizophrenia and bipolar disorder risk in 

offspring (Atladottir et al., 2010; Chess, 1977; 

Conway & Brown, 2019; Jiang et al., 2016). In 1977, 

Chess noted ASD rates of 8–13% in offspring of 

United States (US) mothers who were infected in the 

1964 Rubella outbreak (Chess, 1977). More recently, 

Maher et al. linked preeclampsia to increased ASD 

risk (Maher et al., 2020). 

Midgestation in particular appears to be an 

important neurodevelopmental period. Some of the 

key processes occurring during this period include 

the development of the hippocampus, cortical plate, 

the longitudinal fissure, sulci and gyri, cerebellum, 

superior and inferior colliculi, primary visual, motor 

and sensory cortices, the cerebrospinal tract, as well 

as spinal cord myelination, as well as neurogenesis. 

The brain also significantly increases in size between 

Vol.:(0123456789)1 
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gestational weeks 13 and 21 (Huang et al., 2009; 

Joseph, 2000; Prayer et al., 2006; Stiles & Jernigan, 

2010). Insults during this time have been found to 

result in neurodevelopmental and psychiatric 

disorders in both humans and animals (Buss et al., 

2010; Haddad et al., 2020; Wolff & Bilkey, 2008). 

Very few clinical studies have examined the cytokine 

profiles of mothers who go on to have a child with 

ASD. A retrospective 2017 study reported elevated 

levels of several circulating cytokines and 

chemokines in mid-gestational mothers who 

progressed to bear a child affected by ASD. This 

study was able to examine children with an early 

diagnosis of ASD, with and without intellectual 

disability. These included granulocyte–macrophage 

colony-stimulating factor (GM-CSF), IL-1α, IL-6, 

interferon-γ (IFN-γ), IL-8 and monocyte 

chemoattractant protein-1 (MCP-1) (Jones et al., 

2017). An earlier study performed by Goines et al. 

showed dysregulation in a number of serum 

cytokines including IFN-γ, IL-4, IL-5 and IL-10 at a 

single time point between 15 and 19 weeks’ 

gestation (Goines et al., 2011). Elevated MCP-1 has 

also been observed in amniotic fluid samples of ASD 

infants (Abdallah et al., 2012). Brown et al. identified 

increased levels of the inflammatory marker C-

reactive protein (CRP) in prospectively collected 

maternal serum samples during early pregnancy 

(Brown et al., 2014). In recent times more conditions 

with a pro-inflammatory milieu, such as obesity, 

psychosocial stress and pre-eclampsia have also 

been reported to increase the risk of ASD (Curran et 

al., 2018; Knuesel et al., 2014; Maher et al., 2020). 

Thus, MIA and cytokine dysregulation during 

pregnancy seems to play a role in the pathogenesis 

of the ASD phenotype. 

In the present study, we wished to examine the 

midgestational cytokine profiles in mothers of 

children with a subsequent ASD diagnosis examined 

at two mid-gestation time points (15 and 20 weeks) 

across two sites of a large multi-centre pregnancy 

study with the aim of identifying a gestational ASD 

biomarker which may aid in the timely treatment 

and management of the disorder. 

Methods 

Study Population 

Maternal-child dyads were recruited to the 

population-based SCOPE study (www. scope study. 

net). This study used a cohort from the two SCOPE 

centres from which paediatric follow-up was 

completed. These sites were Cork, Ireland (Cork 

ECM5 (10) 05/02/08) and Auckland, New Zealand 

(SCOPE-NZ) (AKX/02/00/364). In Cork, children had 

detailed follow-up from birth to 5 years through the 

Cork BASELINE Birth Cohort Study. All children who 

scored below the “cutoff value” in the Ages and 

Stages Questionnaire (suggestive of abnormal 

development) were referred for paediatric 

assessment. Those with suspected ASD at 2 or 5 

years were referred to early intervention services for 

full ASD assessment. Further follow-up was 

completed after Early Intervention Services (EIS) 

assessment to confirm diagnosis of ASD. Diagnosis 

was considered to be confirmed if made by a 

professional (EIS or child psychiatrist). In Auckland, 

telephone follow-up using standardised 

questionnaires was carried out as part of the 

Children of SCOPE study at 6 years and ASD diagnosis 

was by parent report.  

Cases from both sites were enrolled to the cohort. 

Inclusion criteria for enrolment were: 

• Biobanked maternal antenatal serum samples 

• Developmental follow-up completed for the child 

at 5 or 6 years of age (site dependant) 

• Cases had a diagnosis of ASD according to the local 

selection criteria 

• Controls had no underlying medical or 

developmental conditions 

SCOPE-IRELAND and the Cork BASELINE Birth  

Cohort study was carried out with local ethical 

approval from the Cork Research Ethics Committee 

(Cork ECM5 (10) 05/02/08). Full written informed 

consent was obtained in all cases. SCOPE-NZ and the 

Children of SCOPE study was carried out with ethical 

approval gained from local ethics committees (New 

Zealand Health and Disability Ethics Committees 

(AKX/02/00/364 and NTX/10/10/106) and all women 

http://www.scopestudy.net/
http://www.scopestudy.net/
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provided written informed consent. A patient 

recruitment flowchart is outlined in Fig. 1. 

Demographic Variables 

Demographic and relevant clinical data regarding the 

participants is presented in Table 3. ‘Age, maternal’ 

represents maternal age in years at the time they 

were approached to participate in the study whilst 

pregnant. ‘Birthweight, g’ is the infant’s birthweight 

in grams. ‘SEI’ stands for Socioeconomic Index and 

this variable was calculated using the New Zealand 

Socioeconomic Index guide. The same index was 

used across both locations, and Cork participants 

were scored based on the same criteria as their New 

Zealand counterparts (Galbraith et al., 1996). 

Perceived Stress Scores (PSS) are based on the ten 

question PSS questionnaire (Cohen et al., 1994). An 

individual’s scores on the PSS can range from 0 to 40 

with higher scores indicating higher perceived stress. 

Low stress scores range from 0 to 13, moderate 

stress scores range from 14 to 26, and high stress 

scores range from 27 to 40. Gestational age at 

delivery is presented in weeks, and APGAR 

(appearance, pulse, grimace, activity and respiration) 

scores are presented as being < 7 or ≥ 7 at both 1 

and 5 min of age. Household income represents the 

combined household income and is quoted in New 

Zealand Dollars ($) and Euros (€). Body Mass index 

(BMI) is categorised using the World Health 

Organisation (WHO) criteria and is measured in 

kilograms per metre squared. Underweight and 

normal BMI categories are considered together as 

are overweight and obese categories. Folate intake 

was categorised as yes or no for:   

Fig. 1  Patient recruitment flow 

chart outlining participant 

enrolment and and follow up 

across both sites 
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(i) any supplemental folate in the preconceptual 

period and (ii) at the 15 week visit. 

Biofluid Collection 

Serum samples were obtained from mothers 

recruited to the SCOPE-NZ and SCOPE-Cork studies at 

both 15 and 20 weeks gestation within the greater 

Auckland area, New Zealand and Cork Univeristy 

Maternity Hospital, Cork, Ireland. Biobank specimens 

were archived at − 80 °C until required. Maternal 

mid-pregnancy specimens from 15 and 20 weeks 

were retrieved from the multi-centre SCOPE study 

sites with ongoing paediatric follow-up. Identical 

protocols for collection, processing and storage of 

samples were followed at both sites. 

Venepunture was performed by SCOPE study specific 

research midwives at each of the sites in accordance 

with best practice guidance (SCOPE Consortium 

standard operating procedures (SOP)). Maternal 

specimens were collected in serum separator tubes 

(Becton–Dickinson Frankin Lakes, New Jersey) and 

immediately placed on ice and transported to the 

laboratory. Before proceeding to centrifugation, 

serum samples were stored at 4 °C for 30 min from 

time of collection to allow clot formation. Presence 

of the clot was confirmed visually, and samples were 

then centrigued at 2400×g for 10 min at 4 °C. Serum 

samples were transferred into ice cold 5 mL sterile 

polypropylene tubes (VWR, Radnor, Pennsylvania) 

via sterile Pasteur pipettes. The samples were 

centrifuged again at 3000×g for 10 min at 4 °C. Sera 

were then aliquoted to red capped, barcode-labelled 

cryovials (VWR) in volumes of 250 µl. Aliquots were 

logged in the SCOPE database (MedSciNet), and 

stored at − 80 °C within four hours of 

collection(Kenny et al., 2014). For transport of NZ 

serum samples to Cork, Ireland: the maternal 

specimens were packed on dry ice and shipped 

directly to the SCOPE Ireland biobank repository, 

where they were stored at − 80 °C until their use in 

cytokine and chemokine profiling. 

Cytokine Analysis 

Serologic concentrations (pg/ml) of eight cytokines, 

chemokines and proinflammatory proteins were 

investigated at 15 and 20 weeks gestation using the 

Mesoscale Discovery V-plex cytokine, chemokine and 

proinflammatory electrochemiluminescent assays 

(Meso Scale Diagnostics, Rockville, Maryland). 

Cytokines were chosen for further examination 

based on evidence of dysregulated expression in 

preclinical models (Choi et al., 2016; Pineda et al., 

2013; Pratt et al., 2013; Smith et al., 2007) and 

autistic patients (Ahmad et al., 2019; Ashwood et al., 

2011; Masi et al., 2015; Patterson, 2011). 

IL-16 and IL-17A were examined using the V-plex 

multiplex Cytokine Panel 1 kit (KD15050D). Eotaxin 

and MCP-1 were examined using the V-plex 

multiplex Chemokine Panel 1 kit (K15047D). IFN-γ, IL-

1β, IL-6 and IL-8 were examined using the V-plex 

multiplex Proinflammatory Panel 1 kit (K15049D). All 

standards and samples were run in duplicate. 

All plates were prepared according to 

manufacturer’s instructions and analysed on the 

Meso QuickPlex SQ 120. Results were generated as 

calculated concentration means on the Mesoscale 

(MSD) Discovery Workbench 4.0 assay analysis 

software. Calibration curves used to calculate 

concentrations of individual cytokines are 

established by fitting the calibrator signals to a four-

parameter logistic model with a 1/Y2 weighting. The 

MSD analysis software determines individual 

cytokine concentrations from 

electrochemiluminescent signals via backfitting to 

the calibration curve. Calculated concentrations are 

also multiplied by the dilution factor applied to the 

samples, which in this case, was 4. Samples were 

excluded if %CV was higher than 25% between 

duplicates as previously described (Dabitao et al., 

2011). Lower and upper limits of detection (LLOD 

and ULOD) as well as interassay coefficients of 

variation (CVs) for each protein are outlined in Table 

1. Limits of detection represent calculated 

concentrations which correspond to signals 2.5 

standard deviations above/below the blank (zero 

calibrator). 

Samples were chosen due to early ASD presentation 

(formal diagnosis prior to 5 years) and sample 
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availability. Several were excluded from the 

individual final analyses due to either poor %CV 

values or concentrations reading below the LLOD for 

individual cytokines. Of the combined 25 cases and 

38 controls, the final sample numbers for cases after 

all exclusions are outlined in Table 2. 

Statistical Analysis 

Statistical analysis was performed using GraphPad 

Prism 7 (Graphpad Software Inc., San Diego, CA) and 

IBM SPSS  

Table 1  Median LLOD and ULOD for each of the tested cytokines 
Proteins Median LLOD 

(pg/ml) 
Median ULOD 

(pg/ml) 
Interassay 

CV (%) 

IL-17A 1.60 6560.00 8.63 

IFN-γ 0.34 1400.00 10.13 
Eotaxin 0.44 1820.00 12.04 
MCP-1 0.13 530.00 10.43 
IL-16 0.83 3400.00 6.35 
IL-1β 0.14 575.00 9.07 
IL-6 0.19 765.00 8.76 
IL-8 0.15 599.00 9.18 

All units are pg/ml 

Statistics 24/26 (SPSS Statistics, Chicago, IL). All 

cytokine variables were l og10 transformed prior to 

analysis to achieve normality (Feng et al., 2014). 

Independent samples t-tests were used to 

investigate differences between cases and controls 

for the cytokine variables. Multiple logistic 

regression models were used to assess whether 

cytokine concentrations can predict ASD outcome 

after adjusting for individual confounding variables. 

A confounder was defined as a variable that was 

associated with both case/control status and the 

cytokine variable under investigation. For 

comparisons of continuous variables between 

groups, independent samples t-tests were used 

when there were two groups and one-way ANOVAs 

were used when there were more than two groups. 

Relationships between categorical variables were 

investigated using the chi-squared test. Statistical 

significance (2-tailed) was set at p ≤ 0.05 and all tests 

were two-sided. 

Results 

Participant Details 

Of the 2034 mothers recruited to SCOPE-NZ, 1208 

agreed to participate in the follow up birth cohort 

study, Children of SCOPE. 16 NZ children who 

completed developmental follow-up and had an ASD 

diagnosis by 6 years were selected for cytokine 

profiling (compared to 16 controls). While the NZ 

cohort was originally matched, one case was 

excluded from analysis due to possible chromosomal 

abnormality, and its corresponding control was one 

of only two females remaining in the cohort, so was 

not excluded, resulting in 15 NZ cases total. 

Of the 2183 mothers recruited to Cork’s Baseline 

birth cohort study, 1537 were recruited from SCOPE 

Ireland at the 20 weeks visit and an additional 600 

children were recruited to the cohort postnatally. In 

total, 1249 children completed 5 year follow up 

assessment in the Cork BASELINE Birth Cohort Study. 

Of these children, 23 had a reported diagnosis of 

ASD, and 10 had available mid-gestation samples and 

were selected for cytokine profiling (compared to 22 

controls). Cases selected from the Cork cohort were 

Proteins Cases 15 

weeks 
Controls 

15 weeks 
Excluded Cases  
15 weeks 20 

weeks 

Controls 

20 weeks 
Excluded Total excluded Total excluded 20 

weeks (below LLOD) (%CV > 25%) 

IL-17A 20 34 9 20 31 12 10 11 

IFN-γ 20 28 15 19 30 14 2 27 
Eotaxin 15 23 25 18 16 29 7 47 
MCP-1 21 32 10 19 32 12 1 22 
IL-16 22 35 6 21 37 5 5 6 
IL-1β 14 19 30 14 22 27 25 32 
IL-6 20 28 15 20 29 14 1 28 
IL-8 22 28 13 19 29 15 0 28 

Table 2  Final sample numbers 

for combined Cork and Auckland 

cases and controls 

Derived from the original 25 cases and 38 controls 
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contacted via telephone by the study clinical 

research fellow in June/ July 2019, and all cases were 

verbally confirmed to have ASD (diagnosed by local 

EIS or child psychologist). While the Cork cohort was 

originally matched, numerous samples were 

excluded, resulting in a lack of matching. 

The cohort of ASD cases from NZ and Cork were 

combined (n = 25), and samples from the mothers of 

these children were analysed alongside those from 

the mothers of neurotypical controls n = 38. 

Detailed clinical characteristics of participants and 

mothers from both cohorts are provided in Table 3. 

As previously stated, several samples from both 

locations were excluded from the final analysis due 

to either poor %CV values or concentrations reading 

below the LLOD for individual cytokines. This 

resulted in an altered male/female ratio between 

cases and controls and ultimately an unmatched 

cohort. Other significant differences between cases 

and controls included mode of delivery and folate 

use in early pregnancy (15 weeks). 

Mid‑Gestational Cytokine Analysis 

To determine whether there was any difference in 

inflammatory markers between mothers of ASD and 

neurotypical children at either 15 or 20 weeks 

gestation, electrochemiluminescent Mesoscale 

assays were performed. 

Of the original panel of eight cytokines, one was 

significantly altered—IL-17A. IL-17A was significantly 

altered at both 15 and 20 weeks in mothers of 

children who went on to have a child affected by 

ASD, compared to controls. IL-17A concentrations 

were significantly different between cases (Mean 

(M) = − 0.22; Standard Deviation (SD) = 0.28) and 

controls (M = − 0.001; SD = 0.35) at 15 weeks (t(52) = 

2.43; p = 0.02), and between cases (M = − 0.26; SD = 

0.38) and controls (M = − 0.002; SD = 0.40) at 20 

weeks (t(49) = 2.32;  

Demographics for combined NZ and IRE cohorts (n = 63)   

Variables Cases (n = 25) Controls (n = 38) p-

value 
Age (maternal), years 30.4 (5.7) 30.6 (3.6) 0.9 

Birthweight, g 3604.0 (666.0) 3439.0 (431.0) 0.2 
Sex (infant)   0.02 

 Male 23 (92) 25 (66)  

 Female 2 (8) 13 (34)  

Mode of delivery   0.04 

 Unassisted vaginal 9 (36) 16 (42)  

 Assisted vaginal 4 (16) 15 (40)  

 Pre-labour LSCS 1 (4) 2 (5)  

 Labour LSCS 11 (44) 5 (13)  

Gestational age at delivery 39.9 (1.5) 40.0 (1.4) 0.9 
1-min Apgar   0.08 

  < 7 2 (8) 0  

  ≥ 7 23 (92) 38 (100)  

5-min Apgar   * 
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Table 3  Demographic characteristics 

of participants 

Comparison is made between cases and controls across the whole cohort. p-Values are calculated using 

the Pearson Chi square for categorical data, and independent samples t-test where appropriate for 

continuous variables. Variations in local Caesarean section practices from each site likely give rise to the 

significant difference in Mode of Delivery rates. Eight of eleven (73%) of the ASD cases delivered by lower 

segment Caesarean section—“Labour LSCS” were in NZ. “Pre-labour LSCS” was excluded when identifying 

confounding variables due to small sample numbers (n = 3). There are no significant differences in birth 

weight, either between cases and controls, or between subjects from each site. Numbers are presented 

as mean (SD) or n (%) 

  < 7 0 0  

  ≥ 7 25 (100) 38 (100)  

Ethnicity   1 

 Caucasian 23 (92) 35 (92)  

 Non-Caucasian 2 (8) 3 (8)  

 SEI (maternal) 52.6 (16.2) 49.8 (11.7) 0.4 
Household income   0.4 

 Unknown 2 (8) 2 (5)  

  < $75 K (< €64 K) 6 (24) 11 (29)  

 $75–100 K (€64–84 K) 10 (40) 8 (21)  

  > $100 K (> €85 K) 7 (28) 17 (45)  

Smoking status in pregnancy   0.4 

 No, never smoked 20 (80) 24 (63)  

 No, ex-smoker 4 (16) 11 (29)  

 Yes, current smoker 1 (4) 3 (8)  

PSS (perceived stress score) 13.8 (7.3) 14.7 (6.7) 0.6 
BMI (WHO categories)   0.2 

 Underweight/Normal (≤ 25 kg/m2) 14 (56) 27 (71)  

 Overweight/Obese (> 25 kg/m2) 11 (44) 11 (29)  

Folate—pre-conceptual   0.6 

 No 9 (36) 11 (29)  

 Yes 16 (64) 27 (71)  

Folate—15 week visit   0.02 

 No 3 (12) 15 (40)  

 Yes 22 (88) 23 (61)  
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p = 0.02) (Fig. 2). After adjusting for confounding by 

folate, IL-17A no longer showed a statistically 

significant association with ASD risk at 15 weeks 

(adjusted odds ratio [aOR] 0.17 (95% CI 0.02–1.57); p 

= 0.12). Downregulation at 20 weeks remained, as 

there were no changes in associations after 

adjustment for confounding by folate (aOR 0.14 

(95% CI 0.02–0.87); p = 0.03). 

Expression of IFN-γ, IL-16, Eotaxin, MCP-1, IL-1β, IL-8 

and IL-6 was not significantly different in mothers 

who went on to have a child with ASD when 

compared to controls at either timepoint. Therefore, 

levels of these cytokines were not associated with 

increased ASD risk. 

IFN-γ was not found to be significantly different 

between cases (M = 0.26; SD = 0.28) and controls (M 

= 0.25; SD = 0.31) at 15 weeks (t(46) = 0.19; p = 0.85) 

or between cases (M = 0.34; SD = 0.31) and controls 

(M = 0.39; SD = 0.41) at 20 weeks (t(47) = 0.51; p = 

0.62) (Fig. 3a). IL-16 was not significantly different 

between cases (M = 2.04; SD = 0.16) and controls (M 

= 2.01; SD = 0.18) at 15 weeks (t(55) = 0.64; p = 0.52), 

or between cases (M = 2.01; SD = 0.19) and controls 

(M = 2.02; SD = 0.20) at 20 weeks (t(56) = 0.12; p = 

0.92) (Fig. 3b). Sex was found to be a confounder for 

IL-16 at 15 weeks, though levels remained not 

significantly associated with development of ASD 

after adjusting for confounding by sex (aOR 2.38 

(95% CI 0.63–89.61); p = 0.64). Eotaxin was not 

significantly different between cases (M = 1.50; SD = 

0.27) and controls (M = 1.57; SD = 0.31) at 15 weeks 

(t(36) = 0.73; p = 0.47), or between cases (M = 1.61; 

SD = 0.31) and controls (M = 1.62; SD = 0.23) at 20 

weeks (t(32) = 0.11; p = 0.91) (Fig. 3c). MCP-1 was 

not significantly different between cases (M = 1.87; 

SD = 0.26) and controls (M = 1.87; SD = 0.23) at 15 

weeks (t(51) = 0.10; p = 0.92), or between cases (M = 

1.87; SD = 0.29) and controls (M = 1.90; SD = 0.19) at 

20 weeks (t(49) = 0.58; p = 0.56) (Fig. 3d). IL-8 was 

not significantly different between cases (M = 0.56; 

SD = 0.25) and controls (M = 0.57; SD = 0.36) at 15 

weeks (t(48) = 0.15; p = 0.88), or between cases (M = 

0.54; SD = 0.23) and controls (M = 0.61; SD = 0.28) at 

20 weeks (t(46) = 0.89; p = 0.38) (Fig. 3e). IL-1β was 

not significantly different between cases (M = − 1.39; 

SD = 0.83) and controls (M = − 1.03; SD = .75) at 15 

weeks (t(31) = 1.28; p = 0.21), or between cases (M = 

− 1.37; SD = 0.89) and controls (M = − 1.23; SD = 

0.65) at 20 weeks (t(34) = 0.54; p = 0.59) (Fig. 3f). 

Mode of delivery was found to be a confounder for 

IL-1β at 15 and 20 weeks, though IL-1β at 15 weeks 

(aOR 0.83 (95% CI 0.28–2.45); p = 0.74) and 20 weeks 

(aOR 0.76 (95% CI 0.26–2.23); p = 0.61) remained not 

significantly associated with development of ASD 

after adjusting for confounding by mode of delivery. 

IL-6 was not significantly different between cases (M 

= − 0.44; SD = 0.22) and controls (M = − 0.40; SD = 

0.24) at 15 weeks (t(46) = 0.54; p = 0.59), or between 

cases (M = − 0.36; SD = 0.27) and controls (M = − 

0.39; SD = 0.19) at 20 weeks (t(47) = 0.50; p = 0.62) 

(Fig. 3g). Sex was found to be a confounder for IL-6 

at 15 weeks, though IL-6 at 15 weeks remained not 

significantly associated with development of ASD 

after adjusting for confounding by sex (aOR 0.30 

(95% CI 0.17–5.17); p = 0.41). 
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Fig. 2   IL-17A is downregulated, at 20 weeks gestation in mothers of 

ASD children when compared to neurotypical controls. This remains 

after adjusting for confounding variables—folate intake at 15 weeks. 

All data are mean ± SEM; independent samples t-tests, analysed on a 

case vs control basis. * = p < 0.05. White bars represent controls, 

while orange bars represent cases (mothers of ASD affected 

offspring) 
Maternal Health 

To examine whether other factors might have 

altered maternal cytokine profiles we examined 

maternal health factors and medication use during 

pregnancy. 

None of the participants had any of the following 

preexisting inflammatory conditions—inflammatory 

bowel disease, rheumatoid or inflammatory arthritis, 

venous thromboembolic disease. No subjects 

suffered from either psoriasis or ankylosing 

spondylitis. The commonest reported medical 

condition was asthma. Several participants from 

each site had physician diagnosed asthma; 12 

suffered from mild asthma and 3 suffered from 

moderate asthma. The individuals with moderately 

severe asthma (one case (Cork), two controls (NZ)) 

were being treated with regular low dose inhaled 

corticosteroid and long acting beta agonist or 

Terbutaline combination therapy. The subjects with 

mild asthma were 7 controls (4 Cork, 3 NZ) and 5 

cases (2 Cork, 3 NZ). None of the asthmatics recieved 

oral steroid therapy at any point during pregnancy or 

in the preceeding year. Hypothyroidism was also 

relatively common and occurred in three cases (2 NZ, 

1 Cork) and two controls (1 NZ, 1 Cork).  
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Fig. 3  a IFN-γ, b IL-16, c eotaxin, d 

MCP1, e IL-8, f IL-1β and g IL-6 were 
not significantly altered at either 15 

or 20 weeks gestation in mothers of 

ASD children when compared to 
neurotypical controls. All data are 

mean ± SEM; independent samples 
t-tests, analysed on a case vs 

control basis. White bars represent 

controls, while orange bars 
represent cases (mothers of ASD 
affected offspring) 
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Two of the three cases had evidence of hypothyroidism first detected during the 1st 

trimester and became euthyroid with treatment. Those others with a history of 

hypothyroidism were treated prior to pregnancy and were euthyroid throughout. Finally, a 

single case in Cork had Coeliac disease (on gluten free diet). 

With regard to antepartum infections, between 0 and 15 weeks gestation, upper 

respiratory tract infections were reported in 12 subjects, 5 (4 NZ, 1 Cork) cases and 7 (5 NZ, 

2 Cork) controls. Other infections were also reported in three (all NZ) cases and seven (3 

NZ, 4 Cork) controls (5 gastroenteritis, 3 lower urinary tract infections (UTI), 1 case of 

genital herpes and another vaginal candida, treated with Clotrimazole. At 15–20 weeks no 

infections were reported in the NZ group, but two controls from Cork had a UTI and one 

case had an unspecified infection. None of the participants were taking regular anti-

inflammatories and those taking paracetamol or aspirin did so only occasionally or for a 

specific episode. There was no significant difference between case and control groups in 

terms of reported paracetamol/aspirin use. 

In summary, there were no significant differences in maternal health, inflammation or 

medication use between the two groups. 

Discussion 

In the present report, we have identified IL-17A as a potential cytokine biomarker whose 

expression is significantly reduced in mid-gestation (20 weeks) in pregnancies resulting in a 

child with ASD after adjusting for folate intake at 15 weeks. This novel finding adds to the 

growing body of evidence that in utero exposure to MIA and resultant cytokine dysfunction 

is associated with an increased risk of the subsequent development of ASD. 

Interestingly, the potential confounders identified within this study—sex, mode of delivery 

and maternal folate intake—are widely discussed risk factors for the development of ASD 

(Curran et al., 2015a, 2015b; Gillberg et al., 2006; Raghavan et al., 2018; Wiens & DeSoto, 

2017). After adjusting for maternal folate intake at midgestation, IL-17A levels at 15 weeks 

were no longer significantly associated with ASD development in offspring. A high number 

of case subjects (22) answered ‘yes’ to taking folate supplements during midgestation, 

while only three answered no. While no data are available on the doses of folate taken 

here, studies have linked both low and high dose maternal folate intake to DNA 

hyper/hypomethylation, gamma-aminobutyric acid (GABA), dopamine and serotonin 

dysfunction, and altered synaptic plasticity, neurogenesis and growth cone development. 

These events trigger neurodevelopmental disturbances which may lead to the 

development of ASD (DeVilbiss et al., 2015; Raghavan et al., 2018; Wiens & DeSoto, 2017). 

As previously mentioned, the current study had a larger ratio of males to females. It is 

widely understood that ASD is more commonly diagnosed in males. There are a number of 

theories on why this is the case. It appears that males may tend to externalise symptoms of 

the disorder, whereas females typically internalise symptoms, complicating diagnosis for 

females (Baron-Cohen et al., 2011; Werling & Geschwind, 2013). Mode of delivery was also 

identified as a confounder. Indeed, over 50% of mothers of ASD cases delivered by C-

section which was initiated after the onset of labour. Emergency C-section is typically 

preceded by either foetal or maternal indications which may themselves be independent 

risk factors for ASD (Yip et al., 2017). C-section delivery has been linked to impaired 

cognitive and behavioural outcomes in both humans and animal models (Curran et al., 
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2015a, 2015b; Morais et al., 2020; Polidano et al., 2017). Delivery by C-section has been 

linked to reductions in endogenous oxytocin (Kuwabara et al., 1987), and subsequent social 

deficits in mice. These deficits may be reversed in mice by exogenous oxytocin therapy 

early during the postnatal period (Morais et al., 2021). 

Although this is one of the few human studies to examine maternal midgestation cytokine 

dysregulation linked to ASD, there is an abundance of data from animal studies on the 

cytokine and behavioural changes resulting from MIA. MIA has been replicated in small 

animal models where induction of MIA through maternal infection leads to an autistic 

phenotype in offspring, characterised in mice by increased self-grooming, increased marble 

burying behaviour (repetitive, stereotyped behaviours) and deficits in ultrasonic 

vocalisations (communication). These alterations maybe prevented by inhibition of specific 

cytokines (IL-6 and IL-17A), which suggests that the cytokines themselves may have a 

causative role in the resultant neuronal dysfunction (Parker-Athill & Tan, 2010; Smith et al., 

2007; Wong & Hoeffer, 2018). 

In the murine MIA model of ASD, Poly(I:C) treatment has been found to increase IL-17A 

levels in maternal blood and the postnatal brain as well as placental messenger RNA 

(mRNA) levels of the cytokine. To determine whether alterations in IL-17A expression are 

symptomatic of, or pathogenic in ASD, a recent study inhibited IL-17A signalling in Poly(I:C) 

treated pregnant mice and reported that ASD-like phenotypes in the offspring were 

prevented (Choi et al., 2016). IL-17A and IL-6 appear to work in tandem. Knockout of IL-6 in 

Poly(I:C) treated dams results in failure to alter IL-17A levels in offspring, which suggests IL-

6 acts upstream of IL-17A (Choi et al., 2016). Poly(I:C) is a synthetic analogue of double 

stranded RNA which mimics the effects of viral infection when injected into test subjects 

(Meyer & Feldon, 2012). It is used as a model of MIA extensively in rat, mouse and non-

human primate studies. Pups of MIA-exposed dams in Poly(I:C) murine models have 

demonstrated communication challenges, reduced social approach, increased repetitive 

behaviours (Choi et al., 2016) and alterations in developement of the cerebral cortex and 

cerebellum (Garay et al., 2013; Hsiao et al., 2012). 

Accumulating evidence supports a role for T-helper 17 (Th17) cluster of differentiation 4 

(CD4) cells and their product cytokine IL-17A in ASD. Th17 cells have previously been 

implicated in the pathogenesis of a variety of autoimmune and neuroinflammatory 

disorders (Al-Ayadhi & Mostafa, 2012). Upstream IL-6 is also a key player in differentiation 

of these Th17 cells (Choi et al., 2016). Th17/IL-17 mediated immunity has been found to 

cause severe damage to the brain in response to inflammation-sensitised hypoxia (Yang et 

al., 2014). The gene for IL-17A (IL17A) has been identified in a genome-wide analysis to 

have enriched/overexpressed copy number variants in ASD cohorts (van der Zwaag et al., 

2009). In subsets of children with ASD, IL17A has been found at elevated levels in the blood 

(both plasma and serum) and correlated with increased severity of behavioural symptoms 

(Akintunde et al., 2015; Al-Ayadhi & Mostafa, 2012). Nadeem et al. report that children 

affected by ASD have an increased number of IL-17A receptors in monocytes and that 

activation via IL-17A increases the child’s oxidative inflammation. Blocking the receptor 

may ameliorate inflammatory effects, which suggests an interesting therapeutic option for 

both inflammatory and behavioural symptoms (Nadeem et al., 2018). Indeed, IL17A 

administration in a murine model improves sociability following MIA (Reed et al., 2020). IL-

17A/IL-17A receptor blockade has also been shown to ameliorate the symptoms of other 

disorders such as atherosclerosis (Erbel et al., 2009), inflammation-sensitised 
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encephalopathy (Ye et al., 2019) and anklyosing spondylitis (Collison, 2018). IL-6 has been 

detected at elevated levels in cerebellar tissues of humans affected by ASD in their 

lifetime. Altered levels of this cytokine have been linked to dysfunctional adhesion and 

migration of neural cells, as well as imbalanced excitatory and inhibitory functions. This 

suggests that altered expression of IL-6 may contribute to the autistic phenotype and 

pathogenesis (Wei et al., 2011). Levels are also significantly increased in the frontal cortex 

and plasma of ASD patients (Li et al., 2009; Yang et al., 2015). Elevated IL-6 in the murine 

brain also results in an autistic behavioural phenotype, as well as abnormal dendritic 

morphology and distribution (Wei et al., 2012). Though we do not observe any notable 

alterations in IL-6 in this study, perhaps it acts at later timepoints when the nervous system 

is more developmentally mature. 

The present study has a number of strengths which increase our confidence in the findings. 

It involves a multicentre, multi-national maternal cohort of over 4000 women, with very 

detailed maternal demography and 1st trimester health and lifestyle data at 15 weeks 

gestation. Of these women, 39 went on to have a child affected by ASD (~ 1% ASD rate). 

The rate of ASD seen in this cohort is similar to that seen across the developed world (~ 

1.5%), so this study is a realistic reflection of ASD incidence. For this reason, we are 

confident that we have identified the majority of expected cases. Serum samples from 

both SCOPE study centres were collected, processed and biobanked according to identical 

protocols to ensure uniformity. Though it appears that our finding IL-17A downregulation 

goes against the previous reports regarding induced upregulation of IL-17 in animal studies 

(Wong & Hoeffer, 2018), one must consider that this is currently one of the only studies in 

humans which has examined IL-17A in midgestation, and is therefore a novel finding. There 

is increasing evidence that IL-17A may cross the placenta from mother to foetus (Wong & 

Hoeffer, 2018), which may, in theory, explain reduced levels in maternal serum and 

increased levels typically seen in the serum of offspring. 

Though the present study has some major strengths, we must also address its limitations. 

One major shortcoming of the current study is its inability to replicate the findings of 

similar mid-gestation ASD cytokine studies (Abdallah et al., 2012; Goines et al., 2011; Jones 

et al., 2017). However, results are conflicting amongst the previous studies. Goines et al. 

reported midgestational elevation of IFN-γ in mothers of children who develop ASD, which 

contrasts with the current study (Goines et al., 2011). Jones et al. from the same research 

group detected midgestational downregulation of IL-8 and MCP-1 in mothers of children 

who develop ASD without intellectual disability. We did not find significant alterations in 

these cytokines in our cohort (Jones et al., 2017). Abdallah et al. utilised amniotic fluid to 

profile elevated MCP-1 in mothers of children who developed ASD. While we see very 

slight downregulation of MCP-1 at 20 weeks, Abdallah et al. do not specify weeks gestation 

at measurement in their study (Abdallah et al., 2012).The differences in findings between 

studies may relate to several factors: assays and measurement of cytokines 

(Luminex/Millipore—neither used Mesoscale assays), differences in the stage of gestation 

at measurement, and our small study size compared to other similar studies.The relatively 

small numbers of ASD cases makes it difficult to draw meaningful conclusions regarding 

different sub-types of ASD. A number of ASD samples were also lost due to poor quality, 

reflected by large but inconsistent (across multiplex plates) numbers lost due to poor %CV, 

further reducing our cohort size, subsequentially resulting in a disproportionately large 

percentage of male cases compared to females. In addition to this, a large number of 

samples were below the LLOD for many cytokines (up to 25—Table 2), which suggests the 
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assay used may not have been sensitive enough. This ultimately created an unmatched 

cohort. The follow-up procedure was different at both sites, with a more detailed follow up 

at 2 and 5 years available to the Cork BASELINE study. However, the diagnosis of ASD was 

similar: parental report (Auckland), parental report of confirmed EIS or psychiatrist 

diagnosis. In Cork, children were diagnosed relatively early and so may be more on the 

severe end of the spectrum to that in Auckland. A large percentage of cases were delivered 

via Caesarean section. This may skew results as this mode of delivery has previously been 

associated with increased ASD incidence (Al-Zalabani et al., 2019; Curran et al., 2015a, 

2015b; Morais et al., 2020). Larger, longer-term studies, which take longterm outcomes 

into account will be required with repeated maternal cytokine profiling to attempt to 

replicate and expand our findings. 

Conclusion 

To conclude, this study has identified dysfunctional IL-17A expression at 20 weeks 

gestation in mothers of ASD children. IL-17A may act as a potential early marker of 

maternal immune dysfunction and if validated would aid screening of high risk infants to 

support focused early therapeutic intervention in infancy (Josefi & Ryan, 2004). The current 

study provides a foundation for further investigation of IL-17A in large maternal cohorts. 

This multicentre study also provides novel insight into the midgestation cytokine profiles in 

mothers of both neurotypical and ASD offspring and is another piece in the puzzle of this 

elusive disorder. 
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OPENMid‑gestation 
cytokine profiles in 
mothers of children 
affected by autism 
spectrum disorder: a 
case–control study 

Michael Carter7,2,4, Sophie Casey1,3, Gerard W. O’Keeffe1,3, Louise 

Gibson1,4 & Deirdre M. Murray1,4 

Autism Spectrum disorder is one of the commonest and most important 
neurodevelopmental conditions affecting children today. With an 
increasing prevalence and an unclear aetiology, it is imperative we find 
early markers of autism, which may facilitate early identification and 
intervention.  
Alterations of gestational cytokine profiles have been reported in 
mothers of autistic children. Increasing evidence suggests that the 
intrauterine environment is an important determinant of autism risk. 
This study aims to examine the mid‑gestational serum cytokine profiles 
of the mothers of autistic children from a well‑characterised birth cohort. 
A nested sub‑cohort within a large mother–child birth cohort were 
identified based on a confirmed multi‑disciplinary diagnosis of autism 
before the age 10 years and neuro‑ typical matched controls in a 2:1 ratio. 
IFN‑γ, IL‑1β, IL‑4, IL‑6, IL‑8, IL‑17A, GMCSF and TNFα were measured 
in archived maternal 20‑week serum using MesoScale Diagnostics 
multiplex technology and validation of our IL‑17A measurements was 
performed using an ultrasensitive assay. From a cohort of 2137 children, 
25 had confirmed autism before 10 years and stored maternal serum 
from mid‑gestation. We examined the sera of these 25 cases and 50 
matched controls. The sex ratio was 4:1 males to females in each group, 
and the mean age at diagnosis was 5.09 years (SD 2.13). We found that 
concentrations of IL‑4 were significantly altered between groups. The 
other analytes did not differ significantly using either multiplex or 
ultra‑ sensitive assays. In our well‑characterised prospective cohort of 
autistic children, we confirmed mid‑gestational alterations in maternal 
IL‑4 concentrations in autism affected pregnancies versus matched 
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controls. These findings add to promising evidence from animal models 
and retrospective screening programmes and adds to the knowledge in 
this field. 

Abbreviations 

 HLA-G gene   Human leukocyte antigen G coding gene 

 HSE   Health service executive 

 ID   Intellectual disability 

 IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10 and IL-17A   Interleukins 1 alpha, 1 beta, 2, 

4, 6, 8, 10, 17A 

 IL-17AR   Interleukin 17A receptor 

 IQR   Interquartile range 

 ISO  International Organization for Standardization  

 KBIT-2   Kaufmann brief intelligence test, second edition 

 LLOD   Lower limit of detection 

LLOQ   Lower limit of quantification MIA   

Maternal immune activation mRNA   Messenger 

ribonucleic acid 

 MSD   MesoScale discovery 

 MZ   Monozygotic 

 Poly (I:C): Polyinosinic   Polycytidylic acid 

 PMN  Polymorphonuclear cells  

 PP   Polypropylene 

 PSS   Perceived stress score 

 ROUT   Robust regression and outlier removal 

 RTI  Respiratory tract infection  

 SCQ   Social communication questionnaire 

 SOP   Standard operating procedure 

 SRS   Social responsiveness scale 

 STAT6   Signal transducer and activator of transcription 6 

 Th1, 2 and 17   T helper 1, T helper 2, and T helper 17 cells 

 TNFα, TNFβ   Tumour necrosis factor alpha, beta 

 Tregs   Regulatory T-cells 
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ULOQ   Upper limit of quantification UTI   Urinary 

tract infection 

Autism spectrum disorder (ASD) is an intricate continuum of 

neurodevelopmental disorders, all of which have an onset in early childhood 

and persist throughout life. These disorders are characterised by core 

impairments in social communication, and the presence of restricted and 

repetitive interests and b ehaviours1–4. There exists within this spectrum a 

broad range of heterogeneity. Clinical phenotypes vary widely, aetiology 

remains unclear, and many different comorbidities afflict those with ASD. 

There is clearly a strong genetic component in many cases with heritability 

estimates of 50–90%5,6, while the apparent male preponderance with rates 

exceeding that of females three to fourfold, also hints at a strong genetic  

foundation7,8. Yet, even using newer techniques such as ASD-optimised 

ultrahigh resolution chromosomal microarray, we only find a single gene 

determinant in approximately 25% of c ases9,10. A recent study of 

monozygotic twins (MZ) (who share 100% similar copies of their genetic 

material) quoted ASD concurrence rates as low as 59% between MZ  

siblings11. Some authors have found that specific HLA-DR (Human leukocyte 

antigen) subtypes are overexpressed in children with ASD versus  controls12,13. 

Despite these advances, we are yet to discover a single gene determinant 

that can account for more than a small percent of ASD cases. All this suggests 

that we cannot explain many cases of ASD by genetic factors alone, or at least 

we cannot explain them using our current understanding of ASD genetics or 

our current techniques of genetic analysis. 

This imperfect picture of ASD genetics has led some to investigate the role 

of environmental exposures in the aetiology of ASD. Researchers have 

identified many environmental risks in ASD. Advanced parental age, foetal 

environmental exposures, perinatal and obstetric events, maternal 

medication use, smoking and alcohol use, psychosocial hardship, nutrition 

and toxic exposures have all been implicated as risks in the pathogenesis of 

ASD 11,14. Some authors attribute up to 17% of ASD risk to these exposures, 

yet the exact balance between genetic and environmental determinants and 

their roles in aetiology remains d isputed11,15. The current ASD literature 

suggests that mutations occurring in genes involved in synapse formation, cell 

adhesion molecule production (such as Cadherins), scaffolding proteins 

(SHANK proteins), ion channels (sodium, calcium, and potassium channels), 

and signaling molecules can disrupt regulatory or coding regions and affect 

synapse formation, plasticity and synaptic  transmission16. 

Cell signaling pathways such as PI3K, PTEN and mTOR interact with synapse 

influencing targets at multiple levels, mutations affecting these pathways lead 

to aberrant synaptic protein synthesis and have been shown to influence the 

development of monogenic (syndromic ASD) as well as non-syndromic A 

SD17,18. 

Multiple mechanisms have been proposed through which each of these 

exposures may exert an influence on genetic and epigenetic risk in ASD, but 
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there are only a handful that are likely to effect abnormal neurodevelopment. 

Animal models of inflammation and maternal immune activation are 

particularly well characterised, and have successfully modelled ASD type 

behaviours and social difficulties in mice, rats and non-human  primates19–21. 

Maternal immune activation (MIA) is defined as an increase in measured 

levels of inflammatory markers in mothers during pregnancy, and more 

specifically refers to a triggering of the maternal immune system by infectious 

or infectious‐like stimuli resulting in an increase in measurable inflammatory 

m arkers22,23. Through this activation, a cytokine cascade transmits to the 

foetus, resulting in adverse neurodevelopmental phenotypes and even 

remodelling or malformations of the developing foetal brain. There have 

been many studies, which have profiled cytokine, chemokine, immune cell 

and inflammatory signatures in ASD affected i ndividuals24–29. A much smaller 

number of studies have characterised cytokine profiles in expectant mothers 

who progressed to give birth to children who develop A SD30,31. The few 

previous studies, which have examined gestational serum, have indicated 

mid-gestational upregulation in specific pro-inflammatory cytokines or indeed 

down-regulation in anti-inflammatory cytokines. These findings arise from 

retrospective examination of stored serum samples from the wide 15–19 

week gestational window. None of these studies confirmed a formal 

psychiatric or multidisciplinary team diagnosis of ASD, nor did they account 

for important and relevant underlying maternal inflammatory conditions such 

as inflammatory bowel  disease32 and rheumatoid  arthritis33. Our aim in this 

study was to measure candidate cytokines at a single specific mid-gestational 

time-point (20-weeks’ gestation) in a carefully characterised prospectively 

recruited birth cohort. 

Methods 

Study population. Mother and child dyads were recruited from the Cork 

BASELINE Birth Cohort Study (Babies after SCOPE: Evaluating the Longitudinal 

Impact on Neurological and Nutritional Endpoints) (www. basel inest udy. 

net). In total, recruitment ran for just over three years, from August 2008 to 

October 2011. The SCOPE Ireland pregnancy cohort (www. scope study. net) 

formed the basis of recruitment of infants to BASELINE [n = 1537] and an 

additional 600 infants were recruited after delivery providing a total sample 

of 2137. The research team performed assessments on day of life 2 and at 2, 

6, 12, 24 and 60 months of age. Team researchers performed specific 

developmental assessments at 24 months (using the Ages and Stages 

parental questionnaire, and the Child Behaviour Checklist) and at 60 months 

(using the Kaufman Brief Intelligence Test, 2nd edition (KBIT-2) and the Child 

Behaviour Checklist). Blood and DNA samples were bio-banked at 15 and 20 

weeks’ gestation, at birth, and at 24 and 60 months. Children with low scores 

at either time-point were examined further by the study paediatrician (DM) 

and were referred for early intervention assessment. In this study, archived 

midgestational (20 weeks) serum samples were analysed. The inclusion 

criteria for the study were: 

http://www.baselinestudy.net/
http://www.baselinestudy.net/
http://www.baselinestudy.net/
http://www.scopestudy.net/
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1. Subjects had bio-banked mid-gestational serum samples available, 

2. All participants had completed 5 year follow up (ideally including 
developmental assessment), 

3. Children who were suspected ASD cases had received a confirmed ASD 
diagnosis according to local practices, 

4. Those participants with alternate developmental conditions (such as 
recognised genetic syndromes) were excluded 

Clinical diagnosis. The majority of children received their ASD diagnosis 

through the Health Service Executive (HSE) ASD service. The standard tests 

utilised in this setting are the Autism Diagnostic Observation Schedule 

(ADOS), and parent report via either the Diagnostic Interview for Social & 

Communication Disorders (DISCO) or Autism Diagnostic Interview-Revised 

(ADI-R) questionnaires. A small number of children received their initial 

diagnosis through private multidisciplinary teams using the same assessment 

tools. All of these children later received a confirmatory diagnosis with the 

HSE ASD service. 

Demographic variables. We have presented the demographic and relevant 

clinical data regarding the participants in Table 2. Male sex is indicated as a 

percentage in each participant group. Infant birthweight is presented in 

grams. Gestational age is in weeks. Customised birth centile indicates the 

percentile of the child’s birthweight in relation to their gestational age at 

birth. Centiles were adjusted for mothers’ height, weight at 15-week visit, 

ethnicity, and infant sex. The centiles were calculated using an online 

research calculator and were based on UK standards https:// www. gesta 

tion. net/34. Maternal age is presented in years and sub-categorised in to 

three age ranges, 18–28, 29–39, > 40 years. We present maternal BMI in 

kg/m2 and sub-categorise according to WHO criteria, underweight BMI < 18.5, 

normal BMI 18.5–24.99, overweight BMI 25–29.99 and obese BMI > 30 

kg/m2. We present the Apgar s cores35 at one and five minutes as the 

proportion from each group with a tally less than seven. In our group there 

were three categories of marriage status, single, married or de facto (stable 

relationship akin to marriage) and finally we document smoking status in this 

pregnancy as (No) non-smoker, (Yes, but stopped) smoked until pregnancy 

was discovered, and (Still smoking) continues to smoke. The 10-question 

Perceived Stress Score questionnaire forms the basis for the Perceived Stress 

Scores (PSS). An individual’s scores on the PSS can range from zero to 40 with 

higher scores indicating higher perceived stress. Low stress scores range from 

0–13, moderate stress scores range from 14–26, and high stress scores range 

from 27–4036. Past medical history indicates the relevant past medical history 

of mothers in the study, and intrapartum infections correspond to reported 

infections in the first 20 weeks of pregnancy. 

Ethical approval and consent to participate. Ethical approval for both the 

SCOPE study (Cork ECM5 (10) 05/02/08) and Cork BASELINE Birth Cohort 

Study (ECM3 (x) 05/04/19) were provided locally by the Cork Research Ethics 

Committee (CREC). We obtained written informed consent from the mothers 

of each case and control recruited for additional enrolment in the PiRAMiD 

https://www.gestation.net/
https://www.gestation.net/
https://www.gestation.net/
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study (Predicting early onset Autism through Maternal Immune Activation 

and Proteomic Discovery). Additional ethical approval for the PiRAMiD study 

was obtained from CREC (ECM 3 (k) 03/12/19). The Cork Research Ethic 

Committee (CREC) approved all research protocols in this study. Each 

participant gave informed consent. Clinical Research Ethics Committee of the 

Cork Teaching Hospitals, Lancaster Hall 6 Little Hanover Street, Cork, Ireland. 

Bio‑ fluid collection. We obtained archived serum samples of mothers 

recruited to the SCOPE-Cork study at 20 weeks’ gestation within Cork 

University Maternity Hospital, Cork, Ireland. Biobank specimens were 

archived at − 80 °C in the SCOPE (Cork) ISO accredited biobank facility until 

required. SCOPE study specific research midwives in accordance with best 

practice guidance (SCOPE Consortium S.O.P.) had performed venepuncture at 

the 20-week visit. Maternal specimens were collected in serum separator 

tubes (Becton–Dickinson Franklin Lakes, New Jersey), immediately placed on 

ice, and transported to the laboratory. Before proceeding to centrifugation, 

serum samples were stored at 4 °C for 30 min from time of collection to allow 

clot formation. Researchers confirmed the presence of the clot visually, and 

samples were then centrifuged at 2400×g for 10 min at 4 °C. Serum samples 

were transferred to ice cold 5 mL sterile PP (polypropylene) tubes (VWR, 

Radnor, Pennsylvania) via sterile Pasteur pipettes. Samples were again 

centrifuged at 3000×g for 10 min at 4 °C. Sera were then aliquoted to red 

capped, barcode-labelled cryovials (VWR) in volumes of 250 µl. Aliquots were 

logged in the SCOPE database (MedSciNet), and stored at − 80 °C within four 

hours of initial c ollection37. 

Cytokine analysis. We selected our candidate cytokines (IL-1β, IL-4, IL-6, IL-8, 

IL-17A, GM-CSF, TNFα, IFNγ) based on previous literature highlighting 

aberrations in cytokine levels in individuals with A SD38 versus healthy 

controls. We also reviewed the literature and focused on a number of 

publications which have measured mid-gestation (15–19 weeks) cytokines  

previously30,31, and on IL-17A in particular. Much of the recent literature 

espouses IL-17A’s potential as a key player in MIA associated 

neurodevelopmental  outcomes19,39,40. In order to quantify IL-17A more 

precisely, we examined IL-17A as part of a multiplex ELISA (enzyme-linked 

immunosorbent assay), and then individually, using a separate ultrasensitive 

ELISA assay (MSD S-plex). 

MSD multiplex V‑plex assay. We profiled the serologic concentrations (pg/ml) 

of eight cytokines and proinflammatory proteins at 20 weeks’ gestation using 

the Mesoscale Discovery V-plex cytokine and proinflammatory electro-chemi-

luminescent (ECL) assays (Meso Scale Diagnostics, Rockville, Maryland 20850-

3173, United States). 

We used the V-plex multi-spot Cytokine Panel 1 (human) kit (LOT No: 

Z0047047) to examine IL-17A and GMCSF, and we examined IFN-γ, IL-1β, IL-4, 

IL-6, IL-8 and TNFα using the V-plex multi-spot Proinflammatory Panel 1 

(human) kit (LOT No: Z0047096). We ran all standards in triplicate, but we ran 

all participant samples in duplicate due to low sample volumes. 
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MSD S‑plex IL‑17A ultrasensitive assay. We profiled serologic concentrations 

(fg/ml) of IL-17A at 20 weeks’ gestation using the Mesoscale Discovery S-plex 

(Lot No: Z00S0003) IL-17A ECL assay (Meso Scale Diagnostics, Rockville, 

Maryland 20850-3173, United States). We ran all standards and participant 

samples in triplicate (single analyte kits require a smaller volume of serum for 

analysis than multiplex kits). 

We performed all experiments as per the manufacturer’s instructions and 

analysed the plates on a MESO QuickPlex SQ 120 instrument. Numeric results 

were generated as “calculated concentration means” on the MSD Discovery 

Workbench 4.0 assay analysis software. Samples were excluded if the 

coefficient of variation (%CV) was higher than 25% between 

duplicates/triplicates as previously d escribed41. We have outlined the Lower 

limits of detection (LLOD), lower limits of quantification (LLOQ) and the upper 

limits of quantification (ULOQ) as well as inter-assay CV (Coefficient of 

variation) for each cytokine in Table 1 for both the multiplex and 

ultrasensitive assays. 

Statistical analysis. We compared the ASD cases (n = 25) as a whole with the 

neuro-typical controls (n = 50), All data were analysed using GraphPad Prism 

7 (GraphPad Software Inc., San Diego, CA) and IBM SPSS Statistics 26 (SPSS 

Statistics, Chicago, IL). ROUT a nalysis43 was performed to remove outliers for 

each analyte (Q = 1%). Data arising from the cytokine analysis were analysed 

using Mann–Whitney U-test, as data were non-parametric. Data within the 

demographics table were compared using the Pearson Chi-square method for 

categorical data and independent t-tests or Mann–Whitney U-tests were data 

were parametric or non-parametric respectively. The age of the serum 

samples used was compared between groups using Mann–Whitney U-test. To 

assess for cytokine degradation over time, we correlated sample age with the 

concentrations of analytes using Spearman rank correlation (Rho) ρ bivariate 

analysis. Statistical significance (2-tailed) was set at p < 0.05. 

Results 

Of the initial 2137 recruited, 1249 completed 5-year follow up (see Fig. 1) Fig. 

1: Included in the final analysis group were 75 child-mother pairs. Each 

mother had stored serum from 20 weeks’ gestation for analysis and had no 

significant past medical history of inflammatory disease. The case and control 

split was one case to two controls (25 cases to 50 controls). We selected 

neuro-typical, healthy controls from the same BASELINE birth cohort, and we 

matched controls to cases based on: 

1. Infant sex, 

2. Gestational age at birth, 

3. Birthweight and 

4. Maternal BMI at 15-week visit. 

 LLOD 

median 
LLOD 

range 
LLOQ ULOQ Inter-assay 

CV 
pg/mL pg/mL pg/mL pg/mL % 

Proinflammatory panel     
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IFNγ 0.37 0.21–0.62 1.76 938 8.16 
IL-1β 0.05 0.01–0.07 0.646 375 7.95 
IL-4 0.02 0.01–0.03 0.218 158 6.23 
IL-6 0.06 0.05–0.09 0.633 488 8.62 
IL-8 0.07 0.03–0.14 0.591 375 7.8 
TNFα 0.04 0.01–0.13 0.690 248 6.74 
Cytokine panel     

GMCSF 0.16 0.08–0.19 0.842 750 10.78 
IL-17A 0.31 0.19–0.55 3.19 3650 11.45 

 fg/mL fg/mL fg/mL fg/mL % 

Ultrasensitive IL-17A     

IL-17A 13 N/A 60 140,000 8.67 

Table 1.  Sensitivity of assays per each analyte examined. In this table LLOD, 

LLOQ, ULOQ for each analyte tested using the MSD proinflammatory panel 1, 

cytokine panel 1, and MSD S-plex Human IL-17A kits. The units of 

measurement used in the multiplex assays are pg/ml  (10−12 g (picograms) per 

millilitre), while the units in the ultrasensitive assay are fg/ml  (10−15 g 

(femtograms) per millilitre). The quantitative range of the assay lies between 

the LLOQ and ULOQ. Inter-assay CV is a measure of the variance between 

runs of sample replicates on different plates and assesses plate-to-plate 

consistency—inter-assay CV values < 15% were deemed acceptible  42. 

All inter-assay CVs were within the permissible range, indicating a low level of 

plate-to-plate variability. 

 

We identified 22 children with a confirmed diagnosis of ASD at the 5-year 

developmental assessments and a further 13 cases were diagnosed between 

5 and 10 years. These “later” cases consisted of children who received their 

formal ASD diagnosis after 5 years of age. These cases were identified on 

review of the 5-year follow up documentation. Those with expressed parental 

concern about ASD, developmental assessment suggestive of ASD, or at risk 

ASD scoring in the Child Behavior Checklist (CBCL) were added to the cases 

cohort. The clinical research fellow verified these additional later ASD cases 

via a follow up telephone interview. Following confirmation of each ASD 

diagnosis, the research fellow invited each candidate and his or her parents 

to attend a follow on cognitive (KBIT-2) and ASD symptomology (SCQ) 

assessment. The cohort and their parents’ medical histories were further 

characterised using a study-specific health questionnaire. 

In total, there were 10 case exclusions. Nine (9) cases had no stored serum 

from mid-gestation. We excluded these cases along with their matched 

controls. We excluded one further case (and matched controls) due to a 

genetic diagnosis of Bannayan-Riley-Ruvalcaba syndrome. We have depicted 

the recruitment stream in Fig. 1. The ASD prevalence of those 1249 children 

still enrolled at 5-years was approximately 3%, generally, in line with what 

others have quoted  recently7,44. 
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Cohort characteristics. In our cohort, the ratio of male to female ASD affected 

children was 4:1; this is consistent with most consensus of male 

preponderance in A SD8,45. There was no difference between groups in 

relation to infant birthweight or gestational age at delivery. There were no 

significant differences between those infants with low (< 7) reported 1- and 

5-min Apgar scores. The groups matched closely in terms of maternal age and 

maternal BMI. All mothers participating in the study were first time mothers. 

The groups were ethnically homogenous, with all participants bar one of 

Caucasian European background. The exception was a single control of 

Australasian descent. With regard to inflammatory conditions and potential 

modifiers of inflammation, no participants reported use of any anti-

inflammatories or steroids during pregnancy. Each group reported 

approximately equal rates of smoking. Perceived stress scores (PSS) did not 

significantly differ between groups, though more controls reported moderate 

to high stress. One mother in the control group reported suffering from 

Psoriasis, and a mother in the cases group reported having coeliac disease. 

There was no significant difference between groups in the commonly 

reported medical conditions of anaemia (diagnosed prior to pregnancy), 

asthma, depression (none on active treatment) and thyroid disease. Of those 

with thyroid disease, one participant from each group had hyperthyroidism; 

the remainder were euthyroid following treatment. In the first 20 weeks of 

pregnancy, 44% of controls reported at least one infection (most commonly a 

Respiratory Tract Infection), while only 20% of cases did so, again, this was 

non-significant. We have detailed the participant demographics in Table 2. 
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Figure 1.  Recruitment numbers flow chart: Participants in Baseline were 

drawn from two streams, those recruited at 15-week booking appointment (n 

= 1537) and those recruited in the immediate post-natal period (600), 

totalling 2137 participants. 1249 participants completed follow up at 5 years. 

Of those, Twenty-two participants had a known ASD diagnosis at 5-year 

follow up; a further 13 were diagnosed with ASD between 5 and 10 years of 

age. Of the 35 participants with a diagnosis of ASD, 10 were excluded from 

this analysis. One child had a significant genetic diagnosis (Bannayan-Riley-

Ruvalcaba syndrome); none of the other nine children had stored 

midgestational serum. This left 25 participants with ASD who were then 

matched 2:1 with healthy controls. 

 

Cytokine analysis. To determine whether a significant difference existed 

between the mid-gestation (20week) inflammatory profiles of mothers of 

ASD and neurotypical children Meso Scale Discovery ECL assays were 

performed. Of the original eight cytokines examined, IL-4 was significantly 
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altered (p-value 0.04). Cytokine concentrations were compared using Mann–

Whitney U test. Expression of the seven other cytokines did not differ 

significantly. In Table 3 we present the number of samples analysed and the 

sample attrition rates. IL-17A was examined using a multiplex system and an 

ultrasensitive single analyte assay, and neither indicated a significant 

difference between groups. A summary of the cytokine analysis results is 

presented in Table 4, and the individual analyte results are presented in Fig. 2 

through Fig. 10. 

Variable 

Cases (n = 25) Controls (n = 50) 

p-value 
n or 

M 
(%) or 

SD 
n or 

M 
(%) or 

SD 
Male sex 20 (80%) 40 (80%) 1 

Infant birthweight 3488 SD 532 3496 SD 455 0.80 

Gestational age 39.65 SD 1.5 39.78 SD 1.5 0.75 

Customised birthweight centile 48.23 SD 26.5 51.90 SD 26.9 0.51 
Maternal age 30.76 SD 5.3 31.46 SD 3.9 0.52 

18–28 8 (32%) 9 (18%) 

0.26 29–39 17 (68%) 39 (78%) 

 > 40 0 (0%) 2 (4%) 

Maternal BMI 25.80 SD 4.9 25.23 SD 4.0 0.60 

Underweight 1 (4%) 1 (2%) 

0.25 
Normal 13 (52%) 26 (52%) 

Overweight 7 (28%) 14 (28%) 

Obese 4 (16%) 9 (18%) 

Apgar 1 min < 7 4 (16%) 3 (6%) 0.16 

Apgar 5 min < 7 1 (4%) 1 (2%) 0.61 
Marital status   

0.87 Single 2 (8%) 3 (6%) 

Married 20 (80%) 39 (78%) 

De facto 3 (12%) 8 (16%) 
Smoked (pregnancy)   

0.85 No 20 (80%) 37 (74%) 

Yes, but stopped 2 (8%) 5 (10%) 

Still smoking 3 (12%) 8 (16%) 

PSS (moderate or high) 8 (32%) 24 (48%) 0.24 
Past medical history   

Anaemia 2 (8%) 8 (16%) 0.34 
Thyroid disease 4 (16%) 3 (6%) 0.26 

Depression 2 (8%) 5 (10%) 0.74 

Asthma 4 (16%) 5 (10%) 0.41 

Intrapartum infection (< 20w)   

Respiratory tract infection (RTI) 3 (12%) 13 (26%) 0.16 

Urinary tract infection (UTI) 2 (8%) 7 (14%) 0.45 
Gastroenteritis (GE) 0 (0%) 2 (4%) 0.31 

Table 2.  Demographic characteristic of study participants. In this table, we 

calculated all p-values using the Pearson Chi square for categorical data, and 
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independent samples t-test or Mann–Whitney U-test where appropriate for 

continuous variables depending on the normality of the distribution. There 

are no significant differences demonstrated between the groups in any of the 

variables listed. Cases and controls are well matched with little variance 

between the key matching variables, infant sex, gestational age and 

birthweight. Data are presented as either the mean (SD) with continuous 

variables or n (percentage) with categorical ones. 

 

MSD multiplex V‑plex. In Fig. 2 IFNγ concentration in ASD cases versus 

matched controls Fig. 2, IFNγ concentration was analysed using the 

Mesoscale Discovery platform. Units of concentration are pictograms/ 

millilitre (pg/ml). IFNγ was not significantly altered in mothers of ASD affected 

children (median 2.773) at 20 weeks’ gestation compared to neuro-typical 

controls (median 2.763). ROUT analysis (Q = 1%) was performed to identify 

and exclude outliers. In total, five outliers were removed (three controls and 

two cases). Final analysis was performed on n = 22 cases and n = 37 controls p 

= 0.99. 

Analyte 

Number of samples analysed 

per group 
Exclusions – 

concentration < LLOD Exclusion – high CV 
Cases Control Cases Controls Cases Controls 

IFNγ 24 40 0 0 1 10 

IL-1β 13 15 11 31 1 4 

IL-4 7 10 15 34 3 6 

IL-6 25 42 0 1 0 7 

IL-8 23 41 0 0 2 9 
TNFα 24 42 0 1 1 7 

GMCSF 8 24 13 21 4 5 

IL-17A 18 36 2 6 5 8 

IL-17A ultrasensitive 25 49 0 0 0 1 

Table 3.  Number of samples analysed and sample losses during 

processing. In this table we present the number of samples analysed for 

each analyte. Some of the cytokines had significant samples attrition during 

processing. The two reasons for loss of samples from the analysis were high 

CV values (> 25%) and undetectable concentrations of cytokine, below the 

LLOD of the assay. Use of an ultrasensitive assay rectified this issue in the 

case of IL-17A. 

 

 Cases Controls p-value ROUT analysis 
Median IQR Median IQR  < 0.05 Case Control 

IFN-γ 2.77 2.16–4.40 2.76 1.79–4.70 0.99 2 3 
IL-1β 0.03 0.01–0.05 0.07 0.02–0.11 0.09 2 0 
IL-4 0.03 0.02–0.03 0.05 0.03–0.07 0.04 1 0 
IL-6 0.44 0.24–0.76 0.40 0.25–0.56 0.49 0 3 
IL-8 5.52 3.90–7.00 4.88 3.52–5.79 0.10 0 5 
TNFα 1.13 0.85–1.69 1.11 0.92–1.46 0.69 0 2 
GM-CSF 0.12 0.08–0.28 0.16 0.10–0.24 0.38 0 2 
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IL-17A 0.69 0.49–0.99 0.84 0.39–1.01 0.85 0 0 
IL-17A (U) 3.47 3.36–3.59 3.45 3.31–3.61 0.80 0 0 

Table 4.  Summary table of cytokine analysis results. In this table we quote all 

analyte concentrations in pg/ mL except for ultrasensitive IL-17A assay (IL-

17A (U)) which we quote in fg/mL. p-values are statistically significant at 

values less than 0.05. Outliers were removed using ROUT analysis on 

GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA). The final column 

“ROUT analysis” indicates the number of outliers removed from each group 

per analyte. We used Mann Whitney U-tests for the calculation of p-values as 

data were non-parametric. 
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In Fig. 3, IL-1β concentration was analysed using the Mesoscale Discovery 

platform. Units of concentration are pictograms/millilitre (pg/ml). IL-1β was 

not significantly altered in mothers of ASD affected children (median 0.032) at 

20 weeks’ gestation compared to neuro-typical controls (median 0.067). 
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ROUT analysis (Q = 1%) was performed to identify and exclude outliers. In 

total, two outliers were removed (two cases). Final analysis was performed 

on n = 11 cases and n = 15 controls p = 0.09. 
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In Fig. 4, IL-4 concentration was analysed using the Mesoscale Discovery 

platform. Units of concentration are pictograms/millilitre (pg/ml). IL-4 was 

significantly altered in mothers of ASD affected children (median 0.027) at 20 

weeks’ gestation compared to neuro-typical controls (median 0.053) p = 0.04. 

ROUT analysis (Q = 1%) was performed to identify and exclude outliers. one 
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outlier was removed (one case). Final analysis was performed on n = 6 cases 

and n = 10 controls. *indicates a statistically significant p value < 0.05. 

In Fig. 5, IL-6 concentration was analysed using the Mesoscale Discovery 

platform. Units of concentration are pictograms/millilitre (pg/ml). IL-6 was 

not significantly altered in mothers of ASD affected children (median 0.444) at 

20 weeks’ gestation compared to neuro-typical controls (median 0.404). 

ROUT analysis (Q = 1%) was performed to identify and exclude outliers. three 

outliers were removed (three controls). Final analysis was performed on n = 

25 cases and n = 39 controls. p = 0.49. 

In Fig. 6, IL-8 concentration was analysed using the Mesoscale Discovery 

platform. Units of concentration are pictograms/millilitre (pg/ml). IL-8 was 

not significantly altered in mothers of ASD affected children (median 5.519) at 

20 weeks’ gestation compared to neuro-typical controls (median 4.881). 

ROUT analysis (Q = 1%) was performed to identify and exclude outliers. five 

outliers were removed (five controls). Final analysis was performed on n = 23 

cases and n = 36 controls. p = 0.10. 

In Fig. 7, TNFα concentration was analysed using the Mesoscale Discovery 

platform. Units of concentration are pictograms/millilitre (pg/ml). TNFα was 

not significantly altered in mothers of ASD affected children (median 1.127) at 

20 weeks’ gestation compared to neuro-typical controls (median 1.114). 

ROUT analysis (Q = 1%) was performed to identify and exclude outliers. two 

outliers were removed (two controls). Final analysis was performed on n = 24 

cases and n = 40 controls. p = 0.69. 

In Fig. 8, GM-CSF concentration was analysed using the Mesoscale 

Discovery platform. Units of concentration are pictograms/millilitre (pg/ml). 

GM-CSF was not significantly altered in mothers of ASD affected children 

(median 0.120) at 20 weeks’ gestation compared to neuro-typical controls 

(median 0.163). ROUT analysis (Q = 1%) was performed to identify and 

exclude outliers. two outliers were removed (two controls). Final analysis was 

performed on n = 8 cases and n = 22 controls. p = 0.38. 

 Total sample number Median sample age (IQR) p-value 

Case 25 9.75 (9.48–10.71) 
0.61 

Control 50 10.08 (9.52–10.57) 

Table 5.  Sample age (years). p-value in this table was calculated using the 

Mann–Whitney U test. 

 

 IFNγ IL-1β IL-4 IL-6 IL-8 TNFα IL17A GMCSF *IL17A 

Samples (n) 64 28 17 67 64 66 54 32 74 
ρ (Rho)  − 

0.103 
 − 

0.346 
 − 

0.065 
0.104  − 

0.137 
 − 

0.308 
 − 

0.063 
0.062  − 0.194 

p 0.42 0.71 0.81 0.41 0.27 0.01 0.66 0.76 0.1 

Table 6.  Correlation between sample age and analyte concentration. In this 

table, we measured correlation using Spearman’s rank correlation (Rho) ρ 

bivariate analysis of sample age and each individual concentration of analyte 

per sample. Number of samples analysed (n) per analyte. Statistical 
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significance is considered when p value < 0.05. *analyte measured using 

ultra-sensitive MSD assay. 

 

In Fig. 9, L-17A concentration was analysed using the Mesoscale Discovery 

platform. Units of concentration are pictograms/millilitre (pg/ml). IL-17A was 

not significantly altered in mothers of ASD affected children (median 0.691) at 

20 weeks’ gestation compared to neuro-typical controls (median 0.842). 

ROUT analysis (Q = 1%) was performed to identify and exclude outliers, none 

were found. Final analysis was performed on n = 18 cases and n = 36 controls. 

p = 0.85. 

MSD S‑plex ultrasensitive assay. In Fig. 10, IL-17A concentration was analysed 

using the Mesoscale Discovery platform. Units of concentration are 

femtograms/millilitre (fg/ml). IL-17A was not significantly altered in mothers 

of ASD affected children (median 3.468) at 20 weeks’ gestation compared to 

neuro-typical controls (median 3.449). ROUT analysis (Q = 1%) was performed 

to identify and exclude outliers, none were identified. Final analysis was 

performed on n = 25 cases and n = 49 controls. p = 0.80. 

Post hoc analysis to examine the effect of storage duration on sample quality. 

Our study used samples that had been stored for an extended time (ranging 

from 9.1 year to 11.8 years) before their analysis (Table 5: Sample age 

(years)). Somewhat mitigating this, the majority of samples were collected 

and stored for a similar duration before use. While degradation is highly likely 

to have occurred in each sample, we expect that, as all samples were stored 

under similar conditions, that the degree of cytokine degradation is 

comparable across all samples. To test this, we correlated sample age with 

the concentrations of each analyte (see Table 6). We found that seven of nine 

analytes correlated negatively with sample age suggesting some degradation 

over the period from the most recent to the earliest sampling. Two analytes, 

IL-6 and GM-CSF, correlated positively but the correlations were “weak” and 

“negligible” respectively. One analyte, TNFα demonstrated a significant “fair” 

negative  correlation46 with sample age ρ (Rho) − 0.308 (p = 0.01), which is 

also reflected by linear regression analysis (F1, 63) = 5.037; p = 0.028.  R2 = 

0.07447. This finding confirms significant and moderate TNFα degradation in 

the timeframe of our sample acquisition, but no other cytokines were 

significantly altered in this period. While we undertook steps to reduce 

cytokine loss from degradation, by avoidance of freeze thaw cycles and 

remotely monitored ultra-low temperature storage at − 80 °C48,49, it remains 

likely that sample degradation occurred irrespective of remedial action. 

However, both controls and ASD samples were stored for similar lengths of 

time. 

Discussion 

We have shown that the expression of IL-4 in maternal serum is altered 

significantly between ASD affected and matched control groups at 20 weeks’ 
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gestation in a small, but carefully characterised cohort of mothers and 

children where the child has a diagnosis of ASD by age 10 years. 

Previous evidence indicates that aberrations of the immune system may 

play a role in  ASD31,38,50. Some propose that alterations in cytokine expression 

could facilitate the classification of ASD  subtypes24,31,51 as well as work as 

biomarkers of response to treatment. In the diagnosis and management of 

ASD, earlier is better, and identification of reliable biomarkers during 

pregnancy may allow for targeted behavioural interventions from early 

infancy. This could also aid the development of targeted pharmacological 

strategies which have already shown promise in animal  models19, and 

analogues of which are currently in use in routine medicine  practice52,53. 

Interleukin‑4. In demonstrating alterations in IL-4, we have corroborated 

findings in the small number of existing studies that have examined mid-

gestational serum of mothers to autistic children. Across all of these studies 

(including our own), IL-4 is the only cytokine to consistently demonstrate 

altered e xpression30,31,54. Interestingly, while previous authors found levels of 

IL-4 to be elevated in the ASD affected group versus controls, in our study we 

found the opposite. Physiologically, IL-4 is a pleiotropic, generally anti-

inflammatory cytokine that functions to suppress the pro-inflammatory 

milieu. Produced by activated T-cells, NK cells, and mast cell, IL-4 aids the 

conversion of naïve T helper cells into Th2 cells as well as potentiating the 

Th2 r esponse55,56. IL-4 also has a role in the developmental and maintenance 

of key regulatory T-cells (Tregs) through STAT6 signalling  pathways57. Tregs 

are important mediators of inflammation during pregnancy and at the feto-

maternal  interface58. We find IL-4 itself at the feto-maternal interface 

throughout  pregnancy59, indeed in normal pregnancy; levels of IL-4 persist 

and increase as the pregnancy  progresses60. Low circulating levels of IL-4 

during pregnancy have been linked with spontaneous abortions, pre-

eclampsia, intra-uterine growth restriction and pre-term delivery 61–63. Failure 

of the usual pregnancy homeostasis (elevated IL-4 levels) may lead to a more 

pro-inflammatory pregnancy environment with subsequent effects on 

maternal health, obstetrics outcomes, and child health and development. 

Animal‑based studies. Although there are very few human studies that have 

examined the molecular links between MIA and ASD, many animal-based 

studies have addressed the question of MIA and the association of 

elaboration of cytokines and parallel behavioural changes in offspring. MIA 

has been replicated in a variety of small animal models: mouse, rat and 

simian phenotypes of ASD have been created through intrauterine 

inflammatory exposure 64–66. These models provide valuable insights into the 

effects inflammation can have on social and communicative behaviour in  

progeny64,66. Remedial steps have been possible with improvements in and 

resolution of some ASD traits following blockade of specific inflammatory 

pathways (IL-6 and IL-17A)19. This work suggested that these two cytokines in 

particular are significantly involved in the neuronal dysfunction brought 

about through  MIA19,65–67. MIA-mouse models of ASD, have shown increased 

IL-17A levels in maternal blood, the postnatal brains of o ffspring68 and in 
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placental mRNA levels of the IL-17A. This suggests upregulation of IL-17A 

activity at the feto-maternal interface. In 2016, Choi et al. demonstrated 

persuasively that simulated MIA in murine models leads to elevation in 

maternal IL-6, leading to downstream activation of maternal Th17 cells. 

Maternal Th17 cells produce IL-17A that is hypothesised to cross to the foetus 

via the placenta leading to increased expression of IL-17AR in the foetal brain, 

contributing to cortical malformations and behavioural  abnormalities19,69. 

Human studies. Quite a number of human based studies have examined 

immune and cytokine aberrations in individuals (adults and children) affected 

by ASD themselves. Here, we will outline each of the analytes we have 

examined and discuss their overall f unction70–72 and highlight their purported 

role in ASD. TNFα is a proinflammatory cytokine that mediates apoptosis of 

virally infected cells. In previous studies, it has been demonstrated in 

elevated levels in the CSF and blood of ASD affected  individuals73–76. 

IL-1β is a potent pro-inflammatory cytokine involved in both acute and 

chronic inflammation. It has been positively correlated with ASD symptom s 

everity51, as well being elevated in the serum of a number of studied  

ASD  populations73,74,77,78. 

IL-6 is another pro-inflammatory cytokine with broad, pleiotropic effects 

throughout the body (hematologic, hepatic, endocrine and metabolic). It 

induces production of acute phase proteins and stimulates B-cell antibody  

production79. It is thought to impact synapse formation and neuronal m 

igration80 as well as potentially mediating IL-17 linked ASD risk in  

pregnancy19,66. Alterations in expression have been noted in the serum and 

CSF of autistic  individuals73,74,76–78,81,82. 

IFNγ is a versatile cytokine that interfaces between innate and adaptive 

immune response. It is secreted by NK cells, and promotes NK killing. It 

activates macrophages, which in turn, produce IL-12 and -23, stimulating Th1 

and Th17 cell respectively. IFNγ inhibits Th2 cells and plays a role in defence 

against intracellular pathogens, tumour surveillance, autoimmunity, allergy 

and the protection of the amniotic space during p regnancy83. A number of 

studies have identified alteration of IFNγ in ASD g roups38,73,81. 

IL-17 is a pro-inflammatory and chemotactic cytokine. Derived from Th17 

cells, a subset of CD4 cells, IL-17 potentiates the innate polymorphonuclear 

cell response throughout inflammation. In ASD studies, it is postulated to 

trigger alterations in the blood brain barrier and lead to cortical  dysplasia66, 

and altered concentrations of IL-17 have been identified in the sera of ASD 

affected i ndividuals24,26,73,76,82,84. 

GM-CSF is a colony stimulating growth factor that is produced by stromal 

cell. It targets bone marrow, and precursor cells, mediating haematopoiesis. 

In one study, altered levels have been observed in individuals with  ASD85. IL-8 

is classified as a chemotactic cytokine and is produced by fibroblasts, 

neutrophils and macrophages. It is chemo-attractant for phagocytes at site of 

inflammation, and has been identified in a number of studies as altered in 

ASD populations versus  controls27,77,81. While the cytokine profiles of ASD 
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affected individuals have been well characterised, very few studies have 

investigated the relationship between mid-gestation cytokine levels and ASD 

risk in offspring. To our knowledge, only three human studies have examined 

maternal  serum30,31,54, and one more has examined amniotic fluid cytokine 

profiles in mothers of ASD affected c hildren86. The findings from these 

studies, effectively provide all of our current understanding of gestational 

cytokine profiles in the setting of ASD. 

Previous literature on gestational samples analysis in ASD. Working from the 

same laboratory and using similar methods, Goines et al. (2011) and more 

recently, Jones et al. (2017) both demonstrated elevated mid-gestational 

cytokine levels between groups of ASD affected children versus controls or 

children without ASD. Goines et al. demonstrated elevated levels of mid-

gestation (15–19 weeks’ gestation) IFNγ, IL-4 and IL-5 with an associated 50% 

increased ASD risk. While Jones et al. showed elevated levels of mid-gestation 

GM-CSF, IL-6, IFNγ and IL-1α in the ASD affected group versus children with 

developmental delay, but not ASD. The authors do not mention the age of 

the samples used in either study, but the samples used were sourced from 

the same birth cohort in Orange County, California between 2000 and 2003. 

In both studies, the samples were initially stored at room temperature and 

later at − 20 °C freezer conditions before long-term storage at − 80 °C. This 

initial handling may have contributed to some cytokine degradation. In the 

Goines study, ASD cases were matched with neuro-typical controls based 

solely on child characteristics (sex, birth month and year), something which 

the authors acknowledge in their limitations. Neither study had access to 

comprehensive maternal health information during the pregnancy (including 

intrapartum infections). Nor did they have a record of relevant maternal 

medical history, all, information important to the interpretation of their 

findings. 

Irwin et al. (2018) demonstrated alterations in IL-4, MCP-1 and IL-10 levels 

in 28-week gestation serum of mothers who birthed ASD affected c hildren54. 

Specifically, IL-4 (usually anti-inflammatory or involved in allergic type  

inflammation87) was increased and associated with higher ASD symptomology 

(as measured by the Social Communication Questionnaire (SCQ)) in offspring. 

Higher concentrations of IL-10 (anti-inflammatory) were associated with 

fewer ASD symptoms in offspring (measured by the Social Responsiveness 

Scale (SRS)), and finally, elevated MCP-1 was associated with fewer ASD 

symptoms (as measured by the SCQ). The samples used in this analysis were 

reported to be at least 5 years old. No controls were used in this analysis, 

instead a large cohort of ASD affected individuals were enrolled, and the 28-

week gestation cytokine concentrations were correlated with ASD 

symptomology at 7 years of age. This is novel in two senses, none has 

previously assessed the cytokine profile in the third trimester, and none has 

correlated cytokine findings with severity of ASD symptomology in this way. 

As with previous authors, they had no access to relevant maternal pre-

conceptual medical history or gestational infections data. 

Finally, Abdallah et al. (2013) examined amniotic fluid samples and found 

elevated levels of IL-4, IL-10, TNFα, and TNFβ. In a preliminary study (2012), 
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they also identified elevations in MMP-9 in ASD cases relative to  controls88. 

Advanced sample age is again an issue with the oldest samples in this analysis 

being 29 years old, the youngest 10 years old. The samples were stored at − 

20 °C according to local  guidance89. Both the storage conditions and the 

samples ages are likely to have contributed to significant cytokine d 

egradation48. 

Limitations. The samples used in our study fall outside the ideal sample age 

for accurate analysis of  cytokines48. To our mind, this is the single most 

important limitation confronting studies of this nature. Unfortunately, the 

shelf life of archived samples is finite, and even samples in long-term ultra-

low temperature storage (− 80 °C) suffer from degradation of cytokines and 

chemokines over t ime48,49. Retrospective sample analysis, would present an 

excellent opportunity to study cytokine aberrations in ASD, if the time to ASD 

diagnosis was shorter. One UK study found that the average delay between 

concerns first being noted by parents and the child receiving a diagnosis of an 

ASD was 4.6 years (SD 4.4 years)90. ASD services continue to be under-

resourced91 and diagnoses are chronically  delayed92. Under current 

conditions, our experience of retrospective analysis of archival samples 

suggests that this style of study design is not well suited to addressing this 

question. Even largescale population based studies would suffer from the 

same issues of sample fidelity over longer periods. 

To ensure future study designs are capable of accurate mid-gestation 

cytokine analysis, they should be prospective, and concentrate on early ASD 

case identification or screening. Early identification should be paramount, the 

diagnostic stability of ASD is reliably fixed from as early as 14 months  old93 so 

screening and identification within the first 2–3 years of life is possible. 

Cytokines should be analysed contemporaneously, acute phase reactants 

such as IL-1β and IL-6 have demonstrated greater than 50% degradation 

within 3 years even in − 80 °C freezer  conditions48. IL-4 is stable only for 3 

years, while IL-17A, IFNγ, and TNFα, all suffer more than 50% degradation 

within 4 years at ultra-low temperature  storage48. Basic handling of samples 

and initial processing requires optimisation to ensure the risk of sample 

degradation is minimised: (i) Store samples at ultra-low temperatures, (ii) 

initial processing should be rapid (< 1 h from venepuncture to freezer 

storage) and (iii) freeze-thaws cycles should be minimised. With robust 

methods of early screening in place, early confirmatory diagnosis within the 

first 2/3 years, and analysis of gestational samples within 3 years, it should be 

feasible to increase the yield and validity of such studies, and greatly reduce 

cytokine loss through prolonged storage. While this approach would allow for 

study of children presenting with the earliest signs of ASD, or targeted high-

risk groups (ASD affected siblings). It would likely miss those presenting later, 

including those who are a high-functioning phenotype or of female sex. 

Finally, our small sample size is a major limitation, and results should be 

interpreted with caution. Analysis of IL-4 levels in the groups yielded results 

on only 16 individuals (6 cases and 10 controls). Attrition of the viable 

samples was due to a combination of the low absolute concentrations of IL-4 

in the samples (likely exacerbated by advanced sample age), concentrations 
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at or below the sensitivity (LLOD) of the MSD multiplex format and high CV 

values. It is difficult to make inferences about results in samples this size, and 

larger scale group analysis is warranted. 

Strengths. Although our study has suffered from some of the same limitations 

as previous studies, our study is strengthened by the quality of our cohort. 

Each child had a concrete specialist service ASD diagnosis, confirmed by the 

clinical paediatric fellow. Each child was well characterised clinically and 

matching was strictly observed. Matching was not only based on child 

characteristics (Sex, Gestational age, Birthweight), but also on an important 

maternal characteristic, BMI at 15 weeks’ gestation. This enhanced the 

validity of our results. In addition to detailed child characteristics, we have 

also included important information regarding the past medical histories, 

medication or anti-inflammatory use, and pre-existing inflammatory 

conditions of the mothers included in the study. We present crucial 

information about infection rates in the first 20 weeks of pregnancy, all of 

which presents a major confounder to accurate analysis if this information is 

absent. Our methods were robust, and we identified two key issues of 

multiplex assay sensitivity and advanced sample age, and remedied the 

former through utilisation of ultrasensitive single analyte plates. 

Conclusion 

In conclusion, in a carefully characterised maternal-child cohort study we did 

not replicate the findings of similar mid-gestational studies, but did find some 

evidence of mid-gestational cytokine aberrations (downregulated IL-4) in the 

mothers of children with ASD. Reduced levels of IL-4 are linked to a pro-

inflammatory state during pregnancy and negative obstetric and foetal 

outcomes. All studies to date have had similar and significant limitations. 

Future studies should focus on minimising the time between sample 

acquisition and analysis, use of best practice for initial sample handling, and 

early identification and characterisation of cases and their mothers. Future 

analysis should be serial and include investigation of samples taken from 

early in pregnancy. The first trimester, and particularly 8–12 weeks’ gestation 

is a crucial period for organogenesis and differentiation, and analysis from 

this period will help complete the picture of gestational cytokine fluctuations 

and their effect on neurodevelopment. 

Data availability 

The datasets used and analysed during the current study are available from 

the corresponding author on reasonable request. 
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