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Abstract Autism spectrum disorder (ASD) is a common and
severe neuro-developmental disorder in early childhood
which is defined by social and communication deficits and
repetitive and stereotypic behaviours. The aetiology of ASD
remains poorly understood. Susceptibility to development of
ASD has significant environmental components, in addition to
the profound genetic heritability. Few genes have been
associated to the risk for ASD development. There is
substantial evidence implicating chronic neurological
inflammation and immune dysregulation leading to
upregulation of inflammatory cytokines in the ASD brain,
probably due to altered blood-brain barrier function. The
immune system is characterized by excessive and
skewed cytokine responses, modulated T cell reactivity,
decreased regulation and production of immunosuppressive
cytokines, modified NK function and increased autoantibody
production. Conclusion: The perinatal environment generates
vulnerability to chronic neuro-inflammation in the brain
associated with profound modulation and dysregulation in
the immune system leading to the rapid development of
ASD in genetically susceptible children.
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Introduction

Autism spectrum disorders (ASD) are a group of

neurodevelopmental disabilities characterized by impaired
social interaction, qualitative impairments in communication
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and restrictive, repetitive and stereotyped behaviours [4], as
described in the fourth edition of the Diagnostic and Statistical
Manual of Mental Disorders. In most cases, ASD is clinically
diagnosed during the first 3 years of age and is a lifelong
condition for most [70]. Due to the inherent heterogeneity of
development, the mean age of diagnosis is 5.7 years, while a
substantial number of children remain undiagnosed until the
age of 8 years [77].

In December 2012, the American Psychiatric Association
approved the fifth DSM, which changes the definition of
ASD, in an effort to diagnose more accurately the signs of
autism and this edition was published in May 2013. In this
new edition, the previously individually diagnosed autistic
disorder, pervasive developmental disorder not otherwise
specified, Asperger's disorder and childhood disintegrative
disorder are all included in one single diagnosis: autism
spectrum disorder. Regardless of the controversy surrounding
this decision, and whether or not it will make it clearer for
clinicians to diagnose patients with autism, it is another
indication on how little we know about this disorder since
the process of creating proper diagnostic tools and criteria is
far from over. What is undeniable is that autism diagnosis has
increased dramatically in the past decades. According to the
Centre for Disease Control and Prevention Morbidity and
Mortality Weekly Report, vol. 61, no. 3 published in March
of 2012, 1 in 88 children have been identified with ASD,
which marks a 78 % increase since the first report in 2007.
Studies in Asia, Europe and North America report an average
prevalence of ASD around 1 % [56]. The prevalence of 1/150
to 1/200 is considered a reliable figure, making ASD more
prevalent than many other childhood disorders that are
considered common.

Although the increase in ASD diagnosis has increased
dramatically, it is unclear if the actual prevalence of autism
has increased since this increase is partly due to changes in the
diagnostic practice and the increasing awareness of parents to
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the symptoms of these disorders. Overall, ASD are complex
neurodevelopment disorders whose theories of causation are
still incomplete.

Nonetheless, many aetiologies and causes have been
proposed. This review will attempt to revise the most common
and strongly supported causes for ASD. It is now clear that
autism should not be defined as a disease but more as a
syndrome with multiple genetic and environmental causes.
Among researchers, there is an increasing support for the
theory that ASD does not have a single or main cause but is
instead a complex disorder with a set of core aspects that have
several different causes [40, 41].

In other words, just like in mental retardation, completely
different underlying brain dysfunctions are hypothesized to
result in the development of ASD [83]. So far, the consensus
between the autism research community is that genetic factors
predominate, and additional environmental factors contribute
or exacerbate the symptoms of ASD (Fig. 1). Many previously
suggested prenatal risk factors for autism, including maternal
allergic phenotype and maternal and paternal age, were
examined in a meta-analysis, and although none of these
factors are implicated in the aetiology of autism, some
evidence suggests that pregnancy complications increase the
risk [33]. For the purpose of this review, the causal theories of
ASD will be divided in three main categories: genetic,

prenatal and postnatal causes. For each category, a brief
explanation of the main findings and theories will be
explained.

Methods

A comprehensive search of PubMed was performed using the
terms and MeSH keywords “autism” and “autistic spectrum
disorder” associated to the terms “gene”, “genetic”, and
“genome”; “pregnancy”’, “maternal”, “vitamin D”,
“gastrointestinal”, “gut”, “nutrition” and “diet”; and

“immunology”, “IgG” and “immune”. The search included
all articles in the English, Spanish and Dutch language;
additionally, it was limited to articles published from 2000 to
March 2013 and only to studies conducted in humans. The
search had preference, but was not limited to review articles
and meta-analysis.

Genetic-based theories
There is hard evidence to support the theory of a potent

genetic cause for ASD development. Monozygotic twin's
share 60 to 90 % of autistic traits while fraternal twins only
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0 to 23 % [85]. A number of distinct rare genetic disorders
related to autism suggest that the genetic tree of this syndrome
is very similar to that of mental retardation and epilepsy [64].
Autism is associated with mental retardation in approximately
70 % and seizures in up to 25 % of cases [86].

Rett syndrome represents a clear exception since the
majority of cases are caused by de novo mutations or
microdeletions of the methyl-CpG-binding protein 2
(MeCP2) gene on Xq28 [31]. MeCP2 is a protein that is
encoded by the methyl-CpG-binding gene that is highly
expressed in neurons. The exact function of this protein is
unclear; it seems to help in the regulation of gene expression
by modifying chromatin as CpG binding sites are hotspots for
mutations. Usually, it regulates genes involved in brain
function, although this protein can be found throughout the
body. As the gene is X linked, it is subject to X inactivation.
There is no evidence that none of the other subtypes of ASD
are linked to any particular genetic disorder. Probably due to
this specific aetiology in the latest version of the DSM-5, it has
been removed from the group “persuasive developmental
disorders”.

Identified genetic disorders associated with ASD

The link between ASD and identified genetic disorders can tilt
the scale towards a genetic origin of ASD. It is important to
note that the total number of patients diagnosed with ASD
who have a clear diagnosis of an additional identified genetic
disorder is a small percentage of the whole ASD population,
most likely less than 10 % according to population-based
studies [30].

A number of specific genetic disorders have been
associated with autism including fragile X syndrome,
tuberous sclerosis, Smith-Magenis syndrome, Angelman
syndrome, Rett syndrome and Prader—Willi syndrome [53].
In general, however, these disorders represent a very small
percentage of cases with ASD; as an example, tuberous
sclerosis complex (TSC), an autosomal dominant disorder that
involves two genes, TSCI on the chromosome 9q34 and
TSC2 on the chromosome 16p13.3 [23]. This syndrome
occurs in 1 to 1.7/100,000 persons with approximately 25 %
of patients diagnosed with TSC having autism [18].
Additionally, up to 1.3 % of patients diagnosed with ASD
have TSC; this percentage may seem low, but when compared
to the prevalence of TSC in the general population, it is 30 %
higher [42]. Other rare single gene defects have also been
associated with ASD in different case studies, which include
Williams syndrome, Cowden syndrome and Moebius
syndrome, among others [97].

A number of population-based studies have reported a
male-to-female ratio of 3:1 in ASD [101], which could
suggest an X-linked disorder in which females would be
protected by compensation of the transcription of the X

chromosome, but the data to support this theory is until now
inconclusive and it is clear that ASD transmission does not
follow an X-linked pattern [92]. The formation of non-coding
RNA can act as an epigenetic mechanism leading to X
chromosome inactivation. Imprinted gene clusters on the X
chromosome can use this mechanism to silence adjacent
genes, including some rare variants that have been reported
in association with ASD, by inducing repressive histone
modifications [46]. Therefore, this lack of direct linkage to
the X chromosome does not rule out the possibility that X
chromosome can modulate the risk of ASD.

Family associations

Children with ASD were far more likely to have a family
member with an autoimmune disorder, like type 1 diabetes or
coeliac disease, when compared to suitable controls
substantiating a connection between ASD and family
members [9]. This familial clustering suggested an immune
dysfunction to play a role in the pathogenesis of autism [19].
Strong evidence has been found to support the theory that
ASD is a heritable disorder: the recurrence risk in siblings of
patients diagnosed with ASD is up to 8 % [20], although
values up to 18.7 % have also been reported [67]. Moreover,
the rate of concordance in monozygotic twins ranges from 36 to
95 % for classic autism, while in dizygotic twins, it ranges from
01023 % [76]. In 2009, a large population study, 277 twin pairs
diagnosed with a form of ASD, was conducted in the USA via
the Interactive Autism Network reported a concordance rate of
31 % for dizygotic twins and 88 % for monozygotic twins [72].
In 2011, Hallmayer analysed the genetic versus the
environmental factors of autism development in twin pairs
diagnosed with ASD. This study reported a slightly higher
concordance among dizygotic twins (21 % for males and
27 % for females). Additionally, via a fitted model, they
analysed the relative importance of genetic versus shared
environmental factors for the development of ASD, and they
concluded that heritability was estimated at 38 % while the
shared environmental component was at 58 % [39]. This study
suggests that although there is a strong genetic background in
the development of ASD, environmental components play a
key role in the development of this syndrome.

Additionally, a genetic background is also supported by the
elevated prevalence of obsessive—compulsive disorder,
communication disorder and social phobias in family
members of ASD patients [47, 80]. Although there are several
studies concerning how the family of ASD patients can be
affected, no specific gene or genes have been identified to
explain this association. Whole genome screenings in families
more than one member affected with ASD have shown ten or
more genes that could be affected [29]. This would mean that
potentially several genetic mutations could be associated or
even contributed to the development of autism.

@ Springer



36

Eur J Pediatr (2014) 173:33-43

Candidate loci and potential genes

Until now, no definitive genetic mutations have been directly
linked to ASD; however, several genes have shown potential
involvement in the ASD phenotype [58]. It is now widely
accepted that the autism syndrome is part of an underlying
genetic syndrome in which several genes interact in order to
produce the “autism phenotype”, although each genetic locus
identified to date to be associated to ASD represents a very
small fraction of the total cases of ASD [74]. Several genes
have been consistently linked to cases of ASD, while others
have been reported in very few cases; however, all of them
have a function directly or indirectly related to brain and
neural development. Some of these functions include central
nervous system development, neurogenesis and axogenesis
and synaptic plasticity and transmission, just to name a few.

In order to understand the complex genetic aetiology of
ASD, researchers use different approaches that range from
linkage, association, cytogenic and copy number variant
(CNV) analysis [59]. A common approach is the use of
genome wide association studies (GWA), which compare the
frequency of single nucleotide polymorphisms in cases versus
control samples. Using the GWA approach, researchers can
identify rare de novo and inherited CNVs that can be linked to
ASD. Until now, only loci 17q11-17q21 and 7q are
considered genome wide significant [1]. The chromosomal
translocation breakpoints associated with ASD identified in
the 7q22-7q33 [75] are related to the protein reelin localized in
this site and potentially involved in neural migration during
development, formation on cortical layers and synaptic
plasticity encoded by the gene RELN [55]. Reelin is integrally
involved in the pathophysiology of ASD. In 2001, the
International Molecular Genetic Study of Autism Consortium
screened 170 multiplex families and postulated that an autism
susceptibility locus, named AUTSI, exited in the location
7q31-q33 for affected family members [50]. This AUTSI
locus contains a number of genes that could potentially be
involved in the pathogenesis of ASD. Among them, one
example is the candidate gene FOXP2 located in the loci
7q31. This gene encodes the forkhead/winged helix FOX
family of proteins, hence the name. The FOXP2 gene is
necessary for brain and lung development; knockout mice
with only one functional copy of this gene were found to have
significantly reduced vocalization as pups [78]. Follow-up
studies have narrowed this region on chromosome 7q31 to a
3 cM critical region (located between D7S496 and D7S2418),
identifying the candidate gene LAMBI1 [48]. This gene
encodes the protein laminin, which is the major non-
collagenous part of basement membranes and is associated
with several biological processes that include cell adhesion,
differentiation, migration and neurite outgrowth.

The second region that has been implicated in ASD by a
number of studies is the 17q11 where the SLC6A4 candidate
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gene is located [91]. This gene is involved in the regulation of
serotonin and variation in this gene is associated with grey
matter volume in the cortex. Additionally, 1 to 4 % of patients
diagnosed with ASD have cytogenetic abnormalities at the
15q11-q13 locus [35]. Several population studies and case
reports have identified deletions, duplications and inversions
at this locus [11, 12, 44]. A “chromosome 15 phenotype” has
been described in individuals with chromosome 15
duplications characterized by ataxia, language delay, seizures,
mental retardation and facial dysmorphology [96]; since most
of these characteristics are the same as found in ASD, there is
evidence that an alteration in the chromosome 15 is involved
in the pathogenesis of ASD. In the chromosome 15q12, the
candidate gene gamma amino butyric acid receptor has been
identified, which regulates brain cell migration, differentiation
and synapse formation. There are several more locus and
candidate genes reported to be associated with ASD and
current approach of genetic testing in ASD these finding will
continue to grow and evolve. However, no matter how much
this field grows, the diagnosis of ASD continues to be clinical
based, since until now the pathophysiology of ASD remains
too multifactorial [43].

Prenatal-based theories
Biomarkers

ASD develops in susceptible individuals based on genetic and
environmental risk factors; the identification of which is still
largely incomplete. Analysis of biological samples
(increasingly using (epi)genomic, proteomic and
metabolomic tools), in combination with neurological
analysis (including advanced imaging technologies), could
provide potential biomarkers [45]. Such biomarkers are useful
for corroborating clinical diagnosis, providing an indicator for
the clinical course of the disease, identifying susceptible
children based on the predictive value of these markers and
underpinning the need for specific therapy and monitoring of
the efficacy of that treatment. However, so far, no unequivocal
biomarkers for routine clinical use have been defined yet.

Maternal autoantibodies

From several studies, it is safe to assume that a dysregulation
in the immune system is a crucial part in the development of
ASD [7]. A common finding is an elevated number of
autoantibodies that react against the brain and central nervous
system in children diagnosed with ASD when compared to
suitable controls [16, 95]. Recently, a number of studies
suggest the presence of maternal autoantibodies that can have
a harmful effect in brain development of the foetus during
pregnancy [22]. Maternal antibodies, specifically
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immunoglobulin G (IgG), are able to cross the placenta barrier
and provide passive immunity to the foetus during pregnancy.
However, along with this beneficial immunoglobulin,
pathogenic autoantibodies can also reach the foetus, affecting
the foetal brain tissue [100]. Therefore, it is plausible that
brain-specific maternal autoantibodies might have an
influence in several congenital neurological developmental
disorders. In addition, ASD children have a greater family
history of autoimmunity like type 1 diabetes and ulcerative
colitis [7, 95].

In 2008, Braunschweig examined maternal plasma
antibodies against human foetal and adult brain proteins
within 61 mothers of a child diagnosed with ASD and 102
suitable controls. This study reported a significantly higher
autoreactivity to a protein approximately at 37 and at 73 kDa
in mothers of a child with ASD when compared to the
respective controls [13]. This previous study was recently
replicated with a larger population (n =560) reporting similar
findings, a significant association between maternal IgG
reactivity to both proteins and the diagnostic of ASD in the
offspring of these mothers [14]. These findings of anti-foetal
brain antibodies in the serum of the mothers support the theory
of an association between the maternal immune system
biomarkers and the diagnosis of ASD [32]. Alterations in the
blood—brain barrier result in exposure to neuron-derived
antigens that induce a large proportion of specific
autoantibodies of different isotypes, including IgM, IgG and
IgA. This blood—brain barrier is a highly active and selective
interface between the central nervous system and the
peripheral immune system. The cytokine production potential
of this barrier contributes to the neuro-inflammatory condition
in the brain and facilitates the production of autoantibodies
and promotes access of inflammatory and immune cells to the
brain, creating a vicious circle of the chronic neuro-
inflammatory condition in ASD [79].

Maternal levels of vitamin D during pregnancy

Lately, a theory linking the development of ASD to maternal
vitamin D deficiency during pregnancy is gaining support.
There is strong evidence to suggest that vitamin D has the
same role as a neuroactive steroid, which implies that it can
affect neuronal differentiation, axonal connectivity and brain
structure and function [26]. Moreover, vitamin D deficiency is
shown to be common during pregnancy [3, 52] and linked
with numerous adverse effects in the foetus, which include
intrauterine growth restriction, reduced bone mineral accrual
and recurrent wheezing [51, 63].

Vitamin D insufficiency can increase the risk of autism: a
theory based on several findings such as children with vitamin
D-deficient rickets have autistic characteristics that seem to
disappear with high doses of vitamin D [82]; autism is more
common in places with impaired UVB penetration;

epidemiological studies have found a higher prevalence of
ASD when the conception period occurred in the winter
months, particularly March, when levels of vitamin D are at
their lowest [81]; animal data which found repeatedly that
severe vitamin D deficiency during gestation leads to increase
brain size and enlarged ventricles; and these anomalies are
also found in autistic children [27].

However, the claim that vitamin D deficiency during
pregnancy is a risk factor for ASD development still lacks
conclusive evidence [57]. Moreover, in 2012, Whitehouse
et al. tested if maternal vitamin D deficiency during pregnancy
was related to autism phenotype and found little evidence for
this association. This study described a significant association
between low concentration of maternal 25 OH-vitamin D and
offspring with high scores on the attention switching subscale
of the AQ, suggesting that low maternal vitamin D levels
during pregnancy are not a determinant of ASD [93].

Maternal infections, febrile episodes and antibiotic
use during pregnancy

It has been proposed that activation of the maternal immune
system during pregnancy could be associated with behaviours
of ASD in the offspring of these mothers [69]. Presently, very
few studies have investigated the association between
common infections, self-reported by the mothers, and ASD
in their offspring [10]. Still, viral infections during pregnancy,
for example with influenza, rubella, measles, cytomegalovirus
and herpes simplex virus, are suggested to increase the risk for
ASD development in the offspring [24]. In 2012, a research
group in Denmark published a population-based cohort which
included 96,736 children born from 1997 to 2003, which
found little evidence of an association between a mild
common infection or febrile episode during pregnancy and
the diagnosis of ASD. However, this study reported a twofold
increased risk of ASD after maternal influenza infection
during pregnancy and a threefold increase with a prolonged
episode of fever during pregnancy and additionally identified
the use of antibiotics during pregnancy as a strong risk factor
for ASD [8]. Prenatal and early life exposure to
acetaminophen was linked to the risk of autism spectrum
disorder in susceptible individuals. However, many studies
were flawed and have not been independently confirmed.

Postnatal environmental-based theories

It is now widely accepted that environmental factors play an
active role in the development of autism, which is why many
attempts have been made to identify potential risk factors for
ASD. Among these factors, none has been more popular than
the link between the gastrointestinal system and ASD.
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Gastrointestinal disease

In 2009, Campbell et al. published the first study that
demonstrated a probable genetic cause between ASD and
gastrointestinal disease by reporting that a variation of the
promoter of the gene encoding the mesenchymal epithelial
transition factor (MET) receptor tyrosine kinase is related to
ASD and that this variation in the MET signalling increases
the risk of gastrointestinal dysfunction in ASD [17]. Prior to
this study, numerous studies have been published that reported
histopathological findings such as ileal lymphoid nodular
hyperplasia and colonic lymphoid nodular hyperplasia and
the pathological scores to be significantly higher in children
with ASD when compared to controls [15]. Additionally,
many of the inflammatory transcripts detected in
gastrointestinal tract in ASD are similar to those observed in
Crohn's disease and ulcerative colitis [89]. Also, difficulties in
food consumption are often noticed in ASD as a result of both
selectivity in accepting solid foods and gastrointestinal
problems due to reflux, constipation or diarrhoea, food
allergies or intolerances and coeliac diseases [66].

These findings have been recently questioned since the
populations studied were only children who had been referred
to a gastroenterologist because they all had previous
gastroenterological complaints. Moreover, the so-called
significant findings in the ASD children with gastrointestinal
symptoms did not differ from the rate usually observed in the
general paediatric population [25]. This lack of association
was additionally supported by Ibrahim et al. in 2009 when he
reported no significant association between cases with ASD
and controls in the overall cumulative gastrointestinal
symptoms [49]. Recently, a large population study conducted
in the UK, comparing the stool patterns of children diagnosed
with ASD and normally developed children during the first
3.5 years of life, found no significant differences between the
two groups [73]. Thus, there is enough evidence to conclude
that the general incidence of gastrointestinal symptoms in the
ASD population does not differ from the general paediatric
control population [36].

Gut microbiota

In the past decade, several studies have demonstrated
differences between the microbiota composition in ASD cases
when compared to healthy suitable controls [2, 28, 94] (see
Table 1). However, no clear trend has emerged, and since all
the studies used different methodologies, these are difficult to
compare. One common finding is that the microbiota profiles
from healthy siblings of ASD patients are an intermediate
between the findings from the ASD cases and the controls
[61].

Additionally, an imbalance in microbiota can have an
impact on health by disturbing the fermentation of undigested
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Table 1 Microbiota differences in ASD cases compared to control
subjects

Sample Methodology using Microbiota References
population  faecal sample (significantly
higher in ASD)
35 ASD Pyrosequencing Bacteroidetes and [28]
7 siblings proteobacteria
8 controls
58 ASD Bacterial culture Lactobacillus [2]
39 controls and Bacillus spp.
15 ASD Pyrosequencing Cumulative level [94]
7 controls  Quantitative PCR ileal of probacteria

and caecal samples and firmicutes

dietary components and therefore impacting the production of
short chain fatty acids and ammonia. It was demonstrated that
faecal levels of short chain fatty acid and ammonia are
significantly higher in children with ASD when compared to
controls [90]. This suggests that fermentation processes or the
utilization of the fermentation products is possibly altered in
children diagnosed with ASD.

Dysfunctional immune response-based theories

Currently, the scientific community agrees that there is an
important genetic component in the development of ASD; as
described earlier in this review, there are several genes that
have been involved in the development of ASD. Most of these
genes are involved in the development of the central nervous
system, which potentially affects behavioural, cognitive,
learning and memory components, all implicated in the range
of symptoms characteristic of ASD. Besides, immune-related
genetic variability is also implicated in ASD, since many pro-
inflammatory cytokine genes are associated with ASD
development [99].

Neurobiological abnormalities

A number of neurological abnormalities have been found in
the brains of ASD patients in post-mortem examinations and
through magnetic resonance imagining. In 2003, Courchesne
described that the brain of children diagnosed with ASD
develops normally until the age of 9 months, which is
followed by a rapid period of white matter growth during
the following 9 to 24 months [21]. Furthermore, Vargas
et al. reported that a histologic analysis of the brain tissue of
children diagnosed with ASD showed signs of classic
inflammation in the areas where excessive growth was
registered [60, 87], thus demonstrating an involvement of
astroglial and microglial cells with no lymphocyte infiltration
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or immunoglobulin deposition in the central nervous system
(CNS). Microglia are the mononuclear phagocytic cells that
participate in the immune surveillance of the CNS. This study
also demonstrated an ongoing immune cytokine activation in
the post-mortem brain of patients with ASD. Interferon-y
(IFN-y) is a critical cytokine in adaptive immune response;
an abnormality in this cytokine is associated with auto-
inflammatory processes and autoimmune diseases. This
overproduction of cytokines can lead to a chronic
inflammation in the brain tissue, which is consistent with
findings reported in white matter tissue in ASD cases.

A particular area of interest is the aberrations found in the
limbic system, since this is the centre in the brain that controls
behaviour. Until now, increased cell packing and small
neuronal size have been reported [68]. Another area of the
brain that can influence emotional behaviour is the
cerebellum; abnormalities in this area have been reported to
be one of the most consistent findings in ASD. These findings
include paucity of Purkinje and granular cells [84]. All these
findings can explain localized or systemic inflammation,
which releases immunomodulatory molecules that could
affect neurodevelopment, particularly at critical periods of
brain development.

Cytokines

An altered cytokine profile has been described in patients
diagnosed with ASD. Cytokines are proteins that control the
intensity, duration and type of immune response. Additionally,
cytokines are involved in neural development and
maintenance and increased cytokine and chemokine
production were found in post-mortem ASD brains, including
IFN-y, IL-13, IL-6, IL-8 and IL-12p40, all of them being pro-
inflammatory mediators. Plasma levels of leptin, a cytokine
functionally related to IL-6 and IL-12, are increased and able
to cross the blood-brain barrier. Also, tumour necrosis factor
alpha (TNF-«) and chemokine C—C motif ligand CCL-2 were
included [62, 71]. Many of these cytokines are induced by the
activation of the NF-kB transcription factor, a critical factor in
inflammation and apoptosis, which is found at increased
levels in peripheral blood mononuclear cells in ASD.
Increased levels of TNF-o and its capacity to block synaptic
communication are the most consistent and typical finding in
ASD brain, cerebrospinal fluid and blood cells [98]. Blood
monocytes of ASD children showed enhanced production of
pro-inflammatory cytokines upon TLR2- and TLR4-
dependent stimulation, while TLR9 stimulation resulted in
decreased cytokine production. Innate immune stimulation
of monocytes thus results in an altered cytokine response in
ASD. Altered reelin signalling associated with modified
cytokine communication in the central nervous system at
prenatal (in utero) or early postnatal period is considered to
provide an immunological insult. This results in an epigenetic

trigger modulating the glucocorticoid receptor gene function
with lifelong consequences for the structure and function of
the brain and the induction of an inflammatory state in the
brain [45].

Several studies have reported decreased plasma levels of
transforming growth factor beta (TGF-[3), which is related to
cell migration, apoptosis and regulation in the immune system
and CNS [6, 65]; these results suggest that dysfunction of
TGF-f has potentially a role in ASD by not being able to
control inflammation, therefore leading to a state of chronic
inflammation which has devastating effects in the brain and
nervous system. A different cytokine that has also been linked
to ASD is macrophage inhibitory factor (MIF), which is a pro-
inflammatory immune regulator that influences neural and
endocrine systems. Plasma levels of MIF have been reported
to be higher in ASD patients when compared to suitable
controls. Moreover, the highest levels of plasma MIF
correlated to the cases with the most severe behavioural
symptoms [38].

Adaptive cellular response

Several immune abnormalities in T and B cells, natural killer
(NK) cell activity and differential monocyte responses along
with autoantibody production have been described in ASD
[54, 88]. A finding that has been common in the
immunological studies in patients with ASD is an atypical
adaptive T cell response, described as a bias towards T helper
2 (Th2) phenotype and a reduced response of Thl cells.
Circulating antibodies directed toward brain proteins have
widely been found in ASD children, along with anti-nuclear
antibodies and increased plasma levels of IgG4. After T cell
development, naive T cells are spread throughout the body;
they express the T cell receptor CD3 complex. This complex
is responsible for recognizing antigens bound to the major
histocompatibility complex (MHC) molecules, also named
the human leukocyte antigen (HLA). The profile activation
of circulating T cell is different and CD3+ T cells have higher
levels of HLA-DR, which is a marker for late cellular
activation [5, 37]. HLA-DR is an MHC class II cell surface
receptor and constitutes a ligand for the T cell receptor. HLA-
DR is involved in a number of autoimmune diseases.
Monocytes are antigen-presenting cells that are actively
producing the majority of the pro-inflammatory cytokines
due to NF-kB activation. They can differentiate into classical
M1 and several populations of M2 macrophages, thereby
actively steering the resulting T cell differentiation. A possible
impairment of Th1 and perhaps Th17 responses in the ASD
children was suggested, making them more vulnerable to
certain microbial infection [34, 54]. Additionally, a decreased
dendritic cell maturation and resulting decreased frequency of
TGF-{3+ and/or IL-10 inducible regulatory T (Treg) cells were
observed in the ASD children, despite higher increase in
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TGF-B production. This decreased level of Treg results
in dysregulated Thl and Thl7 functions and an
increased Th2 compartment in the ASD children. These
findings contribute to the theory that autism could be a
state of chronic inflammation; the increased T cell
activation could lead to decreased apoptosis, which causes
the survival of activated cells that in normal circumstances
would be eliminated.

Conclusions

A number of actiologies for ASD have been proposed, but the
scientific community is far from understanding the theory of
causation of ASD. Currently, some consensus exists that
genetic factors predominate but the genetics of autism is
complex, and until now, the information is incomplete. It is
clear that a variety of genes are associated with the
development of ASD and that most of these genes have a
function that impacts directly or indirectly the neural
development and the immune system. However, no particular
or specific mutation in a candidate gene has a consistent
association with ASD. The two more consistent findings
identified are at the 15q11-q13 locus and at the 7q22-q33
locus. All of these suggest that there is a genetic predisposition
in ASD that involves several genes that have a function
relative to neural development.

Another theory that is gaining strength involves the altered
immune response in patients with ASD characterized by an
atypical cytokine production, altered T cell activation and an
impaired apoptotic activity, all of them leading to a chronic
state of inflammation in the central nervous system (due to
impaired functioning of the blood-brain barrier) and in the
peripheral immune system. An immunological implication is
also suggested by the observations in the prevalence of
autoimmune diseases in family members of patients with
ASD. Additionally, the cytokine profile of ASD patients
suggests a state of chronic inflammation, which is consistent
with the histological findings in the brain tissue samples of
ASD patients. Recently, there is increasing evidence that
maternal autoantibodies are able to affect the foetal brain
development, in particular IgG autoantibodies. Moreover,
there are some interesting findings regarding febrile episodes
during pregnancy, antibiotic use and prolonged infections, all
of them have been more frequently observed in mothers who
later received a diagnosis of ASD in their offspring. However,
these findings are only observational and have not been
undeniably linked as the cause of autism. Another important
theory concerns the reduced levels of vitamin D during the
first trimester of pregnancy, which coincides with a higher
prevalence of ASD. This theory is relatively new, and more
population-based studies are necessary for it to gain validity
among the scientific community.

@ Springer

Gastrointestinal disorders are one of the most common
complaints among ASD patients ranging from chronic
constipation, diarrhoea to inflammatory bowel conditions.
Nonetheless, when compared to the general pediatric
population, there is no significant difference in the prevalence
of GI disorders between cases of ASD and healthy controls. A
repeated finding is the gut microbiota in ASD patients which
differs significantly from healthy controls. An imbalance in
microbiota can impact health by disturbing the fermentation of
undigested dietary components. For better understanding of
this complex syndrome, much scientific research is still
necessary.

There is substantial evidence implicating chronic
neurological inflammation and immune dysregulation leading
to upregulation of inflammatory cytokines in the ASD brain,
probably due to altered blood-brain barrier function. The
immune system is characterized by excessive and skewed
cytokine responses, modulated T cell reactivity, decreased
regulation and production of immunosuppressive cytokines,
modified NK function and increased autoantibody production.
Thus, the perinatal environment generates vulnerability to
chronic neuro-inflammation in the brain associated with
profound modulation and dysregulation in the immune system
leading to the rapid development of ASD in genetically
susceptible children.
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