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Autism spectrum disorder (ASD) is a group of complex multifactorial neurodevelopmental disorders characterized
by a wide and variable set of neuropsychiatric symptoms, including deficits in social communication, narrow and
restricted interests, and repetitive behavior. The immune system consists of a set of molecules and cells that are
organized in tissues and organs while functioning close interacting to generate a protective response against
invaders. Two components of immunity are recognized: innate and adaptive. T cell subtypes secrete variable
cytokines that counter-regulate each other, and an imbalance between pro- and anti-inflammatory pathways is

seen that plays an important role in the pathogenesis of neuropsychiatric disorders such as autism.

autism spectrum disorder (ASD) neuropsychiatric disorders cytokines

1. Major Histocompatibility Complex (MHC) and Autism
Spectrum Disorder

The major histocompatibility complex (MHC) is a highly polymorphic cluster of genes with some of the greatest
allelic diversity in the genome. MHC genes are both polygenic (containing multiple genes) and polymorphic
(containing multiple variants of each gene). It is well known that MHC proteins mediate both the adaptive and
innate immune responses WIEZIEl There are multiple studies supporting the association of different genes with
autism spectrum disorder (ASD) development, which also involve the function of the immune system. The human
leukocyte antigen (HLA) alleles A2, Death Receptor (DR)4, and DR11 are associated with a diminished lymphocyte
response and are involved in a major susceptibility for ASD BIRIBITEI within the HLA class IlI region, there is a
complement C4B null allele, resulting from duplications of C4A, that confers a relative risk of 4.3 for the
development of ASD @0l |n addition, the serine and threonine kinase C gene PRKCB1, which is involved in both
B-cell activation and neuronal function, has been linked to ASD in some studies 11213I14] peripheral blood RNA
expression studies demonstrated an upregulation of genes involved in innate immune activation through the
natural killer (NK) pathway in individuals with ASD, a finding that was confirmed in functional studies using NK-cells
(15 Multiple altered gene-susceptibility, related to innate immune activation and the loss of adaptive immune
regulation, has been suggested. For example, a disrupted transcription of phosphatase and tensin homolog
(PTEN) genes (involved in T regulatory cell development) and reelin, the association of a met genetic variant with
autism-associated maternal autoantibodies reactive to fetal brain proteins, and cytokine expression have been
associated with ASD etiology (281171,
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On the other hand, the function of brain MHC molecules’ expression and their role in CNS development and
plasticity is less understood 18, Although MHC class | (MHC-I) protein was historically thought to be absent from
the surface of neurons, more current evidence indicates that MHC-I protein is expressed on the surface of axons
and dendrites under a regulated distribution 22l For example, MHC-I protein is located at synapses, both pre-
and post-synaptically 17 and controls axonal and dendritic outgrowth. It also regulates, in a negative way, the initial
establishment of connections in the CNS and regulates, in multiple ways, synaptic transmission in hippocampal
and cortical neurons. The balance of excitation to inhibition on cortical neurons is altered by changing MHC-I levels
(201 which from all these studies shows that MHC-I proteins bidirectionally regulate both the initial establishment

and strength of synapses in the CNS. It accomplishes this in a region-specific manner and mediates homeostatic
plasticity [211122],

The role of MHC-l in limiting neural connectivity and function also may have deep implications for
neurodevelopmental disorders and neuropsychiatric diseases 23, Specific MHC-I haplotypes and mutations in
MHC-I genes have been implicated in ASD BRI, MHC-I levels on neurons are regulated by cytokines [22124]125][26]
and cytokine levels are altered in the blood, brain, and cerebrospinal fluid (CSF) in many neurodevelopmental
disorders 272811291301 Thjs suggests a peripheral immune response influencing brain cytokines via blood—brain
barrier transference in early development, which becomes an altered connectivity and/or function in the CNS
through changes in MHC-I levels in disease. Functional polymorphisms of macrophage inhibitory factor (MIF),
which has several effects on innate and adaptive immune responses, have also been associated with ASD
individuals 2231, |ncreased sera concentrations of MIF are correlated with worsening behavioral assessments in
individuals with ASD compared with their unaffected siblings 2. Moreover, genes that can affect immune
responses, such as PTEN and reelin, have been associated with ASD [B3B4I33IB6I37]  gyggesting that multiple
susceptibility genes related to innate immune activation and/or the loss of adaptive immune regulation may be
involved in the etiology of ASD.

| 2. Adaptive Immune Reaction in Autism Spectrum Disorders
2.1. Cellular Immune Reaction in Autism

Earlier observations of immune pathology in ASD described a decreased lymphocyte response to mitogens in
children with ASD and demonstrated the involvement of lymphocyte subsets in ASD pathology, finding a decreased
number of these populations and an imbalanced ratio of helper/suppressor cells in these individuals 1141, Other
studies confirming a lower helper/suppressor ratio with a decreased percentage of helper—inducer T cells and
decreased percentage of cells positive to interleukin (IL)-2R under mitogenic stimulation were carried out to show
an inversely correlated relationship with severity of autistic traits 2839, A significant increase in CD4+ memory and
decrease in CD4+ naive T cells associated with HLA A2-DR11 have also been observed in autism 49 as well as
an imbalance of cytokines produced by CD4+ and CD8+ T cells with reported skewing toward Th2 response. This
underlies a reduced proportion of CD4+ and CD8+ T cells producing IFN-y and IL-2, which is in contrast with those
T cells releasing other suppressor cytokines such as IL-4 B T regulator cells (Tregs) play a key role in

regulation of immune responses. Studies revealing a lower number of CD4+ CD25 high Tregs in the blood of
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autistic children were reported by Mostafa and colleagues. This supports the reporting of allergic problems and
family history of autoimmunity as risk factors for ASD since lower numbers of CD4+ CD25 high Tregs are seen in
individuals with autism [29](41]142] Dysregulation of Thl, Th2, Th17, and Treg-related transcription factors, and a
deficit of forkhead box protein 3+ Tregs in combination with up-regulation of Th1/Th2/Thl7-related transcription

factors, were also described [22]1411142]

In the context of T- lymphocyte dysregulation occurring in a high number of autism subjects, the imbalances
involved the abnormal T helper-suppressor cells ratio [43144145146] 5 systemic deficit of regulatory T cells 241, and
dysregulated cytokine release in ASD 7. Therefore, the Th-17 lymphocytes subpopulation becomes relevant in

the immune pahology this disorder.

In the interface between peripheral and CNS immunity, specific lymphocyte-derived cytokines impacting brain
development, neural function, and behavior from specific subsets of lymphocytes work together to generate
heterogeneous immune responses in brain 48, Brain—peripheral interactions in neurodevelopmental disorders
impact tissues via effector cytokines, such as IL-17A and IL-22. IL-17 is a critical mediator of neurodevelopmental
abnormalities associated with maternal immune activation (MIA), and it has been found that IL-17 produced by
maternal Th17 cells induces cortical malformations 4. In addition, social behavioral defects mediated by the
maternal microbiome and the gut microbiome are an increasingly recognized modulators of peripheral immune
responses, and by extension of the brain, which promotes Th17 cell differentiation 2842l - Similarly, the

proinflammatory IL-6 cytokine derived from the placenta also has an impact on social behavior in autism 521531,

In addition, Th17 CD4+ T cells are thought to be important players in autoimmune and neuroinflammatory
diseases, and their product, IL-17A, is known to be up-regulated in several autoimmune systemic and neurological
diseases [B4IB5I56] - Additionally, studies from different groups reveal significant changes to IL-17A in ASD with a
positive correlation to severity 44, and the highest percentage of children are shown to share a severe form of the
disease 4. Upregulation of IL-17 was also found in ASD children with concomitant asthma 22158 while the 1L-23
cytokine, known to induce Th1l7 cell secretion of IL-17, was inversely found to be down-regulated in children at

ASD onset, although it was positively associated with more impaired behavioral scores 43158l

Frequently, ASD individuals are reported to have a higher concentration of proinflammatory or lower concentration
of anti-inflammatory cytokines (441591601 Mainly, the results show the pro-inflammatory cytokine profile in ASD,
which involves IL-1 upregulation in connection with regression and is associated with enhanced level of IL-5 and
IL-17 (1821 \which are involved in autoimmunity. Other changes in cytokine levels in ASD have been reported to be
associated with severity, deficits in social sphere, impaired adaptive skills, and development 4. Other studies
have shown associations with hyperactivity, lethargy, and irritability [B8I631(64165] | -6 was strongly associated with
ASD severity and deficits in social sphere, as well as a much greater alteration of intellectual quotient in those
children with lower maximum levels (2814416681 Additionally, IL-6 is up-regulated, similar to IL-1, and has a significant

correlation with hyperactivity, lethargy, and irritability B2,
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Although without general consensus, ASD individuals are thought to have a higher concentration of pro-
inflammatory or lower concentration of anti-inflammatory cytokines than healthy controls, as well as changes in
S100 beta protein linked to glial function from peripheral blood analysis “4I68I6970 Some of these studies
analyzed the correlation of behavioral profiles with immune abnormalities, ASD severity, and cytokine or chemokine
abnormalities: an increased concentration of IL-1B, IL-6, IL-12p70, and TNF-a has been found [B8I44EA70 | this

context, IL-6 correlated positively with social impairments 4],

On the other hand, up-regulation of IL-1(3, IL-10, monocyte chemoattractant protein (MCP), IL- 23, transforming
growth factor (TGF)-B1, tumor necrosis factor (TNF)-a, and granulocyte macrophage colony-stimulating factor
(GM-CSF)-1 were also described in relation to social dysfunction from several research groups [BEIZ2I73I[74]
Furthermore, stereotypic behavior, a core symptom of autism, seemed to correlate with down-regulation of TGF-1
and GM-CSF, as well as up-regulation of IL-1B, IL-6, IL-8, IL12p40, TNF-a, and interferon (IFN)-y 23]
Surprisingly, exacerbations of hyperactivity were found to be linked to low levels of anti-inflammatory cytokines (IL-
10 and TGF-B), high levels of pro-inflammatory cytokines (IL-1B and IL-6) [6A68] several chemokines (IL-8,
RANTES, and eotaxin), low levels of chemokine ligand (CXCL)-5 and IL-13, and high levels of IL-12p40 72731, An
interesting observation about sleep disturbances and aggressive behavior in ASD was made by Careaga et al.,
who found up-regulation of IL-1p3, IL-6, IL-10, and MCP-1 in these ASD children, and, in particular, Th-1 skewed
response was associated with more severe developmental impairment 28!,

Understanding the differences and interactions between the peripheral nervous system and CNS is crucial for
determining novel therapeutic strategies in ASD. A relevant insight into ASD pathogenesis was achieved through
cytokine studies on autistic brains, as well as several immune phenotypes derived from the studies of peripheral
blood soluble factors that correlate with increased or/and severe behavioral impairments of the disorder 8. In this
context, it has been concluded that ASD may be linked to a disturbed immune balance involving both of the main

dysregulations focused on pro-inflammatory mediators, as well as anti-inflammatory cytokines and autoimmunity
i)

2.2. Adaptive Immune Response in Autism

Antibody Reaction in ASD Brain Tissue

In addition, abnormal immune responses in brain tissue have been demonstrated by an altered reaction to
antigens, such as human myelin basic protein (MBP), in autistic brain, and the detection of enhanced MBP and
anti-serotonin 5HT1A receptor autoantibodies in brain tissue. Although without a total consensus from different
research groups, it has been suggested that there is a connection between autism, serotonin, and MBP [ZLIZ5I78],
Other laboratory data support the autoimmune hypothesis in the pathogenesis of autism based on the
cerebrospinal fluid findings of elevated levels of autoantibodies to MBP and serological antibodies to measles virus,
supporting the autoimmune pathogenesis of the disorder 28I The detection of significantly increased
autoantibodies to glial fibrillary acidic protein and to neuro-axon filament protein in autistic patients, as well as a

particular association between the elevated levels of serum measles antibodies and human herpesvirus-6, with
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brain autoantibodies in autism is also supportive of the viral hypothesis of autoimmune response induction of ASD

811 although it is clear that the subsequent activation of cytokines is the damaging factor associated with autism
i)

Peripheral Immunoglobulins Response in Autism

The majority of studies assessing B-cell number and function in autism have seen abnormalities; however, some
peculiarities have been published that show only a significantly higher number of B cells but not of B cell function in
children with ASD [82183],

A selective deficiency of serum immunoglobulin (Ig) A in both children and adults with ASD compared to controls is
accompanied by an upregulated expression of CD23+ B lymphocytes in children with the regressive form of
disease €2, Plasma levels of Igs in ASD reveal a reduced level of IgG and IgM isotypes inversely correlated with
scores on lowest IgG levels but without B-cell dysfunction 42841 Higher concentrations of IgA, IgG, and IgE food-

specific antibodies are also described in ASD [32[83],

Levels of IgG4 and 1gG1 subclasses are increased in ASD individuals, with differences in IgA, 1gG2, and IgG3
observed between ASD children and healthy family members B, From these findings, the production of Ig isotype
and subclasses in autism could be associated with a cytokine-related influence on autoimmune B cells but not
linked to B cell dysfunction [88]. In addition, a higher frequency of D8/17 B lymphocytes was found in ASD subjects,
particularly in subjects with a pattern of repetitive behaviors. It was also found that B cells were hypersensitive to
the vaccine preservative thimerosal, which could be revealing in the context of vaccination in these patients 4. In
the context of autoantibodies, this impact in the brain of individuals with autism was seen in patients with more

severe cognitive and behavioral profiles [B3](88],

Maternal Autoantibodies Influencing Gestational Environment in Risk for Autism Spectrum
Disorder

The long list of serum autoantibodies in autism includes antibodies to ganglioside M1, the most abundant sialylated
glycosphingolipid component of neuronal membranes. Mostafa and Al-Ayadhi (2011) found significantly higher
amounts of these autoantibodies in children with ASD compared to controls, with the highest levels seen in the
most severe cases of ASD B8l These autoantibodies to gangliosides are frequently observed in autoimmune
disorders associated with neurological impairment, such as SLE and Guillain-Barré syndrome [0
Immunoreactivity to autoantibodies in children with ASD also include those specific to cardiolipin, phosphoserine,
and a2-glycoprotein 1, as identified by Careaga and colleagues, 2013 21 and to myelin-associated glycoprotein
(B4 mitochondrial DNA, double stranded DNA, nucleus, and nucleosomes [221[331194]

More recently, autoantibodies against folate receptor (FRA) have been recognized as impacting brain pathology
and behavioral phenotypes in children with ASD. In 2013, Frye’s research group found FRAs to be prevalent in up
to 70% of children with ASD, including blocking and binding FRAs [23. This research found improvement in

communication, language, attention, and stereotypic behaviors in treated, compared with non-treated, ASD
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individuals 22!, This was also reported by Ramaekers et al., this year, who identified a significantly higher
prevalence of blocking FRA in ASD compared to non-autistic individuals with developmental delays 8. At the
same time, it has been suggested that the immunoreactivity to autoantibodies and a relationship with familial
autoimmunity impact brain pathology and behavioral phenotypes in ASD B997] However, autoantibodies in autism
are not only restricted to maternal phenomenology 2. It is now believed that the maternal immune system (MIS)
during fetal development is highly active and dynamic. It interacts with fetal immune cells to create a prenatal

environment supporting pregnancy 22 but also influences programming of the fetal immune system 19911201

During gestation, IgG antibodies are supplied to the fetus by the mother in a highly controlled manner mediated by
neonatal Fc receptors (FcRn), an MHC class | (MHC-I)-related receptor 292103 However, during the antibodies’
transplacental exchange, the prenatal environment could become altered, affecting fetal development and
changing its susceptibility to neurodevelopmental disorders such as ASD 294, This idea has been circulating since
an early report focused on the family history of autoimmune disease indicated this as a strong risk factor for autism
development [B8l44] particularly due to maternal autoantibodies being transferred from mother to the fetal central

nervous system (CNS), which could affect fetal brain development [L051(206]

Several studies have documented a significant relationship between autoimmune disorders and increased risk of
ASD, underlying a differential risk linked to the different maternal autoimmune diseases diagnosed during
pregnancy. Thus, it recently has been inferred that folate receptor autoantibodies, which are prevalent in pregnancy
and in developmental disorders such as autism, can block folate transport to the fetus and ultimately to the brain in
young children, contributing to the core symptoms of autism [Z. This could contribute to autism by the fetus’
exposure to maternal autoantibodies or due to an association with a family history of autoimmune disease by
heritable factors. In both cases this would cause alterations in the maternal prenatal environment to drive risk for
ASD [97]1108]  Other evidence supports that trans placental passage of fetal brain-reactive antibodies can directly

lead to ASD-like behavioral abnormalities in the offspring, such as hyperactivity and deficits in social interaction 44
109

Further, families with at least one child with autism tend to display a high autoimmune burden such as type 1
diabetes, thyroiditis, and maternal rheumatoid arthritis. The risk of ASD in offspring is particularly increased when
maternal autoimmunity is in an active phase during pregnancy 192 suggesting that an active inflammatory state

during gestation may negatively influence the fetal neurodevelopmental trajectory.

As indicated above, there are a growing number of publications regarding shared genetic risk interacting with
prenatal autoimmunity activation to support the immune hypothesis in autism. This risk is from the differential
influence of the maternal and fetal immune environment from the different phenotypic clinical and evolutive courses
of the disease. With this in mind, Meltzer and Van de Water, 2017, suggested that autism may result from maternal
and/or host autoantibodies that selectively disrupt neural circuits regulating social behavior. In the context of
maternal autoimmunity in ASD, several authors have revealed that a subset of mothers of children with ASD (10—

12%) have been found to show immunoreactivity mediated by autoantibodies specific to fetal brain, inducing ASD-

like pathology. This is seen in both human and in animal models L1YLLLLI2MAISNIL4]  Dyring pregnancy, diseases
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such as rubella, measles, or toxoplasmosis can also negatively impact early neurodevelopment of the fetus. It was
reported by studies of pregnancy that history of viral and bacterial infections occurring in the first or third trimester,
respectively, or maternal fever during gestation, showed a higher risk for later development of ASD in offspring [114]
(1151 From these findings, common immunopathological components may be overlapping in at-risk populations to
generate neurodevelopmental and neurodegenerative disorders from the potential impact of the immune system

disruptions occurring in early and late stages of life.

2.3. Innate Immunity in Autism Spectrum Disorder

Children with ASD have adverse reactions to benign factors such as immunizations, common illnesses, and
environmental challenges [28II5LI[601[611162](63](64](65][66](67](68][69](70][71](73][74][75](78](791[80][81][82][83]84](85](86187[88][89190][91]

[92][93][94][95][96][97][98][99][100][101][102][103][104][108][109][110][111][112][113][114][115][116] Clinical reports suggest that aberrant

behavior might be improved in some febrile ASD children.

2.3.1. Natural Killer Cells

Natural killer (NK) cells constitute about 15% of circulating lymphocytes and play a pivotal role in the innate
immune system 171 They secrete a cytokine profile that includes interferon gamma (IFN-y), tumor necrosis factor-
alpha (TNF-a), and IL-10, which have a cytolytic function as mediators of cellular cytotoxicity 118l as well as
surveillance of immune function through crosstalk with dendritic cells [28I[1191120] |mbalances between their
activation and inhibitory states could also play a role in autoimmune diseases, and although a specific mechanism
is not clear, it could be linked to a dysregulated proinflammatory immune response 14, An earlier report found NK
cells associated with autism were focused on reduced NK cell activity, higher absolute numbers of NK cells in
peripheral blood, and an increased expression of NK cell receptor RNA. Further, production of perforin, granzyme
B, and IFN-y in blood samples from these individuals was increased 118112201 | .15 a major NK cell stimulant, was
significantly up-regulated in children with ASD BYMSILI8II2 and was further increased in those with Gl
disturbances 1221, |L-12 is also increased at significant levels in plasma of autistic patients showing EEG
abnormalities and Gl complaints BZIL18] a5 well as low Intelligence Quotient (IQ) and prominent aberrant behavior
(62][71][123]

2.3.2. Monocytes

Monocytes are a part of an innate immune system and differentiate into macrophages. They migrate into the
surrounding tissue, where they present antigens to lymphocytes that secrete proinflammatory mediators, such as
IL-1B, IL-8 or TNF-q, in the course of systemic autoimmune or neurodegenerative disorders [281124][125] |ncreased
levels of pro-inflammatory cytokines produced by peripheral blood mononuclear cells have been observed in
individuals with ASD 245711211 Monocytes in children with ASD may be positive for a surface receptor expressed
on cells susceptible to apoptosis €4, and there is evidence that the differential LTR stimulations increase the
concentration of several cytokines such as IL-1[3, IL-6, and TNF-a. Other cytokines are decreased, such as IL-1[3,
IL-6, GM-CSF, and TNF-a, in ASD individuals, which may influence neuronal activity and drive autoimmunity 1211

(125][126][127](128] ' Chjldren with symptoms of irritability, lethargy, or hyperactivity have also been shown to have
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higher release of pro-inflammatory cytokines, as well as lower amounts of anti-inflammatory cytokine secretion,
suggesting an active pro-inflammatory state is required to exacerbate the behavioral symptoms occurring in the
autism disorder course 12211129

2.3.3. Microglia

Microglia are the professional resident cells of innate immunity in the brain and are specialized tissue macrophages
involved in synaptic and neuronal development. They have been shown to play an important role in the
pathogenesis of neuropsychiatric disorders 391311 The activation of microglia has been linked to abnormal brain
connectivity in children with ASD B7I132I133][134] and the crosstalk between the peripheral immune elements and

microglia, as well as abnormal white matter connectivity, has been described in ASD, indicating these cells as a
potential source for intervention [132][133][134]135]

An aberrant response from immune cells in the CNS includes microglial cells. These cells are the resident
phagocytes of the CNS implicated in neuronal cell death, which is mediated by the actions of inflammatory
cytokines and neuropeptides 12311341 The inflammatory cytokines IL-1, IL-6, and TNFa can directly affect the brain
and alter neurodevelopment to impact behavior 381, The microglia make contact with neurons and glia, and, like
macrophages in other tissues, they are programmed to adopt a particular brain state 13711381 and perform critical
local immune functions during development in health and disease, which is relevant to psychiatric diseases 29,
Further, astrocytes are also implicated in the pathogenesis of many psychiatric disorders, particularly by their
contributions to synapse formation, function, and elimination. They are also essential to the immune response 137
(138][1401  Astrocytes can both secrete and sense immune signals, and they can produce cytokines that affect the
function of microglia and other brain cells, which is relevant during homeostasis and in response to inflammation
[128] |ncreased levels of pro-inflammatory cytokines are observed in many brain regions, and significant innate

immune activation is also observed, particularly in microglia and astroglia of individuals with ASD [195](139]

Several clinical studies have revealed a strong link between a pro-inflammatory cytokine profile and ASD B2[71]1123]
(141 Elevated levels of pro-inflammatory cytokines and a pro-inflammatory phenotype of microglia have been
demonstrated in autistic patients El139[1421 and experimental models, such as maternal immune activation,
suggesting that a pro-inflammatory response in the fetal environment can cause behavioral changes that last well
into adulthood [B8IL05],
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