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a b s t r a c t

Autism Spectrum Disorders (ASD) are a group of heterogeneous neurodevelopmental conditions pre-

senting in early childhood with a prevalence ranging from 0.7% to 2.64%. Social interaction and

communication skills are impaired and children often present with unusual repetitive behavior. The

condition persists for life with major implications for the individual, the family and the entire health care

system. While the etiology of ASD remains unknown, various clues suggest a possible association with

altered immune responses and ASD. Inflammation in the brain and CNS has been reported by several

groups with notable microglia activation and increased cytokine production in postmortem brain

specimens of young and old individuals with ASD. Moreover several laboratories have isolated distinctive

brain and CNS reactive antibodies from individuals with ASD. Large population based epidemiological

studies have established a correlation between ASD and a family history of autoimmune diseases, as-

sociations with MHC complex haplotypes, and abnormal levels of various inflammatory cytokines and

immunological markers in the blood. In addition, there is evidence that antibodies that are only present

in some mothers of children with ASD bind to fetal brain proteins and may be a marker or risk factor for

ASD. Studies involving the injection of these ASD specific maternal serum antibodies into pregnant mice
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during gestation, or gestational exposure of Rhesus monkeys to IgG subclass of these antibodies, have

consistently elicited behavioral changes in offspring that have relevance to ASD. We will summarize the

various types of studies associating ASD with the immune system, critically evaluate the quality of these

studies, and attempt to integrate them in a way that clarifies the areas of immune and autoimmune

phenomena in ASD research that will be important indicators for future research.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The underlying causes of Autism Spectrum Disorders (ASD) are

still unknown. This limits the current treatment of ASD to intensive

behavioral therapy for the core symptoms. There is an urgent need

to improve our understanding of the underlying pathology of ASD

in order to explore new therapeutic approaches for this severe

lifelong condition. We will review studies that investigated various

immunological aspects associated with ASD, and attempt to eval-

uate the quality of these studies, in an effort to direct future

research towards the possible underlying mechanisms of ASD.

2. Autism spectrum disorder (ASD)

2.1. General background

In 1943 Leo Kanner [1894e1981] first described autism as a

highly variable neuro-developmental disorder. In 1979, Wing and

Gould characterized autism clinically by the triad of: a) Impaired

social interaction, b) restricted communications skills, and c) un-

usual repetitive behavior. These categories have over time

expanded to include

� Impaired social interaction- Infants show reduced attention to

social stimuli, smile less, and manifest reduced eye contact and

facial/emotional expression, significant impairment in initi-

ating and maintaining peer relationship; poor shared enjoy-

ment and joint attention skills; lack of empathy and poor

understanding of social rules

� Restricted communication skills- with delayed babbling,

diminished responsiveness, no integration of gestures with

words, less/no sentence construction, often repeating someone

else’s words (echolalia), poor conversation skills; immediate

and delayed echolalia; poor symbolic and make believe play

� Unusual repetitive behavior- including stereotypic repetitive

movements, compulsive behavior, ritualistic behavior and self-

injury, unusual sensory interests and unusual repetitive pat-

terns of interests

Due to the often broad, heterogeneous clinical presentation of

autism, the term Autism Spectrum Disorders (ASD) was coined,

which includes Asperger’s syndrome, Rett’s syndrome, Childhood

Disintegrative Disorder, Pervasive Developmental Disorders Not

Otherwise Specified (PDD-NOS). In May 2013, the APA (American

Psychological Association) plans to release the DSM-5 (Diagnostic

and Statistical Manual of Mental Disorders) which will likely merge

several previously separate diagnoses. A variety of additional

symptoms are associated with ASD including: epilepsy and/or

subclinical increase in epileptic waveforms; anxiety disorders;

insomnia and nocturnal awakening; mental retardation; sensory

abnormalities with poor muscle tone and motor skills; and

gastrointestinal dysfunction. Some children with ASD experience

developmental regression previously described in the literature as

“autism with regression”, “autistic regression”, “setback-type autism”,

or “acquired autistic syndrome,” characterized by a loss of

previously-acquired skills, primarily in the areas of language, social

interest, adaptive functioning andmotor skills. It remains debatable

whether or not this represents a distinct subset of autism. Although

the numbers of individuals with ASD that have one ormore of these

additional features are substantial, the exact frequencies that

appear in the ASD are not firmly established.

Prevalence estimates for ASD range from 0.7% to 2.64% and re-

present a dramatic increase since the 1980s. Diagnosis occurs early

in childhood but symptoms typically remain stable throughout

adulthood. Most individuals have severe disabilities requiring

intense care throughout their lifespan including medical care,

educational support andmany are unable to live independently. The

etiology for ASD is likely multi-factorial. Many theories evoking

different or inter-related pathways have been suggested:

� A genetic component is likely to exist in some cases, since

siblingsein particular twinseare often affected. While various

known genetic abnormalities are associated with approxi-

mately 10% of individuals with ASD, the critical loci remain

unknown [1]. While in the past genetic screening was sug-

gested primarily for children with dysmorphic features, more

recently, some geneticists recommend the use of microarray

CGH in any child with ASD due to the high rate of copy-number

variants (CNVs) found.

� Association of ASD with prenatal risk factors [2] has been

suggested including advanced age of both parents, use of

psychiatric drugs, bleeding disorders of themother, teratogenic

factors, and familial autoimmune diseases or immune condi-

tions including diabetes, maternal celiac disease, maternal al-

lergies/asthma with onset during pregnancy.

� Recent post-mortem transcriptomic analysis of brain specimens

from individuals with ASD and controls revealed the existence of

two “modules” of gene co-expression networks; a neuronal

module and an immunemodule. In the neuronalmodule, known

autism susceptibility gene variants are enriched and under

expressed while in the immune module immune/inflammatory

genes are enriched and up regulated [3].

� Theories blaming vaccine components as a cause for ASD were

suggested in the past, but these controversial theories have been

largely rejected due to a current lack of scientific evidence.

� Epidemiological studies indicate that ASD might be associ-

ated with endocrine dysregulation and in particular steroid

function [4].

The pathology of ASD also remains enigmatic with various

neurobiological theories suggested [5] and alterations in many

brain systems implicated including cortex, limbic system, cere-

bellum, corpus callosum, basal ganglia and brainstem. However,

altered early brain development might be more relevant for ASD

than documented pathological findings in adults. Aspects of the

early developmental processes that cannot be documented as pa-

thology include: neuronal migration [6], connectivity or plasticity

[7], neuronal organization of thewhite matter [8], reduced synaptic

maturation [9], reduced dendritic maturation [5], and abnormal

serotonin metabolism/transport [10]. For instance, disrupted syn-

aptic development might be associated with epilepsy in 20% of ASD

[11]. However, the linkage between the pathology and the clinical

neuro-psychological manifestation is not fully understood [8]. So
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far electrophysiological [12] and functional MRI studies [13] that

have attempted to document clinical correlations with ASD have

provided inconclusive results.

Screening, diagnosis and monitoring of ASD remains a major

challenge involving a joint effort by pediatricians, psychologists,

psychiatrists and neurologists. Some countries incorporate routine

screening tests such as the Modified Checklist for Autism in Tod-

dlers (M-CHAT). Several diagnostic tests based on the DSM-IV-TR

and ICD-10 such as ADOS (Autism Diagnostic Observations

Schedule) and/or the parents’ interview ADI-R (Autism Diagnostic

Interview-Revised) are accepted as gold standards. Other tests such

as Aberrant Behavioral Checklist (ABC) or Childhood Autism Rating

Scale (CARS) are also widely used. Based on clinical symptoms,

additional tests such as EEG/QEEG or imaging studies including

new MRI techniques might prove helpful in screening and moni-

toring of ASD.

Frontline psychological treatments are typically individually

tailored to the child’s needs including early intensive behavioral

and educational interventions and support for the family. Behav-

ioral therapies to teach children self-care and social skills such as

Applied Behavior Analysis (ABA) enhance overall function in pre-

school children [14]. However, over 50% of childrenwith ASD in the

USA are treated with various medications including anticonvul-

sants, psychoactive drugs like antidepressants, stimulants and an-

tipsychotics, but with no evidence that the core symptoms of ASD

improve, and despite reported severe side effects [15].

Due in part to the elusive etiology of the disease, currently no

medications directed at core symptoms of ASD are available and

treatment options remain disappointing. This is reflected in the

ever expanding list of non-evidence-based treatments offered to

parents again, despite serious concerns regarding safety with some

of these therapies. A recent comprehensive analysis of the plethora

of offered treatments shows that, in themajority of situations, there

is very limited/no evidence of effectiveness. This is true as well for a

variety of complementary and alternative therapies (CAM) and

chelation protocols whilst the commonly offered dietary recom-

mendations including gluten- and casein-free (GFCF) are currently

not supported by any evidence-based consensus [16].

Because of the overall lack of effective treatments, there is a

need for innovative evidence-based therapies supported by sound

scientific evidence. Even minor therapeutic benefits might result in

significantly better long-term outcome and improve the daily

function and quality-of-life of individuals with ASD.

2.2. ASD and autoimmune disease

While the etiology of ASD remains unknown, various clues

suggest a possible association with altered immune responses and

ASD (See Fig. 1).

Various studies established an association between ASD and a

family history of autoimmune diseases [17e19]. This was first docu-

mented in case reports [20] and later confirmed in comprehensive

epidemiological studies for approximately 40% of children with

autism [21,22]. In particular an association with autoimmune

thyroiditis or hypothyroidism [23], rheumatic fever [24], rheumatoid

arthritis, celiac disease, ulcerative colitis, psoriasis, family history of

type 1 diabetes has been found [22,25]. Some have suggested that

these findings support further research into the possibility of an

autoimmune component in ASD because, in general, in autoimmune

diseases there is a higher prevalence of a family history of autoim-

mune disease. It is important to note that some of the studies were

based on small sample sizes, and relied on self-response question-

naires in order to elicit the family history. This carries with it a po-

tential recall bias. Other studies derived their information from

national registries. The extremely large sample size in these studies

and the lack of reliance on the questionnaire are certainly advantages

of this method. However, national registry studies have their own

known limitations based on data selection, inconsistent diagnostic

Fig. 1. Proposed immunological basis of some forms of autism.
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criteria, quality, and lack of validation. Additionally, since the criteria

for ASD and the definition/nomenclature for ASD has vacillated over

the years, it is unclear howstudies that includedata froma long range

of time account for this discrepancy.

Immunogenetics provides an opportunity to investigate on a

genetic level the relationship between ASD and the immune

system. According to Geschwind et al., we now have knowledge

of the etiology of ASD for between 10 and 20% of cases based on

recent genetic studies [26]. However, no specific gene accounts

for the majority of ASD and that even the most common genetic

forms account for not more than 1e2% of cases. More specifically,

in the area of immunogenetics, the research has mainly focused

on HLA associations. In this context, studies have shown an as-

sociation for classical MHC class I, II and III alleles and ASD. As

early as the 1980’s Stubbs et al. suggested that parents of children

with autism shared HLA antigens significantly more than the

controls [27]. More recently, Torres et al. showed an increase of

certain HLA-A2 (but not HLA-B) alleles in subjects with autism

[28]. Beyond MHC class I associations in the above studies, the

MHC class II region has also been implicated in ASD. More spe-

cifically, a strong association between HLA-DRB1*04 (the widely

admitted major susceptibility allele for rheumatoid arthritis) and

ASD has been found in various studies [29,30]. Additionally, other

Class II alleles sharing the third hypervariable region (HVR-3)

have been found to be linked to ASD. Some children with autism

express a higher frequency of both the HLA-A2 and DR11 alleles.

A few studies have even suggested that some MHC class II genes

might serve a protective function [28]. However, a recent meta-

analysis revealed that autism share with rheumatoid arthritis

the same protective HLA class II allele namely HLA-DRB1*13 [31].

Important studies by Guerini et al. and Lee et al. have aimed to

analyze these associations while taking into account various

variables such as ethnicity and genetic background [32,33]. In

terms of MHC class III genes, the C4 complement alleles have

been linked to ASD [34,35].

In addition, several genes connected to innate and adaptive

immune regulation may be involved in ASD [36]. For example, the

MET proto-oncogene tyrosine kinase pathway which is involved in

immune regulation has been shown to be associated with ASD [37].

Other studies have linked the serine and threonine kinase C gene

PRKCB1 to ASD [38]. This gene has been shown to be involved in B

cell activation as well as neuronal function. Other susceptibility

genes that alter immune function including those related to NK

cells, macrophage inhibitory factor (MIF), PTEN tumor suppressor

gene, Reelin, and mitochondrial respiratory chain disease have

been associated with ASD.

Recent studies have demonstrated that disrupting the epi-

genetic regulation of transcription plays crucial roles in the de-

velopment of autoimmune diseases [39e41]. Beyond studies

investigating the potential immunogenetics component of ASD,

there is new interest in evaluating potential epigenetic mecha-

nisms associated with ASD [42e45]. In light of the fact that Rett

syndrome, Fragile X, and other genetic syndromes comorbid with

ASD, have been shown to be associated with epigenetic modi-

fications, the theory that epigenetic mechanisms might potentially

be associated with the etiology of ASD deserves more attention.

More specifically, methyl CpG binding protein 2 (MECP2) gene

mutations seem to be worthy of further investigation. This is

particularly the case, since the reversible nature of epigenetic

regulation, and the potential interaction with environmental fac-

tors, generates potentially fertile ground for research into thera-

peutic interventions.

An exciting new direction in the research of immune markers in

ASD is the investigation of microglia in autism. Microglia, the

macrophages of the central nervous systemwhich serve as the first

active immune defense in the CNS, were identified by Del Rio-

Hortega as playing an important role in various pathological con-

ditions back in the 1930’s. Our understanding of their function

within neuro-immunology has continued to develop since that

time. Their role ranges from antigen presenting cells, to promoting

repair, to phagocytosis, to producing cytokines as well as many

others. There is also much research focusing on their role within

both autoimmune and neurological diseases.

Recently, researchers have begun investigating the possible role

of microglia within patients with ASD. In a landmark study in 2005,

Vargas et al. demonstrated a marked increase in neuroglial re-

sponses, characterized by activation of microglia and astroglia, in

the brains of individuals with ASD [46,47]. The neuroglial activation

was particularly prominent in the granular cell layer and white

matter of the cerebellum. In addition, they found the presence of a

marked increase of MCP-1 (monocyte chemoattractant protein-1)

in CSF supporting the hypothesis that proinflammatory pathways

are activated in the brain of individuals with ASD and that its

presence may be associated with mechanisms of macrophage/

microglia activation observed in the brain tissue studies [46]. These

results must be tempered by the conflicting research done by

Kemper that did not show evidence of astrogliosis or microglial

reactions in infantile autism. However, possible support for the role

of microglia in autism has recently been provided by Morgan and

Courchesne. In 2010, they demonstrated that microglia appeared

markedly activated in 5 of 13 cases with autism, including 2 of 3

under the age of 6 years old, and marginally activated in an addi-

tional 4 of 13 cases [48]. More recently, they showed that at least

some microglial activation in the dorsolateral prefrontal cortex in

autism is associated with a neuron-specific reaction, and that

neuronal organizationmay degrade later in life in the disorder [49].

In addition, signs of lymphocytic infiltration in the mucosa

might point to autoimmune processes. A few studies have inves-

tigated the presence of a lymphocytic infiltration in the gut of pa-

tients with ASD [37e39]. However, there is no evidence to suggest

that excess lymphocytic infiltration is present in the brains of adults

or older children with ASD. This does not rule out the possibility

that lymphocytes could infiltrate the brain early in neuro-

development such as in-utero or during early postnatal develop-

ment. The statistical association of ASD with various MHC (Major

Histocompatibility Complex) haplotypes is another area of research

that points to an association between ASD and the immune system.

A number of studies have been conducted that demonstrate a clear

statistical association [50]. The research in this direction is ongoing

and promising.

At this stage, there is no clear consensus in the literature about

whether maternal antibodies and child autoantibodies are linked.

In fact, it seems that they are likely two separate phenomena and

should be considered as separate and not necessarily interrelated.

Many studies have isolated brain and CNS reactive antibodies from

individuals with ASD [19]. However, so far no studies have

conclusively identified the antigens to which these antibodies bind.

Some evidence suggests that the putative antigen(s) appears to be

of molecular weight of 52kD [51] and to be present on GABAergic

interneurons in the brain [36,52]. However, a number of other

targets such as GFAP and MBP have also been suggested. Although

these results remain inconsistent and even contradictory, with no

apparent specific targets conclusively identified yet, these findings

do indicate that auto-immune mechanisms might play an impor-

tant role in the pathogenesis of at least a subgroup of ASD [53]. It is

unclear if the increase in antibodies to cerebellum proteins and the

disputed finding of increased antimyelin basic protein antibodies

have direct pathologic significance, or if they are merely a res-

ponse to previous injury. To the best of our knowledge, nobody has

reproduced ASD or ASD-like symptoms by direct transfer of
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autoantibodies isolated from children or adults with ASD into an-

imal models.

Beyond the studies investigating autoantibodies in children

with ASD, there are studies that analyze the presence of maternal

antibodies in mothers of children with ASD. These maternal an-

tibodies are distinct from the autoantibodies of children with

ASD, as mentioned above. There is yet no direct evidence that

transplacental transmission of antibody from an affected mother

to a fetus has resulted in ASD. However, there seems to be sig-

nificant evidence that an antibody not recognized as pathogenic

in the mother can produce ASD in the infant [54e58] (See

Fig. 2A, B, C). In 2003, Dalton et al. reported injecting serum

antibodies from a mother of children with ASD into pregnant

mice during gestation and found altered behavior in the offspring

compared with offspring of mice injected with sera from mothers

of healthy children (See Fig. 2A, D, E). Similarly, in 2008, Martin

et al. demonstrated that Rhesus monkeys gestationally exposed

to IgG class antibodies from mothers of children with ASD

consistently displayed atypical stereotyped behaviors compared

to controls injected with IgG from mothers of typically devel-

oping children. In mouse models, Singer et al. demonstrated that

exposure to IgG from mothers of children with ASD during

gestation resulted in offspring with alterations of sociability. The

direct pathogenicity of these antibodies or their targets have not

yet been identified.

Various inflammatory cytokines and immunological markers

reflecting immune dysfunction have been documented in ASD [59].

Large studies of antibodies in ASD suggest clinical correlation with

disease’s severity [60]. A variety of studies demonstrate statistically

significant alterations in various immune mediators, including

serum antibodies, brain antibodies, serum cytokines, chemokines,

NK cells, and adhesion molecules in children with ASD. Some of

these studies were conducted without proper controls, some relied

on a small number of patients, and some have yet to be replicated

or have been contradicted. Nevertheless, viewed together as a unit,

these results seem to suggest an association between alterations in

immune mediators and ASD that demands further larger studies

with proper controls. More specifically, the decrease in IgG and IgM,

levels in children with ASD might indicate immune dysfunction.

Similarly, the increase in proinflammatory cytokines such as IL-6,

IL-12 and IFN-g and the decrease in anti-inflammatory cytokines

such as IL-10 and TGF-b1 demonstrates a possible hyperimmune

state in ASD. Though studies have suggested that adhesion mole-

cules play a key role in immune responses in the CNS and that they

are important mediators of inflammation, the precise meaning of

the finding of decreased PECAM-1 in children with ASD remains

unclear. Chemokines serve an important role as chemotactic factors

in the immune system. The finding of increased MCP-1, RANTES,

and eotaxin in children with ASD and their association with

increased impairments in behavior in these children suggests that

an altered immune response might be associated with behavioral

changes in ASD. Further research is necessary to elucidate the

precise role that these chemokines might play in the pathogenesis

of ASD. Furthermore, research over the last decades has docu-

mented immune abnormalities in children with ASD. Autoimmune

associated phenomena such as hyperactivation of monocyte, NK

cell and T cell responses [61e63], increased pro-inflammatory

cytokine and chemokine production, decreased frequencies of

regulatory T cells or IL-10 and TGFb1 production [60,62] have been

observed in children with ASD. While no clear link between ASD

and specific autoimmune diseases are yet to be described, these

findings indicate that abnormal regulation of the immune response

or immune dysfunction may be associated with ASD.

Response to immune suppression is an important area of

research that might help clarify the nature of the involvement of

the immune system in ASD. Immune based therapy for ASD has

been suggested in the past, however, large placebo controlled

clinical trials have not been performed [18]. Studies investigating

the benefits of steroids, IVIG, and Vitamin D for ASD remain

controversial and contradictory. The conflicting results in treating

ASD with steroids are consistent with the mixed results in treating

other autoimmune diseases. For example, in the case of sclero-

derma, one study combining high-dose methotrexate and oral

corticosteroids demonstrated efficacy in controlling localized

scleroderma without significant adverse reaction [64]. Similarly, a

study combining high-dose immunosuppressive therapy and

autologous progenitor cell transplantation for systemic sclerosis

showed prolonged (>3 years) improvements of skin thickening and

functional ability, together with a stabilization of pulmonary

function in two-thirds of treated patients with severe systemic

sclerosis [65]. However, unlike other autoimmune diseases, broadly

blocking the immune response (e.g., with steroids) does not appear

to be generally useful in scleroderma [66]. One theory for the lack of

effectiveness of steroids in scleroderma is that the immune system

has strong anti-fibrotic components, and that broad-spectrum in-

hibitors may exacerbate the fibrosis associated with the disease.

Similarly, in primary biliary cirrhosis, one study demonstrated that

immune suppression through the use of prednisolone was associ-

ated with a better overall hepatic outcome and little evidence of

increased bone loss [67]. Other studies, however, have demon-

strated that, in fact, oral corticosteroids are minimally effective in

treating primary biliary cirrhosis [68]. Clearly the heterogeneity of

auto-immune disorders [69] makes it difficult to generalize about

the effectiveness of immune suppressive therapy. Therefore, it is

not surprising to find conflicting studies in ASD, which as a spec-

trum is by definition heterogeneous, independent of its character-

ization as an autoimmune disease. However, enough promising

results exist to form a basis to performmore rigorous studies with a

subgroup of patients with ASD both to evaluate the efficacy of

treatment and to elucidate the complex relationship between ASD

and the immune system.
Fig. 2. Schema of proposed immunologic issues and development of some forms of

autism.
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While research suggests that a subgroup of ASD may have an

autoimmune component, we are aware of the complications as-

sociated with this theory. For example, while many of the immune

marker studies have been reproduced, some studies have yet to be

confirmed and others have been contradicted. Even assuming that

in fact the markers are reliable, one can challenge whether there is

any correlation between antibody level and anticipated patholog-

ical effect. Indeed, Rumsey has already outlined the obstacles in

identifying specific pathology in autism via functional neuro-

imaging [70]. Furthermore, the slow progress in confirming an HLA

association despite familial history of autoimmune diseases leaves

reason for doubt. The poor results for steroid treatment also pose

concerns about the theory of autism as an autoimmune disease.

Combined, these concerns are not reasons to dismiss the theory,

but rather they justify a critical approach to the issue which takes

into account all of the factors involved.

One possible hypothesis that would connect the autoimmune

components elaborated upon above with the clinical findings in

autism would be an early-life immune insult leading to changes in

the vulnerable embryonic and infantile brain. Immunologic me-

chanisms involving antibodies against brain epitopes may in-

duce auto-immunity, altered immune response in CNS, or neuro-

inflammation.

In conclusion, various types of immunological evidence (brain

antibodies, serum cytokines, family history, and immunogenetics)

point to a relationship between ASD and the immune system. Since

some of these studies lack robust controls and many focus on only

one type of immunological evidence in isolation, our international

group suggests that future research focus on intensifying studies

analyzing immunological aspects of ASD with proper controls in a

more integrative fashion. One question for further research in-

volves the precise characterization of the nature of the relationship

between ASD and the immune system. None of these studies suf-

ficiently explain whether the immune system underlies the pa-

thology of ASD in a causative way, whether immune interferences

create vulnerability to other pathogens responsible for ASD, or

whether a third, yet unknown factor is responsible for both the

pathology of ASD and for the aberrant immune response in ASD.

Further research should consider the potential relevance of

assessing the autoimmune aspects associated with ASD according

to systematic guidelines for autoimmune diseases described by

Shoenfeld et al. and Rose and Bona [71].
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