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Abstract

Autism spectrum disorder (ASD) now affects one in 68 births in the United States and is the
fastest growing neurodevelopmental disability worldwide. Alarmingly, for the majority of cases,
the causes of ASD are largely unknown, but it is becoming increasingly accepted that ASD is no
longer defined simply as a behavioral disorder, but rather as a highly complex and heterogeneous
biological disorder. While research has focused on the identification of genetic abnormalities,
emerging studies increasingly suggest immune dysfunction is a viable risk factor contributing to
the neurodevelopmental deficits observed in ASD. This review summarizes the investigations
implicating autoimmunity and autoantibodies in ASD.
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Introduction

Autism spectrum disorder (ASD) is a highly heterogeneous neurodevelopmental disorder
characterized by behavioral, social, and cognitive deficits(1). Since its first description
nearly seventy years ago, our understanding of the disorder has changed considerably(2).
While the diagnosis always relies on behavioral domains and symptomology, there are likely
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multiple, biologically defined subgroups within the ASD spectrum(3-7). Specifically, there
is growing evidence that supports maternal immune dysfunction may underlie the behavioral
abnormalities observed in a subset of children affected with the disorder(8). Several
immunologic risk factors have been described including: genetic associations with immune-
related genes(9-16), family history of autoimmune disease(15, 17-21), maternal
inflammation and infection during pregnancy(22-27), and altered immune responses in the
children, and are associated with increased impairments in core and associated features of
ASD(28). More specific to this review, maternal anti-brain autoantibodies, which are thought
to access the fetal compartment during gestation, have been identified as one risk factor for
developing ASD and are proposed to contribute to early neurodevelopmental perturbations
in the developing fetus(29-31).

The Relationship between Autoimmunity and ASD

ASD shares many of the features typically recognized in autoimmune disorders; there is a
strong familial predisposition and association with immune abnormalities, the genetic
predisposition is complex and believed to be polygenic, environmental factors can increase
or modulate risk, and there are substantial gender disparities(17, 32). Many of the genes
implicated in autoimmunity are also clustered within families with ASD. However, while
several candidate genes have been implicated in the disorder, replication of the majority of
these findings has been elusive, and hints that in addition to genetic factors, environmental
influences, like those observed in autoimmune diseases, may be contributing to the disorder
in some cases (33). Further, ASD is four times more prevalent in males, and recent studies
suggest the prevalence in boys is closer to 1 in 42(34). The epidemiological links between
autoimmunity and ASD are compelling, and the similarities have spurred several
investigators to connect biologically rooted autoimmune disorders with behaviorally defined
ASD.

The first investigations supporting the idea that autoimmunity could be etiologically relevant
to ASD were described in a 1971 case report that presented on a child with ASD that had a
strong family history of autoimmune disorders (35). Since that time, numerous other reports
of autoimmune or immune mediated disorders associated with an increased ASD risk have
emerged (15, 17-19, 36, 37). In one of the largest studies to date that included close to
700,000 children, an increased risk, as expressed by an increased risk ratio (IRR), of ASD
was observed in mothers with rheumatoid arthritis (IRR: 1.70) and celiac disease (IRR:
2.97); a familial history of type | diabetes (IRR: 1.78) was also found to increase the risk of
having child with ASD(18). Similar results were seen in a recent systematic review and meta
analysis performed by Wu et al. (2015), which suggested a family history of autoimmune
disease was associated with a higher risk of having an affected child, and a statistically
significant association was observed in families with hypothyroidism, type | diabetes,
rheumatoid arthritis and psoriasis(20). A similar analysis by Chen et al. (2016) found
children born to mothers with autoimmune disease were 34% more likely to develop
ASD(21). A genetic predisposition in autoimmune diseases is often attributed to specific
major histocompatibility complex (MHC) haplotypes and polymorphisms in genes involved
in establishing self-tolerance and immune regulation(38). Similar polymorphisms and
associations have been found in ASD. Most notably, studies have correlated the null allele of
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the C4B gene(9, 14), the extended haplotype B44-C30-DR4, the third hypervariable region
(HVR-3) of certain DRP 1 alleles (10), and HLA-AZ2 alleles with an increased susceptibility
for ASD (11, 39). Interestingly, these alleles and haplotypes are also associated with the
same aforementioned autoimmune diseases that are linked with an increased risk of having a
child with ASD. Another important functional polymorphism that often clusters in families
with ASD is a genetic variant that disrupts transcription of the gene encoding the MET
receptor tyrosine kinase(12), which has important roles in both immune regulation and
neurodevelopment. The similarities between the findings in ASD and autoimmunity suggest
an immune-related subtype of ASD (Table 1).

The notion that immune system dysfunction could be a plausible factor in the etiology of
ASD is derived from the now recognized importance of the immune system in healthy
neurodevelopment, and the ability of immune dysregulation to influence patterns of
behavior, especially during gestation (28, 39-41). Thus, there is growing recognition that the
maternal immune response during critical windows of development has a long lasting impact
on neurodevelopmental outcomes.

The Detection of Autoantibodies in ASD

The recognition that maternal antibodies may lead to developmental defects in the fetal
nervous system is not novel. Experiments performed in the late 1950’s demonstrated when
female mice were immunized with a brain emulsion and later mated, subsequent offspring
had gross brain abnormalities, which the author attributed to maternal antibodies directed
against the brain and nervous system of the embryos(42). This idea gained favor again in the
early 1970’s, when researchers, concerned that maternal environmental exposures could
have detrimental effects on fetal nervous system development, discovered maternal 1gG was
present in fetal cerebral spinal fluid (CSF), and was able to gain access to brain during
gestation and early life due the permissive nature of the blood brain barrier during that
period(43-45). Succeeding experiments by several groups showed that antibrain antibodies
could induce behavioral changes in the exposed offspring(46, 47). However, it was not until
the 1990°s that the first studies implicating maternal antibodies in the etiology of ASD
emerged.

The earliest study performed by Warren et al. (1990) confirmed their hypothesis that
maternal autoantibodies reactive to proteins displayed on paternal lymphocytes, which are
often found in women with a history of miscarriage, are disproportionately observed in
mothers with children with ASD (48). While the sample sizes of the study were small, it
prompted other investigators to conduct similar etiological studies into the role of maternal
antibodies and aberrant neurodevelopment associated with ASD. Subsequently, a single
sample from the serum of a mother with a child with ASD was used to demonstrate that
antibodies purified and developmental delay reacted to mouse neurons and when injected
into a dam during gestation resulted in deficits in the exploratory behaviors in the resulting
offspring (49).

Acknowledging the importance of these pivotal pilot studies, researchers began to expand
these endeavors to include larger clinical populations (Table 1). One of the first expanded,
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case-controlled studies published was performed by Braunschweig et al. (2008) and
included equal numbers of children with autism (n=61) and mothers of typically developing
children (n=62), along with a subset of mothers that had children with developmental delay
(n=40). This study found a significant correlation between the paired maternal antibody
reactivity to fetal brain proteins located within the 37 and 73kDa molecular weight bands on
a human fetal brain immunoblot and a diagnosis of ASD in the child. Further, this reactivity
was only in plasma samples obtained from families affected with ASD, as reactivity was not
seen in families that had typically developing children or children diagnosed with
developmental delay (50). In another small study by Zimmerman et al. (2007), it was shown
via immunoblotting that only antibodies from mothers of autistic children recognized fetal
rat brain proteins, as no antibody reactivity was detected in the control maternal group, and
they were specific to fetal antigens, as they did not bind to proteins derived from postnatal
and adult rat brains(51). These reports were closely followed by a study that examined the
serum reactivity of 100 mothers of children with ASD and 100 age-matched control
mothers, and determined antibody reactivity to fetal brain proteins observed in mothers of
children with ASD significantly differed from the control groups(52).

A similar study utilizing banked mid-pregnancy (prospective) blood samples also observed
maternal autoantibody binding to antigens near 37 and 73 kDa was only found in women
whose children later received a diagnosis of ASD(53). Surprisingly, all of the
aforementioned reports were unable to find a correlation between a family history of
autoimmunity and the presence of maternal anti-brain antibodies. However, a later study
conducted by Heuer et al. reported 95% of mothers with autoantibodies to both the 37 and
73 kDa fetal brain bands (found only in ASD) possessed the MET ‘C’ allele,, which
provided the first link between a functional immune-related outcome and an ASD
susceptibility gene(54). In this study population, among the 346 mothers of both ASD and
TD children that were negative for the 37/73-kDa bands, 101 (29%) were C/C, 154 (45%)
were C/G and 91 (26%) were G/G. Thus, the MET ‘C’ allele appears to confer susceptibility
rather than cause for the production of these autoantibodies. Furthermore, as this allelic
variant was shown to lead to decreased levels of IL-10, a crucial anti-inflammatory cytokine,
mothers with this allele are hypothesized to be at increased risk of autoimmunity and
autoantibody generation, hinting at a potential mechanism behind the loss of self-tolerance
in these mothers. Studies conducted by Brimberg et al. support this hypothesis, as their
studies not only found that mothers of children with ASD preferentially carried
autoantibodies to fetal brain tissue, but these mothers were also significantly more likely to
have anti-nuclear autoantibodies than mothers of typically developing children and mothers
of children with ASD that are anti-brain autoantibody negative. Interestingly, it was also
discovered mothers with anti-brain autoantibodies had increased incidence of rheumatoid
arthritis (RA) and systemic lupus erythematosus (SLE), and, conversely, anti-brain
autoantibodies were detected in women with RA, providing additional evidence that brain-
reactive maternal autoantibodies are related to autoimmunity(55). While the methods for the
Brimberg study, in which serum samples were incubated with mouse tissue sections and
autoantibodies were detected using immunofluorescence, differed from previous studies
utilizing denatured proteins and detecting autoantibodies via immunoblotting, similar results
were achieved in that maternal autoantibodies were elevated in the mothers of children with
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ASD. Although the specific maternal anti-fetal brain antibodies were disproportionately
detected in mothers of children with ASD in the earlier studies, and were associated with
immune dysfunction and autoimmunity, there was still little evidence supporting the notion
that maternal autoantibodies could impact behavior at that time.

In order to address the association between maternal autoantibodies and behavior, another
large study was conducted by Braunschweig et al. (2012) that provided further suggestion of
a potential role for maternal autoantibodies in ASD behaviors, and reported an association
between a the presence of anti-fetal brain antibodies in the mother and ASD-related deficits
in the child. The Braunschweig study discovered that paired brain (i.e. 37 and 73kDa bands)
reactivity correlated with lower expressive language scores in the child(56). Additionally, it
was noted in a subsequent study that children born to mothers with this antibody-binding
pattern also exhibited abnormal brain enlargement when compared to both children with
ASD born to mothers that did not harbor anti-brain antibodies as well as typically
developing control children(57). Further, reactivity to a band near 39kDa was later
discovered, and paired reactivity to proteins at 39 kDa and 73 kDa correlated with a broader
diagnosis of ASD (which was distinct from full autism at that time) as well as increased
irritability on the Aberrant Behavioral Checklist (ABC) scale(56).

In order to understand how these anti-brain antibodies could potentially lead to aberrant
developmental trajectories, the identity of the proteins corresponding to the 37, 39, and 73
kDa bands needed to be elucidated. Studies by our laboratory, which utilized 2-D gel
electrophoresis followed by tandem mass spectrometry peptide sequencing determined that
the maternal autoantibodies recognize seven developmentally regulated proteins in the fetal
brain that include lactate dehydrogenase A and B (LDH-A, LDH-B), stress-induced
phosphoprotein 1 (STIP1), Guanine Deaminase (GDA), collapsin response mediator
proteins 1 and 2 (CRMP1, CRMP2), and Y-box binding protein 1(YBX1) (Figure 1). The
antigens recognized by maternal autoantigens are significant as a number of them are critical
for normal brain development, specifically processes essential for neuronal migration and
neural network formation; GDA has an integral role in dendritic branching of hippocampal
neurons, while STIP1, in combination the cellular prion protein, is responsible for
neuritogenesis and increases neuronal survival(58, 59),. Further, the collapsin response
mediator proteins (CRMPs 1-5) are necessary for proper growth cone collapse and are
required for proper cell migration and axon-dendrite specification(60, 61). The effects of
YBX1 and LDH in neuronal development are more widespread; YBX1 is involved in almost
all DNA and mRNA-dependent processes and LDH is essential for energy metabolism(62,
63). Subsequent experiments using western blots containing the purified protein targets
confirmed these findings leading to a finding of 23% incidence of the highly specific antigen
reactivity patterns associated with ASD. Further, we characterized behavioral outcomes in
the children of autoantibody positive mothers that associated with the presence of the most
common autoantibody pattern, which included combined reactivity to LDH, STIP1, and
CRMP 1. Combined maternal antibody reactivity to this autoantigen pattern was found in
7% of mothers with children with ASD and correlated with an increase in stereotypic
behaviors in the child(64) (Table 2). Maternal autoantibodies are increasingly implicated in
the behavioral and cognitive deficits that characterize ASD, but as these studies have been
conducted in the human subjects, it is impossible to determine the mechanism by which
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these antibodies lead to the symptoms observed in ASD. In order to understand the potential
pathogenic role of maternal antibodies, it was necessary to move to experimental animal
studies. Moreover, studies are currently underway to elucidate the peptide epitopes on each
fetal antigen recognized by the maternal autoantibody related (MAR) ASD antibodies, as
determining the precise binding site(s) of the autoantibodies may offer insight into the
etiology and mechanism by which these antibodies mediate changes in behavior.

Animal Models of ASD

It is possible that the maternal antibodies represent purely a biological marker of damage
that occurred during gestation, and may not necessarily underlie the neurodevelopmental
dysfunction detected in ASD. In order to determine if maternal antibodies are clinically
significant, and not just an immune epiphenomenon, studies were initiated by several
research labs utilizing animal models. Typically, in autoimmune diseases where antibodies
are suspected to have a deleterious role, passive transfer studies, where antibodies are
transferred from a diseased animal to a healthy animal, are often used to establish a
pathogenic capacity(65, 66).

Non-Human Primate Models

The first animal studies, which utilized rhesus macaques due to their increased social
repertoire and established battery of social tests, demonstrated that the group of monkeys
that were prenatally exposed through passive transfer to IgG purified from mothers of
children with ASD had significantly more stereotypic behaviors and higher levels of motor
activity when placed in a novel social setting than monkeys treated with 1gG from mothers
with typically developing children (67). Further, these findings were recently replicated in a
larger study utilizing non-human primates (NHPs) administered with targeted 1gG from
mothers of ASD children that was specific for the dominant 37/73 kDa band pattern (how
known to correspond to LDH, CRMP1 and STIP1). In the second NHP model, it was
observed that offspring treated with IgG from mothers of children with ASD had abnormal
social behaviors and enlarged brain volume compared to control IgG-treated animals. They
also found that the dams receiving the ASD-associated IgG displayed a heightened maternal
protectiveness towards their progeny(68). While these studies were not without limitations,
they provide insight into the potential pathologic significance of maternal autoantibodies in
ASD, and how their interaction with fetal brain antigens may alter the course of brain and
behavioral development.

Murine Models

Concurrent to the studies conducted in rhesus macaques, researchers revealed similar
findings utilizing a murine passive transfer model, in which pregnant mice exposed to a
single, intravenous dose of human maternal plasma predetermined by immunoblotting to be
reactive to the 37/37kDa-banding pattern had offspring with increased anxiety and response
to stress, along with impaired motor and sensory development(69). This outcome was also
seen in a previous study utilizing pooled 1gG from mothers of children with ASD but not
based on any 37 or 73kDa band patterns. The authors determined that the offspring born to
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the dams injected with IgG from mothers with autistic children, and not from mothers with
typically developing children, mimicked some of the symptoms seen in ASD, including
alterations in sociability and increased activity and anxiety(70). The most recent studies,
aiming to further illuminate the mechanism by which maternal autoantibodies alter fetal
brain development, transferred human, antigen-specific maternal 1gG into the cerebral
ventricles of embryonic mice. The first of these studies focused on the behavioral outcomes
of the exposed offspring. Those offspring injected with antibodies reactive to the 37/37kDa-
banding pattern had increased stereotypic behaviors and altered social phenotypes
reminiscent of the children born to mothers with this brain pattern reactivity(71). In parallel
studies, the physiological effects of maternal IgG revealed increased cellular proliferation in
the sub-ventricular zone, increased size of adult cortical neurons, and increased adult brain
size and weight compared to animals exposed to autoantibody-negative control 19G(72).
Although these studies were highly experimental and not representative of a natural
exposure, they offer further evidence supporting the role of maternal anti-brain antibodies in
the incidence of ASD, as well as, insight as to the cellular target: radial glial stem cells.
Further, as these studies are limited by the passive transfer of 1gG during pregnancy at a
single time point, our laboratory has recently created an antigen-driven mouse model by
breaking tolerance to the specific antigenic determinants of LDHA, LDHB, CRMP1 and
STIP1 to create the most clinically relevant animal model in which to study MAR autism.
Behavioral studies are currently underway in these mice.

Autoantibodies in other forms of psychopathology

A number of research groups have established an association with autoimmunity and the
presence of anti-brain autoantibodies and the incidence of humerous behavioral
disorders(73). Antibodies reactive to neuronal tissues have also been detected
Schizophrenia(74-77), Tourette’s syndrome(78-84), and Obsessive Compulsive Disorder
(OCD)(85-87), seemingly linking these related and often comorbid disorders. Further, anti-
brain autoantibodies have also been observed in children with ASD(88-94). However, unlike
the anti-brain autoantibodies observed in mothers of children with autism, the anti-brain
antibodies observed in children, and in other disorders, have been found to preferentially
bind to adult, rather than fetal brain substrates, suggesting they are reactive to a different
repertoire of protein targets. The variance in diseases associated with these anti-brain
autoantibodies may be due to their antigen-specificity and/or the window of exposure by
which they interact with their brain-derived protein targets. There is more support for the
etiologic relevance of fetal brain reactive maternal antibodies, as maternal antibody exposure
overlaps major processes in neurodevelopment, and maternal antibodies have greater access
to the fetal brain due to increased permissiveness of the blood brain barrier during
gestation(95). In other forms of psychopathology that arise later in life, autoantibodies may
still mediate deleterious effects on the brain leading to aberrations in behavior. Nevertheless,
the presence of anti-brain autoantibodies postnatally does not necessarily lead to disorders of
brain; it is hypothesized there must be another event that increases barrier permeability
allowing antibodies to traverse blood-brain barrier and gain access to brain tissue to inhibit
and alter neuronal processes(96, 97). However, it may be this necessary preliminary event
that accounts for the episodic nature of many psychiatric disorders. While anti-brain
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autoantibodies may represent a common etiological agent leading to related
psychopathological disorders such as ASD and schizophrenia, there are likely many other
aspects, including genetic predisposition, environmental factors, and timing of exposure
during development, that contribute to the differing symptoms and manifestations of non-
ASD autoantibody related neuropsychiatric disorders.

Conclusion

MAR ASD has been noted by numerous researchers describing the presence of maternal
autoantibodies reactive to fetal brain proteins in a subset of mothers of children with ASD.
Further, there is now an abundance of evidence supporting their deleterious role in
neurodevelopment. For the most part, these studies have described similar experimental
outcomes and, given the clinical and biological heterogeneity of ASD, there likely exists a
complex relationship between the presence of maternal anti-fetal brain antibodies and
developmental trajectory of exposed offspring. It is still unclear how and when these
maternal autoantibodies arise, but studies currently underway may provide increased insight
into their ontogeny. Further, the generation of more clinically relevant animal models will
enable the illumination of the mechanism by which maternal antibodies impair
neurodevelopment, resulting in the social and behavioral deficits observed in ASD.
Moreover, by determining their mechanism of action, appropriate therapeutic interventions
could be implemented, thus raising the optimistic prospect that some future cases of ASD or
related neurodevelopmental and psychiatric disorders may be prevented.
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Figure 1. Fetal Brain Antigens
The maternal autoantibodies detected in mothers of children affected with ASD bind to fetal

brain antigens that are responsible for critical process in the developing brain.
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Table 1
Studies linking Autoimmunity and ASD
Type of Study Research Group | Year Findings
Case Study Money etal. (35) | 1971 | Child with ASD had a family history of
autoimmune disease
Research Study Warren et al. (9) 1991 The null allele of the C4B gene and the
Mostafa et al. (14) | 2010 extended haplotypeB44-C30-DR4 is
associated with autism.
Research Study Warren etal. (10) | 1996 | The third hypervariable region (HVR-3)
of certain DRP 1 alleles have very strong
association with ASD.
Research Study Torres et al. (11) 2006 The frequency of HLA-AZ2 alleles was
significantly increased in autistic
subjects compared with normal allelic
frequencies
Research Study Campbell et al. 2008 | The MET promoter variant rs1858830 C
(12) allele was associated with ASD
Population Study Atladottir et al. 2009 Increased risk of ASD in mothers with
(18) Rheumatoid Arthritis and Celiac Disease
and in families with Type | Diabetes
Systemic Review and Meta Wu et al. (20) 2015 A statistically significant association
Analysis with ASD was observed in families with
hypothyroidism, type | diabetes,
rheumatoid arthritis and psoriasis
Systemic Review and Meta Chen et al. (21) 2016 Children born to mothers with

autoimmune disease were 34% more
likely to develop ASD
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