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Abstract: Autism spectrum disorder (ASD) is a heterogeneous condition with multiple

etiologies and risk factors – both genetic and environmental. Recent data demonstrate that

the immune system plays an important role in prenatal brain development. Deregulation of

the immune system during embryonic development can lead to neurodevelopmental changes

resulting in ASD. One of the potential etiologic factors in the development of ASD has been

identified as the presence of maternal autoantibodies targeting fetal brain proteins. The type

of ASD associated with the presence of maternal autoantibodies has been referred to as

maternal antibodies related to ASD (MAR ASD). The link between maternal autoantibodies

and ASD has been demonstrated in both clinical studies and animal models, but the exact

mechanism of their action in the pathogenesis of ASD has not been clarified yet. Several

protein targets of ASD-related maternal autoantibodies have been identified. Here, we

discuss the role of microtubule-associated proteins of the collapsin response mediator protein

(CRMP) family in neurodevelopment and ASD. CRMPs have been shown to integrate

multiple signaling cascades regulating neuron growth, guidance or migration. Their targeting

by maternal autoantibodies could change CRMP levels or distribution in the developing

nervous system, leading to defects in axon growth/guidance, cortical migration, or dendritic

projection, which could play an etiological role in ASD development. In addition, we discuss

the future possibilities of MAR ASD treatment.
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Introduction
Autism spectrum disorder (ASD) is a heterogeneous neurodevelopmental condition

characterized by persistent deficits in social interaction, communication, and the

presence of restricted, repetitive behaviors, interests, and activities.1,2 The etiology

of ASD is considered to combine both genetic predispositions and environmental

impacts.3 Estimates of ASD heritability, using twins studies, have ranged from 74%

to 93%.4 Sibling studies indicated that ASD occurs in 7–20% of subsequent

children after an older child is diagnosed with ASD.5 A significantly increased

incidence of autism among twins and siblings attests to the influence of genetic

factors in the pathogenesis of autism and is further supported by evidence of genetic

variants includes genes involved in intellectual disability and neuropsychiatric

disorders, common pathway genes and various ASD-risk genes, multigenic con-

tributions from rare or common variations, and DNA mutations, as well as envir-

onmental effects on gene expression and/or protein function.3 ASD can occur in the

context of a clinically defined genetic syndrome, or as a feature of molecularly
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defined syndrome.6 Common single-gene disorders asso-

ciated with ASD are fragile X syndrome, neurofibromato-

sis-1, tuberous sclerosis complex, Rett syndrome,

Angelman syndrome, and PTEN hamartoma tumor

syndrome.1 ASD associated with a genetically defined

syndrome is referred to as syndromic ASD. Despite exten-

sive research, the genetic etiology for the vast majority of

ASD cases remains unknown.3

While the mechanism for the pathogenesis of ASD is

not yet known, it likely includes changes in brain devel-

opment immediately after birth. ASD apparently begins

with a cascade of pathological phenomena that are signifi-

cantly influenced by environmental factors. Many prenatal,

neonatal, and perinatal risk factors for ASD have been

suggested. One of the important factors seems to be

immune system dysregulation during critical periods of

brain development.

Immune Considerations
Interaction between the immune and nervous systems

begins during the prenatal period, and the successful

development of the nervous system depends on balanced

immune reactions. As such, immune system dysregulation

can be an etiological factor in the pathogenesis of ASD.

The relationship between maternal immune activation and

neurodevelopment has been explored in several preclinical

studies in which inflammation was induced in pregnant

mice, rats, and nonhuman primates. Injection of synthetic

viral RNA (Poly(I:C)) and bacterial endotoxin lipopoly-

saccharide (LPS), which evoke antiviral or antibacterial

immune responses, respectively, into pregnant females,

induced substantial behavioral changes in the offspring

that were reminiscent of ASD and schizophrenia.7

Additional studies have since shown the effect of

immune system deregulation on the pathogenesis of

ASD, including familial autoimmune disorders, maternal

viral or bacterial infections during pregnancy, dysregula-

tion of cytokines and chemokines, and presence of auto-

antibodies in children with ASD.8 A registry-based

Swedish study from 2010 found an association between

children with ASD and autoimmune disease diagnosis in

the parents. Several specific diagnoses among the mothers

have been identified as ASD risk factors including type-1

diabetes, idiopathic thrombocytopenic purpura, myasthe-

nia gravis, and rheumatic fever. For fathers, rheumatic

fever was associated with autism spectrum disorders. The

authors observed nearly 50% higher odds of being diag-

nosed with autism by age 10 years among children whose

parents had any kind of autoimmune disease.9 A meta-

analysis from 2015 showed that a family history of all

autoimmune diseases combined was associated with

a 28% higher risk of autism in children.10 For some

specific autoimmune diseases, the pooled results showed

that a family history of type 1 diabetes was associated with

a 49% higher risk of autism in children, 59% for psoriasis,

51% for rheumatoid arthritis, and 64% for

hypothyroidism.10 A large, exploratory, population-based

study from Denmark revealed an association between

a diagnosis of ASD in the child and hospitalization of

the mother for either a viral infection during the first

trimester of pregnancy or bacterial infection during

the second trimester of pregnancy. This study emphasized

the presence of many specific factors like pathogens,

severity, and the timing of the mother’s infection.11

Several other studies found atypical cytokine and chemo-

kine profiles in children with ASD.12 Most recently, stu-

dies have demonstrated that elevated mid-gestational

levels of inflammatory cytokines and chemokines are asso-

ciated with ASD with intellectual disability.8 Finally, pre-

natal exposure to maternal autoantibodies interacting with

fetal brain proteins has been suggested as a factor inducing

changes in the trajectory of neurodevelopment13 and

a substantial risk factor for the development of ASD.14

For this specific type of ASD, the term MAR autism

(maternal autoantibody related autism) or MAR ASD

(maternal autoantibody related autism spectrum disorder)

is used.

Maternal Autoantibodies and
Neurodevelopment
During gestation, the fetal immune system is immature.

Maternal IgG antibodies readily cross the placenta and

enter the fetal circulation. These antibodies are highly

protective against a variety of possible pathogens.

However, along with the protective IgG antibodies, some

maternal IgG autoantibodies can react with fetal brain

tissue and impact neural development.15,16 It is still

unclear how and when are these maternal autoantibodies

generated in the maternal blood and whether/how the

neuroantigens passage from the fetal brain to enter the

maternal circulation. The release of neuroantigens may

be more relevant during the early stages of fetal brain

development with regards to the pathogenesis of ASD.17

Maternal autoantibodies, directed against fetal brain anti-

gens, have been detected in mothers of children with ASD
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in several studies. Recent MAR ASD studies have identi-

fied some of the important targets as proteins involved in

neurodevelopment. Seven candidate proteins, against

which maternal antibodies related to ASD have been

detected, include lactate dehydrogenase (LDH) A and B

(subunits of enzyme catalysing lactate interconversion,

used as a markers of necrotic cell damage15), stress-

induced phosphoprotein 1 (STIP1) involved in neuritogen-

esis and neuronal survival16, guanine deaminase (GDA),

also known by the name cypin regulating dendritic number

and arborization in neuronal development15,16, collapsing

response mediator protein (CRMP) 1 and 2 (discussed

later), and Y-box binding protein (YBX1) promoting neu-

ronal motility and migration.15 These proteins are crucial

for normal brain development and play an important role

in neurogenesis.17,18 Moreover, approximately 30–70% of

autistic patients have circulating anti-brain autoantibodies

targeting anticardiolipin, β2-Glycoprotein 1, anti-

phosphoserine antibodies, anti-double-stranded DNA anti-

bodies, and anti-nucleosome specific antibodies.19

Children with ASD not only have autoantibodies to brain-

specific antigens such as myelin basic protein, serotonin

receptors, brain endothelium cerebellar tissue, and gluta-

mic acid decarboxylase, but also to non-brain specific

antigens such as folate receptor alpha (FRα) and

mitochondria.20 Recent studies have shown a significant

association between folate receptor autoantibodies

(FRAA) and ASD both in children and their parents.21

A study by Zhou et al found that serum FRAA are more

prevalent in children with ASD (77.5%) than in children

with typical development (54.8%).22 An association

between FRAA and autism was further supported by

a study from 2018 analyzing the families of ASD children.

Overall, 76% of the affected children, 75% of the unaf-

fected siblings, 69% of fathers, and 59% of mothers were

positive for either blocking or binding FRAA, whereas the

prevalence of these autoantibodies in the normal controls

was 29%. Thus the presence of FRAA autoantibodies

appears to be one of the heritable risk factors that can

contribute to ASD pathogenesis.21

The effect of maternal autoantibodies on neurodevelop-

ment has been analyzed using animal models. In the late

1950s, it was demonstrated in mice that maternal autoan-

tibodies directly influenced the brain and nervous system

of embryos leading to significant changes in the brains of

the offsprings.23 In the 1970s, researchers found evidence

of maternal IgG antibodies in fetal cerebrospinal fluid and

their transfer through the blood-brain barrier into the fetal

brain during pregnancy.18 Animal experiments showed

that antibodies against fetal brain proteins could induce

changes in the behavior of exposed offspring.24,25 The first

studies implicating the presence of maternal antibodies as

a risk factor in the etiology of ASD were carried out in the

1990s.18

Maternal Autoantibodies and ASD
Animal Models
Various non-human primate and rodent studies have been

conducted to provide support for the role of maternal

autoantibodies in the pathogenesis of neurodevelopmental

disorders, especially ASD. In the first, non-human primate

study carried out by Martin et al, purified neuronal anti-

bodies from the mothers of children with ASD were pas-

sively transferred to pregnant rhesus macaque monkeys.

The offspring from this group of monkeys demonstrated

increased whole-body stereotypies and higher levels of

motor activity than control autoantibodies-unexposed

monkeys. Transfer of IgG purified autoantibodies from

mothers of typically developing children did not induce

stereotypical or hyperactive behaviors.26 This study was

followed by a larger, more targeted study in which specific

IgG antibodies against major proteins with molecular

weights of 37 and 73 kDa from mothers of children with

ASD were given to female macaque rhesus monkeys.

Macaques prenatally exposed to the 37/73 kDa maternal

IgG showed abnormal behavior that included unrecipro-

cated social approaches and inappropriate vocalizations

compared with control offspring. Female macaques who

were exposed to the effects of the antibodies from mothers

of children with ASD demonstrated heightened maternal

protectiveness during the early development of their

offspring.27 Concurrently with the non-human primate

studies, research was also conducted on rodents. Like the

primates, pregnant mice were exposed to IgG from

mothers of children with ASD. The offspring of IgG

exposed mice displayed anxiety-like behavior and altered

sociability, along with impaired motor and sensory devel-

opment, which was in contrast to the mice offspring that

received plasma from mothers of typically developing

children.28,29 In a study by Brimberg et al, contactin-

associated protein-like 2 (Caspr2) reactive antibody cloned

from a mother of an ASD child mediated an ASD-like

phenotype in mice, which displayed abnormal cortical

development as well as impairments in sociability, flexible

learning, and repetitive behavior.30 In a more targeted
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study, mouse embryos received a single intraventricular

injection of maternal human plasma with autoantibodies

reacting with proteins having a molecular weight of 37 and

73 kDa. The exposed mice demonstrated atypical beha-

viors, including stereotypical self-grooming and increased

repetitive behaviors, relative to mice similarly injected

with maternal IgG from mothers of neurotypical

controls.31 The mice exposed to the plasma of mothers

of children with ASD thus showed some ASD-like beha-

vioral changes. Subsequent mouse studies demonstrated

that prenatal exposure to autism-specific maternal autoan-

tibodies led to neuroanatomical changes in the offspring,

including increased radial glial cell proliferation along

with accelerated migration, reduced numbers of cortical

dendritic spines, as well as increased brain and neuron

size.13 The most recent study using mice tried to create

the first endogenous preclinical model of MAR ASD.

Through immunization with the peptide epitope sequences

of seven antigenic proteins that are targeted by maternal

autoantibodies reactive to fetal brain proteins, the authors

were able to create an endogenous, antigen-driven mouse

model. Prenatally exposed MAR-ASD male and female

offspring displayed a range of ASD-relevant behaviors

throughout life, including aberrant social interactions,

higher repetitive self-grooming behaviors and reduced

vocalizations.13

Imaging Studies
Studies using imaging methods have demonstrated the

presence of abnormal brain growth in children with

ASD. A study by Courchesne et al demonstrated that

children suffering from autism have a normal overall

brain volume at birth; this finding was based on the mea-

sure of neonatal head circumference. By ages 2–4 years,

90% of autistic boys in the sample had brain volumes

larger than the normal average. Autistic 2- to 3-year-old

boys had more cerebral and cerebellar white matter, and

more cerebral cortical gray matter than normal, whereas

older autistic children and adolescents did not have

enlarged gray and white matter volumes.32 Abnormal

brain enlargement in preschool-aged children with ASD

has been found consistently33,34 in about 6% of cases.35

However, this early childhood acceleration in brain growth

and enlargement of brain volume is not a general charac-

teristic of all individuals with autism. For example, abnor-

mal brain size was found in preschool-age boys with ASD

with regression.36 Abnormal brain enlargement was also

shown in boys with ASD born to mothers with reactivity

to 37 and 73 kDa fetal brain proteins. In a study by

Nordahl et al, while the group of all preschool-aged ASD

children exhibited abnormal brain enlargement, which is

commonly observed in this age range, the group of ASD

children whose mothers had the 37/73 kDa IgG autoanti-

bodies exhibited a more extreme 12.1% abnormal brain

enlargement relative to the typically developing group.

The remaining ASD children exhibited a smaller 4.4%

abnormal brain enlargement relative to controls.26

Interestingly, male macaque rhesus monkeys exposed pre-

natally to the 37/73 kDa autoantibodies had enlarged brain

volumes compared with controls.27 Prenatal exposure to

ASD-specific maternal autoantibodies increase stem cell

proliferation in the embryonic neocortex, enlarges the

brain, and increases neuronal size in adult mice.38

Both human and animal studies provide support for the

hypothesis that the 37/73 kDa autoantibodies, either

directly or indirectly, affect brain development leading to

abnormal enlargement and neurobiological alterations

leading to autism spectrum disorder.37

Clinical Studies
In 2008, Braunschweig et al published a case-control study

that included 61 mothers of children with autism, 40 mothers

of children with delayed development, and 62 mothers of

typically developing children. The study found a significant

correlation between the paired reactivity of maternal antibo-

dies to fetal brain proteins with a molecular weight of 37 and

73 kDa and a diagnosis of autism in the child.39 The popula-

tion-based case-control study collected blood samples from

mothers during mid-pregnancy and measured the maternal

autoantibody reactivity to fetal proteins with a molecular

weight of 39 and 73 kDa. The study found that reactivity to

the 39 kDa band was more common among mothers of

children later diagnosed with autism compared to mothers

of children with delayed or typical development.

Simultaneous reactivity to 39 kDa and 73 kD bands were

found only among mothers of children with ASD.40 Another

population-based study with a large cohort of mothers of

children with autism and controls reported significant asso-

ciations between the presence of IgG reactivity to fetal brain

proteins with molecular weights of 37 and 73 kDa and

a childhood diagnosis of autism, as well as the correlation

of reactivity to 39 and 73 kDa proteins and a broader diag-

nosis of ASD. The study further supported ASD-related

patterns of reactivity of maternal autoantibodies with specific

fetal brain proteins.41 A subsequent study by Braunschweig,

which included 246 mothers of children with ASD and 149
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mothers of regularly developing children, uncovered some of

the protein targets of ASD-related maternal autoantibodies,

such as LDH, cypin, STIP1, CRMP1, CRMP2, and YBX1,

alone and in combinations. The results showed a highly

significant association between the presence of individual

maternal autoantibodies to fetal brain proteins and an ASD

diagnosis. When all antigen reactivity patterns were com-

bined, a total of 23% of mothers of children with ASD had an

autoantibody pattern containing two or more to the target

proteins compared to only 1% of mothers with typically

developing children.15 Importantly, while the identified pro-

tein targets of ASD-related maternal autoantibodies, ie,

LDH, cypin, STIP1, CRMP1, CRMP2, and YBX1, are

involved in various signaling cascades and cell processes,

they are also all related to neurodevelopment.15 Both

secreted and intracellular proteins appear to be targets of

ASD-related maternal autoantibodies. The mechanism by

which the antibodies influence these intracellular proteins

is, so far, not well understood. The presence of CRMP1 and

CRMP2, among the six identified protein targets of ASD-

related maternal autoantibodies, point to the importance of

the CRMP (collapsing response mediator protein) family of

microtubule- associated proteins, in ASD pathogenesis.

The Role of CRMPs in Neural
Development and ASD
Microtubule-associated proteins (MAPs) are a large group of

proteins that bind to microtubules and regulating their stabi-

lity, dynamics, or microtubule-based transport. MAPs have

been shown to regulate many steps in brain development,

including neurogenesis, neuron migration, polarization, axon/

dendrite growth and guidance, arborization, and synapse for-

mation. Many ASD-linked brain abnormalities, ie, variations

in mini-columnar and laminar cortical organization, synaptic

abnormalities, and faulty links in neuronal circuits, have been

linked to MAP gene mutations and changes.42

CRMPs are a 5-member family of MAPs originally iden-

tified as regulators of axon guidance and growth cone col-

lapse in neurons.43 They are strongly expressed in the

nervous system, in particular during discrete periods of neu-

ronal development, while their expression in the adult ner-

vous system is significantly lower. Among the CRMPs,

CRMP2 was the first identified and remains the best char-

acterized. CRMP2 interacts (1) with tubulin heterodimers

and promotes polarization or (2) with assembled microtu-

bules, via a taxol-sensitive interaction, and promotes

stabilization.44 In adult brains, CRMP2 appears mainly in

areas with higher neuroplasticity such as the hippocampus.45

The binding of CRMP2 to microtubules is tightly

regulated by phosphorylation by CDK5, GSK-3β,
ROCK, or other kinases. Stimulation of growth cones by

Semaphorin 3A has been shown to induce CDK5 phos-

phorylation of CRMP2, which than looses it affinity to

microtubules and mediates growth cone collapse.46,47 With

numerous phosphorylation sites, CRMP2 serves as a hub,

integrating multiple signaling cascades regulating neuron

growth, guidance and migration, and conveying their sig-

nals to microtubules.48

The CRMP2 gene undergoes alternative splicing gen-

erating two isoforms CRMP2A and CRMP2B,49 which

seem to play distinctive roles in neural development as

they are differentially expressed in the nervous system,

localized in neurons and are regulated by conformational

changes.47

Deregulation of CRMP2 has also been associated with

several neuropathological or psychiatric conditions in

humans, including Alzheimer’s disease, schizophrenia,

ASD, mood disorders, and epilepsy through genetic poly-

morphisms, changes in protein expression, post-translational

modifications, and protein/protein interactions.50,51 Recently,

a primary in vivo analysis of conditional knockout of all

CRMP2 isoforms demonstrated that CRMP2 deficiency

leads to neuronal development deficits and behavioral

impairments in mice sharing similarity to schizophrenia

(eg, changed dendritic spine density, behavioral changes,

and a deficit of the prepulse inhibition).51 In contrast,

a total deficiency of CRMP2 in full CRMP2 knockout

mice has recently been shown to lead to morphological and

behavioral alterations associated with ASD (ie, defects in

axon and dendritic spine pruning, increased dendritic spine

density in vivo and in vitro, defects in ultrasonic vocalization

in early postnatal stages, as well as social and behavioral

changes in adults).50 This suggests that even a minor differ-

ence in the spatio-temporal inactivation of CRMP2 during

development can have a major impact on the development

and severity of the resulting neurodevelopmental defects

leading to schizophrenia-, or ASD-like phenotypes.

Considering the role of CRMP2 in the pathogenesis of

ASD, the targeting of CRMP2 or CRMP1 (which shares large

structural and functional similarities to CRMP2) by maternal

autoantibodies in ASD patients, could change the amount and

distribution of these proteins in the developing nervous sys-

tem, thus leading to defects in axon growth/guidance, cortical

migration, and dendritic projection, as well as playing an
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etiological role in ASD development (Figure 1). The exact

role of CRMP2 isoforms in ASD pathogenesis is, so far, not

known. Their differential regulation, distribution, and func-

tion in neurons,47 though, suggests that autoantibodies target-

ing different members of the CRMP family or their specific

isoforms could trigger different changes in neural develop-

ment and promote different neurodevelopmental disorders.

Future studies will need to address these questions.

Therapy of MAR ASD
While there is evidence that maternal autoantibodies are

important risk factors for developing ASD, little is known

about potential options for intervention. However, the iden-

tification of maternal autoantibody targets increases thera-

peutic possibilities.14 If we can prove a causal connection

between maternal autoantibodies and the development of

ASD, then we have the potential for prevention or treatment

of MAR ASD. Three main mechanisms can be employed to

prevent pathogenic antibodies from entering the fetus: ex

vivo antibody removal, in vivo antibody competition and

removal, and inhibiting antibody generation.14

Removing pathogenic antibodies from maternal circu-

lation is a relatively safe technique that includes therapeu-

tic plasma exchange or plasmapheresis. However, this

method is limited by the non-selective removal of all

plasma components. Plasmapheresis is successfully used

today to improve symptoms linked to a number of auto-

immune disorders, such as antibody-mediated acute

inflammatory demyelinating polyradiculoneuropathy, also

known as a Guillain-Barré syndrome52 and immune-

mediated cerebellar ataxias.53 In most autoimmune disor-

ders, autoantibodies must be constantly removed from

circulation throughout the life of the individual; however,

MAR-ASD potentially pathogenic maternal autoantibodies

need only be removed during gestation when maternal

antibodies are transferred to the fetus. Thus, this could

be a therapeutically, very promising treatment for MAR

autism.14 Another potential therapeutic method increases

the degradation of maternal anti-brain autoantibodies using

intravenous immunoglobulin (IVIg) therapy or therapy

using recombinant antibodies. Regrettably, these treat-

ments, due to their non-specificity, could systemically

induce the degradation of all IgGs.54 IVIg therapy may

also be useful for individuals with ASD who demonstrate

other immune abnormalities. Out of five studies that

demonstrated the benefits of IVIg therapy for ASD

patients, three involved individuals with immune system

abnormalities.20 More research is needed to better under-

stand (1) which subset of children with ASD can benefit

from IVIg therapy and (2) the optimal dose and interval

for treatment.20 The use of immunosuppressants could be

another method for treat the impact of autoantibodies.

Alternatively, the administration of proteasome inhibitors

that reduce autoantibody levels prior to pregnancy could

also be considered.14 However, evidence that this is safe

for pregnant women and/or non-toxic to the developing

Figure 1 Model of targeting of CRMPs by maternal autoantibodies in MAR ASD. (A) Maternal autoantibodies targeting CRMPs readily pass placenta and (B) the

undeveloped blood-brain barrier of the fetus. (C) The antibodies are internalized into neurons, bind and inactivate CRMPs resulting in changes in neural development.
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fetus is still limited and will need to be analyzed before

being used as a MAR ASD treatment.

Conclusion
Evidence of maternal autoantibodies that target fetal brain

proteins offers new insights into the role of immune dysfunc-

tion in ASD. A significant number of mothers of ASD

children carry maternal autoantibodies directed against var-

ious fetal brain proteins essential for the regulation of normal

brain development. Among them, the collapsing response

mediator proteins (in particular CRMP2 and CRMP1) have

been shown to control neuron polarization, growth, guidance,

and synapse refinement during the embryonic and early

postnatal development of the nervous system. The role of

CRMP2 in ASD pathogenesis was recently analyzed using

different mouse models. Further research will be needed to

clarify the causal role of maternal autoantibodies against

different CRMP proteins in the pathogenesis of ASD. In

the future, the elimination of specific pathological maternal

autoantibodies could be an option for treating MAR ASD.
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