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s epidemiologic studies continue to note a striking increase in rates of autism spec-
trum disorder (ASD) diagnosis around the world, the lack of identified causative agents
in most cases remains a major hindrance to the development of treatment and pre-
vention strategies. Published observations of immune system abnormalities in ASD
have increased recently, with several groups identifying fetal protein reactive IgG antibodies in
plasma from mothers of children with autism. Furthermore, other gestational immune param-
eters, including maternal infection and dysregulated cytokine signaling, have been found to be as-
sociated with ASD in some cases. While detailed pathogenic mechanisms remain to be deter-
mined, the hypothesis that some cases of ASD may be influenced, or even caused, by maternal fetal
brain-reactive antibodies or other in utero immune-related exposures is an active area of investi-
gation. This article reviews the current literature in this area and proposes several directions for
future research. Arch Neurol. 2012;69(6):693-699

Autism spectrum disorders (ASDs) are
now the most common neurodevelopmen-
tal disorders, with a diagnostic incidence
of 1:88. Individuals with ASD display vari-
able impairments in communication and
social interaction and have restricted in-
terests that often manifest as repetitive ste-
reotypies. Within ASD, individuals may
meet diagnostic thresholds in all 3 behav-
ioral domains, resulting in a diagnosis of
autistic disorder (AU); in 1 or 2 of the 3
domains yielding an ASD or Asperger dis-
order diagnosis; or have related impair-
ments that differ sufficiently to resultin a
diagnosis of childhood disintegrative dis-
order or pervasive developmental disor-
der—not otherwise specified. Currently,
these disorders are behaviorally diag-
nosed using instruments such as the Au-
tism Diagnostic Interview—Revised! and the
Autism Diagnostic Observation Sched-
ule,? which evaluate the criteria found in

the Diagnostic and Statistical Manual of
Mental Disorders (Fourth Edition, Text
Revision).> Work is currently under way
to produce an updated Diagnostic and Sta-
tistical Manual of Mental Disorders (Fifth
Edition), which is scheduled to be re-
leased in May 2013* and will likely com-
bine AU, ASD, Asperger disorder, child-
hood disintegrative disorder, and pervasive
developmental disorder—not otherwise
specified into the broad category of ASD,
which will include measures of clinical
specifiers of severity as well as associated
clinical features.

Owing to the lack of biochemical di-
agnostic tests, it is unclear whether the
symptoms underlying ASD stem from
different etiologies or represent different
manifestations of similar genetic or envi-
ronmental factors. Data from twin stud-
ies have supported a strong genetic
association with ASD based on high
monozygotic twin concordance, and
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large-scale genetic screens have revealed
numerous risk factors,’ each with rela-
tively low penetrance, supporting the hy-
pothesis that the behavioral manifesta-
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tions of ASD may be a convergent consequence of
genetic or environmental interference with any of a
large number of critical neurodevelopmental processes.
Interestingly, a recent report® indicates a higher than
previously reported concordance among dizygotic
twins, resulting in a best-fit model determination of AU
risk that attributes a 55% contribution of environmen-
tal factors and a 37% contribution of genetic factors.
Risk for developing the broader diagnosis of ASD
was found to have a nearly identical distribution of risk
factors.

The human immune system possesses shared
genetic and environmental components, relying on
environmental exposures to inform the manifestation
of genetically encoded signaling and effector func-
tions. In the context of pregnancy, the maternal
immune system has the added burden of nonrespon-
siveness to paternal as well as fetal-specific antigens,
while maintaining the health of the mother and fetus.
Thus, the components of the maternal immune system
that cross the placenta may be considered to be fetal
environmental exposures. Indeed, proper fetal neu-
rodevelopment relies on the precise timing, functional
levels, and anatomic localization of many signaling
molecules that may be altered by exogenous factors to
which the embryo is exposed. One in utero environ-
mental factor that is gaining increased attention is
maternal IgG antibodies.

GESTATIONAL ROLES
OF MATERNAL IgG

The placenta provides a remarkably selective barrier
that allows nutrition and immune factors to transfer to
the developing fetus, while restricting the passage of
potentially harmful molecules. Among the components
of the maternal immune system that enter the fetal com-
partment, IgG antibodies transfer at high concentra-
tions beginning around midgestation,” culminating in
circulating IgG levels in the newborn that exceed those
in maternal circulation owing to neonatal FC receptor—
mediated active transport across the placenta. This IgG,
which is entirely maternal in origin, is thought to pro-
vide the newborn with a transient, protective immunity
based on the environmental exposures of the mother
until the child is capable of mounting an adaptive im-
mune response. However, in cases of maternal autoim-
munity, IgG that recognizes self-proteins also crosses
the placenta and can interfere with fetal development as
in maternal myasthenia gravis, which can lead to tran-
sient neonatal myasthenia gravis® and, in rare cases, the
often fatal disorder arthrogryposis multiplex con-
genita.” While such conditions are relatively uncom-
mon and the offending IgG are cleared from the infant’s
circulation within the first 6 months of life, situations
where IgG alters important developmental processes
can lead to permanent defects. For example, in some
cases of neonatal lupus erythematosis,'® characteristic
maternal antibodies, which bind to the ribosomal Ro ri-
bonucleoprotein, prevent proper heart formation in the
developing fetus, thereby requiring corrective surgery
in the newborn.

Placental IgG Transport
and BBB Formation

Another layer of complexity is added to this system by
the blood-brain barrier (BBB). The BBB consists primar-
ily of endothelial tight junctions and provides a selec-
tive filter for central nervous system (CNS) entrance to
cells and molecules from vascular circulation, allowing
only certain components to enter and generally pre-
venting access of inflammatory agents."' Although IgG
is normally restricted from the adult CNS, it may access
developing brain targets prior to the complete forma-
tion of the BBB. The timing of BBB development in the
fetus is complex'? and develops its exclusion properties
primarily in response to Wnt/B-catenin signaling from
perivascular astrocytes. Numerous associated signaling
molecules participate in this cascade, several of which
have genetic variants that have been implicated as au-
tism susceptibility factors. Among these is the En-
grailed 2 gene,” which functions to regulate sensitivity
to exogenous factors from maternal circulation that
cross the placenta. Such genetic susceptibilities may
underlie the mechanism of maternal antibody involve-
ment in autism development.

Building on the concept of genetic susceptibility to
an immune-mediated trigger of autism development, a
decreased ability to restrict the production of self-
reactive antibodies, in other words, a deficit in
immune tolerance, may provide the basis for the pro-
duction of self-reactive antibodies. One pathway that
influences maintenance of self-tolerance in a dose-
dependent fashion is the MET receptor tyrosine kinase
and its associated signaling cascade.'*'* Interestingly, a
functional MET polymorphism, which leads to
decreased protein levels, has been associated with
autism in several independent genetic studies.!®'® Fur-
thermore, recent work by our laboratory indicates that
this polymorphism is significantly associated with
maternal antifetal brain antibodies found in mothers
of children with autism."

Alternatively, maternal fetal brain-reactive antibod-
ies may arise in the context of an immune response to
an infection. In this case, epitopes on the pathogen could
elicit antibody production in association with a danger
signal.?® B cells with receptor specificity for fetal anti-
gens would likely not be eliminated through central tol-
erance mechanisms because of the sequestered nature of
CNS antigens. This phenomenon of molecular mimicry
has been demonstrated to precipitate the symptoms of
rheumatic fever after infection with group A streptococ-
cus? through the induction of self-reactive antibodies and
T cells. The resultant immune-mediated disorder causes
variable inflammation of the CNS, joints, skin, and heart.

Regardless of the ontogeny of autism-associated ma-
ternal antibodies, there is a general consensus that the
resulting pathogenic mechanism likely proceeds through
1 of 3 established mechanisms: (1) blockade or interfer-
ence with the function of the target molecules?; (2) act-
ing as an agonist and activating a receptor or signaling
cascade®; or (3) through the induction of inflammation
and the consequent effects on CNS development
(Figure) >
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Figure. Schematic representation of maternal antibody-associated autism. A, Maternal antibodies that bind to fetal brain proteins may arise through (1) an
immune response to a molecular mimic, (2) impaired tolerogenic mechanisms, or (3) alloimmunization to fetal antigens during a previous pregnancy. B, The
placenta actively transports maternal 1gG into fetal circulation from midgestation through parturition. C, Normally, the adult blood-brain barrier (BBB) excludes
circulating 1gG from the brain parenchyma, while the developing fetal brain is variably permissive to maternal IgG during gestation. The presence of maternal fetal
brain-reactive 1gG during critical windows of neurodevelopment appear capable of precipitating adverse offspring behavioral manifestations including autism.
CNS indicates central nervous system.

Maternal IgG and Neurodevelopment Maternal IgG in Autism

The fetal BBB is not yet fully formed during embryonic Observational Studies. Interest in a possible associa-
development and appears to be variably permissive to fac- tion between maternal antibodies and ASD began with
tors that enter the fetal circulation across the placenta, the observation that gestational exposure to fetal pater-
including IgG. Women with systemic lupus erythema- nally derived lymphocyte antigens elicited an antibody
tosus, which is associated with autoantibodies recogniz- response in some mothers, which was associated with
ing both the N-methyl-D-aspartate receptor and double- pregnancy complications and autism in a small cohort
stranded DNA, often have children with learning (Table).” These maternal antibodies, which caused
disabilities whereas children born to fathers with sys- complement-dependent cytotoxicity to lymphocytes of
temic lupus erythematosis do not, supporting a patho- the child, were assumed to stem from exposure to pa-
genic role for the antibodies during fetal brain develop- ternal antigens during a previous pregnancy similarly to
ment. Studies in a murine systemic lupus erythematosus the genesis of anti-Rh antibodies.

model of gestational antibody transfer reveal specific dep- Based on some intriguing pilot work from Dalton et
osition of maternal anti-N-methyl-D-aspartate IgG in the al,’' we began our search for an association between ma-
developing neocortex at 60- to 70-fold higher concen- ternal autoantibodies and autism. Using samples from the
tration than in the maternal brain.?*> Furthermore, on be- Childhood Autism Risk from Genes and the Environ-
havioral testing, offspring of mouse dams harboring such ment Study,” a large case-control cohort recruited through
antibodies displayed impaired performance on a variety the Children’s Center for Environmental Health at the
of behavioral tests that varied based on antibody titer. University of California, Davis, we went on to demon-
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Table. Compiled Results of Observational and Behavioral Studies Associating Maternal Antibodies With Autism?

Antibody Target

Mw

Prevalence, %

Maternal IgG
Population, No.

Observational Studies

Child/paternal
lymphocytes?

Rat fetal/juvenile/adult
brain®

Human fetal brain?”

Human fetal brain?

Fetal/adult human and
rat brain®
Fetal rhesus macaque

Undetermined

Multiple low MW and
250 kDa

37 kDa and 73 kDa pair

39 kDa and 39 kDa/73 kDa
pair

36 kDa, 39 kDa, and 61 kDa

37 kDa/73 kDa and 39

54 (against child’s or father’s cells)

100 (2 patterns)

12

7 (for 39 kDa)

10 (36 kDa for human fetal brain)

7 (87/73 kDa) and 4 (39/73 kDa)

AU=11;TD =20
AU=11;TD=10

AU =61; DD = 40; TD = 62
AU = 84; DD = 49; TD = 160

AU =100; TD = 100

AU =201; ASD = 71;

brain® kDa/73 kDa pairs TD =185; DD = 102
Administration Route;
Gestational Age; Amount
Species Significant Outcomes per Injection; Serum or IgG Maternal IgG Population

Animal Behavioral Studies

Rat®! Decreased exploration

Impaired motor control

IHC Purkinje/neuroblastoma
staining

Decreased choline and
creatinine levels

Reduced peer contact

Increased nonsocial activity

Hyperactivity

Whole-body stereotypies

Hyperactivity

Increased anxiety

Reduced social interaction

Embryonic day 18
microglial activation

Increased brain BDNF levels

Rhesus macaque®

Mouse?

Intraperitoneal; embryonic day AU=1;TD=4
(for rodents) 10-17; 0.5 mL; (all multiplex)
serum

Intravenous; gestational day AU=12;TD=7
(for primates) 27, 41, and 55; (all multiplex)
15-20 mg; IgG

Intraperitoneal; embryonic day AU =63; TD = 63

13-18; 1.25-1.4 mg; IgG (mixed parity)

Abbreviations: ASD, autism spectrum disorder; AU, autism; BDNF, brain-derived neurotrophic factor; DD, developmental delay (nonautism); MW, molecular

weight; TD, typically developing.

2Qbservational studies of maternal antibody binding to fetal brain proteins have often noted maternal IgG reactivity to antigens of approximately 36 to 39 kDa,
focusing candidate protein identification on this MW range. Behavioral studies have recapitulated some of the features of autism in model systems and have

yielded substantially consistent results.

strate IgG reactivity against fetal brain proteins at ap-
proximately 37 kDa and 73 kDa in plasma from 7 of 61
mothers (11.5%) of children with ASD but not in 62 moth-
ers of typically developing children (P = .006) or 40 moth-
ers of children with non-ASD developmental delay
(P = .04).*” Zimmerman et al*® also performed a pilot study
involving 11 mothers of children with autism and con-
trol mothers, examining maternal serum for autoanti-
bodies to brain proteins derived from rats. Reactivity was
observed to targets in rat prenatal (gestational day 18)
but not to postnatal (day 8) or adult brain, which was
not directed at previously identified neuronal targets of
autoimmunity.

Building on these findings, Singer et al*® highlighted
that this reactivity is primarily to fetal and not adult brain
proteins in a larger sample set, observing reactivity to a
36-kDa human fetal brain antigen in approximately 10%
of mothers of children with autism vs 2% of control moth-
ers (P = .04). The striking consistency between the out-
comes of both the Braunschweig®” and Singer® studies
indicate that antibody reactivity to antigens at approxi-

mately 36 to 39 kDa and 73 kDa was significantly more
prevalent among mothers of children with autism. Ob-
served in approximately 10% to 12% of mothers of chil-
dren with autism, this antibody reactivity is thus one of
the most prevalent biomarkers for autism discovered to
date. Furthermore, it is interesting to note that both stud-
ies found a significant association between maternal anti-
fetal brain reactivity and having a child with a regres-
sive form of autism, yielding P values of .002 and .03 to
.04 in the Braunschweig?” and Singer® studies, respec-
tively. This observation may reflect a subset of ASD cases
whose clinical course is related to maternal antibody
exposure.

To expand and confirm the previous findings, we have
gone on to profile 560 additional mothers recruited into
the Childhood Autism Risk from Genes and the Envi-
ronment Study® since our original report. To identify the
expression timing of the fetal brain antigens, we tested
maternal antibody reactivity to brain protein from 3 ges-
tational ages in the Rhesus macaque. Observing the high-
est relative expression levels in late gestation (day 152),
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we screened our expanded cohort for maternal fetal brain—
reactive antibodies. A refined Western blotting tech-
nique allowed us to resolve an additional band migrat-
ing near the 37-kDa band at approximately 39 kDa. The
prevalence of maternal antibodies to the 37 kDa/73 kDa
and 39 kDa/73 kDa bands remained the same as in our
original study, and reactivity to the 37 kDa/73k Da band
pair remained exclusive to mothers of children with au-
tism. When compared with children with ASD whose
mothers did not have maternal fetal brain-reactive an-
tibodies, behavioral tests revealed that children with ASD
with mothers harboring reactivity to the 37-kDa and 73-
kDa bands had significantly impaired (P = .005) use of
expressive language on the Mullen Scales of Early Learn-
ing,>*** while children with ASD born to mothers with
the 39-kDa and 73-kDa band patterns had significantly
increased (P = .047) irritability scores on the Aberrant
Behavior Checklist.’*** These results support the hy-
pothesis that maternal fetal brain-reactive antibodies may
underlie certain behavioral features of some cases of ASD.

A central critique of studies linking maternal fetal
brain-reactive antibodies and ASD has been that blood
collection for antibody determination typically occurs af-
ter a child’s diagnosis and may represent antibody speci-
ficities that developed after the birth of the child. To ad-
dress this issue, archived midpregnancy blood samples
in a large case-control study were screened for reactiv-
ity toward the fetal brain. Findings from this study con-
firmed the gestational presence of maternal fetal brain—
reactive antibodies more commonly among mothers of
children with autism, particularly those recognizing the
39-kDa and 73-kDa antigens.*®

Behavioral Models. Pioneering murine model studies de-
scribed in 1968°° demonstrated that human IgG is trans-
ferred across the mouse placenta and into fetal circula-
tion. This observation, combined with the knowledge that
several autoimmune disorders involve pregnancy com-
plications, lead to the development of mouse models of
gestational transfer of self-reactive IgG for lupus,’” fetal
arthrogryposis,®® bullous pemphigoid,* and epidermoly-
sis bullosa acquisita.*® The possibility that maternal an-
tibody transfer may precipitate neurologic disturbances
in offspring led Dalton et al*! to perform a pilot study using
intraperitoneal administration of serum from a mother
of one child with autism and one child with a severe lan-
guage delay into pregnant mice. After observing that IgG
antibodies from this mother stained cerebellar Purkinje
neurons, large brainstem neurons, and cells from a neu-
roblastoma line, the group went on to note significant
reductions in exploratory behavior (P = .02) in juve-
niles and impaired motor control (P < .001). The be-
havioral manifestations were hypothesized to originate
in the cerebellum, prompting nuclear magnetic reso-
nance studies that observed reduced cerebellar metabo-
lites (P < .05) in adults after in utero IgG exposure. The
combination of cellular staining and altered offspring be-
havior seen in this study suggests, at least in this indi-
vidual, that the noted behavioral consequences, which
are reminiscent of features of ASD, may have originated
from the direct actions of brain-reactive maternal
antibodies.

Despite the sophistication of rodent behavioral tests,
the core features of autism are difficult to assess in such
model systems. Furthermore, the kinetics of maternal-
fetal IgG transfer differ markedly between mice and hu-
mans,*! with substantial variation in the neurodevelop-
mental processes occurring during maternal IgG exposure.
To address some of these issues, Martin et al*> adminis-
tered intravenous injections of purified pooled IgG from
mothers of multiple children with autism or control moth-
ers at 3 separate times spanning gestation. Reduced
postweaning peer contact (P = .04) and increased nonso-
cial active behavior (P = .04) was observed among the off-
spring of dams treated with maternal AU IgG, while hy-
peractivity was observed during individual housing
conditions (P = .01), suggestive of autism-related behav-
ior. Furthermore, dramatic whole-body stereotypic be-
haviors were observed in the offspring of AU IgG-treated
dams in both solo (P = .003-.01) and social (P = .01-.03)
testing paradigms. These behaviors, which included re-
petitive back flipping and pacing, recapitulate some of the
self-directed stereotypical actions characteristic of au-
tism and were observed throughout the testing ages.

Expanding these findings to a larger group of moth-
ers of children with autism, Singer et al** administered
pooled, purified IgG from 63 mothers of children with
autism to pregnant mice, following an intraperitoneal in-
jection strategy. In agreement with previous findings, be-
havioral alterations were noted in the offspring of mice
treated with autism-associated maternal IgG, including
hyperactivity, increased anxiety, and decreased social in-
teraction (all P < .001). The observation of increased
numbers of microglia following the course of antibody
administration suggests that their effects may be medi-
ated through inflammatory processes initiated by anti-
body binding, a conclusion further supported by el-
evated brain-derived neurotrophic factor levels (P = .03).

It is interesting to note that murine models of geneti-
cally determined behavioral disorders sharing some clini-
cal overlap with ASD, such as fragile X and Rett syn-
dromes,* have yielded similar behavioral findings to those
just described. These observations support the concept
that the behavioral features characteristic of ASD may rep-
resent a convergent phenotype arising from a variety of
factors, including immunologic, genetic, or environmen-
tal. Thus, the various model systems that recapitulate fea-
tures of autism each shed light on sensitive processes that
are necessary for proper neurodevelopment.

ADDITIONAL GESTATIONAL IMMUNE
ASSOCIATIONS WITH ASD

Maternal infection and inflammation during pregnancy
has long been known to negatively impact fetal devel-
opment. Gestational rubella infection, particularly dur-
ing the first trimester, often leads to congenital rubella
syndrome, which manifests with severe behavioral con-
sequences including mental retardation and autism* as
well as myriad physical abnormalities such as hydro-
cephaly and cardiac malformations. In much of the world,
instances of congenital rubella syndrome have been ef-
fectively eliminated through rubella vaccination in the
form of the measles, mumps, and rubella vaccine.** Ma-
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ternal inflammation during pregnancy resulting from other
viral or bacterial infections has been linked with autism
and schizophrenia in offspring and has been proposed to
stem from altered cytokine signaling during pregnancy.
This phenomenon has been extensively modeled in ani-
mal studies using lipopolysaccharide, a bacterial cell wall
component that activates toll-like receptor 4, and poly I:C,
a double-stranded RNA viral mimic that activates toll-
like receptor 3.% Both lipopolysaccharide and poly I:C ini-
tiate strong innate immune responses and induce produc-
tion of the pro-inflammatory cytokine interleukin 6, which
is known to induce placental inflammatory processes* and
has been shown to mediate the neurodevelopmental ef-
fects of gestational inflammation.*” It is possible that such
inflammatory processes could be related to the produc-
tion of maternal antibodies that recognize fetal antigens
through maternal-fetal cross talk* or that maternal anti-
body to antigen interactions may precipitate inflammation-
induced neurodevelopmental alterations similarly to bac-
terial or viral challenge.

FUTURE DIRECTIONS

The dominant model of maternal antibody-associated au-
tism maintains that pathogenic maternal antibodies ini-
tiate their effects through antigen recognition, thus mak-
ing the identification of the target molecules of utmost
importance. It is interesting to note that among the stud-
ies that have identified the presence of brain-reactive ma-
ternal antibodies among mothers of children with au-
tism, most have observed bands of reactivity by Western
blot in the 36 to 39 kDa range. Furthermore, the finding
of increased relative antigen levels in preparations of fe-
tal brain protein support the possibility that the antibod-
ies recognize a developmentally regulated or fetal iso-
form that may simultaneously explain the behavioral
manifestations in offspring as well as the lack of mater-
nal symptoms. Of additional interest is that these ma-
ternal antibodies have been observed both in retrospec-
tive studies involving archived samples as well as in
samples taken after child diagnosis around 3 years of age,
suggesting that they are persistent in individuals who pos-
sess them. To our knowledge, no study to date has in-
vestigated whether subsequent children born to moth-
ers with brain-reactive antibodies have a risk for
developing autism that is higher than published familial
recurrence rates of approximately 19%.* Although only
a subset of mothers of children with autism possesses
brain-reactive antibodies and the children themselves do
not appear to generate similar maternal fetal brain—
reactive antibodies,” the identification of the target an-
tigens may also shed light on pathways whose perturba-
tion from genetic polymorphism or environmental
exposure lead to the behavioral outcome of autism. Ad-
vancements in treatment and management of estab-
lished autoimmune diseases provide strategies for the po-
tential prevention of the consequences of fetal exposure
to autism-associated maternal antibodies.
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