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Abstract Several studies have found a correlation
between the presence of circulating maternal autoantibod-
ies and neuronal dysfunction in the neonate. Specifically,
maternal anti-brain autoantibodies, which may access the
fetal compartment during gestation, have been identified as
one risk factor for developing autism spectrum disorder
(ASD). Studies by our laboratory elucidated seven neu-
rodevelopmental proteins recognized by maternal autoan-
tibodies whose presence is associated with a diagnosis of
maternal autoantibody-related (MAR) autism in the child.
While the specific process of anti-brain autoantibody gen-
eration is unclear and the detailed pathogenic mechanisms
are currently unknown, identification of the maternal
autoantibody targets increases the therapeutic possibilities.
The potential therapies discussed in this review provide a
framework for possible future medical interventions.
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Key Points

There is sufficient evidence that maternal
autoantibodies are a viable risk factor for the
development of autism spectrum disorder (ASD);
however, little has been described regarding any
potential options for therapeutic intervention.

Methods involving ex vivo autoantibody removal,
in vivo autoantibody competition and removal, and
inhibition of autoantibody generation to remove and
prevent maternal anti-brain autoantibodies from
binding to fetal brain antigens in the developing fetus
have been discussed.

A better understanding of the mechanisms that drive
autoantibody generation and autoantibody-mediated
pathology is necessary to further translate this
research into a clinical application; however,
identification of the fetal brain antigens and the
antigenic epitopes has significantly increased the
translation of this research towards a clinical
application.

1 Introduction

Autism spectrum disorder (ASD) is a heterogeneous neu-
rodevelopmental disorder characterized by deficits in social
communication and interaction, and restricted repetitive
behaviors, interests, and activities [1]. The estimates of
ASD prevalence have been steadily rising for several years,
and this increase in frequency cannot fully be attributed to
diagnostic changes and improvements in detection [2].

A\ Adis


http://crossmark.crossref.org/dialog/?doi=10.1007/s40263-015-0279-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40263-015-0279-2&amp;domain=pdf

716

E. Fox-Edmiston, J. Van de Water

Moreover, the etiology of ASD is not well-understood, but
is thought to involve a complex interplay between both
genetics and environment [2, 3]. Specifically, maternal
antibodies transferred to the developing fetus during
pregnancy are gaining interest in the field as a viable
environmental exposure for autism risk [4].

The placental transfer of maternal immunoglobulin to
the developing fetus is a specific adaptive mechanism that
confers short-term immunity in the neonate by providing
the immunologically naive fetus with a subset of the
maternal humoral immune system [5, 6]. Immunoglobulin
G (IgG) crosses the placenta in part mediated by the
neonatal Fc receptor (FcRn), an IgG transport protein [7,
8]. Most antibodies are acquired during the third trimester
and IgG levels in full-term infants often exceed those in the
maternal circulation [9, 10]. Additionally, maternal IgG is
ingested by the newborn in its mother’s milk and colos-
trum, which enables maternal IgG to persist and provide
protection to the newborn through early infancy [8].
However, maternal antibodies are passed into the fetal
compartment without regard to their specificity, and
pathologically significant maternal autoantibodies might be
delivered in addition to protective antibodies [11]. Several
studies by our laboratory and others revealed a significant
correlation between the presence of maternal autoanti-
bodies reactive to fetal brain proteins and diagnosis of ASD
in the child [6, 7, 12—18]. Recognizing that identification of
the target antigens for maternal autoantibody-related
(MAR) autism was a critical step towards advancing this
area of research, our laboratory recently determined the
identity of seven candidate autoantigens, including lactate
dehydrogenase (LDH) A and B, stress-induced phospho-
protein 1 (STIP1), collapsin response mediator proteins
(CRMPs) 1 and 2, cypin, and Y-box binding protein
(YBX1) [17]. Each of these autoantigens is known to be
present in abundance in the fetal brain, and all play an
important role in neurodevelopment, which further sup-
ports the hypothesis of maternal autoantibodies interfering
with critical processes in neurogenesis [17].

Currently, it is unclear how these maternal autoanti-
bodies arise, but several potential mechanisms are possible.
In addition to the protective antibodies needed to overcome
infection, the generation of pathologically significant
autoantibodies can result if loss of self-tolerance is facili-
tated by excessive immune activation [19]. Furthermore,
molecular mimicry is thought to lead to a misguided
immune response to self-antigens due to cross-reactivity
between the infectious agent and self-proteins [19]. Some
individuals have a genetic predisposition toward autoim-
munity, which is often attributed to specific major histo-
compatibility complex haplotypes and polymorphisms in
genes involved in establishing self-tolerance and immune
regulation [20]. Interestingly, several studies have found an
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increased association between a family history of certain
autoimmune diseases and ASD [21]. Lastly, there is evi-
dence that the generation of particular anti-brain autoanti-
bodies can be induced by systemic malignancies that
express onconeural antigens, such as occurs with parane-
oplastic disorders [22]. While this seems like the least
likely cause of autoantibody generation, a couple of recent
studies have found correlations between having a child
with ASD and cancer; one study found a statistically sig-
nificant increase in the incidence in endocrine-related
(ovarian and uterine) cancers, tumors, or growths in
mothers of children with ASD compared with mothers of
typically developing children and women with ASD, while
another found evidence of increased cancer mortality in
mothers of children with ASD [23, 24]. Further, one of the
identified antigens in MAR autism, YBX1, is a marker for
aggressive breast carcinomas [25]. Thus, while we have no
information regarding the generation of the antibodies
associated with MAR autism, it remains an area of active
study.

Prior to designing a therapeutic intervention, one must
first demonstrate that the specific autoantibodies have
pathological significance. Thus, while many studies have
shown that the mere presence of autoantibodies with brain
reactivity does not necessarily correlate with CNS disease
or pathogenicity for several antibody-mediated diseases,
this concept is convincingly established when passive
transfer of autoantibodies associated with a particular
autoimmune disorder induces disease in an animal model
[26, 27]. Presently, we do not know if maternal autoanti-
bodies, regardless of their generation, interfere with neu-
ronal development, but animal model studies using
gestational transfer of purified IgG from mothers of chil-
dren with ASD, have shown that the autoantibodies asso-
ciated with MAR autism induce long-term behavioral
changes in gestationally exposed offspring [12, 28-32].
Specifically, in a study by Bauman et al. [31], rhesus
monkeys gestationally exposed to IgG from mothers of
children with ASD that have autoantibodies to the three
major target proteins (LDH, CRMPI1, and STIP1) led to
heightened maternal protectiveness, deviation from species
typical norms including inappropriate social approach with
familiar and unfamiliar peers, lack of reciprocal social
interaction, and enlarged brain volume compared with
control IgG-treated animals. Further, a recent study per-
formed in collaboration with Martinez-Cerdefio et al. [32]
provided additional evidence supporting autoantibody
pathogenicity in a mouse model. In this very recent study,
we directly introduced autism-specific maternal autoanti-
bodies into the developing cerebral ventricles of embryonic
mice, which led to increased cellular proliferation in the
subventricular zone, increased the size of adult cortical
neurons, and increased adult brain size and weight
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compared with animals exposed to autoantibody-negative
control IgG [32]. Both of these studies corroborate the
observation of abnormal brain growth and total cerebral
volume in children with MAR autism [31, 32]. Such
studies support the notion that pre-natal exposure to anti-
brain autoantibodies alters the developmental trajectory of
the offspring, while providing increased evidence that these
antibodies are pathologically significant [33]. Furthermore,
the transfer of these autoantibodies coincides with fetal
neuronal development, which relies on the precise timing,
functional levels, and anatomical localization of particular
signaling molecules. Thus, the recently identified target
proteins, each of which plays a critical role in normal
neurodevelopment, could be altered by the exogenous
autoantibodies transferred in utero [4]. In addition, during
pre-natal development the blood-brain barrier (BBB) is not
fully formed in the fetus and is permeable to these poten-
tially pathogenic antibodies [34]. Moreover, many of the
antigens targeted by these anti-brain antibodies are highly
expressed early in brain development with decreased
expression as the individual ages [17]. Combined, these
factors help explain the contradictory findings associated
with anti-brain autoantibodies; they seem to be innocuous
to the fully developed maternal brain, but can lead to
profound development deficits in the offspring.

While there is now ample evidence that maternal
autoantibodies are a viable risk factor for the development
of ASD, little has been described regarding any potential
options for intervention. Therefore, based upon several
studies of clinical populations and animal models for MAR
autism, we discuss several potential treatments that could
serve as a template for therapeutic intervention.

2 Mechanisms to Prevent Transfer of Pathogenic
Autoantibodies

In this section, we address the three main mechanisms that
we propose could be employed to prevent pathogenic
antibodies from accessing the fetal compartment. First,
pathogenic antibodies can be removed from maternal cir-
culation, which can be done both specifically and non-
specifically. Additionally, there are many therapies that
promote the degradation of endogenous maternal antibod-
ies. Finally, drugs that specifically stimulate the apoptosis
of plasma cells are currently being tested for their ability to
inhibit autoantibody generation. In contemplating potential
treatment options, it should be emphasized that this review
is meant to be merely a scientific discussion of future areas
of interest in this realm. Further, there is of course the
added issue of these treatments being administered during
pregnancy. Before the proposed options could become
viable treatments in MAR autism they would need to be

thoroughly tested to ensure the safety of both the mother
and the fetus, and the benefits of any therapy must out-
weigh potential adverse effects. Thus, while we discuss the
various possibilities, this discussion is clearly meant to
provoke future studies into options for the prevention of
MAR autism.

2.1 Ex Vivo Antibody Removal

Removing the offending antibodies from circulation alle-
viates many antibody-mediated diseases and is a relatively
safe technique that can be exploited to eliminate maternal
autoantibodies during pregnancy [35]. Early treatments in
this category utilized therapeutic plasma exchange (TPE)
or plasmapheresis, a procedure that separates and removes
the patient’s plasma from their blood cells and then
reconstitutes their blood cells with plasma from a donor
while returning their blood cells to circulation [36]. How-
ever, these treatments were limited by their non-selective
removal of all plasma components, leading to the reduction
of coagulation factors, albumin, and hormones in addition
to the removal of pathogenic antibodies [19, 35]. Never-
theless, plasmapheresis has been found to dramatically
improve symptoms in patients with Guillain-Barré syn-
drome, an autoantibody-mediated autoimmune disorder,
and may provide protective benefits to the developing fetal
nervous system in MAR autism [37].

Further, with the discovery of staphylococcal protein A
(a bacterial protein with high affinity for certain
immunoglobulins), the more selective technique of
immunoadsorption was realized [38]. This method allows
for the therapeutic removal of immunoglobulin from
plasma without removing other important plasma proteins
and has been proven to be a useful treatment option for a
number of autoimmune disorders [35]. This practice was
enhanced by the creation of sterile, synthetic
immunoglobulin adsorbers, which eliminated the infection
risks associated with biologically purified proteins [35].
Alas, the downside of this technique is that, in addition to
the removal of harmful antibodies, protective antibodies
are also removed and complete elimination of IgG could
leave patients at risk for contracting opportunistic infec-
tions [19, 27]. Fortunately, this potential risk is overcome
by the administration of intravenous immunoglobulin
(IVIg) [35]. Even though the risks associated with this
technique are minimal, it still does not specifically target
autoantibodies for removal and would be more risky during
pregnancy. A treatment that specifically removes the
offending maternal autoantibodies may be more effective
in MAR autism.

In certain diseases, specific epitopes can be defined for
the corresponding pathogenic autoantibody, which allows
the specific removal of antibodies in an antigen-specific
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manner and spares irrelevant immunoglobulins and other
plasma proteins from being depleted, thus reducing the titer
of specific pathogenic antibodies and avoiding temporary
immune suppression [27, 35]. With the recent identification
of targeted fetal brain proteins, we are now finalizing the
specific peptide sequences recognized by these potentially
pathogenic maternal autoantibodies. Determination of the
epitopes will enable the development of specific peptide
ligands that can be used to selectively remove the anti-
brain autoantibodies in an immunoadsorption device
(Fig. 1). This approach seems to be the most logical, but
the identification and isolation of a specific antibody and its
target epitope do not guarantee the feasibility of an effi-
cient column [27]. This approach is hampered by the
possibility that there are several pathogenic antibodies
present and the column may not express all the potential
epitopes. Additionally, the column may not be efficient in
removing low affinity antibodies [27]. Lastly, while many
patients with antibody-mediated disorders experience
remission following antibody removal, the number of
patients treated with immunoadsorption remains small
because repeated and prolonged treatments are needed and
there is a lack of well-defined clinical trials using this

therapeutic approach [19]. However, unlike most autoim-
mune disorders where autoantibodies must be constantly
removed from circulation for the life of an individual, these
potentially pathogenic maternal autoantibodies would only
have to be removed during the period of gestation when
maternal antibodies are transferred to the fetus. Thus, this
could be a very promising treatment for MAR autism.
Several factors would determine the critical time periods
when maternal autoantibody removal would be most suc-
cessful. These include the timing of expression for the
specific protein target, the critical pathways in neurode-
velopment dependent on the antigens recognized by the
autoantibodies, the titer of the maternal autoantibody, and
the integrity of the BBB of the fetus/infant. Animal studies
are currently underway to address these issues.

2.2 In Vivo Antibody Competition and Removal

In addition to mediating the transfer of maternal IgG across
the placenta, the FcRn also plays an essential role in pro-
tecting IgG from catabolism and is responsible for pro-
longing the half-life of IgG antibodies and serum albumin
[39, 40]. The FcRn maintains a constant level of IgG in the

g

Anti-Brain Antibody Peptide Epitopes

Fig. 1 Ex vivo maternal anti-brain autoantibody removal. The
identification of the specific peptide epitopes targeted by maternal
anti-brain autoantibodies enables the specific removal of these
antibodies using plasmapheresis. First (/), the blood cells are
separated from the blood plasma and returned to the maternal blood
stream. Subsequently (2), the plasma is filtered using affinity
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chromatography. In this procedure, the anti-brain autoantibodies are
selectively removed from the maternal blood stream by filtering the
plasma through a peptide-bound column. Autoantibodies with reac-
tivity to the peptide epitopes will bind to the column and are removed
from circulation, while the remaining, unbound antibodies are
returned to the maternal blood stream. /gG immunoglobulin G
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Fig. 2 In vivo maternal anti-brain autoantibody removal. Treatments
that saturate the neonatal Fc Receptor (FcRn) increase the degradation
of immunoglobulin G (IgG) and will potentially increase the degra-
dation of maternal anti-brain autoantibodies. @ Under normal
conditions, the FcRn preferentially binds IgG and albumin to increase
their half-life within the blood plasma. b Intravenous immunoglobulin
(IVIg) therapy increases the amount of innocuous IgG within the

serum throughout the body by decreasing the level of IgG
breakdown (Fig. 2a) [41]. Due to the saturable nature of
the FcRn, the amount of IgG protected from degradation
depends on the amount of available receptors; any unbound
IgG molecules enter the lysosomal pathway and are
digested [S, 41]. Therapies that compete with endogenous
antibodies for binding to the FcRn receptor and therapies
that block antibodies from binding the FcRn can lead to a
decrease in serum autoantibody titers because they enhance
IgG clearance rates.

Paradoxically, the same class of molecule that promotes
pathology in a disease can also be used as treatment for the
same disease [42]. IVIg therapy is the administration of
large quantities of non-specific, pooled IgG antibodies
from the serum of thousands of donors and is used to treat a
number of immune-related diseases [42]. IVIg therapy has
a dual function; in addition to saturating the FcRn and
leading to the increased degradation of all endogenous IgG,
it also results in the dilution of pathogenic antibodies by

blood plasma, leading to the dilution of anti-brain autoantibodies
while also decreasing their half-life in the blood stream via FcRn
competition. ¢ Antibodies that enhance IgG degradation (Abdegs) are
recombinant antibodies with high affinity for the FcRn, and are
another potential therapeutic that could increase the clearance rates of
anti-brain autoantibodies by out-competing endogenous IgG for
binding to the FcRn

increasing the concentration of innocuous IgG (Fig. 2b) [5,
40]. Although this treatment is not very specific, it is typ-
ically well-tolerated and the most frequent adverse effects
include headache, fever, and nausea [42]. IVIg therapy is a
desirable approach to prevent MAR autism, because it has
minimal toxicity and is already approved as a treatment for
antibody-mediated autoimmune diseases [42].
Recombinant antibodies, whose Fc regions have been
specifically engineered to bind the FcRn with a higher
affinity, also known as Abdegs, are another potential
therapeutic that increases the clearance rate of IgG by out-
competing any endogenous IgG for binding to the FcRn
(Fig. 2c) [40, 41]. Additionally, by blocking the FcRn,
Abdegs are a more attractive treatment for MAR autism
because they might also inhibit the passage of deleterious
autoantibodies to the fetus [41]. Similar to Abdegs, mon-
oclonal antibodies directed toward the FcRn and peptides,
which bind the Fc region of IgG, also lead to increased IgG
degradation and potentially block the FcRn from mediating
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Fig. 3 Inhibition of placental

maternal antibody transfer.

a Antibodies are transferred to

the fetus during gestation to

provide the neonate with a

temporary immune system at

birth. b This process can be Placenta
inhibited with the use of the i
neonatal Fc Receptor (FcRn)
blockers in order to prevent the
transfer of maternal anti-brain
autoantibodies during critical
periods of neurodevelopment. /
However, this would not be a

specific process and would

block all immunoglobulin G

Fetus

the placental transfer of IgG (Fig. 3) [40]. Unfortunately,
all of the above-mentioned treatments could systemically
induce the degradation of all IgGs because they are rela-
tively non-specific [41]. Further, the aforementioned ther-
apeutics would potentially prevent the transfer of all
maternal antibodies, which may increase the risk of
immunodeficiency in the infant. Determining the precise
timepoint during which the BBB becomes impermeable to
circulating maternal factors may allow these treatments to
be utilized in a way that prevents anti-brain antibodies from
entering the fetal compartment before BBB formation but
permits the transfer of protective antibodies after early
steps in fetal brain development have been completed.
Research is ongoing to better understand the ontogeny of
the BBB in primates.

Small-molecule inhibitors offer a more specific thera-
peutic approach. Defining the peptide epitopes recognized
by maternal anti-brain autoantibodies will permit the gen-
eration of molecular mimeotopes, which share structural
features with the peptide epitopes and can be orally
absorbed by the mother [43, 44]. The peptide mimeotopes
would act as a decoy antigens, competing with endogenous
antigens expressed on the fetal brain [44]. These small-
molecule inhibitors could potentially neutralize the
maternal autoantibodies and prevent antibody-mediated
damage in the fetus (Fig. 4). This technique is currently
being explored as a therapy for antibody-mediated lupus
brain disease [43, 44]. However, this therapy has not been
tested in a pregnancy setting and, due to the experimental
nature of this treatment, the adverse effects are currently
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unknown. One possible drawback of this therapeutic is the
potential for these small-molecule inhibitors to stimulate
the formation of immune complexes, which can become
deposited in small blood vessels, activating complement
and phagocytic cells, resulting in inflammation and fever
induction, vasculitis, nephritis, and arthritis [45]. Fortu-
nately, many of these adverse effects are transient and
resolve when the peptide mimeotope is cleared from the
system [46]. Conversely, immune complex formation may
be beneficial, because it might prevent anti-brain autoan-
tibodies from binding the FcRn and would specifically
clear these autoantibodies from maternal circulation.
However, it is unclear if the benefits of small-molecule
inhibitors outweigh their potential adverse effects, because
like the maternal autoantibodies, inflammation and mater-
nal immune activation during pregnancy has been associ-
ated with altered fetal brain development [47]. Designing a
blocking system that provides the benefit of antibody
blocking without the deleterious effects of immune acti-
vation is possible, but will require careful design of the
blocking agent to render it non-immunogenic.

2.3 Inhibiting Antibody Generation

Broad-spectrum immunosuppressants, including glucos-
teroids, cyclophosphamide, and antibody therapies that
selectively deplete B lymphocytes, have had a variable
impact on the generation of autoantibodies [39, 48, 49].
These treatments normally require several months to sig-
nificantly reduce antibody titers and often do not lead to
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Fig. 4 Small-molecule
inhibition of maternal anti-brain
autoantibodies. a Anti-brain
autoantibodies, which cross the
placenta during gestation, can A
bind to fetal brain proteins and
potentially inhibit important
mechanisms in
neurodevelopment. b Small
molecules that mimic the
protein antigens can be used to
compete with the endogenous
antigens expressed in the fetal i —————
brain and neutralize the

maternal autoantibodies to Small

prevent antibody-mediated Molecule
Inhibitor

damage. IgG e

immunoglobulin G

remission of autoantibody-mediated disease [48, 50]. The
persistence of autoantibodies upon immunosuppression is
most likely because autoantibodies are produced by long-
lived plasma cells, which are resistant to immunotherapy
and do not express the B cell marker targeted by anti-
B cell antibodies [39, 48-50]. Plasma cells are highly
differentiated B cells that synthesize and secrete several
thousand antibody molecules per second and are essential
for maintaining and regulating circulating antibody levels
[39, 50]. It is currently thought that a therapeutic that
specifically eliminates plasma cells might represent a new
strategy for combating antibody-mediated diseases [48].
Proteasome inhibitors, which have demonstrated success
in multiple myeloma, have been shown to deplete normal
plasma cells without causing overt toxic effects [48, 49]. It
was recently discovered that, in addition to targeting
cancerous plasma cells, normal plasma cells are also
hypersensitive toward proteasome inhibition due to their
high rate of protein synthesis. Proteasome inhibitors pro-
mote the accumulation of misfolded proteins, which trig-
gers the terminal unfolded protein response, leading to the
activation of proapoptotic proteins and caspases, killing
both long-lived and short-lived plasma cells [48—50]. These
inhibitors specifically target plasma cells because as part of
their differentiation from B cells, they up-regulate proteins
related to the endoplasmic reticulum stress and unfolded
protein response [50]. Further, proteasome inhibitors, such
as bortezomib and carfilzomib, are thought to preferentially
target autoreactive plasma cells; plasma cells secreting
autoantibodies would most likely have a higher rate of
antibody synthesis and secretion, because unlike

Anti-Brain IgG

Anti-Brain IgG

k)

Placenta

|

Fetal Brain

pathogenic antigens that are present temporarily during the
course of an immune response, self-antigens are often
present in vast quantities and are often consistently avail-
able (Fig. 5) [39, 49]. Also, there is competition between
newly generated plasma blasts and old plasma cells for
occupancy of survival niches, and plasma cells with reac-
tivity for more recent antigens often out-compete plasma
cells with reactivity for antigens that have not been
encountered recently [39]. Although proteasome inhibitors
have been shown to lead to a decrease in autoantibody
levels, they only induce a moderate decrease in total serum
IgG concentrations [48]. Therefore, it seems that protea-
some inhibitors could be used to rapidly reduce autoanti-
body titers, without compromising the humoral immune
system [50]. Unfortunately, these treatments are hampered
by deleterious adverse effects. A large percentage of
patients using bortezomib develop painful neuropathy [49].
However, carfilzomib has been shown to have a low rate of
peripheral neuropathy and recent advances in administra-
tion and dose are reducing this risk [49, 50]. Proteasome
inhibitors represent a promising treatment option for MAR
autism, but their toxicity to the developing fetus is
unknown and may prevent the use of these drugs during
pregnancy. Clinical studies would clearly be needed to
determine if these drugs are safe during pregnancy, as they
are non-specific and there is a significant amount of protein
synthesis during gestation. Moreover, the level and dura-
tion of suppression would also need to be established. If
autoantibody levels were effectively suppressed long
enough, which could be determined with the use of an
assay to monitor maternal autoantibody status, proteasome
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Fig. 5 Plasma cell depletion
using proteasome inhibitions.

a Autoreactive plasma cells are
thought to have increased rates
of antibody synthesis, because
self-antigens are present in vast
amounts and are not eliminated
like antigens from pathogens.

b Proteasome inhibitors, such as
bortezomib, which selectively
deplete plasma cells due to their
high protein synthesis rates,
may be a potential therapeutic
to remove autoreactive plasma
cells secreting anti-brain
autoantibodies

inhibitors could potentially be utilized to reduce autoanti-
body levels prior to pregnancy.

3 Conclusions

The proposed therapeutic strategies discussed in this
review have the potential to prevent maternal autoanti-
bodies, which are hypothesized to functionally interfere
with and/or decrease the abundance of proteins critical for
neurodevelopment, from gaining access to the fetal brain
and thus preventing irreversible damage. However, the best
method for the treatment for MAR autism may involve a
combination of several of the above-mentioned techniques.
If the autoantibodies are indeed responsible for the devel-
opment deficits observed in ASD, determining the peptide
epitopes will improve the specificity of these therapies.
Work in this area is now underway. Further, the develop-
ment of an autoantibody-based screening test will identify
candidates in need of medical intervention. Nevertheless,
studies are ongoing to determine if the maternal autoanti-
bodies are mediating a pathological effect or if they are
merely biomarkers of cell damage. A better understanding
of the mechanisms that drive autoantibody generation and
autoantibody-mediated pathology is necessary to further
translate this research into a clinical application.

Compliance with Ethical Standards
Funding This work was supported by National Institute of Envi-
ronmental Health Sciences (NIEHS) 5PO1ES011269-13, the U.S.

Environmental Protection Agency (US EPA) through the Science to
Achieve Results (STAR) program (Grant R829388), and the National

A\ Adis

- Femur

Bone Marrow Stromal Cell

P

Plasma + Bortezomib
o

Cell //))) A

N Ll B

Autoantibodies {|

. N
Pro.tectlye = Protective -&
Antibodies y/, | Antibodies
— . (TP

‘® | 7o

Institutes of Health (NIH)-funded M.I.N.D. (Medical Investigation of
Neurodevelopmental Disorders) Institute Intellectual and Develop-
mental Disabilities Research Center (US4 HD079125).

Conflict of interest Judy Van de Water is a scientific advisor to
Pediatric Bioscience, the company that has licensed the MAR tech-
nology from UC Davis. Elizabeth Fox-Edmiston has no conflicts of
interest to declare.

References

1. American Psychiatric Association. DSM-5 autism spectrum dis-
order fact sheet. 2013. http://www.dsm5.org/Documents/Autism%
20Spectrum%?20Disorder%20Fact%20Sheet.pdf. Accessed 24
Aug 2015.

2. Hertz-Picciotto I, Croen LA, Hansen R, Jones CR, van de Water
J, Pessah IN. The CHARGE study: an epidemiologic investiga-
tion of genetic and environmental factors contributing to autism.
Environ Health Perspect. 2006;114(7):1119-25.

3. Hallmayer J, Cleveland S, Torres A, Phillips J, Cohen B, Torigoe
T, et al. Genetic heritability and shared environmental factors
among twin pairs with autism. Arch Gen Psychiatry.
2011;68(11):1095-102. doi:10.1001/archgenpsychiatry.2011.76.

4. Braunschweig D, Van de Water J. Maternal autoantibodies in autism.
Arch Neurol. 2012;69(6):693-9. doi: 10.1001/archneurol.2011.2506.

5. Palmeira P, Quinello C, Silveira-Lessa AL, Zago CA, Carneiro-
Sampaio M. IgG placental transfer in healthy and pathological
pregnancies. Clin Dev Immunol. 2012;2012:985646. doi:10.
1155/2012/985646.

6. Braunschweig D, Ashwood P, Krakowiak P, Hertz-Picciotto I,
Hansen R, Croen LA, et al. Autism: maternally derived anti-
bodies specific for fetal brain proteins. Neurotoxicology.
2008;29(2):226-31. doi:10.1016/j.neuro.2007.10.010.

7. Braunschweig D, Duncanson P, Boyce R, Hansen R, Ashwood P,
Pessah IN, et al. Behavioral correlates of maternal antibody status
among children with autism. J Autism Dev Disord.
2012;42(7):1435-45. doi:10.1007/s10803-011-1378-7.


http://www.dsm5.org/Documents/Autism%2520Spectrum%2520Disorder%2520Fact%2520Sheet.pdf
http://www.dsm5.org/Documents/Autism%2520Spectrum%2520Disorder%2520Fact%2520Sheet.pdf
http://dx.doi.org/10.1001/archgenpsychiatry.2011.76
http://dx.doi.org/10.1001/archneurol.2011.2506
http://dx.doi.org/10.1155/2012/985646
http://dx.doi.org/10.1155/2012/985646
http://dx.doi.org/10.1016/j.neuro.2007.10.010
http://dx.doi.org/10.1007/s10803-011-1378-7

Prevention of Maternal Autoantibody-Related Autism

723

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Ghetie V, Ward ES. Multiple roles for the major histocompati-
bility complex class I-related receptor FcRn. Annu Rev Immu-
nol. 2000;18(1):739-66. doi:10.1146/annurev.immunol.18.1.739.

. Garty BZ, Ludomirsky A, Danon YL, Peter JB, Douglas SD.

Placental transfer of immunoglobulin G subclasses. Clin Diagn
Lab Immunol. 1994;1(6):667-9.

Simister NE. Placental transport of immunoglobulin G. Vaccine.
2003;21(24):3365-9.

Goines P, Van de Water J. The immune system’s role in the
biology of autism. Curr Opin Neurol. 2010;23(2):111-7. doi:10.
1097/WCO.0b013e3283373514.

Dalton P, Deacon R, Blamire A, Pike M, McKinlay I, Stein J,
et al. Maternal neuronal antibodies associated with autism and a
language disorder. Ann Neurol. 2003;53(4):533-7. doi:10.1002/
ana.10557.

Singer HS, Morris CM, Williams PN, Yoon DY, Hong JJ, Zim-
merman AW. Antibrain antibodies in children with autism and
their unaffected siblings. J Neuroimmunol.
2006;178(1-2):149-55. doi:10.1016/j.jneuroim.2006.05.025.
Zimmerman AW, Connors SL, Matteson KJ, Lee LC, Singer HS,
Castaneda JA, et al. Maternal antibrain antibodies in autism.
Brain Behav Immun. 2007;21(3):351-7. doi:10.1016/j.bbi.2006.
08.005.

Singer HS, Morris CM, Gause CD, Gillin PK, Crawford S,
Zimmerman AW. Antibodies against fetal brain in sera of
mothers ~ with  autistic ~ children. J  Neuroimmunol.
2008;194(1-2):165-72. doi:10.1016/j.jneuroim.2007.11.004.
Croen LA, Braunschweig D, Haapanen L, Yoshida CK, Fireman
B, Grether JK, et al. Maternal mid-pregnancy autoantibodies to
fetal brain protein: the early markers for autism study. Biol
Psychiatry. 2008;64(7):583-8. doi:10.1016/j.biopsych.2008.05.
006.

Braunschweig D, Krakowiak P, Duncanson P, Boyce R, Hansen
RL, Ashwood P, et al. Autism-specific maternal autoantibodies
recognize critical proteins in developing brain. Transl Psychiatry.
2013;3:e277. doi:10.1038/tp.2013.50.

Brimberg L, Sadiq A, Gregersen PK, Diamond B. Brain-reactive
IgG correlates with autoimmunity in mothers of a child with an
autism spectrum disorder. Mol Psychiatry. 2013;18(11):1171-7.
Nandakumar KS, Holmdahl R. Therapeutic cleavage of IgG: new
avenues for treating inflammation. Trends Immunol.
2008;29(4):173-8. doi:10.1016/j.it.2008.01.007.

Christen U, von Herrath MG. Initiation of autoimmunity. Curr Opin
Immunol. 2004;16(6):759-67. doi:10.1016/j.c0i.2004.09.002.
Atladottir HO, Pedersen MG, Thorsen P, Mortensen PB, Deleu-
ran B, Eaton WW, et al. Association of family history of
autoimmune diseases and autism spectrum disorders. Pediatrics.
2009;124(2):687-94. doi:10.1542/peds.2008-2445.

Diamond B, Honig G, Mader S, Brimberg L, Volpe BT. Brain-re-
active antibodies and disease. Annu Rev  Immunol.
2013;31(1):345-85. doi:10.1146/annurev-immunol-020711-075041.
Ingudomnukul E, Baron-Cohen S, Wheelwright S, Knickmeyer
R. Elevated rates of testosterone-related disorders in women with
autism spectrum conditions. Horm Behav. 2007;51(5):597-604.
doi:10.1016/j.yhbeh.2007.02.001.

Fairthorne J, Hammond G, Bourke J, Jacoby P, Leonard H. Early
mortality and primary causes of death in mothers of children with
intellectual disability or autism spectrum disorder: a retrospective
cohort study. PLoS One. 2014;9(12):e113430. doi:10.1371/
journal.pone.0113430.

Mylona E, Melissaris S, Giannopoulou I, Theohari I, Papadim-
itriou C, Keramopoulos A, et al. Y-box-binding protein 1 (YB1)
in breast carcinomas: relation to aggressive tumor phenotype and
identification of patients at high risk for relapse. Eur J Surg
Oncol. 2014;40(3):289-96. doi:10.1016/j.ejs0.2013.09.008.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

Diamond B, Huerta PT, Mina-Osorio P, Kowal C, Volpe BT.
Losing your nerves? Maybe it’s the antibodies. Nat Rev Immu-
nol. 2009;9(6):449-56. doi:10.1038/nri2529.

Hershko AY, Naparstek Y. Removal of pathogenic autoantibod-
ies by immunoadsorption. Ann N Y Acad Sci.
2005;1051(1):635-46. doi:10.1196/annals.1361.108.

Martin LA, Ashwood P, Braunschweig D, Cabanlit M, Van de
Water J, Amaral DG. Stereotypies and hyperactivity in rhesus
monkeys exposed to IgG from mothers of children with autism.
Brain Behav Immun. 2008;22(6):806—16. doi:10.1016/j.bbi.2007.
12.007.

Singer HS, Morris C, Gause C, Pollard M, Zimmerman AW,
Pletnikov M. Prenatal exposure to antibodies from mothers of
children with autism produces neurobehavioral alterations: a
pregnant dam mouse model. J Neuroimmunol.
2009;211(1-2):39-48. doi:10.1016/j.jneuroim.2009.03.011.
Braunschweig D, Golub MS, Koenig CM, Qi L, Pessah IN, Van
de Water J, et al. Maternal autism-associated IgG antibodies
delay development and produce anxiety in a mouse gestational
transfer model. J Neuroimmunol. 2012;252(1):56-65.

Bauman MD, losif AM, Ashwood P, Braunschweig D, Lee A,
Schumann CM, et al. Maternal antibodies from mothers of chil-
dren with autism alter brain growth and social behavior devel-
opment in the rhesus monkey. Transl Psychiatry. 2013;3:e278.
doi:10.1038/tp.2013.47.

Martinez-Cerdefio V, Camacho J, Fox E, Miller E, Ariza J,
Kienzle D, et al. Prenatal exposure to autism-specific maternal
autoantibodies alters proliferation of cortical neural precursor
cells, enlarges brain, and increases neuronal size in adult animals.
Cerebral Cortex. 2014. doi:10.1093/cercor/bhu291 (Epub 2014
Dec 22).

Nordahl CW, Braunschweig D, losif A-M, Lee A, Rogers S,
Ashwood P, et al. Maternal autoantibodies are associated with
abnormal brain enlargement in a subgroup of children with aut-
ism spectrum disorder. Brain Behav Immun. 2013;30:61-5.
doi:10.1016/j.bbi.2013.01.084.

Kowal C, DeGiorgio LA, Nakaoka T, Hetherington H, Huerta PT,
Diamond B, et al. Cognition and immunity; antibody impairs
memory. Immunity. 2004;21(2):179-88. doi:10.1016/j.immuni.
2004.07.011.

Ronspeck W, Brinckmann R, Egner R, Gebauer F, Winkler D,
Jekow P, et al. Peptide based adsorbers for therapeutic
immunoadsorption.  Therapeutic  apheresis and dialysis.
2003;7(1):91-7. doi:10.1046/j.1526-0968.2003.00017 .x.
Schroder A, Linker RA, Gold R. Plasmapheresis for neurological
disorders. Expert Rev Neurother. 2009;9(9):1331-9. doi:10.1586/
ern.09.81.

Claude RJ, Sylvie C, AC HR, Djillali A. Plasma exchange for
Guillain-Barré  syndrome. Cochrane Database Syst Rev.
2012;(7):CD001798. doi:10.1002/14651858.CD001798.pub2.
Goding JW. Use of staphylococcal protein A as an immunolog-
ical reagent. J] Immunol Methods. 1978;20:241-53. doi:10.1016/
0022-1759(78)90259-4.

Manz RA, Hauser AE, Hiepe F, Radbruch A. Maintenance of
serum antibody levels. Annu Rev Immunol. 2005;23(1):367-86.
doi:10.1146/annurev.immunol.23.021704.115723.

Roopenian DC, Akilesh S. FcRn: the neonatal Fc receptor comes
of age. Nat Rev Immunol. 2009;7(9):715-25. doi:10.1038/
nri2155.

Vaccaro C, Zhou J, Ober RJ, Ward ES. Engineering the Fc region
of immunoglobulin G to modulate in vivo antibody levels. Nat
Biotechnol. 2005;23(10):1283-8.

Schwab I, Nimmerjahn F. Intravenous immunoglobulin therapy:
how does IgG modulate the immune system? Nat Rev Immunol.
2013;13(3):176-89.

A\ Adis


http://dx.doi.org/10.1146/annurev.immunol.18.1.739
http://dx.doi.org/10.1097/WCO.0b013e3283373514
http://dx.doi.org/10.1097/WCO.0b013e3283373514
http://dx.doi.org/10.1002/ana.10557
http://dx.doi.org/10.1002/ana.10557
http://dx.doi.org/10.1016/j.jneuroim.2006.05.025
http://dx.doi.org/10.1016/j.bbi.2006.08.005
http://dx.doi.org/10.1016/j.bbi.2006.08.005
http://dx.doi.org/10.1016/j.jneuroim.2007.11.004
http://dx.doi.org/10.1016/j.biopsych.2008.05.006
http://dx.doi.org/10.1016/j.biopsych.2008.05.006
http://dx.doi.org/10.1038/tp.2013.50
http://dx.doi.org/10.1016/j.it.2008.01.007
http://dx.doi.org/10.1016/j.coi.2004.09.002
http://dx.doi.org/10.1542/peds.2008-2445
http://dx.doi.org/10.1146/annurev-immunol-020711-075041
http://dx.doi.org/10.1016/j.yhbeh.2007.02.001
http://dx.doi.org/10.1371/journal.pone.0113430
http://dx.doi.org/10.1371/journal.pone.0113430
http://dx.doi.org/10.1016/j.ejso.2013.09.008
http://dx.doi.org/10.1038/nri2529
http://dx.doi.org/10.1196/annals.1361.108
http://dx.doi.org/10.1016/j.bbi.2007.12.007
http://dx.doi.org/10.1016/j.bbi.2007.12.007
http://dx.doi.org/10.1016/j.jneuroim.2009.03.011
http://dx.doi.org/10.1038/tp.2013.47
http://dx.doi.org/10.1093/cercor/bhu291
http://dx.doi.org/10.1016/j.bbi.2013.01.084
http://dx.doi.org/10.1016/j.immuni.2004.07.011
http://dx.doi.org/10.1016/j.immuni.2004.07.011
http://dx.doi.org/10.1046/j.1526-0968.2003.00017.x
http://dx.doi.org/10.1586/ern.09.81
http://dx.doi.org/10.1586/ern.09.81
http://dx.doi.org/10.1002/14651858.CD001798.pub2
http://dx.doi.org/10.1016/0022-1759(78)90259-4
http://dx.doi.org/10.1016/0022-1759(78)90259-4
http://dx.doi.org/10.1146/annurev.immunol.23.021704.115723
http://dx.doi.org/10.1038/nri2155
http://dx.doi.org/10.1038/nri2155

724

E. Fox-Edmiston, J. Van de Water

43. Bloom O, Cheng KF, He M, Papatheodorou A, Volpe BT, Dia-
mond B, et al. Generation of a unique small molecule pep-
tidomimetic that neutralizes lupus autoantibody activity. Proc
Natl Acad Sci. 2011;108(25):10255-9. doi:10.1073/pnas.
1103555108.

44. Diamond B, Volpe BT. A model for lupus brain disease.
Immunol Rev. 2012;248(1):56-67. doi:10.1111/j.1600-065X.
2012.01137.x.

45. Murphy K. Janeway’s immunobiology. 8th ed. New York: Gar-
land Science; 2011.

46. Schifferli JA, Ng YC, Peters DK. The role of complement and its
receptor in the elimination of immune complexes. N Engl J Med.
1986;315(8):488-95. doi:10.1056/NEIM198608213150805.

47. Smith SEP, Li J, Garbett K, Mirnics K, Patterson PH. Maternal
immune activation alters fetal brain development through inter-
leukin-6. J Neurosci. 2007;27(40):10695-702.

A\ Adis

48.

49.

50.

Neubert K, Meister S, Moser K, Weisel F, Maseda D, Amann K,
et al. The proteasome inhibitor bortezomib depletes plasma cells
and protects mice with lupus-like disease from nephritis. Nat
Med. 2008;14(7):748-55.

Ichikawa HT, Conley T, Muchamuel T, Jiang J, Lee S, Owen T,
et al. Beneficial effect of novel proteasome inhibitors in murine
lupus via dual inhibition of type I interferon and autoantibody-
secreting cells. Arthritis Rheum. 2012;64(2):493-503. doi:10.
1002/art.33333.

Gomez AM, Willcox N, Molenaar PC, Buurman W, Martinez-
Martinez P, De Baets MH, et al. Targeting plasma cells with
proteasome inhibitors: possible roles in treating myasthenia
gravis? Ann N 'Y Acad Sci. 2012;1274(1):48-59. doi:10.1111/j.
1749-6632.2012.06824 .x.


http://dx.doi.org/10.1073/pnas.1103555108
http://dx.doi.org/10.1073/pnas.1103555108
http://dx.doi.org/10.1111/j.1600-065X.2012.01137.x
http://dx.doi.org/10.1111/j.1600-065X.2012.01137.x
http://dx.doi.org/10.1056/NEJM198608213150805
http://dx.doi.org/10.1002/art.33333
http://dx.doi.org/10.1002/art.33333
http://dx.doi.org/10.1111/j.1749-6632.2012.06824.x
http://dx.doi.org/10.1111/j.1749-6632.2012.06824.x

	Maternal Anti-Fetal Brain IgG Autoantibodies and Autism Spectrum Disorder: Current Knowledge and its Implications for Potential Therapeutics
	Abstract
	Introduction
	Mechanisms to Prevent Transfer of Pathogenic Autoantibodies
	Ex Vivo Antibody Removal
	In Vivo Antibody Competition and Removal
	Inhibiting Antibody Generation

	Conclusions
	References




