Citation: Transl Psychiatry (2013) 3, e277; doi:10.1038/tp.2013.50
& 2013 Macmillan Publishers Limited All rights reserved 2158-3188/13

www.nature.com/tp

Autism-specific maternal autoantibodies recognize
critical proteins in developing brain
D Braunschweig1,2,3, P Krakowiak4, P Duncanson1,2,3, R Boyce1,2,3, RL Hansen2,3,5, P Ashwood2,3,6, I Hertz-Picciotto2,3,4,
IN Pessah2,3,7 and J Van de Water1,2,3

Autism spectrum disorders (ASDs) are neurodevelopmental in origin, affecting an estimated 1 in 88 children in the United States.
We previously described ASD-specific maternal autoantibodies that recognize fetal brain antigens. Herein, we demonstrate that
lactate dehydrogenase A and B (LDH), cypin, stress-induced phosphoprotein 1 (STIP1), collapsin response mediator proteins
1 and 2 (CRMP1, CRMP2) and Y-box-binding protein to comprise the seven primary antigens of maternal autoantibody-related
(MAR) autism. Exclusive reactivity to specific antigen combinations was noted in 23% of mothers of ASD children and only 1% of
controls. ASD children from mothers with specific reactivity to LDH, STIP1 and CRMP1 and/or cypin (7% vs 0% in controls;
Po0.0002; odds ratios of 24.2 (95% confidence interval: 1.45–405)) had elevated stereotypical behaviors compared with ASD
children from mothers lacking these antibodies. We describe the first panel of clinically significant biomarkers with over 99%
specificity for autism risk thereby advancing our understanding of the etiologic mechanisms and therapeutic possibilities for
MAR autism.
Translational Psychiatry (2013) 3, e277; doi:10.1038/tp.2013.50; published online 9 July 2013

Introduction
Autism spectrum disorders (ASDs) are a group of etiologically
and phenotypically heterogeneous neurodevelopmental disorders manifesting in early childhood, currently estimated at a
prevalence of 1 in 88 children.1 ASD is defined by core deficits
in communication and reciprocal social interaction, and by the
presence of repetitive or stereotypical behaviors.2 Findings of
dysregulated immune function,3,4 neuroinflammation,5 as
well as the presence of maternal autoantibodies directed
against rodent,6 human7 and non-human primate8 fetal brain
tissue, strongly support an etiological role for the immune
system in some forms of ASD. We first observed immunoreactivity to proteins at approximately 37 and 73 kDa
exclusively in the mothers of children with an ASD,7 and
subsequently confirmed these findings in an expanded cohort,
while demonstrating that maternal reactivity to the 37 and
73 kDa antigens were associated with increased severity of
language deficits in the offspring.8 Furthermore, we noted
reactivity to an additional pair of bands in the region of 39 and
73 kDa that associated significantly with increased irritability
and self-injurious behavior in the children of positive mothers.
We have also demonstrated that the functional MET promoter
variant rs1858830 C allele is associated with the presence of
these specific maternal autoantibodies.9
An etiological role for maternal antibodies in ASD is
plausible because of the gestational transfer of maternal IgG
during pregnancy where maternal IgG is detected in fetal

circulation as early as 13 weeks of gestation in humans. By 30
weeks of gestation, levels in the fetal compartment reach
approximately 50% of circulating levels in the mother,10 with
levels at birth exceeding maternal IgG levels.11 The developing blood–brain barrier is actively changing during fetal
neurodevelopment and is permissive to IgG molecules during
this period.12 Moreover, studies in rodents13–15 and nonhuman primates16 have identified ASD-like behavioral impairments in offspring born to dams exposed during pregnancy to
passively transferred human IgG from mothers with brainreactive antibodies that were not observed in animals
exposed to control IgG.
Recognizing that identification of the target antigens for
MAR autism is the next critical step toward advancing this
area of research, we employed a proteomic approach to attain
this goal. The identity of each of the candidate antigens was
successfully determined by tandem mass spectrometry
peptide sequencing, and subsequently confirmed with
western blotting experiments using purified target proteins.
Further, we characterized behavioral outcomes in the children
of MAR-positive mothers that associated with the presence of
the most common MAR pattern.
Materials and methods
Study subjects. Consenting mothers were enrolled through
the Center for Children’s Environmental Health as part of the
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continuing CHARGE (CHildhood Autism Risks from Genetics
and Environment) Study at the M.I.N.D. Institute at the
University of California at Davis as described previously.17
This study protocol followed the ethical guidelines of the most
recent Declaration of Helsinki, and was approved by the
institutional review boards at the University of California,
Davis, the State of California Department of Developmental
Services and the University of Southern California. Informed
consent was obtained before participation.
Recruitment, eligibility and psychometric assessment protocols have been previously described.17,18 The CHARGE
study participants in this study included children diagnosed
with autism or ASD (n ¼ 246), and children selected from
the general population (typically developing (TD); n ¼ 149).
Diagnosis of all enrolled children was confirmed at the UC
Davis M.I.N.D. Institute. The diagnosis of ASD was based on
the Autism Diagnostic Observation Schedule19 and the Autism
Diagnostic Interview—Revised.20 All other children were
screened on the Social Communication Questionnaire, and
those scoring at or above the cutoff were then assessed using
the ADI-R and Autism Diagnostic Observation Schedule. A
diagnosis of typical development was assigned to general
population controls based on the Social Communication
Questionnaire and composite scores of 70 or higher for the
Mullen Scales of Early Learning21 and the Vineland Adaptive
Behavioral Scales.22 In addition, all mothers of children
enrolled in this study completed the Aberrant Behavior
Checklist (ABC),23 which consists of 58 questions designed
to measure the severity of several deviant behaviors, yielding
subscores in the domains of irritability, lethargy, stereotypy,
hyperactivity and inappropriate speech. Higher scores indicate more severe aberration.
Sample collection. Maternal blood was collected in acid
citrate dextrose tubes (BD Diagnostic, Franklin Lakes, NJ,
USA). Plasma was separated from cells, coded and aliquoted
to minimize freeze/thaw cycles then stored at  80 1C
until use.

Fetal brain antigen preparation. Banked fetal Rhesus
macaque brain (FRB) of 152 days gestation from the California
National Primate Research Center and used to prepare a
protein extract as described previously.8 Briefly, tissue was
homogenized in a detergent buffer containing a phosphatase
and protease inhibitor cocktail (Roche Complete, Roche,
Mannheim, Germany) and sonicated. Insoluble material was
removed by centrifugation and a buffer exchange performed
against 50 mM Tris-HCl containing 1% lithium dodecyl sulfate.
Protein concentration was determined using the bicinchoninic
acid reaction (Pierce, Rockford, IL, USA) and adjusted to
4.5 mg ml  1.
Western blot. For initial screening of maternal plasma
samples, 300 mg of prepared FRB was separated under
reducing conditions in a prep well 4–12% gradient SDSPAGE mini-gel (Invitrogen, Carlsbad, CA, USA) and transferred to nitrocellulose. The nitrocellulose strips were probed
with maternal plasma diluted 1:400, washed and incubated
with 1:20 000 diluted horseradish peroxidase conjugated
goat anti-human IgG (Invitrogen). The strips were then
washed, incubated with SuperSignal West Chemilluminescent Substrate (Pierce), and imaged using a FluorChem
8900 imager using AlphaEaseFC software (Protein Simple,
Santa Clara, CA, USA). Mothers found to react against FRB
were subsequently used for proteomic antigen identification.
Prep cell fractionation. To enrich for target proteins at the
observed molecular weights, and to provide material for
subsequent two-dimensional (2D) gel analysis, 100 mg of FRB
was first fractionated using a Prep Cell apparatus (Bio-Rad,
Hercules, CA, USA). Briefly, FRB was electrophoresed
through a 28-mm cylindrical 10% poly-acrylamide gel for
17 h at 12 W. A total of 110 fractions were collected at 5 min
intervals at a flow rate of 0.75 ml min  1. Fractions were
concentrated to 5 mg ml  1 using Amicon Ultra-4 with
Ultracel-10 k membranes (Millipore, Cork, Ireland) and
assayed by western blot to determine molecular weight and
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Figure 1 Prep cell protein fractionation and two-dimensional (2D) gel. (a) Ponceau stained nitrocellulose membrane containing samples from every sixth fraction collected
from Prep Cell separation of Rhesus fetal brain protein. (b) Western blots of the membranes in a probed with maternal plasma reactive against the target bands. (c) Duplicate
2D gels were run with target region 30–40 kDa, 39–50 kDa and 60–85 kDa optimized Prep Cell fractions. The left column shows chemiluminescent images of 2D western blot
probed with diluted plasma from mothers reactive against each of the antigens. Circles on the gels in the right column represent spots of reactivity between maternal antibodies
and cognate antigens on the 2D blots on the left that were used to guide spot picking.

Translational Psychiatry

Autism-specific maternal autoantibodies
D Braunschweig et al

3

verify antigen reactivity (Figure 1). Ponceau staining of
western blot membranes confirmed substantial enrichment
for proteins by molecular weight, yielding fractions with a
range of approximately 5–10 kDa, which facilitated subsequent analysis. Fractions containing proteins in the targeted
molecular weight ranges were selected for identification by
2D gel electrophoresis.
2D Electrophoresis. Protein fractions derived from Prep
Cell separation that were enriched for antigens recognized
by maternal antibodies were separated by 2D electrophoresis. Thirty microgram each of targeted fractions were
labeled with Cy2 (GE Life Sciences, Pittsburgh, PA, USA)
and prepared for 2D gel electrophoresis, and all 2D gels
were performed in duplicate. Fifteen microgram of each
sample was loaded into each of two pH 3–10 isoelectric
focusing strips (GE Healthcare, Piscataway, NJ, USA) and
separated to equilibrium. The strips were then rinsed and
loaded onto 10.5% (lower molecular weight) or 8.5% (higher
molecular weight) polyacrylamide gels (GE Healthcare) for
second dimension electrophoresis. After electrophoresis,
fluorescence images of the gels were acquired and verified
for consistency using Image Quant software (version 6.0,
GE Healthcare). One of the duplicate gels was transferred
electrophoretically to a 0.2-mm pore nitrocellulose membrane (GE Healthcare) and a western blot performed using
maternal plasma samples reactive to the band region of
interest. The blot image size was adjusted using internal
markers to match identically with the non-transferred 2D gel
for spot picking alignment. The spots identified on the
western blot image were picked from the 2D gel using an
Ettan Spot Picker (GE Healthcare).
Mass spectrometry. Spots identified by western blot were
mapped back to and picked from the duplicate 2D gel, were
subsequently washed and digested with trypsin (Promega,
Madison, WI, USA). The tryptic peptides were desalted
using a Zip-tip C18 (Millipore, Billerica, MA, USA) and
spotted on the matrix-assisted laser desorption/ionization
plate (model ABI 01-192-6-AB). Matrix-assisted laser
desorption/ionization time of flight mass spectrometry and
time of flight/time of flight tandem MS/MS spectra were
obtained in a data-dependent acquisition mode on an ABI
4700 mass spectrometer (Applied Biosystems, Framingham, MA, USA). Matrix-assisted laser desorption/ionization
time of flight mass spectra and time of flight/time of flight
tandem MS fragmentation spectra averaged 4000 laser
shots per fragmentation spectrum on each of the 10 most
abundant ions present in each sample. Mass accuracy in
MS/MS mode was better than ±100 mDa. Approximately
22 peptides were sequenced for each protein hit resulting in
minimum sequence coverage of 46%. Both the resulting
peptide mass and the associated fragmentation spectra
were analyzed by a GPS Explorer workstation equipped
with MASCOT search engine (Matrix Science, Boston, MA,
USA) and used to query the National Center for Biotechnology
Information non-redundant database. Searches were performed without constraining protein molecular weight or
isoelectric point, with variable carbamidomethylation of cysteine
and oxidation of methionine residues, and with one missed

cleavage also allowed in the search parameters. Candidates
with either protein score confidence interval (CI%) or ion CI%
of greater than 95% were considered positive.
Antigen verification and autoantibody specificity western blots. After proteomic antigen identification, pure
candidate proteins were analyzed by western blot strip with
gel loading of 4 mg for each of the candidates. Tested
proteins included purified native lactate dehydrogenase
(LDH; Cell Sciences, Canton, MA, USA) containing the A
and B subunits, recombinant full-length guanine deaminase
(cypin), stress-induced phosphoprotein 1 (STIP1; Abnova,
Taipei, Taiwan) and recombinant full-length collapsin
response mediator proteins 1 and 2 (CRMP1, CRMP2) and
Y-Box-binding protein 1 (YBX1; OriGene, Rockville, MD,
USA). Recombinant proteins produced in-house were also
used in these western blots and their production is described
below. Commercially available polyclonal antibodies for LDH,
cypin, CRMP1 and CRMP2, YBX1 and STIP1 (Abcam,
Cambridge, MA, USA) diluted at 1:20 000 were used as
positive controls and species-specific, HRP conjugated
secondary antibodies were used at a 1:20 000 dilution for
detection.
Cell culture. Recombinant proteins were produced using
transient transfection of Human Embryonic Kidney cells with
pCMV6-Entry vector (Origene) containing full-length
sequences of LDH, cypin, CRMP1, YBX1 or STIP1 with a
DDK tag according to the manufacturer’s protocol. Briefly, at
70% confluence, the Human Embryonic Kidney cells were
transfected with 10 mg plasmid DNA with 30 ml of MegaTran
1.0 transfection reagent (Origene) for 24 h. After 24 h, cells
were harvested, lysed, and protein was prepared as
described above for Rhesus macaque fetal (GD 152) brain
(RFB) samples. Recombinant proteins were then purified
form the crude mixture using anti-FLAG M2 affinity gel
(Sigma-Aldrich, St Louis, MO, USA). Protein concentration
was determined and purity was verified by western blot using
commercial antibodies.
Blocking studies. To verify antigen-binding specificity,
diluted (1:400) maternal plasma samples were incubated
with 400 mg of purified recombinant LDH, cypin, YBX1,
CRMP1, CRMP2 or STIP1, or with buffer alone for 20 h at
4 oC. The absorbed plasma samples were then used to probe
western blot strips containing RFB protein and imaged as
described above.
Statistical analysis. Antigen reactivity prevalence data
were analyzed using a two-way group comparison of ASD
vs TD with individual antigens, and groups of antigens using
a Fisher’s exact test. Differences were considered significant
at Po0.05, and odds ratios (ORs) with 95% CIs were
calculated for all significant associations. Among children
with ASD, combined behavioral scores were compared
based on maternal band reactivity using unpaired two-tailed
t-tests, after confirming equal variances. A 0.5 continuity
correction was applied to all odds ratio calculations for
observations with zero cell counts.24 Small sample size
adjustment of OR and 95% confidence limits25 was
Translational Psychiatry
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implemented using R code (http://rss.acs.unt.edu/Rdoc/
library/epitools/html/oddsratio.html). Behavioral associations
with autoantibody pattern were analyzed by analysis of
covariance adjusted for child’s age; very little difference in
coefficients or standard errors was noted when age was
taken into account. All statistical analysis was carried out
using SAS software (SAS Institute, Cary, NC, USA).
Results
Antigen identification. To provide an enriched fraction of
RFB homogenate for mass spectrometric analysis, the RFB
homogenate was separated into 110 fractions by molecular
mass using a size fractionation column. Fractions containing
proteins in the target regions of 30–40 kDa, 39–50 kDa and
60–85 kDa were each analyzed individually on separate pairs
of 2D gels for a total of six gels (Figure 1a). One 2-D gel from
each pair was transferred to nitrocellulose and probed with
diluted maternal plasma from a mother of a child with ASD
who displayed reactivity to the bands in the region of interest.
Positive spots were observed on each of the 2D western
blots, and all identified spots were selected for mass
spectrometric analysis. The protein with the highest confidence (98–100%) from each spot was selected for additional verification by western blot (Figure 1b).
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Antigen verification. Commercially available purified or
full-length recombinant human proteins were used to verify
maternal antibody reactivity to the identified antigens by
western blot analysis (Figure 2a). Among the antigens
tested in an initial screen of our candidate proteins,
maternal IgG reactivity to LDH (37 kDa band), YBX1
(39 kDa band), STIP1 (upper 73 kDa band) and CRMP1
(lower 70 kDa band) or cypin, (a 44-kDa protein not noted in
our initial studies) was observed in more than 75% of
mothers of children with ASD (n ¼ 50) tested for reactivity,
based upon their original fetal monkey brain autoantibody
profile. These candidate proteins were thus used for
screening of the larger cohort. Detection of subunit
specificity for LDH-reactive maternal antibodies was carried
out using purified human LDH and full-length recombinant
human LDHA and LDHB subunits by western blot
(Figure 2b). The LDHA and LDHB subunits share approximately 90% sequence homology and although some
mothers had reactivity individually to LDHA or LDHB, most
maternal antibodies that bound to LDH recognized both
subunits. Screening of all maternal plasma samples was
thus carried out with purified LDH containing both subunits.
Binding inhibition of maternal antibodies. To further
verify that the candidate autoantigens corresponded to the
targeted fetal brain protein bands, we performed binding
inhibition studies. For the target antigen corresponding to the
37 kDa band, diluted maternal plasma samples were
incubated overnight with or without purified human LDH,
and then used to probe western blots containing RFB protein
(Figure 3). Preincubation with LDH abolished any reactivity to
fetal brain protein in maternal plasma samples previously
shown to be positive for the 37-kDa band, while reactivity to
other bands was unaffected. Blocking studies involving
YBX1, cypin, CRMP1, CRMP2 and STIP1 yielded similar

CRMP2

b

Figure 2 Western blots of candidate antigens. (a) Purified lactate dehydrogenase (LDH, containing A and B subunits) or recombinant full-length Cypin, Y-boxbinding protein (YBX1), collapsin response mediator protein (CRMP) 1, CRMP2 and
stress-induced phosphoprotein 1 (STIP1) proteins were probed with plasma from
mothers of children with autism (AU) or mothers of typically developing (TD) controls
diluted to 1:400, P indicates polyclonal antibody positive controls. Arrows indicate
location of band(s) of interest. Note the different patterns of reactivity to LDH A and
B subunits in lanes 1–3 of the LDH panel. This reactivity is further characterized in
panel b where the blot of recombinant human glutathion-S-transferase (GST)tagged LDHA (A), recombinant human GST-tagged LDHB (B) or purified native
human LDH (Enz) was probed with maternal plasma diluted to 1:400, demonstrating
variable reactivity to the LDH subunits. Also of note, as demonstrated in Table 1,
some mothers of typically developing children have antibodies to the individual
proteins and it is reactivity to the specific antigen combinations that confers
specificity for MAR autoantibodies.
Translational Psychiatry

Figure 3 Blocking western blot. Maternal plasma samples incubated without
any target antigen (U–unblocked) or blocked with lactate dehydrogenase (LDH),
collapsin response mediator protein (CRMP) 1, stress-induced phosphoprotein 1
(STIP1; mother with reactivity to all three proteins), CRMP2 (mother who is
CRMP1  and CRMP2 þ ), Y-box-binding protein (YBX1) and Cypin (mother with
reactivity to Cypin, STIP1 and CRMP1) were used to probe a western blot
containing Rhesus macaque fetal brain. The pure recombinant proteins were
incubated with the plasma sample diluted 1:400 overnight, centrifuged and applied
to the membrane blot containing fetal monkey brain. Arrowheads indicate location of
the target antigen removed by overnight pre-incubation. Note that only the specific
band(s) is/are removed following pre-incubation with each individual target protein
indicating no cross-reactivity between the candidate antigens.
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results (Figure 3). Thus, it was verified that the bands
targeted by our proteomic search were accurately identified.
Autoantibody specificity. To determine autoantibody prevalence, we assessed 246 mothers of children diagnosed
with ASD and 149 mothers of typically developing children
from the CHARGE (Childhood Autism Risks from Genetics
and Environment) Study for reactivity to the individual
candidate antigens by western blot. Maternal reactivity to
any of the antigens, individually or in combination, was highly
significantly associated with an outcome of ASD in the child
(Table 1) with an odds ratio of 3.26 (95% CI: 1.92–5.53). We
further found that, as in our original discovery, western blot
analysis of fetal brain proteins reactivity to LDH (37 kDa
band) in any context was significantly more frequent for the
mothers of children with ASD (P ¼ 0.0012) compared with the
mothers of the TD controls (Table 1). Similarly, the presence
of autoantibodies to CRMP1, CRMP2 or STIP1 was also
significantly associated with ASD (P ¼ 0.0034, P ¼ 0.004 and

Po0.0001, respectively; Table 1). In addition, there were
several combinations of autoantibodies that were highly
specific to ASD and were not found in the plasma of TD
mothers. The most specific patterns of reactivity were to the
LDH/STIP1/CRMP1 (5% ASD vs 0% TD; corresponds to the
original 37/73 kDa band pattern) and LDH/STIP1/CRMP1/
cypin (2% vs 0% TD) combinations (P ¼ 0.0025, OR: 8.3
(95% CI: 1–293) and OR: 3.1 (95% CI: 0.37–124); Table 1).
Also notable was the cypin/STIP1/CRMP1 pattern found in
18 mothers whose children were diagnosed with ASD and
only one mother of a child enrolled as typically developing
(P ¼ 0.0025; Table 1). There were several additional patterns
that were found only in the mothers of ASD children as noted
in Table 1. Furthermore, numerous autoantibody combinations were also significantly associated with, but not specific
to, ASD (Table 1). When combined, a total of nearly 23% of
mothers of ASD children had a combination of autoantibody
patterns containing two or more of the target proteins
(Po0.0001, OR: 21.7 (95% CI: 5.2–90; Table 1).

Table 1 Summary of maternal antibody reactivity to the target autoantigens

AU/ASD, % (n ¼ 246)

TD, % (n ¼ 149)

P-valuea

OR (95% CI)

Reactivity to any antigen

89 (218)

70 (105)

o0.0001

3.26 (1.92–5.53)

Individual proteins
LDH
Cypin
STIP1
CRMP1
CRMP2
YBX1

28 (68)
25 (62)
59 (145)
32 (78)
18 (44)
31 (78)

13 (20)
19 (29)
36 (53)
18 (27)
7 (11)
23 (34)

0.0012
0.22
o0.0001
0.0034
0.004
0.065

2.5 (1.4–4.3)
1.4 (0.8–2.3)
2.6 (1.7–4)
2.1 (1.3–3.4)
2.7 (1.4–5.5)
1.57 (0.98–2.5)

Significant combinations
LDH þ STIP1
LDH þ CRMP1
Cypin þ STIP1
Cypin þ CRMP1
STIP1 þ CRMP1

16 (40)
9 (22)
18 (45)
9 (22)
18 (45)

6 (9)
3 (4)
8 (12)
3 (5)
7 (10)

Antigen/antigen combinations
b

Specific combinations
Combinations of two antigens
LDH þ YBX1
LDH þ CRMP2
YBX1 þ CRMP2
CRMP1 þ CRMP2
Combinations of three or more antigens
LDH þ Cypin þ STIP1
LDH þ STIP1 þ CRMP1
LDH þ Cypin þ STIP1 þ CRMP1
LDH þ Cypin þ YBX1 þ STIP1
LDH þ Cypin þ YBX1 þ STIP1 þ CRMP2
LDH þ YBX1 þ STIP1 þ CRMP1 þ CRMP2
Cypin þ STIP1 þ CRMP1
Cypin þ YBX1 þ STIP1 þ CRMP1
Cypin þ YBX1 þ STIP1 þ CRMP2
Cypin þ YBX1 þ STIP1 þ CRMP1 þ CRMP2
YBX1 þ STIP1 þ CRMP2
YBX1 þ STIP1 þ CRMP1 þ CRMP2
All specific combinations combined

2 (4)
1 (2)
5 (12)
1 (2)
5 (12)
5 (13)
2 (5)
2 (4)
0.4 (1)
0.4 (1)
7 (18)
2 (4)
1 (2)
0.4 (1)
1 (2)
1 (2)
23 (56)f

0.0026c
0.0196c
0.0049c
0.038c
0.0014c

3.0 (1.4–6.4)
3.6 (1.2–10.5)
2.6 (1.3–5)
2.8 (1–7.6)
3.1 (1.5–6.4)

0 (0)
0 (0)
0.6 (1)
0 (0)

0.16c
0.5c
0.037c
0.5c

3.1 (0.37–124)d
2.18 (0.15–67)d
7.6 (0.97–59)d
2.18 (0.15–67)d

0.6 (1)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0.6 (1)
0 (0)e
0 (0)
0 (0)
0 (0)
0 (0)
1 (2)

0.0371c
0.0025c
0.16c
0.16c
1c
1c
0.0025c
0.16c
0.5c
1c
0.5c
0.5c
o0.0001c

3.8 (0.96–29.1)d
8.3 (1–293)d
3.1 (0.37–124)d
3.1 (0.37–124)d
1.82 (0.07–45)d
1.82 (0.07–45)d
5.8 (1.5–43.9)d
3.1 (0.37–124)d
2.18 (0.15–67)d
1.82 (0.07–45)d
2.18 (0.15–67)d
2.18 (0.15–67)d
21.7 (5.2–90)

Abbreviations: ASD, autism spectrum disorder; AU, autism; CI, confidence interval; CRMP, collapsin response mediator protein; LDH, lactate dehydrogenase;
OR, odds ratio; STIP1, stress-induced phosphoprotein 1; TD, typically developing; YBX1, Y-box-binding protein.
a
Likelihood ratio w2 test (two-sided). b‘Any’ in this context means the reactivity to an individual protein alone or in any combination. cFisher’s exact test (two-sided).
d
Small sample size adjustment of OR and 95% confidence limits,25 implemented using R code (http://rss.acs.unt.edu/Rdoc/library/epitools/html/oddsratio.html).
e
YBX1 adds specificity to Cypin/STIP1/CRMP1 pattern. fTakes into account only those mothers with reactivity not represented in more than one pattern.
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Behavioral correlations. To characterize the potential
association between maternal antibody status and child
behavior, scores on the ABC, Mullen Scales of Early
Learning and Vineland Adaptive Behavior Scales were
compared between offspring of MAR-positive mothers and
those possessing no antibody reactivity; both the ASD and
TD subjects were assessed with these instruments. We also
analyzed the Autism Diagnostic Observation Schedule and
Social Communication Questionnaire behavior scales in the
ASD group, but there were no significant associations found
with any of the band patterns. In addition, although no
significant differences in subscale or composite scores were
noted for the Mullen Scales of Early Learning or the Vineland
Adaptive Behavioral Scales, increased impairments in the
stereotypical behavior subscale of the ABC were observed
for children of mothers possessing antibodies reactive to
LDH in any context (P ¼ 0.024), CRMP1 (trending toward
significance; P ¼ 0.055), as well as combined reactivity
to LDH and STIP1 (P ¼ 0.015), or LDH/STIP1/CRMP1
(P ¼ 0.007) in comparison to children with an ASD whose
mothers lack IgG reactivity to these antigens. In addition,
increased overall impairment was reflected in the composite
ABC score for children of mothers reactive against LDH and
CRMP1 (P ¼ 0.046) as well as LDH/STIP1/CRMP1 (trending
toward significance; P ¼ 0.06).
Discussion
Several studies have implicated maternal immune dysregulation during pregnancy in association with ASD. Prominent
among them are reports of maternal antibodies that react
against fetal brain proteins.6–8,13–16,26–28 The hypothesis is
that gestational exposure to maternal antibodies directed
against proteins abundantly expressed in the fetal brain could
lead to alterations in the neurodevelopment characteristic of
ASD is further supported by the identification of specific IgG
reactivity to LDH, YBX1, cypin, STIP1, CRMP1 and CRMP2,
six proteins highly expressed in developing brain. Thus, MAR
autoantibodies could represent one mechanism underlying
the development of one or more of the ASD core features in a
subgroup of cases. Moreover, with their exceptionally high
specificity, several of the MAR autoantibody profiles could
serve as the first true biomarkers of ASD risk.
Facilitated passage of IgG antibodies during human
gestation is a well-characterized phenomenon that provides
passive protection for the newborn child,29 which persists in
the child up to 6 months post-natally.30 However, autoantibodies that react to fetal ‘self’ proteins can also cross the
placenta.31 In addition, the blood–brain barrier is not fully
mature during early brain development, and maternal IgG has
been found within mouse32 and human fetal brains.7 Dalton
et al.13 first observed that when plasma from a mother of
multiple children with ASD possessing reactivity to rodent
Purkinje cells was administered to mid-gestation mice,
behavioral deficits were present in the offspring. In another
study,6 mothers and their ASD-affected children were found to
have consistent patterns of antibody reactivity against rat prenatal (day 18) brain proteins in contrast to control mothers. We
recently employed a passive transfer rodent model using a
single gestational exposure to an intravenous dose of purified,
Translational Psychiatry

brain-reactive IgG antibodies from individual mothers of ASD
children or mothers with typically developing children. Growth
and behavioral outcomes in offspring revealed alterations in
early growth trajectories, significantly impaired motor and
sensory development, and increased anxiety.18 Thus, there is
compelling evidence that maternally derived antibodies could
lead to neurodevelopmental alterations in offspring.
Consistent with our early studies on fetal brain homogenates, each of the identified antigens is expressed at
significant levels in the human fetal brain33 and has an
established role in neurodevelopment. For example, cypin
is an enzyme with guanine deaminase activity that has
an important role in dendritic branching of hippocampal
neurons.34 It was also recently reported that the postsynaptic
protein PSD-95 and cypin regulate dendrite patterning in
hippocampal neurons, where cypin promotes microtubule
assembly and PSD-95 disrupts microtubule organization.
The authors further demonstrated that cypin regulates the
density of dendritic spines/filopodia through overexpression/
knockdown experiments. The number of protrusions per
dendrite decreased with an overexpression of cypin, whereas
a cypin knockdown resulted in an increase in spines/filopodia
on the dendrite.35 In another study, exposure to brain-derived
neurotrophic factor, an important mediator of dendrite
arborization and a factor previously implicated in ASD,
increases cypin in cultured rat hippocampal neurons. Thus,
one can speculate that interfering with cypin through autoantibody exposure during neurodevelopment could affect dendrite formation, potentially increasing the number of dendritic
spines in certain regions of the brain. This is consistent with
recent data describing spine dysmorphogenesis in ASD
where analysis of post-mortem ASD human brain tissue
demonstrated an increase in spine density on apical dendrites
of pyramidal neurons in a subset of individuals.36
STIP1, which is first detected in the developing nervous
system,37 is a major ligand of the cellular prion protein
(PrP(C)), and together these two proteins mediate neuritogenesis in cultured hippocampal neurons.38 Further, protein
synthesis in neurons is enhanced via the binding of PrP(C)
with STIP, and the neuroprotection and neuritogenesis
mediated by PrP(C)-STI1 engagement are dependent upon
this protein increase.39 Inhibition of this interaction leads to
impaired memory formation in rodents.40 A recent report also
describes the presence of autoantibodies to STIP1 in the
blood and CSF of patients with neuro-Behc¸et’s disease,41
a chronic recurrent inflammatory disorder with central nervous
system involvement that occurs in 5–10% of Behc¸et’s disease
patients.41
The group of CRMPs 1–5 are thought to contribute to
semaphorin-induced growth cone collapse.42 One of the
MAR-specific proteins in this group, CRMP1, is highly
expressed in the developing brain and is required for proper
cell migration and growth cone collapse.42,43 It has also been
recently demonstrated that CRMP1 and CRMP2 synergistically control dendritic projection,44 whereas knockdown of
CRMP1 in spinal cord cultures leads to a dramatic reduction in
cell survival.45 CRMP2 was originally identified as a signaling
molecule required for growth cone collapse of dorsal root
ganglion neurons in response to a repulsive guidance cue by
semaphorin-3A. CRMP2 was also reported to have a positive
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effect on axonal extension and to have a critical role in axondendrite specification and axon regeneration.42 Further,
blocking experiments suggest that inhibition of CRMP2 does
not change the number of neurites, but rather increases the
number of cells bearing neurites as well as neurite length.42
These findings are of interest when one considers the
magnetic resonance imaging studies noting changes in brain
growth in children with autism46–48 and further studies are
currently underway to determine the relationship between
MAR autoantibodies and brain growth in ASD. Interestingly,
the CRMP1 gene has been associated with the anhedonia
endophenotype of schizophrenia in a DISC1 (Disrupted-inschizophrenia 1) gene-dependent manner, and a CRMP1
epitope found in brains from schizophrenia patients is thought
to potentially discriminate schizophrenia-derived peripheral
blood lymphoblasts from those of normal controls.49 CRMP2
has also been associated with several neuropathologic or
psychiatric conditions, including Alzheimer’s disease and
schizophrenia, through genetic polymorphisms, changes in
protein expression, post-translational modifications or
through protein/protein interactions.50
YBX1 is involved in a number of cellular processes,
including proliferation, differentiation and the cellular stress
response (reviewed in Eliseeva et al.51). YBX1 functions both
in the cytoplasm and in the cell nucleus and it can also be
secreted from cells and interact with cell surface receptors to
activate intracellular signaling. With respect to fetal brain,
YBX1 has an important role in late embryogenesis through in
the enhanced cell neuronal motility and migration required for
successful neural tube formation. YBX1 mRNA is highly
expressed in testicular and fetal brain cells, as well as early
precursors of erythroid and lymphoid cells. Interestingly,
YBX1 has been found to interact with the Rett Syndrome
gene, MeCP2, where it is thought to have RNA splicing
activity. YBX1 has also been shown to interact with FMPR, a
regulator of mRNA transport and translation, that when absent
or defective, gives rise to Fragile-X Syndrome (reviewed in
Eliseeva et al.51).
The enzyme LDH is found in the rodent fetal brain52 where it
functions in cellular metabolism. Although autoantibodies
targeting LDH have not yet been shown to directly have a role
in altering neurodevelopment, such autoantibodies have been
identified in sera from individuals exposed to the industrial
solvent trichloroethylene.53 This observation is of interest with
respect to the ontogeny of the maternal autoantibodies
identified in this report. Circulating LDH levels are often used
as a measure of necrotic cell damage following toxic
exposures54 and viral infections,55 and in this inflammatory
context could give rise to an antibody-producing immune
response in the mother. For example, a mouse model of
maternal immune activation where maternal inflammation
during gestation results in behavioral changes in the offspring,
demonstrated an increase in LDH-B in the prefrontal cortex.56
The relatively high prevalence (28% overall among mothers of
children with ASD) indicates a critical need to define the role
for LDH in the developing brain.
Our finding of an increased incidence of stereotypic
behavior in children whose mothers have autoantibodies
targeting LDH, CRMP1 and STIP1 suggests a role for these
proteins in a core behavioral feature of ASD. Interestingly, this
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Figure 4 Schematic model depicting the neurodevelopmental roles for each of
the maternal autoantibody target proteins. Disruption of protein function or quantity
may negatively alter neurodevelopment, potentially leading to the core features
associated with autism. There is likely an additive effect as illustrated by the autism
spectrum disorder specificity of the various autoantibody combinations. CRMP,
collapsin response mediator protein; LDH, lactate dehydrogenase; STIP1, stressinduced phosphoprotein 1; YBX1, Y-box-binding protein.

result is consistent with behavior observations from our earlier
non-human primate gestational IgG passive transfer study16
using some of the same antibody sources as those discussed
herein. The stereotypic behavior in Rhesus monkey offspring
noted after gestational exposure, coupled with the increased
stereotypical behavior among children of mothers analyzed in
this study, suggests that a subset of MAR autoantibodies may
be pathologically significant, eliciting changes in all aspects of
ASD, but with a particularly strong effect in the behavioral
domain. Other behavioral differences have been characterized between ASD cases based on maternal autoantibody
status, such as increased irritability and impaired use of
expressive language8 using a similar study population. The
inconsistencies between our two studies regarding behavior–
autoantibody associations may stem from the increased
detection sensitivity afforded by the use of pure antigens
rather than the crude fetal brain protein preparations
employed in previous studies. Another possibility is the
presence of additional autoantigens that we have not yet
discovered, and that could be related to impaired use of
expressive language. We are currently exploring these
additional candidates.
Each of the target autoantigens defined herein is known to
have a critical role in the developing brain and interference
with the level or function of more than one of them could act
synergistically to change the trajectory of brain development.
Figure 4 illustrates the known functions for each of the
antigenic proteins during neuron migration and development.
The effect of MAR autoantibodies could occur through a
direct antigen–antibody interaction, thereby either decreasing
the abundance of or causing functional interference of
the target proteins. Alternatively, the presence of these
maternal antibodies may merely serve as a biomarker of cell
destruction. One of the limitations of the current study is that
all of the clinical samples used for analysis of reactivity to the
Translational Psychiatry
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target autoantigens were obtained from mothers of children
at the time of the child’s diagnosis (retrospective sample).
Studies are currently underway to assess the predictive value
of the MAR autoantibodies in a prospective study sample.
Addressing the basis for the association between maternal
autoantibodies and autism risk in the child is also of urgent
concern. Animal studies involving targeted autoantibody
exposure throughout gestation are currently underway to
address the hypothesis that pre-natal exposure to these
specific antibodies leads to behavioral alterations in offspring.
The clinical significance of these findings may be twofold: (1)
early diagnosis of a MAR-ASD child would allow for early
behavioral intervention and (2) if pathologically significant,
medical interventions that would limit fetal exposure to these
antibodies might prove helpful in reducing risk of ASD
symptom development in the children of affected mothers.
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